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Synopsis

In recent times, the performance of bulk heterojunction (BHJ) architecture based

organic solar cells (OSCs) has improved tremendously, and devices with power

conversion efficiencies (PCEs) ∼18% have been reported. A typical BHJ structure

comprises of a blend of conjugated polymer/small-molecule as charge donor and

fullerene/non-fullerene system as charge acceptor. For increasing PCE of OSCs,

many strategies have been employed. However, designing an appropriate active

layer material with required electronic and optical properties is still a challenging

task. Computational studies, at this juncture, are of great help to pre-scrutinize

the organic molecules, and choose the appropriate donor (D) - acceptor (A) combi-

nations before carrying out the experiments. Based on the type of donor molecules

used in the active layers, OSCs can be divided into two classes: polymer based and

small molecule (SM) based solar cells. In this thesis, we explore the structures,

optoelectronic, and charge transfer properties of a variety of systems containing

either alternating/random conjugated oligomer or SM based donors with either

fullerene or non-fullerene acceptors (NFAs). For the donors, we have chosen the

benzodithiophene (BDT) based oligomers and SMs. BDT-based molecular sys-

tems have been at the forefront of organic photovoltaic (OPV) cell design, and

studying the effects of modification of BDT-based donors would add to our un-

derstanding. Considering the sizes of the studied systems in mind, we have used

the density functional theory (DFT) and time-dependent DFT (TDDFT) based

methods in our studies. Below we provide a chapter-wise overview of the thesis.

Chapter 1: Introduction

The chapter 1 starts with an overview of OSC device architectures. This is followed

by a brief discussion of the working principle of a typical BHJ based device. Various

xi
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parameters such as open-circuit voltage (Voc), current density and fill-factor used

for characterization of the OSCs are also discussed in this chapter.

Chapter 2: Theoretical and computational methods

This chapter presents the theoretical and computational methods used in the the-

sis. Basics of the Hartree-Fock theory, DFT and TDDFT are briefly mentioned.

Few commonly used DFT functionals for studying ground and excited state prop-

erties are also mentioned. The Marcus theory is utilized to compute the rates of

charge transfer in the thesis. In this chapter, the Marcus theory is presented in

brief. In addition, various parameters in the Marcus’ rate formula such as reorga-

nization energy, electronic coupling and free energy changes are also discussed.

Chapter 3: Designing fluorinated benzodithiophene-triazole based oligomers for

high open circuit voltage in organic photovoltaics

This chapter presents structural, optoelectronic, and charge transport properties

of a set of conjugated oligomers in which the monomer unit consists of a BDT (or a

modified BDT), a thiophene π spacer, and benzotriazole (TAZ) (or its derivative)

as an acceptor. Starting with P1, P2 and P3, shown in the figure above, we have

replaced the -CH3 groups by thienyl, monofluorinated thienyl and bifluorinated

thienyl rings. This results in three new monomers for each of the parent systems.

It should be emphasized that thienyl rings have been shown in the literature

to have a positive effect on photovoltaic properties. In addition, many recent

reports have shown that fluorination of donor units is beneficial for obtaining
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better performances. Our results show that the increase in the number of fluorine

atoms in the side chain of BDT lowers both the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital (LUMO) levels. In addition,

fluorine substituted oligomers exhibit higher Voc values. Hole mobilities are larger

in the newly designed set of oligomers than in the parent systems. Therefore, it

is concluded that better PCEs can be expected in the devices with these newly

designed oligomer donors.

Chapter 4: Halogenation of the side chains in donor-acceptor based small

molecules for photovoltaic applications

In this chapter, structural and optoelectronic properties of a series of BDT-based

SM donors, and charge transfer properties of the blends of these SM donors with a

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) acceptor are presented. SM

donors have many advantages over the polymer donors such as their easier method

of synthesis, high purity, well-defined molecular structure and large charge carrier

mobilities. Typical architecture of SM donor consists of an A-D-A core flanked

by end-capping units. While two acceptors help in increasing the electron affinity,

end-capping assists in π-conjugation. Here, we have chosen three experimentally

studied A-D-A type systems denoted as A1, A5, and A9, shown in the figure

above. Starting with these parent SMs, new SMs are designed by substituting one

hydrogen atom in each thiophene ring on the lateral side chains of the BDTT unit

by either fluorine or chlorine or bromine atoms. Our DFT studies using hybrid

functionals show that these newly designed SMs have deeper HOMO levels and

hence, higher Voc. In addition, in the blends of halogenated SMs with PCBM, en-

ergy losses are less, charge transfer rates (kCT) are larger, and charge recombination
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rates (kCR) are smaller than the parent systems. Therefore, halogen-substituted

SMs are more suitable for the active layers of OSCs, and can be expected to

improve PCEs of OSCs, in accordance with many recently reported results.

Chapter 5: Effects of π bridge units on the properties of donor-π-acceptor type

benzodithiophene- thienothiophene based oligomers

This chapter explores the effect of insertion of a variety of π bridges between

donor and acceptor components of an alternating polymer donor. Experimentally

studied [4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b′] dithiophene-alt-

3-fluorothieno[3,4-b]thiophene-2-carboxylate] alternating polymer was chosen for

this purpose. As the name suggests, this molecule contains a modified BDT

(denoted as BDTT in this thesis) as donor unit and fluorothieno-thiophene-2-

carboxylate (TT-F) as an acceptor. For our computational studies, the ethylhexyl

groups in the side chains are replaced by methyl groups. π bridge units such as

furan, thienothiophene, thiophene, and thiazole are inserted between the BDTT

and TT-F units. As an acceptor, the widely used molecule PCBM is chosen. For

the donor oligomers, ground state and excited state studies are carried out using

the PBE0 and HSE06 functionals, respectively. For the donor/acceptor blends,

on the other hand, CAM-B3LYP functional is used for all the calculations. Our
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results show that the thiazole π bridge based oligomer was more planar compared

to the other three π-bridged oligomers. Thiazole π bridge based oligomer is planar,

and this results in the deepest HOMO value and the highest Voc for the thiazole

based oligomer among all. In addition, rates of charge recombinations in blends of

thiophene and thiazole-based oligomers with PCBM are smaller than in blends of

furan and thienothiophene based oligomers with PCBM. Hence, thiophene and

thiazole π bridge based oligomers can be considered to be more suitable for OSC

active layers.

Chapter 6: Random donor and non-fullerene acceptor based active layer: effects

of insertion of various π linkers

In the previous chapter, an alternating co-oligomer based on BDTT and TT-F

was used. In the present chapter, we pick a random co-oligomer based on BDTT

and TT-F (denoted as BDTT-ran-TT-F) with a 3:1 D/A ratio to study the effect

of incorporating π bridges between BDTT and TT-F. Recent reports show that

performances of devices based on random oligomers are better than the devices

based on alternating polymers. As in the previous chapter, furan, thienothio-

phene, thiophene, and thiazole units were taken as π bridges. However, in this
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case a non-fullerene acceptor, poly{[N,N′-bis(2-hexyldecyl)-naphthalene-1,4,5,8-

bis (dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} (NDI2HD-T2) is cho-

sen. NDI2HD-T2 denoted as NDI in this thesis. NFAs have better tunability

of the energy levels, low cost, better stability, and stronger absorption in the vis-

ible region compared to the fullerene based acceptors. Our results show that the

donating strengths of the π bridge units are the following order: furan > thio-

phene > thienothiophene > thiazole. Exciton binding energy was found to be

significantly altered by the presence of additional π spacers in the D/A systems.

Charge transfer rates are larger in furan/NDI and thiazole/NDI systems com-

pared to the thienothiophene/NDI and thiophene/NDI blends. In addition, kCR

value is the smallest in thiazole/NDI system. Hence, thiazole/NDI based ran-

dom oligomers can be considered to be a very promising candidate as a π-space

for OPV fabrication.

Chapter 7: Summary and conclusions

In this chapter, a brief summary of the thesis is presented. Two routes, halogena-

tion and insertion of π bridges, are undertaken to understand the geometric and

structural effects on the optoelectronic and photovoltaic properties of donors and

blends. In particular, BDT based alternating and random donor oligomers, and

PCBM or NDI acceptors are chosen in our studies. Our first work indicates

that fluorinated-based BDT-TAZ oligomers have suitable properties for their use

in OSCs. Results of Chapter 4 show that halogen substituted SMs have deeper

HOMO levels and higher Voc values than the parent molecules. These newly de-

signed SMs are found to be more suitable for solar cell devices. In Chapter 5,

effects of insertion of π bridge units such as furan, thienothiophene, thiophene,

and thiazole between the alternating BDTT-based oligomers are studied. Thia-

zole π bridge was found to be the best spacer among all. Results of Chapter 6 show

that the optoelectronic and charge transfer properties of random D-A oligomers

with NDI as an acceptor can be suitably tuned with different π bridges.
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charge transport rates khop (s−1) and mobilities µhop (cm2 V−1 s−1)
of all tetramer oligomers. . . . . . . . . . . . . . . . . . . . . . . . . 47

4.1 Energies of HOMOs (EHOMO in eV) and LUMOs (ELUMO in eV)
for A1, A5 and A9 obtained in chloroform solvent using B3LYP,
HSE06, and PBE06 functionals and 6-31G(d, p) basis set. . . . . . 54

4.2 The calculated first excitation energies (E1
g in eV) in chloroform sol-

vent using four different functionals, CAM-B3LYP, PBE06, ωB97XD
and B3LYP, with the 6-31(d,p) basis set. . . . . . . . . . . . . . . . 54

4.3 Selected dihedral angles (φ in degree) of the optimized ground-state
structures of all A5-A12. φ1, φ2 and φ3 are seen in Figures 4.2 and
B1-B2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.4 Open circuit voltages (Voc in volt) and driving force (∆ELL in eV)
for the twelve SM donors. energies are in eV. Experimental Voc

values are 0.85, 0.96 and 0.97 V for A1, A5 and A9, respectively. 60

4.5 First excitation energies (E1
g in eV), maximum absorption wave-

length (λmax in nm), % contributions of H→L transitions (denoted
as CH→L), oscillator strengths (fosc) and light absorption efficiency
(η) data obtained at TD-B3LYP/6-31G(d,p) level, for all A1-A12
SMs. Experimental E1

g values are 1.76, 1.75 and 1.78 eV for A1,
A5 and A9, respectively. . . . . . . . . . . . . . . . . . . . . . . . . 62

xv

TH-2614_166122041



List of Tables xvi

4.6 Excitation energies (EICT
g,blend) of the first intermolecular charge trans-

fer (ICT) states in the blends, corresponding oscillator strengths
(fosc) and charge transfer lengths (lCT) for the first ICT excited
states of A1-A12/PCBM systems. . . . . . . . . . . . . . . . . . . 65

4.7 Calculated ionization potentials (IP in eV) and electron affinities
(EA in eV), interfacial lowest excitation energies (E1

g,Blend in eV)
and exciton binding energies (Eb in eV) for all A1-A12/PCBM
systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.8 Calculated parameters for computing the rates of charge-transfer
and charge-recombination for all the twelve systems. Transition
dipole moments (µtrans), and differences in dipole moments between
the ground and the charge-transfer excited states (∆µ) are in atomic
units. Total reorganization energy (λ), Gibbs free energy change
for charge-transfer (∆GCT) and charge-recombination (∆GCR), and
charge-transfer integral (VDA) are in eV. Charge transfer and charge
recombination rates kCT and kCR are in s−1. . . . . . . . . . . . . . 68

5.1 Energies of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) for (P1)4 obtained
in chloroform solvent using B3LYP, PBE0, and HSE06 functionals,
and 6-311G(d,p) basis set. LUMO values are obtained by adding the
first excitation energy (E1

g) to the HOMO energy. All the energies
are in eV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2 Calculated maximum absorption wavelengths (λmax in nm), first
excitation energies (E1

g in eV) and oscillator strengths (fosc) of P1
tetramer in chloroform solvent using three different hybrid function-
als with the 6-311G(d,p) basis set on the basis of the ground-state
optimized structure at the CPCM-PBE0/6-311G(d,p) level. . . . . 75

5.3 Selected dihedral angles( φ (deg)) of the optimized structures of
all oligomers in their neutral ground states at CPCM-PBE0/6-
311G(d,p) level. φ1-φ15 are seen in Figure 1. . . . . . . . . . . . . . 78

5.4 Energies of HOMO (EHOMO in eV) and LUMO (ELUMO in eV) of
all P1-P5 tetramers and PCBM. Driving force (∆ELL in eV) and
open-circuit voltages (Vocin V) of all the oligomers are also shown.
EHs are obtained at CPCM-PBE0/6-311G(d,p) level. ELUMO are
obtained by adding E1

g values to the EHOMO values. . . . . . . . . 79

5.5 First excitation energies (E1
g), maximum absorption wavelengths

(λmax), contributions of HOMO to LUMO excitations for S0→ S1,
oscillator strengths (fosc), light absorption efficiencies (ηλ) for all
the tetramers. The results are obtained at TD-CPCM-HSE06/6-
311G(d,p) level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.6 Excitation energies (Eg,Blend), oscillator strengths (fosc), charge trans-
fer lengths (lCT) and types of excited states of the P1-P5/PCBM
blend systems. Eg,Blends are in eV. The values inside the parenthe-
ses in the third column are the wavelengths in nm corresponding
to the Eg,Blends in eV. These results are obtained at TD-CPCM-
CAMB3LYP/6-311G(d,p) level. . . . . . . . . . . . . . . . . . . . 85

TH-2614_166122041



List of Tables xvii

5.7 Calculated parameters for the Eq. 2.41. Differences in dipole mo-
ments between the ground and the excited states (∆µ) and transi-
tion dipole moments (µtrans) are in atomic units. Exciton binding
energies (Eb), charge transfer integral (VDA), changes in Gibbs free
energy during charge transfer/charge recombination (∆GCT/CR) and
reorganization energies (λs) are in eV. Charge transfer (kCT) and
charge recombination rates (kCR) are in s−1. . . . . . . . . . . . . . 87

6.1 Energies of the EHOMO and ELUMO of P1 using the B3LYP, PBE0,
HSE06 and M06 functionals, and 6-311G(d,p) basis set. LUMO
energies are obtained by adding the first excitation energy (E1

g) to
the HOMO energy. All the energies are in eV. . . . . . . . . . . . . 93

6.2 Calculated first excitation energies (E1
g in eV) and corresponding

absorption wavelengths (λmax in nm) of P1 in chloroform solvent
using four different hybrid functionals with the 6-311G(d,p) basis
set. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6.3 Selected dihedral angles (φ in degree) of the optimized ground-state
structures of P1-P5. φ1, φ2, φ3 and φ4 are seen in Figure 6.2 . . . . 95

6.4 Energies of HOMO (EHOMO) and LUMO (ELUMO) of P1-TzP1,
and acceptor NDI2HD-T2. Open-circuit voltages (Voc in volt)
and energy losses (Eloss) of all P1-TzP1. All the energies are in
eV. Experimental Voc for P1 is 0.87 V. . . . . . . . . . . . . . . . . 100

6.5 First excitation energies (E1
g in eV), corresponding wavelengths

(λmax in nm), oscillator strengths (fosc), contributions of HOMO
to LUMO excitations for S0→ S1(CHL), light absorption efficiencies
(ηλ) for P1-TzP1. The results are obtained at TD-PCM-HSE06/6-
311G(d,p) level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.6 State numbers of first ICT states, first ICT excitation energies
(EICT

g,blend) of the blends, corresponding fosc and lCT of all P1-TzP1/NDI
systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

6.7 Calculated ionization potential energies (IP in eV) and electron
affinities (EA in eV), lowest excitation energies (E1

g,Blend in eV)
of the blends, and exciton binding energies (Eb in eV) of all P1-
TzP1/NDI systems. . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.8 Differences in dipole moments between the ground and the excited
states (∆µ) and transition dipole moments (µtrans) are in atomic
units. Charge transfer integrals (VDA), changes in Gibbs free ener-
gies during charge transfer/charge recombination (∆GCT/CR) and
reorganization energies (λ) are in eV. Charge transfer (kCT) and
charge recombination rates (kCR) are in s−1. . . . . . . . . . . . . . 107

A1 Energies of the HOMOs (in eV) of all tetramer oligomers. Exper-
imental energies are -5.29, -5.66 and -5.67 eV for P1, P2 and P3,
respectively. Considering P1, P2 and P3 only, the mean abso-
lute errors are 0.84, 0.25, 0.40 and 1.30 for Models 1, 2, 3 and 4,
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

TH-2614_166122041



List of Tables xviii

A2 Energies of the LUMOs (in eV) of all tetramer oligomers. Experi-
mental energies are -2.87, -3.73 and -3.83 eV for P1, P2 and P3,
respectively. Considering P1, P2 and P3 only, the mean absolute
errors are 0.51, 1.09, 1.65, 1.93, 0.25 and 0.11, for Models 1, 2, 3,
4, 5 and 6, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . 138
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Chapter 1

Introduction

In recent decades, there has been a massive increase in energy demand, and cur-

rently, this demand is being met by combustion of fossil fuels. Fossil fuels such

as oil, gas, coal, and other non-renewable energy are the main energy sources.

However, fossil fuels severely affect our environment by increasing the CO2 con-

centration which has a terrible impact on our planet. One possible solution to this

problem is to find clean, cheap, and renewable energy resources. Solar energy is

the most promising energy source among all renewable energy resources. The Sun

represents an ideal source of energy from which abundant and clean energy can be

obtained. Energy from the sunlight can be collected by photovoltaic technologies,

and this is the most promising concept for a scalable power generation to overcome

increasing global energy demand.

Solar cells are the devices used for converting sunlight into electricity. Those

are also called photovoltaic devices. Photovoltaic devices based on inorganic ma-

terials such as mono and multi-crystalline silicon, gallium arsenide (GaAs) and

cadmium telluride (CdTe) are in widespread use. These devices exhibit very

high efficiency.[3] However, the cost of inorganic photovoltaic cells are generally

too high.[3] In this scenario, photovoltaic cells based on organic molecules have

emerged as alternatives with the advantages of being low-cost, transparent, and

flexible. This is the reason behind the phenomenal growth in the research in or-

ganic photovoltaic or solar cells (OSC) in the last few decades. Tang reported the

first successful device in 1986 which showed a power conversion efficiency (PCE)

of ∼1%.[4] In 1995, Heeger and co-workers reported the first bulk-heterojunction

(BHJ) architecture based OSC with the conjugated polymer poly(2-methoxy-5-

(2′-ethyl-hexyloxy)-1,4-phenylenevinylene) as a donor and a fullerene (C60) as an

1
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Chapter 1: Introduction 2

acceptor in the active layer.[5, 6] Following this work, a lot of work has been carried

out in the last two decades to improve the performance of a device by modifying

the active layer. Presence of organic compounds in the active layer paves ways for

easy modifications, and this has been shown to greatly affect the PCE. In recent

times, PCEs of BHJ based OSCs have reached ∼ 15-18%.[7–10]

As mentioned in the previous paragraph, designing the active layer is a key

component of device fabrication. Small changes in the structures of conjugated

oligomers or small molecules lead to significant changes in the overall properties.

In this thesis, we report on the design of conjugated oligomers and small molecules

based on benzodithiophene and show the effect of various modifications such as

backbone and side chain modulations on the properties. Below we provide a quick

overview of the device architecture, the working principle, characterization of a

solar cell, and an outline of the thesis work.

1.1 Organic solar cell device architecture

In this section, a brief outline of the three most used OSC architectures is pre-

sented. Typically, organic solar cells consist of three layers, an active layer, an

anode and a cathode, with the active layer in the middle. While indium tin oxide

is usually used as a transparent anode, metal electrodes such as aluminium, mag-

nesium or calcium are used as cathode. The most important part in the device is

the morphology of the active layer. Below, we discuss three different active layer

architectures: (i) Single-layer OSC, (ii) Bilayer OSC and (iii) BHJ OSC.

1.1.1 Single-layer devices

Single-layer cells have a simple architecture of a single layer of photoactive material

sandwiched between the two electrodes (a typical structure is shown in Fig.1.1).

In these devices, the absorption is usually small. In addition, poor charge mobility
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Figure 1.1: A single layer device configuration.
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Figure 1.2: A bilayer heterojunction based device configuration.

in the organic layer, low interfacial area and large recombination losses result in

poor efficiencies.

1.1.2 Bilayer devices

As the name suggests, the active layer in a bilayer cell consists of two layers, a

donor (D) layer and an acceptor (A) layer, sandwiched between the two electrodes.

A typical bilayer device architecture is shown in Fig.1.2. The bilayer OSCs have

shown better performance than the single-layer devices. Separation of the active

layer into D and A layers ensures contact with the correct electrode. In addition,

charge recombination is reduced. However, the small interfacial area leading to

recombination and small exciton diffusion length result in low efficiencies.

TH-2614_166122041



Chapter 1: Introduction 4

Glass

PEDOT:PSS

Active layer

Ca
Al electrode

hv

Donor

Acceptor

Figure 1.3: A bulk heterojunction architecture based device configuration.

1.1.3 Bulk heterojunction (BHJ) device

A smart way to overcome the difficulties associated with a bilayer device is to

design an active layer in which the donor and the acceptor layers are intimately

blended with each other. This is called a BHJ architecture, proposed by Alan

Heeger in 1995.[5] A typical BHJ device configuration is shown in Fig.1.3. BHJ

is the current state of art device architecture, and a lot of research is carried out

to further improve the efficiencies of devices based on BHJ. A molecular blend of

donors and acceptors results in a much larger interfacial area and this reduces the

exciton loss. In addition, larger diffusion length allows the excitons to easily get

separated into free charges.

1.2 Working principle of OSCs

In OSC devices, the photovoltaic process of converting light into electricity can be

explained in following four steps:

(i) Light absorption

TH-2614_166122041
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Figure 1.4: Working principle of organic solar cell.

(ii) Exciton diffusion

(iii) Exciton dissociation

(iv) Charge transport and collection

These steps are shown in Fig. 1.4.

1.2.1 Light absorption

The first step in the photovoltaic process is the absorption of light by the pho-

toactive material. Absorption of light results in exciting the electron from the

highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular

orbital (LUMO) level, leaving a hole in the HOMO. This bound electron-hole pair,

termed as an exciton, is localized (Frenkel exciton) and tightly bound. Typically,

organic polymers or small molecules are used as donor materials. Due to their low

dielectric constants the binding energy of the exciton is larger than the thermal

energy at room temperature.

1.2.2 Exciton diffusion

The lifetime of photo-generated excitons is a few picoseconds. Within its lifetime,

the excitons migrate through the organic layer to the D/A interface. This exciton

diffusion is usually described in terms of thermally activated hopping.
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1.2.3 Exciton dissociation

Once the exciton reaches the D/A interface, it can get dissociated into separated

charges via electron or hole transfers. Following conditions should be met for the

dissociation to happen: i. the LUMO/LUMO energy level difference between the

donor and acceptor must be large enough to ensure an efficient electron transfer,

and ii. the orbital overlap between the D and A molecules at the interface should

be large enough. The meta-stable state resulting after charge transfer is called

a charge transfer state. The dissociated charges are still bound by Coulombic

attractions, and this energy needs to be overcome to create separated charges.

The rate of charge transfer is usually described by the classical Marcus theory

which will be discussed in the Chapter 2.

1.2.4 Charge transport and collection

Once the separated charges are created, those are moved towards the appropriate

electrodes. The charge carriers are then collected at the electrodes, and are used

in the circuit to produce current.

1.3 Characterization of organic solar cells

The performance of an organic solar is measured in terms of PCE. It is defined as

the ratio of usable electric power produced from the incoming power. PCE can be

calculated using the following equation:

PCE =
Jsc × Voc × FF

Pin

, (1.1)

where Voc is the open-circuit voltage, Jsc is the short-circuit current density, FF

is the fill factor and Pin is the power density of the incident light.
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1.3.1 Open circuit voltage

Voc is defined as the maximum voltage transferred by the solar cell when the current

is zero. In case of BHJs, charge separation occurs efficiently at the interface, and

hence, Voc depends strongly on the gap between the energy of HOMO of donor and

the energy of LUMO of the acceptor. In 2006, Scharber et al.[11] studied a series

of different polymer donors with a common acceptor, and proposed an empirical

relationship to express Voc as

Voc =
1

e
(|ED

HOMO| − |EA
LUMO|)− 0.3 V, (1.2)

where e is the elementary charge, and 0.3 V is an empirical factor. ED
HOMO and

EA
LUMO are the HOMO and LUMO levels of the donor and the acceptor, respec-

tively.

1.3.2 Short-circuit current density

Jsc is the maximum current that is generated when the voltage is zero. Jsc is

calculated as[12]

Jsc = e

∫
EQE(λ)×N(λ) dλ, (1.3)

where EQE is the external quantum efficiency. EQE determines an absorbed

photon’s conversion efficiency into current. N(λ) is the number of photons given

by the solar spectrum over all frequencies. Hence, absorption ability and band gap

of the donor affect the Jsc. In addition, it also depends on the exciton diffusion

length and carrier mobilities.

1.3.3 Fill factor

FF is one of the key parameters that determine the PCE of the organic-photovoltaic

device. It is defined as the ratio between the maximum power (denoted as Pmax
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Figure 1.5: Current-voltage diagram for an OSC device. Jsc, the current at
which the voltage is zero, and Voc, the voltage when the current is zero, are
shown as vertical and horizontal dashed blue lines, respectively. Jmax and Vmax

are the current and voltage at the Pmax, the maximum power point.

in the Fig. 1.5) delivered to an external circuit and the product of Voc and Jsc as

[13]

FF =
JmaxVmax

JscVoc

, (1.4)

where Jmax and Vmax are the current density and voltage, respectively, at the Pmax

point. The above four quantities are shown in Fig. 1.5. As shown in the figure,

FF is the ratio of rectangle 1 made with Jmax and Vmax from the origin to the

rectangle 2 made with Jsc and Voc from the origin. In the ideal case, the FF is

100%. In reality, it is 50-70% for the organic solar cells. So, there is a large amount

of efficiency fall due to the resistance called parasitic resistance. There are two

types of parasitic resistances: shunt (Rsh) and series resistances (Rs). Rs affects

the applied voltage. If Rs is high, then the voltage drops less on the diode, and

the current increases slower with voltage. In addition to these resistances, FF is

also affected by charge carrier recombination and carrier lifetime.
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Figure 1.6: (a) Molecular structure of BDT unit and (b) BDTT unit.

1.4 Motivation

Bulk heterojunction architecture based OSCs are promoted rapidly in recent times

due to various advantages such as wide-area of materials selection, simple prepara-

tion procedure, light-weightness, low-cost, transparency and mechanical flexibility.[14–

16] In recent times, PCEs of 15-18% have been achieved.[7–10, 17, 18] A typical

BHJ structure comprises of an intimate blend of a polymer/small-molecule as

donor and a fullerene or a non-fullerene (NF) as acceptor. The improvements

in the PCEs are attributed to advanced designing of D-A based polymers (or

small-molecules), and in recent times, to the development of NF acceptors.[7–

10, 17–25] Having a D-A structure helps in tuning the energy levels and band

gaps.[7–10, 14, 17–30] Hence, an understanding of the optoelectronic properties of

donor and acceptor molecules is vital to building a better active layer. Here, com-

putational studies play an important role in understanding the structure property

relationships of conjugated polymers, small molecules and NF acceptors.
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Recently, the interest in benzo[1,2-b:4,5-b′]dithiophene (BDT) (shown in Fig.

1.6(a)) based conjugated polymers, and small molecules has increased conside-

rably.[14, 22, 31, 32] BDT has a rigid planar structure and shows good π-π stack-

ing property. Various modifications of the parent BDT unit has also been car-

ried out to improve its capability as a donor polymer.[14] For example, various

heterocyclic units such as furan, thiophene, and thienothiophene have been in-

troduced laterally at 4 and 8 positions of the BDT units. This results in a type

of two-dimensional building blocks, and this has been shown to affect the opto-

electronic and charge transport properties of the conjugated polymers and small

molecules.[33–35] The BDT unit with conjugated alkylthienyl side chains results in

4,8-bis(5-methylthiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene, (denoted as BDTT

in this thesis and shown in Fig.1.6(b)) also has been extensively used. The pres-

ence of lateral thiophene units opens up various possibilities of modifications. For

example, substitutions by electron-withdrawing or electron-donating groups in side

chains result in modifying the molecular geometry, and thereby affecting the per-

formance. Even effects of substitutions in the main chain of BDTT has also been

studied.[36–40]

One promising strategy to develop suitable organic materials is by introducing

halogen atoms at different positions in the oligomers’ side chain. Introduction

of the fluorine, chlorine, and bromine atoms in the side chain of a conjugated

polymer and small molecule have been shown to improve the PCE of OSCs.[41–

44] Another strategy for improving the efficiency of OSCs is the insertion of a π

bridge between the donor and acceptor units. A lot of studies in the literature

show that introduction of π bridges such as furan, thiophene and thiazole greatly

affect the optoelectronic properties. To conclude, BDT based donors have been

extensively used, and in this thesis, we aim to contribute towards understanding

the effects of substitutions in the donor unit by carrying out various types of

structural changes in BDTT.
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1.5 Outline of the thesis

In this thesis, we present the results of computational studies on donor-acceptor

based small molecules and oligomers. Effects of modification of these donors on the

charge transfer and recombination properties when blended with either fullerene

or non-fullerene acceptors are also presented. All the studies are carried out at

DFT and TD-DFT levels. In chapter 2, theoretical and computational methods

are briefly discussed. In chapter 3, the effect of fluorination of the donor unit

on the properties of benzodithiophene-triazole based donor-acceptor systems is

explored. Fluorine substituted systems are found to have higher Voc, and faster

charge mobilities compared to the parent molecules. The ground state geome-

tries, optoelectronic, and charge transfer properties of halogenated thienothio-

phene benzodithiophene-based small molecules are presented in the chapter 4.

The results indicate better rates of charger-transfer in halogenated systems show-

ing that halogentation is an effective way to tune the properties. Chapter 5 fo-

cuses on effect of π bridges on the optoelectronic and charge transfer properties

in blends of alternating donor-π-acceptor type oligomers with fullerene acceptor.

This is followed by the chapter 6 which explores the effect of π linkers on properties

of random oligomers, and their blends with non-fullerene acceptor. The overall

conclusions of my thesis work are presented in chapter 7. Our studies reveal that

electronic, optical, and charge transfer properties can be tuned effectively by in-

troducing halogen atoms and π-linkers in the main and side chains of the donor

oligomers.

TH-2614_166122041



TH-2614_166122041



Chapter 2

Theoretical and computational

methods

2.1 Molecular Schrödinger equation

In quantum chemistry, the main task is to solve the time-independent molecular

Schrödinger equation (SE) which contains information about the stationary states

of a system. The Schrödinger equation for a system of N electrons and M nuclei

is written as

ĤΨi(x1, x2....xN , R1, R2....RM) = EiΨi(x1, x2....xN , R1, R2....RM), (2.1)

where Ĥ is the Hamiltonian operator representing the total energy of the system.

Ψ is the wave function of i-th state of the system, and Ei is the corresponding

energy. In Eq. 2.1, xi denotes 3N spatial, N spin coordinates of electrons, and Ri

denotes the 3N spatial coordinates of the nuclei. In atomic units, the Hamiltonian

operator for a system of N electrons and M nuclei is written as[45]

Ĥ = −
N∑
i=1

1

2
∇2
i −

M∑
A=1

1

2MA

∇2
A −

N∑
i=1

M∑
A=1

ZA
riA

+
N∑
i=1

N∑
j>i

1

rij
+

M∑
A=1

M∑
B>A

ZAZB
RAB

.(2.2)

Here, MA is the mass of nucleus A, ZA and ZB are the atomic numbers of nuclei A

and B, respectively. RAB, riA and rij are the distances between the nuclei A and

B, electron i and nucleus A, and the two electrons i and j, respectively. First two

terms are the operators for kinetic energies of electrons and nuclei, respectively.

The last three terms are the potential energy operators for the electron-nucleus

13
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attraction, the electron-electron repulsion, and the nucleus-nucleus repulsion, re-

spectively.

2.2 Born-Oppenheimer approximation

The Born-Oppenheimer approximation is very important while solving the Schrödinger

equation. It is based on the fact that electrons are much lighter than nuclei, and

thus react much faster to molecular potential changes. Hence, the wave function

can be approximated as a product of nuclear and electronic wave functions. As a

result, the kinetic energy of the nuclei can be neglected, and the nucleus-nucleus

repulsion term can be made constant. This results in the electronic Hamiltonian

operator for N electrons and M nuclei written as

Ĥelec = −
N∑
i=1

1

2
∇2
i −

N∑
i=1

M∑
A=1

ZA
riA

+
N∑
i=1

N∑
j>i

1

rij
, (2.3)

and the electronic wave function as,

Ψelec = Ψelec(ri;RA). (2.4)

Here, Ψelec is dependent on electronic coordinate, but parametrically on the nuclear

coordinate. The corresponding Schrödinger equation is

ĤelecΨelec = EelecΨelec, (2.5)

where Eelec is the corresponding electronic energy. The total energy of a system is

E = Eelec +
M∑
A=1

M∑
B>A

ZAZB
RAB

. (2.6)
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2.3 Mean-field approximation and Hartree-Fock

method

Considering that the N -electron SE is not analytically solvable, the mean-field

theory is used to transform the many body problem into a set of coupled one-

electron problems. Using the mean-field theory, an N -electron wave function of

the form Ψ(r1, r2...rN) is then written as a product of one-electron orbitals as

Ψ(r1, r2...rN) = Φ1(r1)Φ2(r2)...Φn(rN). (2.7)

Φ1(r1) can be expressed as Φ1(1)σ1(1), where σ is the spin wave function which

depends on the spin orientation of the electron. For a fermionic system like the

N -electron system, the Ψelec is expressed by an antisymmetrized product of one-

electron wave functions, a Slater determinant,

Ψ(r1, r2, ...rN) =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣

Φ1(1)α(1) Φ1(1)β(1) . . . ΦM(1)β(1)

Φ1(2)α(2) Φ2(2)β(2) . . . ΦM(2)β(2)
...

...
...

Φ1(N)α(N) ΦN(N)β(N) . . . ΦM(N)β(N)

∣∣∣∣∣∣∣∣∣∣∣∣
, (2.8)

where M equals to N/2 and (N + 1)/2 for even and odd N , respectively.

A single Slater determinant is used as an approximation to the electronic

wave function in the Hartree-Fock (HF) theory. Here each electron corresponding

to Φi(r) satisfies the following equation,

(
− 1

2
∆2
i −

M∑
A=1

ZA
riA

+ vHF (i)
)

Φi(r) = εiΦi(r) (2.9)

where i = 1, 2....,N . vHF (i) is the average potential experienced by the ith electron

in the presence of the other electrons. The resulting set of equations is referred

to as the HF equations, and the iterative self-consistent field procedure is used to

solve those.
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In the HF method, electron-electron correlation effects are not considered.

The electron-electron correlation effects can be introduced by various post-HF

methods such as configuration interaction, Möller-Plesset perturbation theory,[46]

algebraic diagrammatic construction method, [47, 48] coupled-cluster based meth-

ods such as second-order coupled-cluster (CC2)[49] and multi-configurational meth-

ods such as the complete active space self-consistent field (CASSCF) methods.[50,

51] However, these methods are not suitable for studying macromolecules like con-

jugated polymers because of prohibitive computational costs. Therefore, instead of

using ab initio correlated wave function-theory methods, DFT and TD-DFT based

methods providing a good balance between accuracy and computational cost are

generally used to obtain the structures and properties of conjugated oligomers and

small molecules which are used in the active layers of OPVs.

2.4 Density functional theory

DFT is one of the most widely used methods to describe the electronic structure

of atoms, molecules, crystals, and surfaces. Electron probability density function,

denoted as ρ(x, y, z) is extracted from the wave function. It is a function only

three variable (x, y, z), but N -electron wave function depends on 4N variable. The

single-particle probability density corresponding to a normalized ground-state N -

electron wave function is given by,

ρ(r) = N

∫
|Ψ(r, r2...., rN)|2d3r2, ..., d

3rN . (2.10)

The energy of the system based on the three-dimensional electron density is

E =

∫
E(ρ)ρ(r)dr, (2.11)

where E(ρ) is the total energy functional.
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The Hohenberg-Kohn theorems provide the basis for DFT.[52] The first Hohenberg-

Kohn theorem says that the ground-state electron density function can deter-

mine all the properties of a molecule in a ground electronic state. The second

Hohenberg-Kohn variation theorem states that energy obtained using a trial den-

sity functional is always higher than the true ground state energy.

The Hohenberg-Kohn theory is valid for both interacting and non-interacting

electrons. The non-interacting part can be treated easily which constitutes a large

portion of the electronic energy, and relatively small portion is associated with the

interacting part which can be calculated by a density functional.

The energy of a system can be written as a functional of density

E[ρ] = T [ρ] + J [ρ] + vext[ρ](r) + EXC [ρ], (2.12)

where T [ρ] is the kinetic energy, J [ρ] is the Coulomb energy describing electron

repulsion, and vext[ρ] is the external potential. The EXC [ρ] term, a functional of the

electron density function related with two terms, originating from the difference

of the real and imaginary non-interacting systems are given by

EXC [ρ] = ∆
〈
T [ρ]

〉
+ ∆

〈
Vee[ρ]

〉
. (2.13)

Here, ∆
〈
T
〉

represents the correlation to the kinetic energy deriving from electrons’

interacting nature. ∆
〈
Vee
〉

term represents the non-classical corrections to the

electron-electron repulsion energy. T [ρ] in terms of the Kohn-Sham orbitals (KS),

ψKSi , can be defined as

T [ρ] = −1

2

N∑
i=1

〈
ψKSi |∇2

i |ψKSi
〉
. (2.14)

The orbitals ψKSi used in equation 2.14 to minimize the energy E are obtained

by solving the KS equations,

ĥKSi ψKSi = εKSi ψKSi , (2.15)
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where ĥKSi is the KS one-electron operator and it is defined as

ĥKSi = −1

2
∇2
i −

nuclei∑
A

ZA
r1A

+

∫
ρ(r2)

r12

dr2 + VXC . (2.16)

The exchange correlation potential VXC is a functional derivative of EXC as

shown below:

VXC =
δEXC [ρ(r)]

δρ(r)
. (2.17)

2.5 Approximate exchange-correlation function-

als

The exact functionals for the exchange and correlation are unknown, and there-

fore, various approximations are used to calculate the EXC . Exchange-correlation

functionals can be defined by a Jacob’s ladder. The different approximations are

the local density approximation (LDA), local generalized gradient approximation

(GGA), meta-GGA, hybrid, and double-hybrid functional approximations. In the

LDA, EXC(ρ) is calculated as a function of the local density only at a given posi-

tion. The LDA is exact for a homogeneous electron gas and hence, it works well

for systems in which the density does not vary too much. When spin is included

in the LDA, it results in the local spin-density approximation (LSDA) functional.

In the GGA functionals, the density gradient which is the first derivative of the

density at the given position is also included. In a meta-GGA functional, in ad-

dition to the spin densities and their gradients, Laplacians of the spin density are

also included. Hybrid functionals are constructed by mixing a fraction of exchange

energy functional to the LDA/LSDA or GGA functionals. A hybrid functional can

be written as,

Ehybrid
XC = aEexact

X + (1− a)EDFT
X + EDFT

C , (2.18)
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where a is the mixing parameter, Eexact
X is the nonlocal HF exchange energy,

EDFT
X is the local DFT exchange energy, and EDFT

C is the local DFT correla-

tion energy. For example, the Becke’s three-parameter Lee-Yang-Parr (B3LYP)

exchange-correlation hybrid functional,[53] can be expressed as

EB3LYP
XC = a0E

exact
X + (1− a0)ELSDA

X + abE
B88
X + acE

LYP
c + (1− ac)E

LSDA
c , (2.19)

where EB88
X is the gradient corrected exchange energy obtained from the Becke

functional[54], and ELYP
c is the correlation energy according to the Lee-Yang-Parr

functional.[55] The three parameters a0, ab and ac are optimized to 0.20, 0.72

and 0.81, respectively. There are many other hybrid functionals reported in the

literature such as PBE0[56], HSE[57] and O3LYP.[58]

In recent times, range-separated hybrid (RSH) functionals are used in many

places, particularly to describe extended π-conjugated systems and charge trans-

fer excitations. The basic idea is to split the electron-electron interaction (1/r12)

into short-range and long-range parts using the standard error function. In conse-

quence, the correct asymptotic r12 → ∞ behavior is retained, where the Coulomb

and exchange potentials cancel each other. The equation is written as

1

r12

=
1− erf(µr12)

r12

+
erf(µr12)

r12

, (2.20)

where µ is a range separating parameter. For the exchange energy term, the short-

range and long-range terms are treated by the DFT and the exact HF exchange,

respectively.

There are various RSH functionals available in the literature, e.g., ωB97XD[59,

60], lc-ωPBE[61] and lc-BLYP[62] etc. Yanai et al.[63] have proposed a generalized

version of Eq. 2.20 by introducing two extra parameters (α and β) in the equation

as,

1

r12

=
1− [α + β . erf(µr12)]

r12

+
α + β . erf(µr12)

r12

, (2.21)

TH-2614_166122041



Chapter 2: Theoretical and computational methods 20

where the relations 0 ≤ α + β ≤ 1, 0 ≤ α ≤ 1, and 0 ≤ β ≤ 1 are satisfied.

The parameters α and β incorporate the HF-exchange part over the whole range

by a factor of α and the DFT part over the whole range by a factor of 1-(α+β),

respectively. This Coulomb-attenuating method (CAM) with three parameters is

more flexible than the LR-method. The standard parameters α, β, and µ values

are 0.19, 0.46, and 0.33, respectively, for CAM-B3LYP.[63]

DFT has been the method of choice to describe organic donors, acceptors

and donor-acceptor blend systems in the literature. Excellent compromise between

accuracy and computational efficiency has enabled the DFT methods to treat very

large systems containing hundreds of atoms. In the thesis work, I have used DFT

based methods for the studies.

2.6 London dispersion corrections

Dispersion interactions can be defined as the attractive part of the van der Waals

interaction potential between atoms and molecules that are not directly bonded

to each other.[64, 65] Initially, this was noted for rare-gas dimers but later was

also noticed in base pair stacking systems. Conventional DFT functionals that

do not contain the physics of dispersion interactions often fail in cases where the

dispersion interaction plays an important role in determining systems’ geometries

and thermodynamic properties. Out of various methods developed to incorporate

the dispersion interaction, Grimme’s DFT-D[66] methods are well-established for

dispersion interaction, but the DFT-D3[67] method is the most successful. In

DFT-D3, dispersion corrections term includes sixth and eighth-order terms with

improving dispersion coefficients and damping function. The total DFT-D3 energy

of a system is written as

EDFT−D3 = EDFT + Edisp, (2.22)

where EDFT is the energy obtained by the original DFT functional and Edisp is

the dispersion correction. Edisp is the addition of two- and three-body energies
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written as

Edisp = E(2) + E(3). (2.23)

Out of these two, the E(2) is the most important term.[64] This term with the

standard zero damping formula is given as

E(2) = −
∑
n=6,8

sn
∑
i,j

Cij
n

rnij
fd,n(rij). (2.24)

Here, the first sum is over all atom pairs in the system. Cij
n represents the average

nth order dispersion coefficients for atom pair ij, rij is their internuclear distance,

and fd,n(rij) is the damping function. fd,n is expressed as

fd,n(rij) =
1

1 + 6(rij/(sr,nr
ij
0 ))−αn

, (2.25)

where parameter sr,n is the order-dependent scaling factor of the cutoff radii rij0 .

The “steepness” parameters αn are not fitted but adjusted such that the dispersion

correction is < 1% of max (|Edisp|) for typical covalent bond distances. From Eq.

2.24, the term E(2) with the Becke-Johnson (BJ) damping function is expressed

as[68]

ED3BJ
disp = −

∑
n=6,8

sn
∑
i,j

Cij
n

(rij)n + fd,n(rij)n
, (2.26)

where the fd,n function is

fd,n = a1

√
Cij

8

Cij
6

+ a2. (2.27)

Here, parameters sr,n, a1 and a2 are fitted for each DFT functional. The three-

body term E(3) is defined as

E(3) =
∑
ABC

fd,(3)(rABC)EABC, (2.28)
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where the sum of is over all atom triples in the molecule. The damping function

fd,(3) is defined as

fd,3((rABC) =
1

1 + 6(rABC/(4rABC
0 /3))−16

. (2.29)

Here, rABC is the geometrically averaged radii. The term EABC is expressed as

EABC =
CABC

9 (3 cos θa cos θb cos θc + 1)

(rABrBCrCA)3
, (2.30)

where θa, θb, and θc are the internal angles of the triangle formed by rAB, rBC, and

rCA. CABC
9 is the triple-dipole moment constant and is expressed as

CABC
9 =

3

π

∫ ∞
0

αA(iω)αB(iω)αC(iω)dω. (2.31)

As the total three-body contribution is very small, CABC
9 is expressed as

CABC
9 ≈ −

√
CAB

6 CAC
6 CBC

6 . (2.32)

In the thesis, we have used DFT-D3 version for donor-acceptor blend calculations.

2.7 Time-dependent density functional theory

TDDFT is a density-based formally exact approach and is used widely for inves-

tigating excited-state properties and optical spectra.[69, 70] Like the Hohenberg-

Kohn theorem for DFT, the Runge-Gross theorem[71] is the basis for TDDFT.

It states that there is a one-to-one mapping between the time-dependent external

potential v(r, t) and the time-dependent density of the system. In addition, the

von Leeuwen theorem[72] is used in a fashion similar to the KS formalism for the

ground state, and this is stated as follows: Let us say that there are two many-

body systems with different particle-particle interactions, ω(r− r′) and ω′(r− r′).

If an external potential v(r, t) produces a time-dependent density ρ(r, t) is sys-

tem 1, then a unique potential v′(r, t) can be constructed that produces the same
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density in system 2. In scenarios where the perturbation is small and the system

does not change much from the initial state, it is sufficient to use the first order

in perturbation. This is known as linear response formalism. Below we discuss

linear response formalism briefly.

Let us suppose that at t < t0, the time-dependent potential is zero. At time

t0, a time-dependent potential, v1 (r, t) is turned on which results in a change in

the density written as

ρ(r, t) = ρ0(r) + ρ1(r, t) + ρ2(r, t) + ρ3(r, t) + .....M (2.33)

Here, ρ0 is the ground state density, ρ1(r, t) the first-order response and ρ2(r, t)

second-order response etc. The linear response term can be written as

ρ1(r, t) =

∫
dt1

∫
d3r1χ(r, t, r1, t1)v1(r1, t1), (2.34)

where χ represents the linear density-density response function of the system.

The linear response of an interacting system can be calculated as the response of

non-interacting KS system as

ρ1(r, t) =

∫
dt1

∫
d3r1χs(r, t, r1, t1)vs1(r1, t1), (2.35)

where χs term is the density-density response function for the noninteracting KS

electrons. The symbol vs1(r, t) is the linear change of the effective potential,

vs(r, t), of the time-dependent KS system, and it can be written as

vs1[ρ](r, t) = v1(r, t) +

∫
d3r1

ρ(r1, t)

|r− r1|
+

∫
dt1

∫
d3r1

δvXC [ρ](r, t)

δρ(r1, t1)
ρ1(r1, t1).(2.36)

where v1(r, t) is the external potential and second term is the linearized time-

dependent Hartree potential. The functional derivative of the XC potential with

respect to the density is known as the exchange kernel and is evaluated at the

ground state density.
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By using equations 2.36, 2.35 and 2.34, we obtain the Dyson equation of

TDDFT as

χ(r, t, r1, t1) = χs(r, t, r1, t1) +

∫
dτ

∫
d3x

∫
dτ1

∫
d3x1χs(r, t,x, τ){δ(τ − τ1)

|x− x1|
+ fXC(x, τ,x1, τ1)

}
χ(x1, t1, r1, t1).

(2.37)

This equation is useful to calculate the properties of many-body systems under

small perturbation. One of the other linear-response approaches that is widely

used is the Casida formalism.[73]

2.8 Marcus theory

The Marcus theory[74] is a semi-classical theory to describe the charge transfer

processes, and has been extensively used to calculate charge transfer rates in OSCs.

It describes the charge transfer between two weakly coupled sites. Below we pro-

vide a quick derivation as shown in Refs.[75–79] In the limit of weak coupling, the

interaction between two sites can be treated as a small perturbation, and hence

Fermi’s Golden rule which treats charge transfer as a radiation less transition is

applicable in this regime. Fermi’s Golden rule is derived from time-dependent

perturbation theory and states that non-adiabatic charge (electron) transfer rate

(ki,j) between two sites i and j is given as

ki,j =
2π

~
|Vij|2 ρ(Ef ). (2.38)

Here, Vij is the coupling integral ( or electronic coupling) defined as 〈ψi|V̂ |ψj〉.

ρ is the density of states representing the thermal distribution of final electronic

states. The Eq. 2.38 includes sum over all the probability densities. Within the

Franck-Condon approximation, the above equation can be rewritten as

ki,j =
2π

~
|Vij|2 FCWD. (2.39)
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Here, FCWD is the Franck-Condon weighted density of states. It is noted that

the vibrational degrees of freedom are treated classically here. In the high tem-

perature limit, i.e., ~ω << kT , and |Vij| << λ, i.e, weak coupling regime, FCWD

is expressed as

FCWD =

√
1

4πkBTλ
exp

(
−(λ+ ∆Gij)

2

4λkBT

)
. (2.40)

In the above equation, λ and ∆Gij represent total reorganization energy and change

in the free energy, respectively. kB and ~ are the Boltzmann and reduced Planck’s

constants, respectively. Inserting this into the Eq. 2.39 results in the Marcus

equation as

ki,j =
|Vij|2

~

√
π

λkBT
exp

(
−(λ+ ∆Gij)

2

4λkBT

)
. (2.41)

2.9 Reorganization energies

λ, the reorganization energy as shown in Eq. 2.41, is the energy associated with

the structural modifications of the system during the charge transfer. λ is usually

divided into two different contributions as

λ = λint + λext. (2.42)

Here, λint and λext are the internal and external reorganization energies, respec-

tively. The internal geometry rearrangement in a system following addition or

removal of a charge gives the internal reorganization energy. Considering D/A

systems like the ones we are interested in, λint is the sum of the reorganization

energies of donor (λD) and that of the acceptor (λA) written as λint can be written

as

λint = λD + λA. (2.43)
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The λD and λA can be calculated using the four-point method[80–82] as λD =

E+(D0)−E+(D+) and λA = E0(A−)−E0(A0). Here E+(D+) and E+(D0) represent

the energies of donor cations at cation-optimized and at optimized ground-state

geometries, respectively. Similarly, E0(A−) and E0(A0) are the energies of neutral

acceptor at optimized anion and optimized neutral geometries, respectively.

The λext contains the effect of polarization of the surrounding medium. Usu-

ally, the Marcus’ implicit two-sphere formula in a continuum solvent[83, 84] shown

in the Eq. 2.44 is used:

λext =
1

4πε0

(∆e)2

(
1

2a1

+
1

2a2

− 1

R

)(
1

εop

− 1

ε0

)
. (2.44)

Here a1 is the donor radius, a2 is the acceptor radius, and R is the distance between

the center of donor and acceptor, respectively. εop and ε0 are optical and zero-

frequency dielectric constants of the surrounding media, respectively. ∆e is the

charge transferred from donor to acceptor. But explicit computation of λext has

been a topic of intense study, and various methodologies have been suggested for

its accurate computation.[85–88] Instead of calculating this parameter explicitly,

a parameter found for similar systems is usually used in literature. This method

has worked well in many cases. For example, the external reorganization energy

for composites with fullerene or substituted fullerene systems is around 0.1-0.3

eV[84, 89, 90] and a value within this range has been used at many places in

literature providing good results.[89, 91–93] In the thesis, we have used a value of

0.3 eV for λext.

2.10 Electronic coupling and the generalized

Mulliken-Hush theory

The electronic coupling (denoted as Vij in Eq. 2.41) describes the strength of

coupling between initial and final diabatic states. As mentioned in the section 2.8,

this is defined as 〈ψi|V̂ |ψj〉, where ψi and ψj are the two diabatic states. Since
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the value depends on the two wave functions, it is very sensitive to the positions

of the molecules, and their internuclear distance. Various methods are proposed

in the literature for its evaluation. In the following, we will only briefly describe

the generalized Mulliken-Hush (GMH) method.

The GMH method was developed by Cave and Newton[94, 95] based on the

work of Mulliken[96, 97] and Hush.[98] Derivations of the GMH formula can be

found in Refs.[99, 100] Consider a two-state system described by adiabatic wave

functions ψ1 and ψ2 corresponding to the two adiabatic energies E1 and E2. Start-

ing with two diabatic states φa and φb, the above two adiabatic states can be

written as

ψ1 = caφa +cbφb

ψ2 = −cbφa +caφb. (2.45)

As the overlap between the two diabatic states is zero, we have

cacb =
Vij

E2 − E1

. (2.46)

The transition dipole moment between the ground and excited states can be writ-

ten in terms of the adiabatic states as µ12=〈ψ1|r|ψ2〉. Using Eq. 2.45, µ12 can be

put in the diabatic basis as

µ12 = cacb (〈φb|r|φb〉 − 〈φa|r|φa〉) . (2.47)

This expression can be rewritten using the Eq. 2.46 as

µ12 =
Vij

E2 − E1

(〈φb|r|φb〉 − 〈φa|r|φa〉) . (2.48)

Rewriting 〈φb|r|φb〉 and 〈φa|r|φa〉 in adiabatic basis, Eq. 2.48 can be written as

µ12 =
Vij

E2 − E1

√
(µ11 − µ22)2 + 4µ2

12. (2.49)
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Here µ11 and µ22 are the adiabatic µs. Rearranging Eq. 2.49 results in the GMH

formula as

Vij =
µ12(E2 − E1)√

(µ11 − µ22) + 4µ2
12

. (2.50)

We have used the Eq. 2.50 in our studies.

2.11 Free energy changes and exciton binding

energy

As mentioned already, ∆G in Eq. 2.41 is the Gibbs free energy of the reaction.

A negative value of ∆G indicates the feasibility of a process, and in our case,

the charge transfer between two sites. ∆GCT, the Gibbs free energy for a charge

transfer process, is calculated using the Rehm-Weller equation[101, 102] as

∆GCT = IPD − EAA − E1
g + Ecoul. (2.51)

Here IPD and EAA are the adiabatic ionization potential of the donor and electron

affinity of the acceptor, respectively. These two terms are calculated as IPD =

E+(D+)− E0(D0) and EAA = E0(A0)− E−(A−). Here E0(D0) and E−(A−) are

the energies of neutral donor at optimized neutral, and anion acceptor at optimized

anion geometries. E1
g in Eq. 2.51 is the lowest excitation energy of the donor. Ecoul

in Eq. 2.51 is the Coulombic interaction energy between the cation of donor and

anion of acceptor. This is computed as[103] Ecoul =
∑

g∈D,h∈A

qgqh

ε rgh

, where qg and qh

are the partial charges on atoms g and h of the donor and acceptor, respectively.

rgh is the distance between the two atoms and ε is the dielectric constant. In our

work, we approximate this interaction energy as the negative of exciton binding

energy (denoted as Eb). Eb is defined as the difference between the fundamental

and optical bandgaps.[104, 105]
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As discussed in the Chapter 1, charge transfer process competes with the

charge recombination process in an OSC. The Gibbs free energy for charge recom-

bination, denoted as ∆GCR, is estimated as:[93, 103, 106, 107]

∆GCR = IPD − EAA. (2.52)
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Chapter 3

Designing fluorinated

benzodithiophene-triazole based

oligomers for high open circuit

voltage in organic photovoltaics

In this chapter, structural, optoelectronic, and charge transport properties of fluo-

rinated benzodithiophene-triazole-based oligomers are investigated. A part of the

content of this chapter is published in Computational and Theoretical Chemistry ,

2019, 1165, 112564.
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Figure: Effect of fluorination on the properties of BDT-TAZ based oligomers

31

TH-2614_166122041



Chapter 3: Designing fluorinated benzodithiophene-triazole . . . 32

3.1 Introduction

In recent times, BDT has emerged as one of the widely used donor materials.[14,

22, 31, 32, 108–111] BDT has a rigid planar conjugated structure and shows good

stacking property, which is beneficial to achieve tunable energy levels, suitable

bandgaps and enhance the charge carrier mobilities. Ultra low bandgap polymers

based on fluorene-substituted thiadiazoloquinoxaline acceptor and BDT donor

units[110] have been able to deliver PCEs up to 8.15%. Simultaneously fluori-

nated and alkylthiolated BDTT based polymers[112] produced devices with PCE

up to 9.72%. In one of the earlier works, a device based on BDT and benzo-

triazole (denoted as P1) reported a PCE ∼ 4%.[1] Follow-up work by You and

co-workers[2] reported medium bandgap conjugated polymers based on BDT and

either pyridazine-fused triazole (denoted as P2) or a cyano substituted pyridine-

fused triazole (denoted as P3). For P3, the highest PCE value of 8.4% has been

obtained. Structural modifications such as replacement of alkyl groups by thienyl

groups in BDT have shown improvements in the planarity, charge carrier proper-

ties and PCE.[113] Moreover, when the thienyl group in the BDT unit was further

modified by introducing electron withdrawing fluorine (-F) atom, it resulted in an

increase of PCE up to 8.6%.[39]

Understanding the structure property relationship is vital to gain details of

mechanisms of various processes. In this scenario, computational studies help to

get a quick look at various properties at the molecular level before an experi-

ment is carried out.[32, 114–120] In the present work, we have modified the parent

molecules, P1, P2 and P3 as follows: in the first case, the alkyl groups in ben-

zodithiophene are replaced by thienyl rings producing P4. P4 is again modified by

replacing one of the hydrogens in one of the thienyl rings by a fluorine atom result-

ing in P5. When a hydrogen atom in the second thienyl ring of P5 is replaced by

a fluorine atom, the result is P6. These P1 and P4-P6 compounds form the first

set. In a similar way, P2 and P3 are modified to produce the derived molecules

P7-P9 and P10-P12, respectively, resulting in two other sets of molecules (see

TH-2614_166122041



Chapter 3: Designing fluorinated benzodithiophene-triazole . . . 33

S

S

S

S

N

N
N

CH3

n   P1

H3C

CH3

S

S

S

N
N

S

N

N
N

CH3

H3C

CH3 n

S

S

S

N

S

N

N
N

CH3

H3C

CH3 n
CN   P2        P3

S

S

S

S

N

N
N

CH3

n

     P4

S

S

H

H

S

S

S

S

N

N
N

CH3

n

          P5

S

S

F

H

S

S

S

S

N

N
N

CH3

n

        P6

S

S

F

F

S

S

S

N
N

S

N

N
N

CH3

n

       P7

S

S

H

H

S

S

S

N
N

S

N

N
N

CH3

n

            P8

S

S

F

H

S

S

S

N
N

S

N

N
N

CH3

n

       P9

S

S

F

F

S

S

S

N

S

N

N
N

CH3

n

       P10

S

S

H

H

CN S

S

S

N

S

N

N
N

CH3

n

    P11

S

S

F

H

CN

L1
L2

L3

L1 L2

L3

L1 L2

L3

L1 L2

L3

L1

L1

L2

L2

L3

L3

L1

L1

L1 L2

L3

L1
L2

L3

L1
L2

L3

L2

L2

L3

L3

φ1 φ2
φ3

φ1 φ2
φ3

φ1 φ2

φ1 φ2
φ3

φ1
φ2

φ3

φ1 φ2 φ3

φ1
φ2

φ3

φ1 φ2

φ3

φ1
φ2

φ3

φ1 φ2

φ3

φ1 φ2

φ3

φ3

S

S

S

N

S

N

N
N

CH3

n

    P12

S

S

F

F

CN

L1
L2

L3

φ1
φ2

φ3

Figure 3.1: Molecular structures of the donor-acceptor repeating units, where
n= 1-4. Selected bonds and dihedral angles are labeled as Li and φi, i =1, 2,
3,..., respectively. The bridge-bonds between monomeric units are also included

in counting Lis.

Figure 3.1 for all the structures). Following optimizations of the geometries, vari-

ous properties of the oligomers are calculated and their dependence on the chain

length are discussed. This is followed by a comparison of charge mobilities. In

conclusion, we comment upon the suitability of these oligomers for solar cells.

3.2 Computational Methodologies

DFT based methods are used to study the present systems. Ground state opti-

mization studies are carried out with both the B3LYP[55] and HSE06[121] func-

tionals. This is to be noted that B3LYP has been one of the preferred choices

for studying the ground states of conjugated donor-acceptor oligomers, but re-

cent literature reports have shown that various long-range corrected functionals

and especially the screened hybrid HSE06 produce very good results, compara-

ble with the experimental results.[114, 118, 122, 123] The 6-31G(d,p) basis set
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Table 3.1: The HOMO and LUMO values (eV) of P1-P3 tetramers. HOMO
values are calculated using Model 2 as described in main text. Similarly, LUMO

values presented here are calculated using Model 6.

Compounds HSE06 B3LYP Exp.[1, 2]
EHOMO ELUMO EHOMO ELUMO EHOMO ELUMO

P1 -5.14 -3.15 -5.15 -3.16 -5.29 -2.87
P2 -5.33 -3.41 -5.35 -3.42 -5.66 -3.73
P3 -5.39 -3.54 -5.41 -3.56 -5.67 -3.83

was used in all the calculations. Vibrational frequencies are calculated for all the

optimized geometries and those are found to be real. In addition, as shown in

Table 3.1, the calculated HOMO and LUMO energies of P1-P3 at HSE06 and

B3LYP level are close to the experimental values. Hence, we report the ground

state geometries of neutrals, cations and anions computed with HSE06 only. We

note here that the HOMO and LUMO energies are calculated using the models

as described below. Various models[124–126] have been proposed to estimate the

HOMO and LUMO energies to reproduce experimental values. Recently, Hückel

method based models[125] have been found to be quite successful. In our calcu-

lations, four different models are examined to estimate the HOMO values: (1) in

Model 1, the energy of HOMO from the neutral singlet ground state optimized

geometry; (2) in Model 2, the difference between the total energy of neutral singlet

ground state and the total energy of oxidized (+1) doublet; (3) in Model 3, the

energy difference between the first excitation energy (E1
g) and the αHOMO energy

of the neutral triplet state; (4) in Model 4, the single point energy of αLUMO of

oxidized doublet state. Mean absolute error (MAE) values are calculated for the

three experimentally prepared molecules and as shown in the Table A1 (see Ap-

pendix A), the smallest mean absolute error (MAE) value occurs for Model 2. As

the HOMO energies calculated using the Model 2 are in better agreement with

the experimental values, these energies are considered as the HOMO values.

For LUMOs, six different models were used: (1) in Model 1, the energy of

LUMO from the neutral singlet ground state optimized geometry; (2) in Model

2, the difference between the total energy of neutral singlet ground state and the
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Table 3.2: First excitation energy (E1
g in eV) and maximum absorption wave-

length (λmax in nm) data obtained various functionals with the 6-31G(d,p) basis
set. Experimental values are taken from Refs.[1, 2]

PBE0 B3LYP CAM-B3LYP ωB97XD Exp.
E1

g λmax E1
g λmax E1

g λmax E1
g λmax E1

g

P1 1.99 624.37 1.86 664.06 2.42 511.13 2.52 491.46 1.98
P2 1.92 645.16 1.79 692.08 2.41 513.90 2.52 491.66 1.93
P3 1.85 671.91 1.72 720 2.32 534.30 2.42 510.78 1.84

single point energy of reduced (-1) doublet; (3) in Model 3, the energy of αHOMO

of reduced (-1) doublet; (4) in Model 4, the difference between the energy of

neutral singlet ground state optimized geometry and the single point energy of

neutral triplet state; (5) the αHOMO energy of the neutral triplet state and (6)

the energy of the HOMO obtained using the Model 2 plus E1
g (obtained from TD-

DFT calculations). As in calculations of HOMO values, we computed MAEs in the

cases of LUMO energies for various models. As shown in Table A2 (see Appendix

A), MAE is smallest for the Model 6, and hence, the Model 6 is considered for all

the systems to compute the LUMO values.

For P1, P2 and P3, absorption spectra are calculated using four different

functionals, PBE0, B3LYP, CAM-B3LYP and ωB97XD with the 6-31G(d,p) basis

set. As shown in Table 3.2, E1
g of P1-P3 obtained at the TD-PBE0/6-31G(d,p)

level agree better with the experimental values.[1, 2] Hence, we have used the

PBE0 functional for all the newly designed systems. EA, IP, and λ are calculated

at HSE06/6-31G(d,p) level based on the neutral and charged optimized geometries.

All calculations were carried out using Gaussian 09 software.[127]

3.3 Theoretical methodology for charge trans-

port properties

Charge transport process is usually described by two types of models: coherent

band and the thermally activated hopping models.[128, 129] Band model is used
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in perfectly ordered systems at low temperatures. Hole and electron charge car-

rier properties fall in the regime of coherent band theory.[128] However, at room

temperature the charge transfer generally follows the hopping model.[130–132] In

the present investigation, we have used the hopping model to compute the charge

transport rate and mobilities of the charges. Charge hopping rate (khop) between

two adjacent molecules can be described by the Marcus theory[133, 134] and is

expressed as

khop =
V 2

ab

~

(
π

λkBT

) 1
2

exp

(
− λ

4kBT

)
. (3.1)

This expression is the same Marcus’ formula that was presented in Chapter 2.

However, in this case, ∆G is put to zero for the self-exchange process. Here

Vab is the charge transfer integral, λ is the reorganization energy, T is the room

temperature and kB and ~ are the Boltzmann and Planck’s constants, respectively.

As it is clear from the expression, the charge transfer rate depends on the charge

transfer integral and reorganization energy.

The charge transfer integral describes the strength of electronic coupling be-

tween two identical and symmetric molecules. These values for holes (Vh) and

electrons (denoted as Ve) are calculated as [135, 136]

Vh =
EHOMO − EHOMO−1

2
and Ve =

ELUMO+1 − ELUMO

2
. (3.2)

Here EHOMO, EHOMO−1, ELUMO+1 and ELUMO are the energies of HOMO, HOMO-

1, LUMO+1 and LUMO, respectively. The charge hopping mobility µhop can be

estimated from the relation

µhop =
eD

kBT
, (3.3)

where e is the electronic charge, kB is the Boltzmann constant, T is the room

temperature and D is the diffusion constant. The diffusion constant is calculated
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from khop as[131, 137]

D =
1

2
khop l

2, (3.4)

where l is the distance between two adjacent molecules. Hence, the mobility can

be expressed as[135, 138]

µhop =
el2

2kBT
khop. (3.5)

3.4 Results and discussion

3.4.1 Optimized geometries and electronic properties of all

polymers

Ground-state geometries affect the optoelectronic properties, π-π stacking, charge-

transfer integral and charge mobilities in polymers.[139, 140] Hence, it is necessary

to analyze the ground-state structures. The structures of the tetramers of all the

compounds are shown in Figures 3.2 and A1-A3 (see Appendix A). Lengths of

selected bonds, denoted as Li, and values of the selected dihedral angles, denoted as

φi, are tabulated in Tables A3 and A4, respectively (see Appendix A). As observed

in Table A3, the selected optimized bond lengths do not change too much with the

oligomer size which indicates that tetramers can be used to describe the structures

of the polymers. The Li values of all the oligomers are between 1.43-1.45 Å and

these values are shorter than that of a typical C–C single bond (1.54 Å). This

hints at double bond character of these bonds due to π electron delocalization.

Replacement of methyl group by thienyl group brings a lot of changes in the

dihedral angles. As reported in Table A4, the φi values of the oligomers are in

the range 0–12◦. When the methyl group in P1 was replaced by thienyl group

resulting in P4, it was found that φ1 increased substantially from 2.87 to 10.19◦.

Similarly, in case of dimer, φ1 and φ5 were found to increase from 0.96 to 10.09◦

and from 2.96 to -3.47◦, respectively. Likewise, in trimer, the dihedral angles φ1,
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P1

P2

P3

Figure 3.2: Optimized ground state geometries for tetramers of P1-P3 cal-
culated at HSE06/6-31G(d,p) level. Colour code: white (H), grey (C), yellow

(S), and blue (N).

φ2, φ5 and φ9 changed from 1.44 to -10.70◦, 0.00 to 1.84◦, 0.88 to -2.28◦ and 0.51

to -9.33◦, respectively. Similar results were obtained in the case of tetramer too.

When P4 is modified to P5 and further to P6 by introduction of fluorine atoms,

the changes in dihedral angle values were found to be small. From P2 to P7

monomers, it was observed that the dihedral angle values φ1 increased from 2.38

to 11.03◦. In case of dimers, the values of φ1, φ4 and φ5 were observed to change

from 1.32, 1.12 and 1.17 to -10.88◦, -2.10◦ and -2.43◦, respectively. Similarly, in

trimer, φ1, φ8 and φ9 were found to be increased from 2.06, 1.05 and 0.42 to 11.44◦,

9.87◦ and 9.89◦, respectively. Similar trends are observed in cases of P3 to P12.

3.4.2 HOMOs, LUMOs and Voc

As is known, suitable positioning of the frontier molecular orbitals is a primary

requirement for the construction of OPVs. Calculated HOMO and LUMO values
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Table 3.3: Energies of frontier molecular orbitals of all the tetramers and
PCBM. ∆ELL is the difference between the LUMO energies of the donors P1-
P12 and of PCBM. Voc values of all tetramer/PCBM devices are also shown.

All the energies are in eV.

Compounds EHOMO ELUMO ∆ELL Voc(V)
Calc. Exp. Calc. Exp. Calc. Exp.

P1 -5.14 -5.29 -3.15 -2.87 1.15 0.54 0.68
P2 -5.33 -5.66 -3.41 -3.73 0.89 0.73 0.95
P3 -5.39 -5.67 -3.54 -3.83 0.76 0.79 0.96
P4 -5.15 -3.16 1.14 0.55
P5 -5.21 -3.22 1.08 0.61
P6 -5.28 -3.29 1.01 0.68
P7 -5.33 -3.38 0.92 0.73
P8 -5.40 -3.45 0.85 0.80
P9 -5.48 -3.52 0.78 0.88
P10 -5.38 -3.51 0.79 0.78
P11 -5.46 -3.57 0.73 0.86
P12 -5.53 -3.64 0.66 0.93

PCBM -6.00 -4.30

of tetramers of P1-P12 are tabulated in Table 3.3. As the Table shows, replace-

ments of the methyl groups in P1, P2 and P3 by thienyl groups resulting in P4,

P7 and P10, respectively, change the HOMO and LUMO values slightly. From

P4 to P5 , the HOMO value decreases by 0.06 eV, and from P4 to P6 the value

decreases 0.13 eV. A similar trend is seen in case of LUMOs of P4 to P6. Similar

results are obtained for P7 to P9 and for P10 to P12. Overall, it is observed that

both the HOMO and LUMO energies decrease as the number of fluorine atoms

increases. As such, P12 has the smallest of HOMO and LUMO values. Fullerene

derivatives are one of the most widely used electron acceptors. Hence, we have

chosen PC61BM (PCBM) as the electron acceptor in this work. Experimentally

determined HOMO and LUMO values of PCBM are also tabulated in Table 3.3,

along with the differences between the LUMO of PCBM and those of tetramers,

∆ELL. All the ∆ELL values are larger than 0.3, which ensures efficient electron

transfer.

Voc values of all oligomers are in the range 0.54 - 0.93 V (see Table 3.3 ). As

observed, P1 and P12 have the lowest and the highest Voc values, respectively. It is
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LUMO

HOMO
P1

LUMO

HOMO P2

LUMO

HOMOHOMO

HOMO P3

Figure 3.3: HOMO and LUMO orbitals for the tetramers of P1 -P3 at
HSE06/6-31G(d,p) level.

found that the introduction of thienyl group does not affect the Voc values. Rather,

substitution of thienyl hydrogen(s) by fluorine atom(s) results in increasing the Voc.

From P4 to P5, the Voc value increases by 0.06 V, while after difluorination on

BDT, the difference doubles. A similar trend is seen in cases of derivatives of P2

and P3. The calculated Voc values sequence are P1 < P4 < P5 < P6 < P2 ≈

P7 < P10 < P3 < P8 < P11 < P9 < P12.

Contours plots of HOMOs and LUMOs of P1-P3 and P4-P12 are shown in

Figures 3.3 and A4-A6 (see Appendix A). These orbitals are mainly localized in
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Table 3.4: Percentage contributions of the three different fragments to
HOMOs (%HOMO) and LUMOs (%LUMO) of P1- P12 oligomers.

Fragments P1 P2 P3 P4 P5 P6
%HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO

1 41.91 27.15 52.29 20.60 51.53 19.55 42.01 31.22 40.61 32.29 39.30 33.45
2 39.71 38.07 36.70 34.23 35.46 33.92 39.31 36.49 39.98 36.22 40.63 35.87
3 18.28 34.55 11.00 45.16 12.84 46.48 18.65 32.28 19.29 31.42 19.93 30.54

P7 P8 P9 P10 P11 P12
%HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO

1 54.79 22.94 53.24 23.79 51.83 24.69 54.83 21.40 53.26 22.13 51.72 22.89
2 34.79 33.43 35.77 33.40 36.77 33.33 33.12 33.28 34.17 33.23 35.17 33.17
3 10.50 43.60 10.90 42.72 11.33 41.97 12.04 45.30 12.55 44.62 13.10 43.93

the central part of the tetramer oligomers. Electron densities in case of HOMOs

are delocalized over electron donating BDT units, bridge thiophenes as well as

benzene, pyridazine and pyridine rings of the electron acceptor units and these are

of π-bonding type. In the case of LUMOs, the densities are delocalized over all

the units except one of the donor BDT units towards the terminus. This hints at

possibility of charge transfer character.

Fragment contributions to the MOs are calculated using the Hirshfeld analysis

using the Multiwfn software.[141] Three fragments are defined: fragment 1 consists

of all the BDT units, fragment 2 is made up of all the eight bridge thiophene

units and fragment 3 consists of all the triazoles. Percentage contributions of

these fragments to the frontier MOs for P1-P12 are shown in Table 3.4. For

the HOMO of P1, there is almost an equal contribution from fragments 1 and

2. Similar results are obtained for HOMOs of P4-P6 as P4-P6 are derived from

P1. For HOMOs of P2 and P3, there are much larger contributions by the BDT

units than the bridge-thiophenes and the triazoles. Similar results are obtained for

P7-P12. For LUMOs, while there is a comparatively smaller contribution from

fragment 1 in P1, there is almost an even contribution from all the three fragments

in P4-P6. For P2 and P3, the contributions by fragment 1 are comparatively

much smaller than the other two and the trend remains the same for P7-P12.

To have a better understanding of the percentage contributions, another set

of analysis has been carried out for all the tetramers where each unit (BDT,

thiophene and triazole) is considered as a fragment. The results are tabulated
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Figure 3.4: Absorption spectra of the investigated tetramers. Half-width at
half-maximum height is 2685 cm−1.

in Table A5 (see Appendix A). The data in the table shows that contributions

of BDT/ thiophene/triazole units increase as we move towards the centre of the

tetramers. For P1 and P4-P6, the contributions remain similar. From P2 to P7-

P9 and from P3 to P10-P12, contributions of the units remain similar except that

the two central BDT units contribute a little more in the cases of new tetramers

than those in the parent compounds.

3.4.3 Spectral properties

Computed absorption spectra are shown in Figure 3.4. As observed in the figure

and shown in Table 3.5, λmax of parent compounds match very well with the

experimental results. Computed λmax values for P1, P2 and P3 tetramers are

624.37, 645.16 and 671.49 nm while the experimental values are 626, 641 and 673

nm[1, 2], respectively. Comparing P1 with P4, P5 and P6, it is clear that there

is very little difference in the absorption spectra of these tetramers. In P4-P6,

λmax values are 623.68, 623.40 and 623.42 nm, respectively. Similar observations

can be made in the other two cases, although the derived compounds are slightly

blue-shifted in comparison to the parent ones. λmax values for tetramers of P7-

P9 are little smaller and the values decrease with addition of fluorine atoms.

For P10-P12, maximum absorption wavelengths are 665.53, 660.37 and 655.66

nm, respectively and as was the case with P7-P9 versus P2, these values are

smaller than the parent P3 and decrease with addition of fluorine atoms. It is
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Table 3.5: Electronic transition data for S0 → S1 for all the tetramers. E1
g ,

λmax, fosc, ηλ, H and L denote excitation energy, maximum wavelength, oscil-
lator strength, light-absorption efficiency, HOMO and LUMO, respectively.

Compounds E1
g(eV) λmax(nm) Configurations fosc ηλ E1

g(eV)

P1 1.99 624.37 H→ L(0.76) 6.52 0.99 1.98
P2 1.92 645.16 H→ L(0.76) 5.16 0.99 1.93
P3 1.85 671.91 H→ L(0.76) 5.67 0.99 1.84
P4 1.99 623.68 H→ L(0.72) 6.27 0.99
P5 1.99 623.40 H→ L(0.70) 6.32 0.99
P6 1.99 623.42 H→ L(0.70) 6.36 0.99
P7 1.94 638.74 H→ L(0.72) 4.83 0.99
P8 1.95 634.87 H→ L(0.72) 4.91 0.99
P9 1.96 631.27 H→ L(0.70) 4.98 0.99
P10 1.86 665.53 H→ L(0.76) 5.29 0.99
P11 1.88 660.37 H→ L(0.76) 5.38 0.99
P12 1.89 655.66 H→ L(0.72) 5.47 0.99

also noteworthy that the order of λmax of the derived compounds follow the same

order as those of the parent compounds (see Fig. 3.4).

Other details of S0 → S1 transitions including molecular orbitals involved,

fosc and light-absorption efficiency (ηλ) of tetramers are also shown in Table 3.5.

As is observed, all the transitions are HOMO to LUMO excitations and the cor-

responding oscillator strengths are very large. ηλ is expressed as[106, 142]

ηλ = 1− 10−fosc , (3.6)

Values of ηλ are calculated considering the S0→ S1 transition peaks. It is observed

that all tetramers show good light-absorption efficiencies.

Instead of comparing fosc values, a better relative comparison is usually made

in terms of specific absorption strength (fM). fM is defined as the absorption

strength per unit mass.[143, 144] Light harvesting capability of a polymer can

be understood in terms of fM and E1
g . A plot of fM values versus E1

g is shown

in Figure 3.5, for the tetramers. This figure shows that P3 has the smallest E1
g

amongst all and additionally, it has the second largest fM value. Hence, this would

be considered as the most efficient to harvest light. Among P4-P12, P10-P12
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Figure 3.5: The relation between specific-absorption strength and transition
energies.

have lowest E1
g and fM values ≈ 2. P4-P6 tetramers show the largest fM and E1

g ,

hence can be considered as having low light harvesting efficiency. It is to be noted

that P1 is having the largest fM and E1
g values and hence, will be the poorest

harvestor.

3.4.4 IPs and EAs

IPs and EAs are used to determine the hole and electron transfer barriers in donor-

acceptor polymers. A smaller IP and a larger EA hint at easier injections of holes

and electrons, respectively. Both vertical and adiabatic IPs/EAs are calculated in

this study. These are defined as follows:

IP(v) = [E+(M0)− E0(M0)] (3.7)

IP(a) = [E+(M+)− E0(M0)] (3.8)

EA(v) = [E0(M0)− E−(M0)] (3.9)

EA(a) = [E0(M0)− E−(M−)], (3.10)

where E+(M0)/E−(M0) are the energies of the cations/anions calculated at op-

timized structures of neutral molecules. E+(M+)/E−(M−) are the energies of

optimized structures of the cations/anions and E0(M0) are the energies of neutral
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molecules in the ground state. Here, v and a represent vertical and adiabatic val-

ues, respectively. The IP and EA values for all the oligomers are plotted in Figure

3.6. As these show, the parent molecules follow the order P1 < P2 < P3, for both

IP and EA values. Among the tetramers of P4-P12, the lowest IP was found for

P4, and the largest EA was found for P12. As the number of hetero atoms like

fluorine or substituents like CN are introduced, the values increase. As such, the

series P4-P6 have the lowest IP values. In each series, gradual introduction of

F atom leads to an increase in IP values resulting in increased difficulty for hole

injection. EAs of P10-P12 tetramers are the largest amongst the series showing

that the presence of -CN improves the EAs. As was the case with IPs, in each

series, introduction of F- atom results in an increase in EA.

3.4.5 Reorganization energies

λ, intramolecular reorganization energy, is a sum of internal and external reor-

ganization energies. Contribution of λext, attributed to effect of surroundings,

is small and in this study, we consider only the internal λ(λint). λint is the

energy arising out of the geometry modifications occurring in a charged sys-

tem derived from a neutral system. As is evident from Eq. 3.1, the lower
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Table 3.6: Intramolecular reorganization energies for holes (λh) and electrons
(λe) calculated at the HSE06/6-31G(d,p) level.

Compounds λh(eV) λe(eV)
n=1 n=2 n=3 n=4 n=1 n=2 n=3 n=4

P1 0.227 0.140 0.095 0.076 0.211 0.121 0.079 0.061
P2 0.235 0.142 0.097 0.075 0.207 0.111 0.072 0.055
P3 0.215 0.135 0.094 0.071 0.174 0.094 0.061 0.047
P4 0.204 0.125 0.087 0.068 0.208 0.118 0.080 0.062
P5 0.206 0.126 0.089 0.068 0.208 0.120 0.083 0.062
P6 0.207 0.128 0.090 0.069 0.218 0.123 0.084 0.063
P7 0.209 0.121 0.084 0.066 0.202 0.110 0.074 0.057
P8 0.214 0.123 0.085 0.067 0.203 0.112 0.075 0.057
P9 0.216 0.126 0.087 0.068 0.210 0.114 0.076 0.058
P10 0.196 0.120 0.083 0.064 0.177 0.098 0.066 0.050
P11 0.197 0.122 0.085 0.065 0.177 0.100 0.068 0.051
P12 0.198 0.124 0.087 0.066 0.185 0.103 0.069 0.051

the λ, the faster is the charge transport. The internal hole and electron reor-

ganization energies (λh and λe, respectively) can be calculated by the follow-

ing formulas[145, 146]: λh = [E+(M0) − E+(M+)] + [E0(M+) − E0(M0)] and

λe = [E−(M0)−E−(M−)]+[E0(M−)−E0(M0)]. Here E0(M+)/E0(M−) represents

the single-point energy of the neutral molecule calculated at cationic/anionic ge-

ometries. As the Table 3.6 shows, λh values of the derived tetramers are smaller

than those of respective parent compounds, e.g., values for P4-P6 are smaller than

those for P1 and so on. As such, λh values for P4-P12 tetramers are similar and

vary within 0.064 to 0.069 eV. In contrast, λe values of P4-P12 tetramers show

a larger range of variation, between 0.050 to 0.063, compared to λh values. For

all the new tetramers, λes are always slightly larger than the values for respective

parent tetramers. It is also observed from the table that both λs decrease with

increase in the conjugated chain length.
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Table 3.7: Charge transfer integral Vab(eV), intermolecular distance D (Å),
charge transport rates khop (s−1) and mobilities µhop (cm2 V−1 s−1) of all

tetramer oligomers.

Compounds Vab D khop × 10−13 µhop

hole electron hole electron hole electron
P1 0.0512 0.0586 3.5 7.59 12.97 1.81 3.09
P2 0.0461 0.0497 3.5 6.34 10.41 1.51 2.48
P3 0.0476 0.0492 3.5 7.13 11.98 1.70 2.86
P4 0.0514 0.0565 4.0 8.77 11.72 2.73 3.65
P5 0.0494 0.0578 4.0 8.08 12.26 2.51 3.82
P6 0.0501 0.0593 4.0 8.23 12.69 2.56 3.95
P7 0.0450 0.0472 4.0 7.00 9.02 2.18 2.81
P8 0.0437 0.0491 4.0 6.46 9.68 2.01 3.01
P9 0.0444 0.0507 4.0 6.50 10.18 2.02 3.17
P10 0.0469 0.0458 4.0 7.89 9.79 2.46 3.05
P11 0.0463 0.0479 4.0 7.48 10.45 2.33 3.25
P12 0.0467 0.0497 4.0 7.51 11.22 2.34 3.49

3.4.6 Charge transfer integrals, rates of diffusion and charge

mobilities

Charge transfer integrals, transfer rates and hopping mobilities are calculated us-

ing Eqs. 3.2, 3.1 and 3.5, respectively. Transfer rate calculations are performed at

room temperature. For the charge transfer integrals, as mentioned already, parent

molecules were π-stacked at a distance of 3.5 Å. On the other hand, π-stacks of

tetramers of P4-P12 were formed at 4.0 Å. Scanning of the stacking distance was

carried out for few of the stacked tetramers at RI-M062X-D3 level using the Tur-

bomole software[147] to arrive at either 3.5 Å or 4.0 Å. Introduction of side rings,

which happen to be not in the plane of the main chain, increases the stacking dis-

tances in the P4-P12 oligomers. Intermolecular distances, hole/electron transfer

integrals, charge transfer rates and mobilities are listed in Table 3.7. π-stacked

structures of all the tetramers are shown in Figures A7 and A8 (see Appendix A).

Vab values of the new tetramers, P4-P12, differ from the values for P1-P3

as seen in the Table 3.7. In particular, Vab (hole) values of P4, P7 and P10 are

closest to that of P1, P2 and P3, respectively. The hole coupling value decreases
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from P4 to P5, but increases again for P6. The electron coupling value increases

from P4 to P6 as the number of fluorine atoms on BDT increases. Similar trends

are observed for P7-P9 and for P10-P12, for both hole and electron coupling

values. As is observed in Table 3.7, electron transfer rates are larger than hole

transfer rates in all tetramer oligomers. P4 and P2 have the largest and the

smallest hole transfer rates, respectively. On the other hand, P7 has the smallest

and P1 has the largest of the electron transfer rates. The khop(hole) decreases

from P4 to P5 and increases again for P6, in accordance with the Vab values.

Similar results are obtained for P7-P9 and for P10-P12. The trend is different

for khop(electron). The values increase from P4 to P6, P7 to P9 and P10 to

P12, as the number of fluorine atoms increases.
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Figure 3.7: Electron and hole mobilities of all the tetramers.

As observed in Table 3.7, electron mobilities are always larger than the hole

mobilities. As shown in Figure 3.7, new set of oligomers P4-P12 possess larger

hole and electron mobilities than the values for corresponding parent systems.

The hole mobility decreases from P4 to P5 and increases again for P6, in ac-

cordance with the trend showed in charge transfer rates. Similarly, P7-P9 and

P10-P12 follow the order displayed by the hole transfer rates, although the differ-

ences in values between single- and doubly-fluorinated compounds is very small.

For µhop(electron), the values increase as the number of F-atoms increase, again

following the trend displayed in the case of khop(electron). It is clear that P4-P12

with better charge mobilities are expected to be more efficient in charge extraction.
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3.4.7 Conclusions

A detailed DFT study has been carried out to understand the structural, opti-

cal, electronic and charge transport properties of a series of BDT-triazole based

oligomers, where fluorine atoms are successively introduced into the BDT part.

Initial studies are carried out to confirm our use of density functionals for ground

states as well as for the excitation calculations. Introduction of electron with-

drawing fluorine atoms in oligomers helps in lowering HOMO and LUMO levels.

All fluorinated and non-fluorinated tetramers exhibited good light absorption ef-

ficiency. It was found that P4-P12 tetramers have better hole and electron mo-

bilities compared to their parent oligomers. Hence, with better charge extraction

property, better PCEs are expected with these oligomers.
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Chapter 4

Halogenation of the side chains in

donor-acceptor based small

molecules for photovoltaic

applications

In this chapter, structural, optoelectronic, and charge transfer properties of halo-

genated small molecule donors based molecules are investigated. A part of the

content of this chapter is published in ChemistrySelect, 2021, 6, 5254.

PCBM

Figure: A-D-A based small molecules, the halogenated SMs, and PCBM.
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4.1 Introduction

Recently, Chu et al.[35] have reported three A-D-A type small molecules (SMs)

based on BDT core with three different lateral flexible side chains: 2-ethynyl-5-

octylthiophene (TB), 2-(octylthio)thiophene (TS) and 2-(2-ethylhexyl) thieno[3,2-

b]thiophene (TT). In addition, the central BDT unit is symmetrically connected

by three octylthiophene units with end-capping by cynoacetate on each side. It

was observed that incorporation of π-conjugated lateral side chains affected the

optoelectronic properties producing a very high value of Voc of 0.98 V. BHJ devices

based on the above three SMs, denoted as A1, A5, and A9 in our study, with TB,

TS and TT side chains, respectively, produced PCE values of 3.59%, 4.98% and

5.05%. Our group has been interested in understanding the effects of substitutions

on the donor units in OPV cells.[92, 148] Keeping in mind that halogen substitution

has a large effect on the optoelectronic and photovoltaic properties as discussed in

previous paragraph, we have modified A1, A5 and A9 systems by substituting one

hydrogen atom in each of the thiophene rings on the lateral side chains of the BDT

donor unit by either two fluorine or two chlorine or two bromine atoms. Hence,

each of the above three molecules produce three new molecules and we denote those

as A2-A4, A6-A9, and A10-A12, respectively. As a result, three sets of four SMs

each are studied in this work. Schematic pictures of the resultant SMs are shown

in the Figure 4.1. We would like to mention here that systematic computational

studies showing the effect of halogen substitution on the electronic structure and

optical properties of D-A blends are scarce and in particular, effects of chlorine and

bromine substitutions have not been explored much. Hence, we aim to carry out

DFT studies to understand the structural features of the newly designed donors

and shed light on photovoltaic properties of the blends of these SMs with PCBM

acceptor. Although the non-fullerene acceptors have become very prominent in

recent times, fullerenes are still used due to their various advantages.[149–151]

Use of fullerene acceptor in a device has recently produced a PCE ∼ 17%.[151]

In the next section, we describe the computational aspects of our studies. This
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Figure 4.1: Molecular structures of the investigated molecules A1-A12.

is followed by the Results and Discussion section and then, the conclusions in the

last section.

4.2 Computational Details

Two separate sets of DFT calculations are performed: one for the SM donors and

PCBM, and the other one for the SM/PCBM blends. Ground state geometry
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Table 4.1: Energies of HOMOs (EHOMO in eV) and LUMOs (ELUMO in eV)
for A1, A5 and A9 obtained in chloroform solvent using B3LYP, HSE06, and

PBE06 functionals and 6-31G(d, p) basis set.

Compounds B3LYP HSE06 PBE0 Exp.[35]
EHOMO ELUMO EHOMO ELUMO EHOMO ELUMO EHOMO ELUMO

A1 -4.94 -3.15 -4.77 -2.98 -5.18 -3.38 -5.31 -3.63
A5 -5.02 -3.16 -4.93 -3.07 -5.26 -3.39 -5.40 -3.67
A9 -4.98 -3.16 -4.83 -3.00 -5.22 -3.38 -5.35 -3.64

Table 4.2: The calculated first excitation energies (E1
g in eV) in chloroform

solvent using four different functionals, CAM-B3LYP, PBE06, ωB97XD and
B3LYP, with the 6-31(d,p) basis set.

Compounds CAM-B3LYP PBE0 ωB97XD B3LYP Exp.[35]
E1

g(eV) E1
g(eV) E1

g(eV) E1
g(eV) E1

g(eV)

A1 2.42 1.94 2.52 1.79 1.76
A5 2.45 1.97 2.54 1.86 1.75
A9 2.45 2.00 2.54 1.83 1.78

optimizations of the SM donors are carried out at DFT level using B3LYP, PBE0

and HSE06 global hybrid functionals with 6-31G(d,p) basis set. All these calcu-

lations included Grimme’s D3 version of dispersion correction. Solvent effect of

chloroform was taken into account by employing a C-PCM. Table 4.1 shows that

the values of HOMO of A1, A5, and A9 at PBE0/6-31G (d,p) level are closer to

the corresponding experimental values. Hence, ground state optimizations for all

the other SMs are performed at the PBE0/6-31G (d,p) level.

For the twelve SM donors, vertical excitation calculations are performed

at TD-DFT level in chloroform solvent using B3LYP, PBE0, CAM-B3LYP and

ωB97XD functionals with 6-31G(d,p) basis set. For A1, A5, and A9, the results

listed in Table 4.2 show that B3LYP functional produces better E1
g compared to

the other functionals. Thus, the B3LYP functional is chosen for TD-DFT studies

of all newly designed SMs. With energies of HOMO and E1
gs at hand, LUMO en-

ergies of A1-A12 are calculated as: ELUMO = EHOMO + E1
g . The LUMO energies

are also shown in the Table 4.1. As mentioned in the Introduction, PCBM is

used as the acceptor in our studies. The structure of PCBM is also optimized at

PBE0/6-31G(d,p) level. Energy of the LUMO for PCBM is again calculated by

adding its first excitation energy to the energy of HOMO.
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For the donor/acceptor (SMs/PCBM) blends, optimized geometries are ob-

tained at the CAM-B3LYP/6-31G(d,p) level. There are various possibilities for

donor-acceptor arrangements, e.g. face-on, tip-on, and edge-on structures. How-

ever, it has been verified in many cases that face-on arrangement increases the elec-

tron coupling and contributes the most to the charge transfer in the donor/acceptor

bi-molecular systems.[103, 152–156] Therefore, we have chosen to use face-on mod-

els for our systems. In the above optimizations, Grimme’s D3 version of dispersion

correction was also included. Vertical excitation energies for these blends at the

ground state optimized geometries are also calculated at CAM-B3LYP/6-31G(d,p)

level. It is to be noted here that excited states with intermolecular charge trans-

fer (ICT) characters play very important roles in photovoltaic device operation.

Therefore, CAM-B3LYP functional which includes long-range corrections is used

here to deal with those ICT excited states of the blends. All the above mentioned

electronic structure calculations are performed using the Gaussian 09 software

package. Post processing of the excited state calculations to analyze characters of

excited states and charge-transfer lengths are carried out using the Multiwfn[141]

software.

4.3 Results and discussion

4.3.1 Donor SMs

4.3.1.1 Molecular geometries in ground state

In the active layer of an OPV device, geometry conformation of a molecule has a

large effect on its photo-physical properties which affects the performance of the

device. Optimized geometries of all the SMs in ball and stick model are shown

in Figures 4.2 and B1-B2 (see Appendix B) . The carbon-carbon single bond

lengths of A1-A12 molecules are between 1.41 to 1.44 Å, which are shorter than

that of typical carbon-carbon single bond (1.54 Å). Dihedral angles φ1, φ2 and

φ3 are marked in Figures 4.2 and B1-B2 and the values are tabulated in Table
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Figure 4.2: Optimized ground state geometries for A1-A4 calculated at
PBE0/6-31G(d,p) level.

4.3. While φ1 and φ2 are the dihedral angles between the BDT ring and the

adjacent thiophene units along the main chain, φ3 represents the angle between

the BDT ring and the lateral side chain. Values of φ1 and φ2 for A1 are 18.5◦

and 22.6◦, respectively. Minor changes in values φ1 and φ2 are observed when the

two hydrogen atoms in A1 are replaced by two halogen atoms resulting in A2-

A4. Similar trends are found in cases of A5-A8 and A9-A12. This shows that

substitutions in the side-chains even by heavy halogens have little effect on the

dihedral angles in the main chain. Presence of triple bonds along the side chains

of A1-A4 results in planar structures for these systems while keeping the halogen

substituted thiophene rings far from the main chain. As shown in the Table 4.3,

values of φ3 for A5-A8 and A9-A12 also remain very close to each other even

though the substituted thiophene/thienothiophene rings are now directly attached

to the main BDT chain.
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Table 4.3: Selected dihedral angles (φ in degree) of the optimized ground-state
structures of all A5-A12. φ1, φ2 and φ3 are seen in Figures 4.2 and B1-B2

.

Compounds φ1 φ2 φ3

A5 20.5 24.9 53.7
A6 19.9 24.1 54.4
A7 19.5 23.4 54.9
A8 19.6 23.4 54.9
A9 19.7 26.8 55.3
A10 19.3 24.1 55.8
A11 18.6 23.3 55.8
A12 18.5 23.2 55.9

A1

A3

A4

-0.0
1
8

0.01
8

A2

Figure 4.3: The molecular electrostatic potentials (ESPs) drawn on isosurfaces
of electron density for A1-A4. An iso value of 0.001 is used. Brown colored

circles indicate the locations of the halogen atoms.

The effect of incorporating different halogen atoms is also examined using

electrostatic potential (ESP) maps for the SM donors. The ESP maps are shown

in the Figures 4.3 and B3 (see Appendix B). The red color indicates negative ESP
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A1

A2

A3

A4

HOMO LUMO

Figure 4.4: HOMOs and LUMOs of A1-A4 SMs computed at the PBE0/6-
31G(d,p) level in chloroform solvent (isovalue of 0.02 a.u.).

or electron-rich areas, and similarly, the blue color indicates electron-deficient

regions. The introduction of halogen atom changes the ESP maps, as shown in

these figures. The region around the most electronegative and least polarizable

fluorine atom is understandably negative. On the other hand, the regions around

chlorine and bromine atoms are comparatively less negative, and the appearances

of positive potential regions are observed. This shows the presence of σ-holes along

the C-X axes for chlorine and bromine substituted systems.

4.3.1.2 Frontier molecular orbitals, open-circuit voltages and energy

losses

Plots of HOMOs and LUMOs for A1-A12 are shown in Figures 4.4 and B4-B5

(see Appendix B). As Figure 4.4 shows, HOMOs are mainly distributed over the

donor BDT units and the adjacent thiophene rings. On the other hand, LUMOs

of these SMs are mainly over the acceptor cyanoacetate units and thiophene units.
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Figure 4.5: Calculated HOMO and LUMO energy levels of SMs. These results
are obtained at PBE0/6-31G(d,p) level in chloroform solvent.

As shown in Figures B4-B5, similar distributions are observed in the cases of A5-

A8 and A9-A12 SMs. This shows that halogen substitution in the lateral side

chains has little effect on the electron density distribution of the SMs.

A basic requirement for efficient OSC devices is the matching HOMO/LUMO

levels of the donors with those of the acceptor. Energies of HOMOs (EHOMO) and

LUMOs (ELUMO) determine physical parameters such as Voc and ∆ELL. The

calculated EHOMO and ELUMO values of A1-A12 are shown in Figure 4.5. It is to

note that the order of the HOMO energies of A1, A5 and A9 matches with the

experimental results.[35] Better electron-accepting character of thio-substituted

side thiophene rings results in the lowest EHOMO for A5. Halogen atoms have a

crucial effect on the energies of HOMOs and LUMOs of the SMs. Compared to A1,

A2, A3 and A4 show lower HOMO and LUMO values because of the electron-

withdrawing nature of the halogens. Similar trends are observed in cases of A5-A8

and A9-A12. It is to be noted that chlorine and bromine substituted SMs have

the same EHOMOs and these energies are slightly smaller than the fluorinated SMs

as chlorine and bromine atoms with unoccupied 3d and 4d orbitals can accept the

delocalized the π-electrons.[157, 158]

As displayed in Table 4.4, the calculated Voc values of A1, A5, and A9 are in

good agreement with the experimental results. Voc values of all the SMs are in the
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Table 4.4: Open circuit voltages (Voc in volt) and driving force (∆ELL in eV)
for the twelve SM donors. energies are in eV. Experimental Voc values are 0.85,

0.96 and 0.97 V for A1, A5 and A9, respectively.

Donors A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12
Voc 0.88 0.93 0.95 0.95 0.96 1.01 1.01 1.01 0.92 0.95 0.97 0.96

∆ELL 0.62 0.59 0.58 0.58 0.61 0.58 0.58 0.58 0.62 0.60 0.61 0.61

range 0.88 V to 1.01 V. In the case of A1-A4, it is observed that substitutions of

the thienyl hydrogen atoms by fluorine atoms result in an increase in Voc by 0.05

V. But chlorine and bromine substitutions increase the Voc value by 0.07 V each.

Results for A5-A8 and A9-A12 sets are similar to the first set, i.e. halogenated

SMs have larger Vocs. While the Voc values of A6-A8 are the same, the values

for the three halogenated SMs in the third set differ slightly from each other and

this is similar to the results of the first set. It is also clear that Voc values of A6-

A8 are the largest among the twelve SMs. Hence, the newly designed SMs with

deeper HOMO values and higher Voc values, are more suitable for OSCs devices.

The calculated HOMO and LUMO energies of PCBM are also shown in Figure

4.5. ∆ELL values, the energy difference between the LUMO energy of the donor

and PCBM, are shown in Table 4.4. All ∆ELL values of all SMs have larger

than 0.3 eV and this ensures an efficient electron separation at the donor/acceptor

interface.

Minimizing photon energy losses (Eloss) is important to optimize PCEs. Typ-

ical Eloss values for inorganic or perovskite solar cells are between 0.3-0.6 eV[159]

while the values are 0.7-1.0 eV for OSCs.[160, 161] Eloss is defined as[162–164]:

Eloss= E1
g - eVoc, where E1

g is the first excitation energy of the donor system. Hence

to have a smaller Eloss, smaller E1
g and larger Voc values are required. Calculated

Eloss values are also plotted in Figure 4.6. Eloss values of A1-A12 are in the

range of 0.88 - 0.92 eV which are within the reported values.[160, 161] As shown

in Figure 4.6, halogen substituted SMs have slightly smaller Eloss values than the

parent SMs. In addition, it is also observed that the values of Eloss for halogen

substituted SMs are close to each other and that chlorine and bromine substituted

SMs have exactly the same Eloss values.
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Figure 4.6: Energy losses (Eloss) of A1-A12 systems. Three sets of SMs,
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colors, red, blue and black, respectively.
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Figure 4.7: Simulated absorption spectra of all A1-A12 SMs in chloroform
solvent. A full width at half-maximum value of 2500 cm−1 is used.

4.3.1.3 Light absorption properties

One of the most important aspects in OSCs is to increase intake of photons which

results in improving the Jsc. For this, absorption spectra of the donor should

match with the solar spectrum so that more solar energy is utilized. Below we

discuss absorption spectra of all the molecules.

Simulated absorption spectra are presented in Figure 4.7. Corresponding E1
g

s (and λmax s), percentage contributions of HOMO → LUMO transitions, fosc

s, and η s of A1-A12 SMs are tabulated in Table 4.5. Figure 4.7 shows that

absorption spectra for halogenated SMs remain very similar to spectra of parent
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Table 4.5: First excitation energies (E1
g in eV), maximum absorption wave-

length (λmax in nm), % contributions of H→L transitions (denoted as CH→L),
oscillator strengths (fosc) and light absorption efficiency (η) data obtained at
TD-B3LYP/6-31G(d,p) level, for all A1-A12 SMs. Experimental E1

g values are
1.76, 1.75 and 1.78 eV for A1, A5 and A9, respectively.

Compounds E1
g , λmax CH→L fosc η

A1 1.79, 690 95 2.05 0.99
A2 1.81, 681 95 2.30 0.99
A3 1.82, 678 95 2.44 0.99
A4 1.82, 678 95 2.44 0.99
A5 1.86, 664 95 2.60 0.99
A6 1.88, 656 95 2.78 0.99
A7 1.89, 655 94 2.83 0.99
A8 1.89, 655 94 2.83 0.99
A9 1.83, 675 95 2.49 0.99
A10 1.85, 668 94 2.65 0.99
A11 1.87, 662 94 2.66 0.99
A12 1.87, 662 94 2.66 0.99

systems. But absorption intensities of the halogenated systems are larger in com-

parison to the parent systems. Quantitative comparisons in Table 4.5 indicate

that computed E1
g values of parent molecules are 1.79, 1.86, and 1.83 eV, respec-

tively showing good match with the experimental values.[35] Table 4.5 also shows

that λmax peaks of A1-A12 originate from S0→S1 transitions and these S0→S1

transitions are contributed mostly by HOMO→LUMO excitations. fosc values for

these transitions are very large and it is observed that fosc values increase with an

increase in the size of halogen atoms. It is also observed that the absorption peaks

for halogenated SMs are slightly blue shifted compared to the parent spectra, in

accordance with recent studies.[165] Values of η are calculated by considering the

S0→S1 transitions in all the cases. Table 4.5 shows that all SMs have good light

absorption efficiencies.
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Figure 4.8: TDOS, and PDOS from fragments SM donor and PCBM acceptor
for A1-A4/PCBM.

4.3.2 A1-A12/PCBM composite systems

4.3.2.1 Structures and properties

Important processes like charge-separation and recombination occur at donor-

acceptor interfaces and therefore, understanding the interactions and energetics

at the interfaces arising out of the halogen substitutions can provide a better idea

about the performance of the systems. To study the interfacial geometries, full

geometry optimizations are carried out for all the donor-acceptor blends in which

initial structures have the PCBM molecule vertically above the SM unit in face-

on fashions. Optimized structures of composite systems of A1-A12/PCBM are

shown in Figures B6-B8 (see Appendix B). Optimized stacking distances between

A1-A12 and PCBM are found to be in the range of 3.5 to 4.0 Å, in accordance

with typical D-A distances.[166, 167]

TDOS for halogenated interfaces are compared against the TDOS of the par-

ent system in Figure B9 (see Appendix B). As observed, TDOSs of halogenated

complexes and that of parent systems are almost the same showing very minor
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Figure 4.9: Charge density difference (CDD) maps for the S15, S16, S12, and
S12 states of the A1, A2, A3 and A4 composite systems, respectively. These
are first ICT states for these four composites. Red and blue colors represent

electrons and holes, respectively.

differences. To find the percentage contribution of fragments to TDOS, PDOS are

calculated by dividing the interfaces into two fragments: fragment 1 consists of

the donor SMs and fragment 2 of the PCBM. The results are shown in Figures

4.8. Around the Fermi level, both fragments contribute similarly to TDOS. But

between -10 to -5 eV, and 0 to 5 eV, contributions of donor SMs are much larger

than the PCBM. Similar situations are observed for other two sets as shown in

Figures B10- B11 (see Appendix B).

Results of TDDFT studies and analysis of the results by Multiwfn software

are shown in the Table 4.6. In particular, excitation energies of first ICT states,

corresponding foscs, charge transfer lengths (lCT) of the twelve composites are

tabulated. ICT states are identified by looking at the charge density difference

(CDD) plots with holes localized on donor SMs and electrons localized on the
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Table 4.6: Excitation energies (EICT
g,blend) of the first intermolecular charge

transfer (ICT) states in the blends, corresponding oscillator strengths (fosc) and
charge transfer lengths (lCT) for the first ICT excited states of A1-A12/PCBM

systems.

Compounds ICT state EICT
g,blend fosc lCT(Å)

A1/PCBM S15 3.07 0.028 3.62
A2/PCBM S16 3.10 0.073 5.20
A3/PCBM S12 2.97 0.223 5.09
A4/PCBM S12 2.96 0.225 5.13
A5/PCBM S16 3.10 0.001 4.52
A6/PCBM S19 3.22 0.005 5.84
A7/PCBM S19 3.23 0.006 5.77
A8/PCBM S15 3.10 0.009 5.87
A9/PCBM S17 3.09 0.004 4.98
A10/PCBM S17 3.14 0.005 5.20
A11/PCBM S17 3.15 0.005 5.16
A12/PCBM S17 3.15 0.005 5.19

PCBM acceptor. CDD plots for A1-A4/PCBM, A5-A8/PCBM and A9-

A12/PCBM are shown in Figures 4.9, B12 and B13, respectively (see Appendix

B). As shown in Figure 4.9, S15, S16, S12, and S12 states are the first ICT states

for A1-A4/PCBM composites. The corresponding excitation energies are 3.07

eV, 3.10 eV, 2.97 eV, 2.96 eV, respectively. Table 4.6 also shows that the foscs for

the first ICT states of the halogenated composites are comparatively larger than

the parent composites. lCT is defined as the distance between centroids of hole

and electron during electron excitation.[168, 169] From the Table 4.6, values of

lCT for A1-A4/PCBM are 3.62 Å, 5.20 Å, 5.09 Å, and 5.13 Å, respectively. It

is observed that lCT values for halogenated SMs are larger compared to that of

parent SM. Larger lCT values of fluorine, chlorine and bromine substituted SMs

indicate easier separation of the exciton in halogenated cases. Similar observations

are obtained for A5-A8/PCBM and A9-A12/PCBM systems.

IPs, EAs, first excitation energies of SM-PCBM blends (E1
g,Blend) and Eb

are listed in Table 4.7. Eb is one of the key parameters in OPVs and is directly

related to the charge separation. It originates from the Coulombic interaction

between the electron-hole pair, and this energy needs to be overcome for efficient
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Table 4.7: Calculated ionization potentials (IP in eV) and electron affinities
(EA in eV), interfacial lowest excitation energies (E1

g,Blend in eV) and exciton
binding energies (Eb in eV) for all A1-A12/PCBM systems.

Compounds IP EA E1
g,Blend Eb

A1/PCBM 5.67 2.69 2.47 0.51
A2/PCBM 5.74 2.71 2.47 0.56
A3/PCBM 5.72 2.70 2.47 0.56
A4/PCBM 5.73 2.69 2.47 0.57
A5/PCBM 5.68 2.72 2.46 0.50
A6/PCBM 5.71 2.73 2.47 0.51
A7/PCBM 5.71 2.73 2.47 0.51
A8/PCBM 5.71 2.74 2.47 0.50
A9/PCBM 5.71 2.74 2.46 0.51
A10/PCBM 5.79 2.76 2.46 0.57
A11/PCBM 5.80 2.76 2.46 0.58
A12/PCBM 5.80 2.76 2.46 0.57

charge-separation. Theoretically, Eb is defined as the difference between the fun-

damental and optical bandgaps.[104, 105] While fundamental gap corresponds to

the difference between the IP and EA, optical gap is E1
g,Blend. A smaller Eb value is

beneficial for the separation of electron and hole. The calculated values of Eb for

A1-A12/PCBM are in the range of 0.51-0.58 eV, in good agreement with typical

experimental values.[105] As the Table shows, the values of Eb for A2-A4/PCBM

SMs are slightly larger compared to the value for parent molecule. Similar trend is

obtained for A9-A12/PCBM set. But in the case of A5-A8/PCBM, Eb values

are very close to each other. Since the E1
g,Blend values of the blends are almost

the same, the difference in the Eb values arise from the IP values as shown in the

Table 4.7. In addition, it is also observed that halogenated systems in each set

have very similar Eb values. Hence, exciton dissociation in halogenated blends

will be as difficult/easy as in the parent blends.

4.3.2.2 Intermolecular charge transfer and charge recombination rates

Exciton dissociation is a charge-separation process from the locally excited SM

∗/PCBM state to the charge transfer SM+/PCBM− state. Similarly, the charge
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recombination process is a transformation from the SM+/PCBM− state to the

ground state of the SM/PCBM composite. Therefore, faster charge transfer (kCT)

and slower charge recombination rates (kCR) are required for better performance

of a solar cell device. It is worth mentioning here that the Marcus equation is de-

rived from the Fermi’s golden rule using the assumption that kBT >> ~ω, i.e. in

high-temperature, and weak coupling limits. Therefore, the theory does not take

tunneling effects into account which is very important in low-temperature regime.

The inclusion of quantum effects results in Marcus-Levich-Jortner theory.[170–172]

Nevertheless, the classical Marcus theory is frequently used to compute the charge

transfer rates in OPVs[173–177] and it has been shown to work well. Keeping this

in mind, we have chosen to use the Marcus formula for our rate calculations. As

shown in Eq. 2.41, these rates depend on λ, VDA, and ∆G. Values of all these

parameters are displayed in Table 4.8. As mentioned already, λ is the reorgani-

zation energy arising out of the geometry modifications occurring during charge

gain or loss processes. It is worth mentioning here that λ values for CT and CR

processes are usually calculated separately using either average of reorganization

energies of reactant/product CT states or reactant/product CR states.[178–180]

In our case, on the other hand, a single value for λ is used for both CT and CR

processes, and this procedure has worked well for other systems, as shown in the

literature.[91, 181, 182] λ values of A1-A12/PCBM systems are in the range of

0.50-0.53 eV and hence, λs for parent SMs and halogen substituted SMs are very

close to each other.

VDA, the electronic coupling between donor and acceptor describing the strength

of the interaction between the initial and final charge-localized states, is key to

determining the rates of charge transfer and charge recombination. It has been

highlighted in the literature that electronic couplings are sensitive to the choice of

density functionals, and usually, range-separated functionals perform better than

the global hybrid functionals.[183, 184] Calculated µtrans, ∆µ, and VDA values of

A1-A12/PCBM are tabulated in Table 4.8. The evolution of VDA in each set

showing that halogen substituted SMs have larger VDA values than the parent SM

indicates a clear effect of halogen substitution. |VDA| values for A1-A4/PCBM

TH-2614_166122041



Chapter 4: Halogenation of the side chains in . . . 68

Table 4.8: Calculated parameters for computing the rates of charge-transfer
and charge-recombination for all the twelve systems. Transition dipole moments
(µtrans), and differences in dipole moments between the ground and the charge-
transfer excited states (∆µ) are in atomic units. Total reorganization energy (λ),
Gibbs free energy change for charge-transfer (∆GCT) and charge-recombination
(∆GCR), and charge-transfer integral (VDA) are in eV. Charge transfer and

charge recombination rates kCT and kCR are in s−1.

Compounds µtrans ∆µ VDA ∆GCT ∆GCR λ kCT kCR

A1/PCBM -0.188 -2.27 -0.25 -0.43 -1.88 0.50 1.33×1015 1.08×10−1

A2/PCBM -0.188 -1.48 -0.38 -0.45 -1.93 0.51 3.22×1015 3.78×10−2

A3/PCBM 0.272 -0.68 0.93 -0.43 -1.95 0.51 1.81×1016 1.25×10−2

A4/PCBM 0.168 -1.33 0.36 -0.44 -1.95 0.51 2.78×1015 1.91×10−2

A5/PCBM 0.064 2.12 0.09 -0.42 -1.95 0.53 1.61×1014 1.14×10−2

A6/PCBM -0.145 4.21 -0.11 -0.40 -2.00 0.52 2.18×1014 9.25×10−4

A7/PCBM -0.200 4.43 -0.15 -0.40 -2.00 0.52 3.67×1014 1.13×10−3

A8/PCBM -0.115 3.36 -0.11 -0.39 -2.00 0.52 1.90×1014 7.25×10−4

A9/PCBM 0.03 4.23 0.02 -0.44 -1.91 0.52 1.01×1013 3.69×10−3

A10/PCBM 0.022 2.03 -0.03 -0.48 -1.94 0.52 2.65×1013 1.62×10−3

A11/PCBM -0.018 1.27 -0.04 -0.5 -1.95 0.53 4.57×1013 3.61×10−3

A12/PCBM -0.016 1.64 -0.03 -0.49 -1.95 0.53 2.28×1013 2.17×10−3

are 0.25 eV, 0.38 eV, 0.93 eV, 0.36 eV, respectively, and this shows that chlorine

substituted SM has the largest |VDA| value in the set. Same trend is followed in

A5-A8/PCBM and A9-A12/PCBM sets.

∆GCT is the driving force for charge separation at the SM/PCBM interfaces.

Negative values of ∆GCT in Table 4.8 indicate thermodynamically feasible electron

transfer processes in all the systems. It is also observed that the values of |∆GCT|

for all the four systems in A1-A4 and A5-A8 sets remain similar to each other.

But in the case of A10-A12/PCBM, |∆GCT| values are little larger than the

value in A9/PCBM. Eq. 2.41 shows that k is dependent on two factors; |VDA|

and |∆G+ λ|. k increases as the absolute value of sum of ∆G and λ becomes

smaller. In addition, k is also directly proportional to |VDA|. kCT values of A1-

A12/PCBM are listed in Table 4.8. kCT value increases from A1/PCBM to

A3/PCBM and then decreases for A4/PCBM, in accordance with the VDA

values. Similar results are obtained for the other two sets of blends. Therefore,

halogen substituted blends always have larger charge-transfer rates than the parent

systems. In addition, chlorine substituted complexes have largest kCT values which
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is mainly caused by larger VDA values of A3, A7 and A11. As mentioned already,

∆GCR was calculated as the difference between the adiabatic ionization potential

of the donor and adiabatic electron affinity of the PCBM. As shown in Table 4.8,

the calculated values of |∆GCR| for halogenated systems are slightly larger than

the corresponding parent systems. In addition, the values for the halogenated

systems remain very close to each other in a particular set. kCR values in the first

two sets, A1-A4 and A5-A8, follow a similar trend. For these two, kCR values for

the halogenated blends are always one/two order smaller than the parent systems.

In contrast, A10-A12 blends show slightly smaller recombination rates than that

of A9/PCBM. In all the three sets, fluorine substituted blends show the smallest

kCR values. Looking at the above kCT and kCR values, it can be concluded that

halogen substituted SMs are better suited than the parent SMs for OPV cells.

We would like to note here that performance of a BHJ device is greatly in-

fluenced by blend morphology at the interface,[185–187] in addition to molecular

architecture which is considered in our present study. While wave function or DFT

based computational molecular design is important since it provides information

about energy levels, morphology of the active layer is of utmost importance as

has been shown in many studies.[185–188] It has been highlighted that better de-

vice performance upon halogenation may not be due to energetics alone, rather

it is morphology dependent.[152, 155, 156] Experimentally controlling the blend

morphology at the interface has been a difficult task. Computational modeling

of the interface morphology is even a bigger challenge. Multi-scale simulations,

combining quantum and classical simulations, provide better ideas about blend

morphology and its effect on the interfacial processes. We aim to take our present

molecular level designing studies further to shed light on the blend architecture

and its effect on the OPV performance in near future.
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4.4 Conclusions and outlook

In summary, we systematically investigated the effects of substitutions of fluorine,

chlorine, and bromine atoms in lateral side chains of BDT based three A-D-A

systems. These three A-D-A systems differ by having three different lateral side

chains. Hence, nine new halogenated small molecules are designed based on three

reported SMs. To explore variations in physical and optoelectronic properties,

HOMO and LUMO energies, absorption spectra, and charge transfer properties of

these donor/PCBM blends are studied using DFT/TD-DFT calculations. There

is little effect of incorporation of halogens, both small and large, on the geome-

tries of the donors as the substitutions happen only in the side-chain thiophenes.

Halogen substituted SMs are found to possess deeper HOMO values compared to

the parent systems, and this results in larger Voc values for the halogenated SMs.

All A1-A12 exhibit excellent light absorption properties. Calculated Eloss values

demonstrate that fluorinated, chlorinated, and brominated SMs have smaller Eloss

values compared to the parent SMs.

Charge transfer and charge recombination rates are calculated using the Mar-

cus equation. Halogen substituted SMs are found to have relatively larger kCT and

smaller kCR values than the parent molecules. Therefore, these halogenated SMs

are more suitable for OPV fabrication than the parent systems.
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Chapter 5

Effects of π bridge units on the

properties of donor-π-acceptor

type benzodithiophene-

thienothiophene based

oligomers

In this chapter, structural, optoelectronic, and charge transfer properties of donor-

π-acceptor type benzodithiophene-thienothiophene based alternating oligomers

are investigated. A part of the content of this chapter is published in Chemical

Physics Letters, 2020, 756, 137810.

PCBM

Figure: π-bridge-based alternating conjugated donor-acceptor systems and
PCBM.
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5.1 Introduction

In recent years, there are many reports in which added π bridges between donor

and acceptor units have resulted in increased PCEs.[189–193] Introduction of π

bridges affects the structure, conjugation pattern and length of the polymer donor

resulting in modified photophysical properties. D-π-A polymers based on the

donor BDTT, π bridge thiophene, and acceptor benzothiadiazole (BT) have been

shown to produce devices with PCE value over 2%.[194] In 2012, Guo et al.[195] re-

ported a device with an active layer consisting of donor BDTT, π bridges thienoth-

iophene and acceptor benzothiadiazole based polymer which showed a PCE value

of ∼6.03%. A device based on donor BDTT, π bridges thienothiophene and ac-

ceptor benzoxadiazole polymer[196] was found to have a PCE of 7.05%. Lu et

al.[197] synthesized a polymer which contained donor BDTT, π bridges thiophene

and alkyl thiophene, and acceptor alkylthieno[3,4-c] pyrrole-4,6-dione (TPD) units

with the highest PCE of 6.08%. In 2012, Hou and coworkers’[198] device based

on donor BDTT, π bridge thiophene and acceptor thieno[3,4-b] thiophene showed

a PCE value of ∼7.5%. In 2013, Chang and coworkers[199] developed polymers

based on BDTT, π bridges furan, thiophene and selenophene, and acceptor dike-

topyrrolopyrrole (DPP) units. The resulting devices produced PCEs ∼ 4.7%, 6.5%

and 7.2%, respectively. In 2015, Liu et al. designed a device with BDTT, π bridge

thienothiophene (TT), and acceptor TPD, and reported a PCE 7.71%.[200] Zhong

and coworkers[201] reported a device based on polydithieno-benzodithiophene, π

bridge thiophene and acceptor perylene-bisimide units which showed a PCE of

8.4% in 2016. You et al. have reported OSCs based on BDTT donor, π bridge

thiophene and acceptors such as fluorinated benzotriazole (FTAZ) and pyridine-

fused triazole (m-PyCNTAZ). In this case, PCEs over 7%[1, 2] have been obtained.

BDTT-free phthalimide-based polymers have been reported to achieve PCEs ∼

13.3%.[190]

As the above discussion shows, introduction of π bridge affects the photo-

voltaic performance of the OSCs. Keeping this in mind and to explore the ef-

fect of insertion of π bridges into the conjugated backbone of a donor polymer,
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Figure 5.1: Molecular structures of P1-P5 repeating units, where n=1-4. P2-
P5 are obtained by incorporation of four different π-bridges, as shown, between

donor and acceptor units.

we have chosen poly [4,8-bis(5-(2-ethylhexyl) thiophen-2-yl) benzo[1,2-b:4,5-b’]

dithiophene-alt-3-fluorothieno[3,4-b]thiophene-2-carboxylate] (P(BDTT-alt-TT-F))

(denoted as P1)[202] polymer which contains the donor BDTT and acceptor

fluorothieno-thiophene-2-carboxylate (TT-F) units and modified the parent sys-

tem by incorporation of different types of π bridges. For P1, a PCE value of 6.47%

has been obtained. In our study, four π bridge units furan, thienothiophene, thio-

phene, and thiazole are introduced between the BDTT and TT-F units. This

results in four new D-π-A systems, P2, P3, P4, and P5, respectively. Single

units of these designed D-π-A oligomers are shown in Figure 5.1. Using compu-

tational studies based on density functional theory methods, we aim to have a

detailed insight into the effect of the π bridge units on the structures of these

donors, and photovoltaic properties of OSCs. Following geometry optimizations,

absorption spectra and Voc values are calculated. As highlighted before, PCBM

and modified PCBM are still widely used as acceptors. In addition, the Ref.[202]

also used a fullerene derivative as an acceptor. Hence we have used PCBM in the

present study. This is followed by geometry optimizations of the oligomer-PCBM

blends. Later, charge transfer properties at donor/acceptor interface are computed

by employing the Marcus theory[203] for analyzing the kCT and kCR rates. We

conclude our findings of work in the Conclusion section.
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Table 5.1: Energies of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) for (P1)4 obtained in chloroform
solvent using B3LYP, PBE0, and HSE06 functionals, and 6-311G(d,p) basis
set. LUMO values are obtained by adding the first excitation energy (E1

g) to
the HOMO energy. All the energies are in eV.

P1 B3LYP PBE0 HSE06 Exp.[202]
EHOMO -5.20 -5.36 -5.00 -5.24
ELUMO -3.47 -3.63 -3.27 -3.66

5.2 Computational Methodologies

Ground state geometries of all the donor oligomers are optimized at the DFT

level with different hybrid functionals such as B3LYP, PBE0, and HSE06 using

the 6-311G(d,p) basis set. Experimental studies in Ref.[202] used the chloroform

solvent. In our calculations, solvent effect of chloroform (with dielectric constant

4.711) is taken into account by employing the conductor-like polarizable contin-

uum model of solvation (CPCM).[204] We have considered oligomer chain lengths

up to n=4. From now onwards, we will denote (P1)4 as P1 only. Similarly, other

tetramers will be denoted as P2-P5 only. As reported in Table 5.1, the calcu-

lated HOMO value of P1 at PBE0/6-311G(d,p) level is in good agreement with

the experimental value and hence, PBE0 functional is chosen for describing the

ground-state properties of the P2-P5 oligomers and the method is denoted as

CPCM-PBE0/6-311G(d,p). Adiabatic electron affinities and ionization potentials

of tetramers are calculated at PBE0/6-311G(d,p) level based on neutral, and an-

ion/cation optimized geometries. It is to be noted that anion and cation geometries

are optimized at the same level of theory.

Using the ground state optimized geometries, excitation energies and absorp-

tion spectra are calculated by the TD-DFT method with various functionals such

as CAM-B3LYP, HSE06, and PBE0, and using the 6-311G(d,p) basis set. As

shown in Table 5.2, the value of λmax obtained for P1 using HSE06/6-311G(d,p)
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Table 5.2: Calculated maximum absorption wavelengths (λmax in nm), first
excitation energies (E1

g in eV) and oscillator strengths (fosc) of P1 tetramer in
chloroform solvent using three different hybrid functionals with the 6-311G(d,p)
basis set on the basis of the ground-state optimized structure at the CPCM-

PBE0/6-311G(d,p) level.

P1 λmax Eg
1 fosc Exp.[202]

CAM-B3LYP 529 2.34 3.63 703
PBE0 650 1.90 3.04
HSE06 716 1.73 2.40

method compares very well with the experimental result. Hence, the optical prop-

erties of all five molecules are calculated at HSE06/6-311G(d,p) level and we de-

note the method as TD-CPCM-HSE06/6-311G(d,p). The LUMO levels of the

oligomers are calculated as ELUMO = EHOMO + Eg
1. As observed in the Table 5.1,

the resultant value with PBE0 functional for P1 matches well with the experimen-

tal value. All these calculations are carried out using the Gaussian 09 software

packages.

To model the interfaces, blends of tetramers of the donors with PCBM are

prepared by having the PCBM molecule vertically above the donor tetramers at

a distance of ∼ 3.5 Å. Since these blend systems are very large, the PBE functional

is chosen for the optimization. The computational efficiency of these optimization

calculations is further improved by using the resolution of identity (RI) method for

electron repulsion integrals. In addition, van der Waals interactions are taken into

account by Grimme’s empirical dispersion correction scheme (denoted as D3)[64]

All these calculations are carried out with the def2-SV(P) basis set using the TUR-

BOMOLE V7.1 software.[147] We denote the above method as RI-PBE-D3/def2-

SV(P). Following geometry optimizations, single point calculations are performed

at M06-2X/6-311G(d,p) level in chloroform solvent (denoted as CPCM-M062X/6-

311G(d,p)) using the Gaussian 09 software. Parameters such as vertical ionization

potentials (IPs, computed as the energy difference between the single point energy

of the radical cation and the energy of the neutral system) and electron affinities

(EAs, computed as the energy difference between the total energy of the neu-

tral system and single point energy of the radical anion system) are calculated at
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this level of theory. M06-2X functional is chosen for the blends as this functional

has performed well for other donor-acceptor blends in literature.[115, 163, 205] For

these donor-acceptor blends, excited states which include charge-transfer states are

calculated using the CAM-B3LYP range-separated functional with 6-311G(d,p)

basis set (denoted as TD-CPCM-CAMB3LYP/6-311G(d,p)). For analyzing the

excited state properties, the Multiwfn software package is utilized.

5.3 Results and discussion

5.3.1 Ground state molecular geometries

Conformation of a molecule has a great effect on the photophysical properties. In

Figure 5.2, structures of optimized ground-state geometries of all the five tetramers

are shown. As observed, P5 with thiazole π bridge units exhibits a planar struc-

ture. All other tetramers are non-planar. In the case of P1, each junction be-

tween the BDTT and TT-F units has a non-zero dihedral angle which is due to

the steric hindrance between the adjacent atoms. In P2, the adjacent TT-F, fu-

ran and BDTT units are in the same plane. But whenever the fluorine atom of

TT-F and oxygen atom of furan are close, a non-zero dihedral angle is produced

making the system non-planar. Similarly, non-zero dihedral angles appear at the

junctions of TT-F and other units in cases of P3 and P4. Dihedral angles (φs as

indicated in Fig. C1 (see Appendix C)) of the tetramers are tabulated in Table

5.3. Taking the example of φ1, it is observed that introduction of π bridge units

furan, thienothiophene, thiophene, and thiazole results in decrease in the value of

φ1. This value is the smallest for P5. When P2 is modified to P3 by replacing the

furan π bridge unit by thienothiophene, the change in φ1 - φ15 values are observed

to be larger. But changing the bridge units to thiophene units results in smaller

changes in the dihedral angles φ1 - φ15. In case of P5 which contains the π bridge

thiazole, all the φ1 - φ15 values are found to be very small making the molecule

planar. The carbon-carbon single bond values of P1- P5 tetramers are between
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(P1)
4

(P2)
4

(P3)
4

(P5)
4

(P4)
4

Figure 5.2: Optimized geometries of tetramers of P1, P2, P3, P4 and P5.
For each tetramer, both top and side views are shown. The results are obtained

at CPCM-PBE0/6-311G(d,p) level of theory.

1.41-1.44 Å, which are shorter than that of the C-C single bond (1.54 Å). Planarity

of P5 hints at better light absorption properties compared to others.
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Table 5.3: Selected dihedral angles( φ (deg)) of the optimized structures of
all oligomers in their neutral ground states at CPCM-PBE0/6-311G(d,p) level.

φ1-φ15 are seen in Figure 1.

Tetramers/Angles P1 P2 P3 P4 P5
φ1 -19.47 -3.47 -15.16 -13.59 -0.69
φ2 27.33 -0.51 -18.46 10.41 1.91
φ3 -18.33 -13.54 28.83 -26.79 -1.00
φ4 27.17 0.09 13.65 13.89 1.17
φ5 -19.94 -4.06 -15.27 -11.24 -1.13
φ6 28.35 -0.80 -18.73 11.83 2.51
φ7 -17.04 -13.42 29.97 -26.25 -1.41
φ8 0.02 14.98 14.48 -0.08
φ9 -3.70 -13.86 -12.10 -0.80
φ10 -1.06 -18.05 10.13 0.22
φ11 -13.68 27.93 -27.21 -1.21
φ12 0.20 8.70 13.01 0.12
φ13 -4.39 -15.78 -12.25 -1.70
φ14 -2.40 -19.86 10.90 -7.32
φ15 0.79 31.25 -31.37 0.74

5.3.2 Frontier molecular orbitals and open-circuit voltages

Energies of frontier molecular orbitals, especially those of HOMO and LUMO,

influence Voc and ∆ELL.[116] An ideal donor material should have relatively smaller

HOMO level to achieve larger Voc. Energies of HOMOs and LUMOs of P1-P5

are tabulated in Table 5.4. The π bridges have a significant effect on the energies

of HOMOs and LUMOs. The HOMO energy levels are in the following order:

P2 (-5.11 eV) > P4 (-5.26 eV) > P3 (-5.27 eV) > P1 (-5.36 eV) > P5 (-5.47

eV). While the HOMO values of P3 and P4 are closer to that of P1, the level

for P2 with furan π bridges is much larger lying at -5.11 eV. We note here that

there is a vast literature on furan, thiophene, thienothiophene and thiazole as π

bridges and their effects on photovoltaic properties. Wang et al.[206] observed

that changing the π bridge from furan to thiophene and then to thienothiophene

resulted in uplifting the HOMO levels. Similar observation was made by Liu et

al.[207] for furan and thiophene π bridges. In general, thienothiophene π bridges

induce larger steric hindrance which produces a larger HOMO level. Du et al.[208]
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Table 5.4: Energies of HOMO (EHOMO in eV) and LUMO (ELUMO in eV) of
all P1-P5 tetramers and PCBM. Driving force (∆ELL in eV) and open-circuit
voltages (Vocin V) of all the oligomers are also shown. EHs are obtained at
CPCM-PBE0/6-311G(d,p) level. ELUMO are obtained by adding E1

g values to
the EHOMO values.

Compounds EHOMO ELUMO ∆ELL Voc(V)
P1 -5.36 -3.63 0.67 0.76
P2 -5.11 -3.48 0.81 0.51
P3 -5.27 -3.55 0.75 0.67
P4 -5.26 -3.57 0.73 0.66
P5 -5.47 -3.85 0.45 0.87

PCBM -6.19 -4.30

showed that π bridges thiophene and thienothiophene induced minor effects on the

HOMO and LUMO values. Hence, the variation of HOMO and LUMO levels with

respect to the π bridges depends on the molecular structure. In our case, similar to

the results of Du et al[208], both thiophene and thienothiophene based tetramers

exhibit similar HOMO and LUMO energy levels. Furan having the smaller oxygen

heteroatom is not expected to induce any steric hindrance. In addition, high

electronegativity of the oxygen atom helps to lower the HOMO level. But in our

case, the structure of the tetramer results in up-shifting the HOMO value. Thiazole

is a weak electron donor, exhibits stronger electron affinity and helps in reducing

the steric hindrance with the neighboring unit. As a result, its incorporation as a

π bridge is a well known strategy to lower the HOMO/LUMO levels.[209–212] In

our case too, P5 having thiazole π bridge units has the deepest HOMO among the

tetramers. The LUMOs follow the order: P2 (-3.48 eV) > P3 (-3.55 eV) > P4

(-3.57 eV) > P1 (-3.63 eV) > P5 (-3.85 eV). These LUMO levels are higher-lying

than that of PCBM (ca. -4.30 eV). Hence, efficient charge transfer is expected

in the devices.

Table 5.4, in addition to showing the HOMO/LUMO energies of the donors,

also shows the HOMO/LUMO energies of PCBM acceptor and the calculated

Voc values. The calculated value of 0.76 V for P1 is in good agreement with the

experimental value of 0.81 V.[202] As shown, P2 and P5 have the smallest and
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Figure 5.3: Simulated absorption spectra of P1-P5 at the TD-CPCM-
HSE06/6-311G(d, p) level. Half- width at half-maximum height is 2500 cm−1.

largest Voc values, respectively. The Voc values are in the following order: P5

> P1 > P3 > P4 > P2. As such, all of the newly designed tetramers exhibit

suitable values of Voc. Table 5.4 also shows the ∆ELL values. All ∆ELL are larger

than 0.3 eV, which ensures efficient exciton dissociation.

HOMOs and LUMOs of (P1)4 and (P2)4-(P5)4 are shown in Figures C2

and C3, respectively (see Appendix C). As the Figure C2 shows, HOMO is dis-

tributed over the whole molecule. For the LUMO, the distribution is over the

whole molecule except the terminal BDTT unit. Addition of π bridges does not

change the scenario much and as shown in Figure C3, similar distributions are

observed.

5.3.3 Optical absorption and excited-state properties

As observed in the previous section, structural modifications of the parent molecule

P1 affect the conjugation and the HOMO-LUMO energies. Such structural changes

will also affect the absorption ability of the donor. Jsc is dependent on the absorp-

tion ability of the donor, and a strong absorption to match the solar spectrum is

required. As mentioned before, the calculated λmax for P1 is 716 nm, which is in

good agreement with the experimental result of 703 nm.[202]
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Table 5.5: First excitation energies (E1
g), maximum absorption wavelengths

(λmax), contributions of HOMO to LUMO excitations for S0→ S1, oscillator
strengths (fosc), light absorption efficiencies (ηλ) for all the tetramers. The

results are obtained at TD-CPCM-HSE06/6-311G(d,p) level.

Compounds Eg λmax(nm) % contribution of fosc ηλ
H→L transition

P1 1.73 716 99% 2.40 0.996
P2 1.63 760 97% 3.24 0.999
P3 1.72 719 95% 4.99 0.999
P4 1.69 734 97% 4.30 0.999
P5 1.62 762 97% 4.03 0.999

Simulated absorption spectra of (P1)4-(P5)4 are shown in Figure 5.3. E1
gs,

λmaxs, foscs and percentage contributions of H→ L transitions are summarized in

Table 5.5. λmax values of P2 - P5 tetramers are 760, 719, 734 and 762 nm, respec-

tively, inferring that the maximum absorption peaks for these π-bridged systems

are red-shifted in comparison to that of P1 and this is beneficial for improving Jsc.

Incorporation of π bridges results in extension of π-conjugation length leading to

bathochromic shifts. In addition, fosc values of P2-P5 are also larger than that of

P1 due to increase in conjugation lengths.[213] It is also observed that the newly

designed tetramers exhibit better ηλ values compared to that of P1. Table 5.5 also

shows that the S0→S1 transitions are dominated by HOMO→LUMO excitations

in all the cases and the contributions of H→ L excitations are 99%, 97%, 95%,

97% and 97% for P1-P5, respectively.

5.3.4 Structures and properties of the D/A blends, charge

transfer states and exciton binding energies

As mentioned in the Methodology section, structures of composite systems P1-

P5/PCBM are obtained at CPCM-M062X/6-311G(d,p) level. All the optimized

structures are shown in Figure C4 (see Appendix C). As observed in these two

figures, structures of π-bridged donor/PCBM composites are very different than

the structure of P1/PCBM. The optimized vertical distances between the donor
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Figure 5.4: Simulated absorption spectra of P1-P5/PCBM composite sys-
tems at the TD-CPCM-CAMB3LYP/6-311G(d,p) level. Half-width at half-

maximum height is 2500 cm−1.

oligomers and PCBM are 3.20 Å, 3.40 Å, 3.50 Å, 3.52 Å and 3.18 Å for P1-

P5/PCBM, respectively.

Simulated absorption spectra of the five blend structures are shown in Figure

5.4. Each spectrum shows only one peak with a very large fosc and the fosc values of

these peaks for P2-P5/PCBM blends are much larger than that of P1/PCBM.

λmax values of P1-P5/PCBM composite systems are 656, 618, 629, 616 and 618

nm, respectively. This shows that while the λmax values of the newly designed

composites are close to each other, those are blue-shifted with respect to that of

P1/PCBM. Excitation energies, corresponding oscillator strengths, lCT and types

of excited-states of the composite systems P1/PCBM and P2-P5/PCBM are

tabulated in Table 5.6. The table shows that all the above mentioned peaks in

the absorption spectra correspond to S0 → S1 transitions. It is notable that the

oscillator strengths of first excitations are greatly enhanced upon incorporation of

π bridges. Excited states can be assigned either as locally-excited (LE) or ICT

states. In our case, CDD plots are used to assign the character of the states.

As an example, CDD plots for three different excited states of P1/PCBM com-

posite are shown in Figure 5.5. This figure shows that the electrons and holes

are localized either on P1 or on PCBM, for S1 and S8 states, respectively and

these are assigned as LE states. But in the case of S5, holes and electrons are
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(a)

(b)

(c)

Figure 5.5: Charge density difference plots for S1(a), S5(b), and S8(c) excited
states of the P1/PCBM composite. Blue (red) stands for depletion (accu-
mulation) of negative charges. While S1 and S8 are LE states, S5 is a CT
state. These results are obtained at TD-CPCM-CAMB3LYP/6-311G(d,p) level

of theory.

on the donor and acceptor parts, respectively and this state at 530 nm is iden-

tified as the first ICT state in case of P1/PCBM composite. The fosc for S0→

S5 is quite small. Similar to the results of P1/PCBM, first excited states in

the other four composites are also LE states. As seen in the Figure 5.6, S6 state

for P2/PCBM, S6 state for P3/PCBM, S9 state for P4/PCBM and S11 for

P5/PCBM are the first ICT states. These ICT states appear at 526 nm, 540

nm, 498 nm, 475 nm, respectively, for P2-P5/PCBM. As shown in the Table

5.6, lCT values for the above charge-transfer states of P1-P5/PCBM are 3.47 Å,

4.36 Å, 8.23 Å, 5.43 Å and 3.22 Å, respectively. Above lCT values are relatively

larger than the values of various low-lying LE states inferring that electrons and

holes are clearly separated in the excited states, and that there are greater extents

of charge transfers. In particular, lCT for the first ICT state of thienothiophene

based composite is very large. It is to be noted from the table that there are other

excited states for which lCT values are still larger but those are still LE states.
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Figure 5.6: Charge density difference plots for the S6, S6, S9 and S11 of the
P2-P5/PCBM interfacial systems. The mentioned states are the first ICT

states.

Hence, lCT values alone cannot correctly identify an ICT state. Rather a com-

binations of CDD and lCT values provide a correct description of type of excited

states. In addition to CDD plots, transition density matrix (TDM) analysis is

also effective in understanding the charge transfer and characterizing the excited

states. Diagonal and off-diagonal elements of the TDM matrix reveal local and

charge-transfer characters, respectively. As shown in the Figure 5.7, the S1 and S8

states involve electron-hole correlations within local sites, i.e. donor and acceptor

parts, respectively, only. On the other hand, the results for S5 state shows that

there is electron-hole coherence between the donor P1 and PCBM. Similar plots

for two locally excited and the first charge transfer states of other composites are

shown in Figures C5 and C6 (see Appendix C).

Eb is the energy to be overcome for the dissociation of an exciton to an

electron and a hole at the interface. IP, EA and E1
g,Blend values are tabulated in

Table C1. Smaller the Eb value, better is the possibility of charge separation. Eb

values for (P1)4-(P5)4 are shown in Table 5.7. Our calculated Ebs vary between
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Table 5.6: Excitation energies (Eg,Blend), oscillator strengths (fosc), charge
transfer lengths (lCT) and types of excited states of the P1-P5/PCBM blend
systems. Eg,Blends are in eV. The values inside the parentheses in the third
column are the wavelengths in nm corresponding to the Eg,Blends in eV. These

results are obtained at TD-CPCM-CAMB3LYP/6-311G(d,p) level.

Oligomer/PCBM States Eg,Blend(eV) fosc lCT(Å) Type of excited state

P1

S1 1.88(656) 2.6979 2.422 LE
S2 2.16(572) 0.2603 3.462 LE
S3 2.26(547) 0.0031 2.026 LE
S4 2.29(539) 0.0064 2.439 LE
S5 2.33(530) 0.0785 3.474 ICT
S6 2.34(527) 0.1084 3.100 ICT
S7 2.36(524) 0.5404 2.774 LE
S8 2.42(511) 0.0002 0.988 LE
S9 2.43(509) 0.0010 1.262 LE
S10 2.48(498) 0.0085 3.083 ICT

P2

S1 2.00(618) 4.696 3.223 LE
S2 2.10(588) 0.085 4.147 LE
S3 2.21(560) 0.456 4.056 LE
S4 2.17(545) 0.001 1.312 LE
S5 2.31(536) 0.002 1.921 LE
S6 2.35(526) 0.012 4.366 ICT
S7 2.37(522) 0.010 4.267 ICT
S8 2.41(514) 0.000 0.786 LE
S9 2.42(510) 0.000 0.829 LE
S10 2.45(505) 0.804 15.065 LE

P3

S1 1.96(629) 4.748 9.809 LE
S2 2.11( 586) 1.621 15.277 LE
S3 2.18( 567) 2.344 13.910 LE
S4 2.24(553) 0.007 1.355 LE
S5 2.27(544) 0.000 1.492 LE
S6 2.29( 540) 0.012 8.231 ICT
S7 2.36(524) 0.151 10.237 ICT
S8 2.37(522) 0.630 19.212 LE
S9 2.41(513) 0.000 3.961 LE
S10 2.42(511) 0.006 3.845 LE

P4

S1 2.01(616) 7.233 3.389 LE
S2 2.07(597) 0.157 7.214 LE
S3 2.26(546) 0.046 4.981 LE
S4 2.27(543) 0.003 0.990 LE
S5 2.31(534) 0.001 1.084 LE
S6 2.40(515) 0.001 1.097 LE
S7 2.41(512) 0.001 0.568 LE
S8 2.43(509) 0.738 16.631 LE
S9 2.48(498) 0.001 5.433 ICT
S10 2.50(495) 0.001 5.259 ICT

P5

S1 2.00(618) 6.820 3.491 LE
S2 2.09(590) 0.255 4.661 LE
S3 2.21(559) 0.419 5.067 LE
S4 2.27(545) 0.002 0.945 LE
S5 2.31(536) 0.001 1.358 LE
S6 2.40(514) 0.519 13.966 LE
S7 2.41(513) 0.008 0.805 LE
S8 2.42(512) 0.001 0.651 LE
S9 2.55(484) 0.001 1.061 LE
S10 2.58(478) 0.001 2.440 LE

0.08-0.41. While P2 possess the smallest Eb largest Eb occurs for P5. Hence,

dissociation of exciton to free charge carriers is difficult in P5.
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Figure 5.7: Two-dimensional site representation of the transition density
matrix (TDM) for S1, S5 and S8 excited states (from left to right) of the
P1/PCBM composite system. Both X and Y -axes represent the atom num-
bers. Atom numbers 1-148 are for the donor P1 and from 148 onwards are
for the acceptor PCBM. Hydrogen atoms are ignored here. These results are

obtained at TD-CPCM-CAMB3LYP/6-311G(d,p) level of theory.

5.3.5 Rates of charge transfer and charge recombination

processes

Rates of charge recombination and charge transfer are calculated using the Marcus

rate equation shown in the Eq. 2.41. An efficient OSC device should have large

kCT value to facilitate faster charge transfer and small kCR so that there is smaller

chance of electron-hole recombination. Eq. 2.41 shows that as the magnitudes

of ∆G and λ approach each other, rate increases and the maximum is reached

when ∆G = -λ. Additionally, rate increases on decreasing |∆GCT| when ∆GCT

+ λ < 0. Below we discuss the variation of each of the parameters used in the

Eq. 2.41 to evaluate the rates with respect to structures of the composites. Val-

ues of all the parameters are tabulated in the Table 5.7. The values of |∆GCR|

follow the sequence: P2/PCBM > P3/PCBM ∼ P4/PCBM > P1/PCBM

> P5/PCBM. A comparatively larger IP value of P5 results in a comparatively

larger |∆GCR| which results in significantly smaller kCR value as seen below. As

shown in Table 5.7, ∆GCT values of P1- P5/PCBM are -0.22, -0.11, -0.20, -

0.13 and -0.09 eV, respectively. All the ∆GCT values are negative, implying that

the electron transfer is a thermodynamically favorable process in each system.

Compared to the calculated value of P1, the designed oligomers exhibit smaller

∆GCTs. A very small value of -0.09 eV for P5 arises because of larger |∆GCR|,

and a comparatively larger Eb. As we show later, these values have large influence
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Table 5.7: Calculated parameters for the Eq. 2.41. Differences in dipole mo-
ments between the ground and the excited states (∆µ) and transition dipole
moments (µtrans) are in atomic units. Exciton binding energies (Eb), charge
transfer integral (VDA), changes in Gibbs free energy during charge transfer-
/charge recombination (∆GCT/CR) and reorganization energies (λs) are in eV.

Charge transfer (kCT) and charge recombination rates (kCR) are in s−1.

Blends | ∆µ | µtrans VDA λ Eb ∆GCT/CR kCT kCR

P1/PCBM 0.03 -0.53 -1.15 0.47 0.28 -0.22/-1.79 8.94×1015 7.32×100

P2/PCBM 0.71 0.22 0.63 0.43 0.07 -0.11/-1.59 9.75×1014 5.63×102

P3/PCBM 0.25 0.45 1.11 0.47 0.19 -0.20/-1.71 6.60×1015 2.93×102

P4/PCBM 3.80 0.02 0.02 0.46 0.15 -0.13/-1.71 7.54×1011 1.79×10−2

P5/PCBM 1.48 0.09 0.17 0.43 0.41 -0.09/-1.96 5.06×1013 5.32×10−9

on the charge transfer and charge recombination rates. The calculated λint values

of (P1)4 - (P5)4/PCBM composite systems are in the range 0.42 - 0.46 eV and

are in the following sequence: P1(0.47) ∼ P3(0.47) > P4(0.46) > P2(0.43) ∼

P5(0.43). For all the systems, λ values are closer to corresponding ∆GCT values

than ∆GCR inferring good charge transfer properties. In case of P5, λ and ∆GCT

values are farthest from each other.

It should be reiterated that the first intermolecular charge transfer states for

P1-P5 composites are S5, S6, S6, S9 and S11, respectively and these states are

considered for VDA calculations. VDA values of these five interfaces P1-P5/PCBM

are -1.15, 0.63, 1.11, 0.02 and 0.17 eV, respectively. Newly designed oligomers P2-

P5 have smaller absolute VDA values compared to that of P1 which may negatively

affect the rate as rate is directly related to the square of VDA, particularly when

λ and ∆GCT values are close to each other. Here, P1 and P3 tetramer blends

showing larger |VDA| values have larger kCTs. The calculated kCT values are in

the following order: P1 > P3 > P2 > P5 > P4. As observed in Table 5.7,

P1 has the largest charge transfer rate among all. In case of P4, although the

∆GCT value is closer to λ, a very small value of VDA results in a smaller kCT. It

is also observed from Table 5.7 that kCRs of P4 and P5 tetramers are smaller

compared to the parent P1 and that P5 has the slowest recombination rate (5.32

× 10−9 s−1 ) among the designed P2-P4 systems. The calculated kCR values

for P1-P5/PCBM are in the following the order: P2 > P3 > P1 > P4 >
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P5. According to the above results, in case of BDTT-π-TT-F based oligomers,

thiophene and thiazole π bridge units are more suitable for active layer engineering

than the other considered π bridges. We note here that ∆G values are calculated

using the IP and EA values, and values of these parameters are density functional

dependent. In addition, calculation of EA values, as well known, is very much

dependent on the basis sets. Ideally, basis set involving diffuse functions are to be

used for anion calculations which are not used in our studies because of large sizes

of our systems. All these may be the reason for such large |∆GCR| values resulting

in very small rates. In the end, we would like to add that morphological features

of thin films greatly affect the device performance, and these features which cover

various length scales need to be taken into account while modeling the devices

to predict their performances. In addition, the morphology is usually dependent

on the processing methods and conditions. Prediction of solid state structures by

carrying out DFT studies is a difficult task nonetheless and our computational

design strategy does not take this into account. Hence, the results presented here

serve as a guide for the molecular designing only.

5.4 Conclusions

In summary, detailed quantum chemical studies are carried out for four newly de-

signed oligomers which differ from the experimentally studied polymer by having

four different π bridges between the benzodithiophene donor and the thienothio-

phene acceptor parts. Furan, thienothiophene, thiophene, and thiazole are used

as the four π bridges. Structural, optoelectronic, and charge transfer properties

of the P1-P5 oligomers are studied. Introduction of the π bridge units results

in red-shifting of the absorption wavelengths. Among the simulated composites,

thiophene and thiazole based composites are found to have smaller charge recom-

bination rates than that of P1. Hence, better PCE values are expected for devices

based on thiophene and thiazole π bridges in BDTT-π-TT composites.
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Chapter 6

Random donor and non-fullerene

acceptor based active layer:

effects of insertion of various π

linkers

In this chapter, structural, optoelectronic, and charge transfer properties of ran-

dom benzodithiophene-thienothiophene donor and non-fullerene acceptor based

polymers are investigated. A part of the content of this chapter is is published in

J. Phys. Chem. A, 2021, 125, 9852.

NDI

Figure: Structures of π-bridge-based random donor-acceptor oligomers and
acceptor NDI.
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6.1 Introduction

In the previous chapter, we assessed the effects of different π bridges on the proper-

ties of donors, and eventually, on the charge transfer properties of donor/PCBM

blends. In this chapter, we have taken a step forward, and studied the effect of π

bridges on random donors. This is followed by studies of charge transfer in blends

of these random oligomers with a non-fullerene acceptor. The idea originated from

a work by Kim et al.[202] who reported that random polymers blended with non-

fullerene acceptors showed better PCEs than the alternating polymer/PCBM

blends. Below, we provide a brief overview of the current status of random poly-

mers and their usage in OSCs.

In recent times, random polymers have provided another route for molecu-

lar design. Common D-A alternating copolymers have a fixed 1:1 ratio of donors

and acceptors. On the other hand, random polymers, either binary or terpolymers,

with different composition ratios have recently been shown to produce better PCE

values in comparison to corresponding alternating copolymers.[214–227] Ling and

coworkers[226] synthesized random copolymers with varying molar ratios of donor

BDTT and acceptor thieno[3,4-c]pyrrole-4,6-dione. A higher PCE value of 8.20%

was achieved with 5:4 ratio of D/A, compared to other ratios of donor and ac-

ceptor. Kim et al.[221] developed alternating and a series of random copolymers

with different donor-acceptor compositions. The device based on one of the ran-

dom copolymer with a D:A ratio of 2:1 produced a PCE value higher than the

alternating polymer based device. Recently, Xiao et al.[214] developed a series

of random ternary copolymers by combining an ester-substituted thiazole unit as

the third component with the D-A based PM6 copolymer. One of the random

terpolymer based devices was found to have a PCE value of 16.28%, higher than

that of only PM6 based device. A terpolymer designed by inserting a fluorine and

ester substituted thiophene unit into the PM6 polymer showed a PCE of 16.4%. A

higher PCE value of 14.08% was achieved in the device from random terpolymers

based on BDTT, naphtho[2,3-c]thiophene-4,9-dione and BDD.[225]
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Figure 6.1: Structures of P1-TzP1 repeating units. FuP1-TzP1 are ob-
tained by incorporation of four different π-bridges between donor and acceptor
units. The four different π-bridge units are also shown. Structure of non-

fullerene acceptor NDI2HD-T2 is also shown.

Further improvements to the backbone structure to absorb more photons can

be achieved by inserting π bridges between the donor and acceptor units. Con-

jugated π bridge units modify the interaction between the donor and acceptor

units, usually making the structure more planar and this results in elongated con-

jugation length along the donor backbone due to improved overlap of π-orbitals.

As a consequence, optical, charge transfer and photovoltaic properties are also

affected. Typically, small conjugated aromatic rings such as furan, pyrrole, thio-

phene, thienothiophene, selenophene, thiazole or benzodithiazole are used as π

bridges. Many experimental and computational studies have shown that added π

bridges have resulted in increased PCE values.[92, 114, 115, 192, 208, 228–236]. We
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have been interested in understanding the effects of modifications of donor copoly-

mer, in particular the BDT based units, on the photo-physical properties.[92, 148]

In the present work, we focus on the effect of π bridges in the random binary

polymer donors. Our aim is manifold: to examine the effect of insertion of

strong and weak electron donor π bridges on the (a) binding energies of poly-

mer donors with non-fullerene acceptor, (b) optoelectronic properties, (c) ex-

citon binding energies and (d) charge transfer and charge recombination pro-

cesses. Recently, Kim et al.[202] synthesized a series of alternating and random

polymer based on BDTT and the electron-deficient unit, fluorinated thieno[3,4-

b]thiophene (TT-F). It was found that polymer composition had a large effect

on the photovoltaic properties and the highest PCE was observed for a ran-

dom polymer with complementary light absorption property with the polymer

acceptor, poly[N,N′-bis(2-hexyldecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-

diyl]-alt-5,5’-(2,2’-bithiophene) (NDI2HD-T2). Although the highest PCE was

obtained for the all-polymer OSC based on the donor with 5:1 ratio of D/A, the

PCE value of the OSC with 3:1 ratio of D/A was very close (6.81 vs 6.53). Con-

sidering that a studying an oligomer with a D/A ratio of 5:1 computationally is

too expensive, we chose the random copolymer with a 3:1 D/A ratio to study the

effect of incorporation of π bridges. The above system is denoted as P1. Starting

with P1, π bridges furan, thienothiophene, thiophene, and thiazole units are in-

corporated between the D and A units in the conjugated backbone. These newly

designed oligomers are denoted as FuP1, TtP1, ThP1 and TzP1. In addition,

an extra π bridge unit is placed at each terminal. Schematic structures of the

four resultant π-bridged systems are shown in Figure 6.1. Details of computa-

tional methods are shown in the next section. This is followed by the Results &

Discussion. Finally, we provide conclusions of our study in the last section.

6.2 Computational Methodologies

All the calculations for P1-TzP1 oligomers, acceptor NDI2HD-T2 and the

donor/NDI2HD-T2 blends are carried out at the DFT level. Choosing proper
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Table 6.1: Energies of the EHOMO and ELUMO of P1 using the B3LYP, PBE0,
HSE06 and M06 functionals, and 6-311G(d,p) basis set. LUMO energies are
obtained by adding the first excitation energy (E1

g) to the HOMO energy. All
the energies are in eV.

P1 B3LYP PBE0 HSE06 M06 Exp.[202]
EHOMO -5.03 -5.19 -4.83 -5.25 -5.34
ELUMO -2.96 -3.12 -2.77 -3.19 -3.67

DFT functionals to carry out ground and excited state calculations is very impor-

tant. In this scenario, test calculations are carried out with different functionals

and basis sets to reproduce the experimental HOMO energy and E1
g of P1, the

parent system. For a random dimer, various arrangements of donor and acceptor

units are possible and hence, it is important to find the preferred conformation. To

find the most stable structure of P1, the following five different possibilities for the

random arrangement of donor and acceptor units are considered: (i) D-D-D-A-A-

D-D-D, (ii) D-D-A-D-D-D-A-D, (iii) D-A-D-D-D-D-A-D, (iv) D-A-D-A-D-D-D-D,

and (v) A-D-D-D-D-D-D-A. These random arrangements of the D-A systems are

optimized at M06[237]/6-311G(d,p) level. The fifth arrangement provides the

most stable geometry and better planarity than the other models. Therefore, this

arrangement, A-D-D-D-D-D-D-A, for P1 dimer is chosen for further studies. Fur-

ther, three other DFT functionals, B3LYP, PBE0, and HSE06 with 6-311G(d,p)

basis set, are also used to optimize the geometries of dimer P1 and compare the

resultant energy of HOMO with the experimental result. As reported in Table

6.1, the energy of HOMO of P1 dimer using the M06 functional matches quite

well with the experimental result.[202] Hence, all the remaining (FuP1)2-(TzP1)2

calculations are also carried out at the M06/6-311G (d,p) level of theory. From

now onward, the dimer (P1)2 will be denoted as P1 only, and so are the other

dimers.

The absorption spectrum of P1 is calculated at TD-DFT level with various

functionals such as HSE06, PBE0, B3LYP and M06 using the 6-311G(d,p) ba-

sis set. All absorption spectra calculations are performed using CPCM in the

chloroform solvent.[204, 238] Table 6.2 shows that the calculated λmax of P1 at
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Table 6.2: Calculated first excitation energies (E1
g in eV) and corresponding

absorption wavelengths (λmax in nm) of P1 in chloroform solvent using four
different hybrid functionals with the 6-311G(d,p) basis set.

P1 E1
g λmax Exp.[202]

HSE06 2.07 600 615
PBE0 2.27 546

B3LYP 2.15 575
M06 2.27 546

HSE06/6-311G(d,p) level agrees well with the experimental value.[202] Thus, the

HSE06/6-311G (d,p) level is used for excited state calculations of all newly de-

signed oligomers. Energies of LUMOs are computed by adding E1
g values to

the HOMO energies. Literature shows that this method of computing LUMO

values works better compared to taking LUMO energies from the ground state

calculations.[124, 125, 148, 239, 240] EAs, IPs of dimers are also calculated at

M06/6-311G(d,p) level based on neutral and anion/cation optimized geometries.

As mentioned in the Introduction, NDI2HD-T2 (denoted as NDI from now

onward) is used as the electron acceptor. The structure of NDI is optimized

at HSE06/6-311G(d,p) level. It was found that trimer of NDI produces a HO-

MO/LUMO levels comparable to the experimental energies and hence, we have

considered trimer of NDI in all the studies. All these electronic structure calcu-

lations are performed using the Gaussian 16 software package.[241]

For the donor/acceptor blend structures, optimizations were carried out using

the PBE functional and the def2-SV(P) basis set. Considering the sizes of systems,

resolution of identity (RI) approximation was used in these optimizations which

also included the Grimme’s D3 dispersion correction scheme as implemented in

the TURBOMOLE V7.1 software.[147] Following geometries optimizations, single

point calculations are carried out at the M06/6-311G(d,P) level using the Gaussian

16 software package. Following the above, vertical IPs and EAs are also calculated

at M06/6-311G(d,P) level, in a fashion similar to the donor IP and EA calculations.

Excited state studies for these blends are carried out using the long-range separated

CAM-B3LYP functional and 6-311G(d,p) basis set in chloroform solvent. For
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Table 6.3: Selected dihedral angles (φ in degree) of the optimized ground-state
structures of P1-P5. φ1, φ2, φ3 and φ4 are seen in Figure 6.2

Compounds φ1 φ2 φ3 φ4

P1 20.3 - - -
FuP1 - 5.6 4.4 21.0
TtP1 - 17.4 25.1 33.0
ThP1 - 10.8 12.6 33.4
TzP1 - 0.3 10.8 0.6

analyzing the excited states and their properties, the Multiwfn software is used.

6.3 Results and discussion

6.3.1 Ground state structures and properties

Ground state geometries of donor oligomers significantly influence the optoelec-

tronic properties.[114, 139, 182, 242, 243] Thus it is important to compare the

molecular structures of π-bridged donors, with each other as well as with the par-

ent system. Structures of optimized ground state geometries of P1 to TzP1 are

shown in Figure 6.2. In the same figures, selected dihedral angles (φs) are also

marked. Values of these dihedral angles are tabulated in the Table 6.3. As shown

in the table, the value of φ1 for the P1 system is ∼21◦, implying that the molecular

skeleton of P1 does not have good planarity. Having a planar geometry helps in

absorbing more photons and in better π-π stacking. Insertion of π bridges results

in three new dihedral angles; between the BDTT and π bridge units, between the

π bridge and TT-F, and between TT-F and terminal π bridge units, in contrast

to having only one between the BDTT and TT-F units in the case of P1. Com-

paring FuP1 with P1, it is observed that the insertion of the furan units between

donor and acceptor results in smaller angles for φ2 and φ3. But the dihedral angle

at the terminus remains still large at ∼21◦. In TtP1 with thienothiophene as

the bridge units, it was found that the φ2, φ3 and φ4 values are 17.4◦, 25.1◦ and

33.0◦, respectively. In the case of ThP1, dihedral angle values of φ2 and φ3 are
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Figure 6.2: Optimized ground state geometries for P1-TzP1 calculated at
M06/6-311G(d,p) level.

smaller than those in TtP1 but are still large at ∼ 10◦. On the other hand, in

TzP1 which contains the π-bridge thiazole units, the dihedral angles values φ2

and φ4 are almost zero. Our results for φ2 and φ4 showing increased rigidity and

planarity of the backbone after insertion of thiazole π bridge are in accordance
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with the reported results.[233, 244] Thiazole π bridge helps in through space non-

covalent S....N interactions leading to conformational locks in the molecule. The

corresponding N-S distances in our case are 3.04 Å and 2.91 Å, respectively, well

within the van der Waals radii. On the other hand, the value of φ3 between thi-

azole and TT-F unit is 10.8◦. To check our results, relaxed torsional scans along

the three dihedral angles were carried out and the results are shown in the Fig.

D1 (see Appendix D). As shown, both φ2 and φ4 torsions show minima at zero

degrees, but the minimum of the potential along φ3 is obtained at ∼15◦. The

non-planarity at φ3 is due to the steric interactions between the hydrogen atom of

thiazole and the sulphur atom of TT-F.

6.3.2 Frontier molecular orbitals, open circuit voltages and

energy losses

It is well known that processes such as stimulation, separation, and transfer of

excitons are closely related to the HOMO and LUMO energy levels. Herein, we

have analyzed the HOMO/LUMO levels of FuP1 to TzP1 oligomers when the

π bridge units are inserted into the backbone. While furan, thienothiophene and

thiophene are comparatively strong electron donors, thiazole is a weak electron-

donor unit. In general, HOMO and LUMO energies increase in case of strong

electron donor π bridges and for electron deficient bridges, values of these levels

get lowered. Hou et al.[245] recently found that changing the π linker from furan

to thiophene resulted in uplifted HOMO and downshifted LUMO levels, and even-

tually device prepared with thiophene based polymer showed higher performance

than furan based polymers. This is similar to the results obtained by Wang et

al.[206] whose cyclic voltametry studies showed the HOMO energies to increase

while going from furan to thiophene and then to thienothiophene bridges. A re-

cent study on a series of donor-acceptor-donor based π-conjugated small molecule

model compounds reported that HOMO energies are dependent on the type of

donor π unit.[235] With the same acceptor, the energies for HOMOs of π-bridged

systems follow the order: furan > thiophene > thiazole. Zhou et al.[192, 231] have
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Figure 6.3: Calculated HOMO and LUMO energy levels of P1-TzP1 and
NDI at the M06/6-311G(d,p) level.

shown that a donor copolymer with thienothiophene as a π spacer shows higher

Voc and PCE than thiophene π bridge based device. This is attributed to down-

shifted HOMO energy, and better π-π stacking and higher crystallinity in case of

thienothiophene bridged system which had a linear backbone conformation. Du et

al.[208] synthesized thiophene and thienothiophene π bridge based polymers and

the device prepared from thienothiophene bridged system produced a much higher

PCE value, although there were minor differences in the HOMO and LUMO ener-

gies between the two polymers. Janssen and coworkers[236] synthesized polymers

with donors BDTT/IDT and acceptor benzothiadiazole (BT) units linked via thi-

azole and thiophene linkers. Drastically downshifted frontier orbital levels, better

planarity and smaller energy losses in case of thiazole π-bridged systems produced

higher Voc. From the above discussion, it can be concluded that the energies of HO-

MOs and LUMOs in π-bridged system vary depending on the types of donor and

acceptor components of the molecule. In our case, calculated HOMO and LUMO

energies of P1-TzP1 are tabulated in Table 6.4 and are shown in Figure 6.3. The

HOMO energies are in the following order: FuP1 > ThP1 > TtP1 > P1 >

TzP1. FuP1 with furan π bridge has the highest HOMO value which contradicts

the results of Hou et al.[245] and Wang et al.[206], but matches with the results for

model D-A-D compounds by Chochos et al.[235] TzP1 having thiazole unit as the

π bridge has the deepest HOMO value among all which matches with the reported

results.[209–212, 236] Based on the above results, the donating strengths of the

π bridge units are the following order: furan > thiophene > thienothiophene >
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P1 HOMO

LUMO

Figure 6.4: HOMO and LUMO of P1 computed at the M06/6-311G(d,p) level
(isovalue of 0.01 a.u.).

thiazole. The LUMO energy values are in the following order: FuP1 > ThP1 >

TtP1 > TzP1 and this is again in accordance with the reported results.[235] Our

results reveal that the π bridge units can adjust both the HOMO/LUMO levels.

The calculated HOMO and LUMO levels of NDI are also shown in Figure 6.3

and it is clear that HOMO and LUMO energies of all the oligomers are suitably

positioned with respect to the energy levels of the NF acceptor. The HOMO and

LUMO for P1 are shown in Figure 6.4. As shown, the HOMO and LUMO are

distributed over the BDTT and TT-F units. For FuP1-TtP1 and ThP1-TzP1,

the distributions of frontier molecular orbitals are shown in Figures D2 and D3,

respectively (see Appendix D). While the HOMO and LUMO are spread over the

whole system for FuP1, there are negligible densities over the terminal acceptor

and π bridge units for HOMOs of TtP1-TzP1. On the other hand, LUMOs are

distributed over the entire molecule.

The calculated Voc values of P1 to TzP1 are displayed in Table 6.4. As the

table shows, the calculated value for P1 is a little larger than the experimental

result. Nonetheless, keeping in mind the DFT level of computations, we think

that the order of Voc values among different systems will remain the same. The

obtained Voc values are in the following order: TzP1 (1.00 V) > P1 (0.99 V)

> TtP1 (0.97 V) > ThP1 (0.94 V) > FuP1 (0.88 V). The thiazole π-bridged
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Table 6.4: Energies of HOMO (EHOMO) and LUMO (ELUMO) of P1-TzP1,
and acceptor NDI2HD-T2. Open-circuit voltages (Voc in volt) and energy
losses (Eloss) of all P1-TzP1. All the energies are in eV. Experimental Voc for

P1 is 0.87 V.

Compounds EHOMO ELUMO Voc(V) Eloss

P1 -5.25 -3.19 0.99 1.08
FuP1 -5.14 -3.20 0.88 1.07
TtP1 -5.23 -3.25 0.97 1.01
ThP1 -5.20 -3.22 0.94 1.04
TzP1 -5.26 -3.40 1.00 0.86

NDI2HD-T2 -5.51 -3.96

dimer with almost a planar structure and the smallest HOMO energy produces

the highest Voc. P1 having the second smallest HOMO value has the next highest

Voc.

One way to increase the PCE is to minimize the Eloss. For OPV cells the Eloss

values are usually between 0.7 -1.1 eV.[160, 162, 164, 246] The calculated Eloss

values are also tabulated in Table 6.4. It is observed that π-bridged oligomers

have slightly smaller Eloss values than the value for P1. In addition, TzP1 with

the π bridge thiazole units has the smallest Eloss value among all systems because

of its lowest E1
g and highest Voc value.

6.3.3 Absorption Properties

The simulated absorption spectra for P1-TzP1 are shown in Figure 6.5. E1
gs,

λmaxs, foscs, percentage contributions of HOMO→LUMO transitions for the first

excitations (CHL), and ηλ are summarized in Table 6.5. All the absorption spectra

are in the range 300-900 nm. Two absorption bands appear for all the systems ex-

cept TzP1 for which the high-energy band is almost merged with the low-energy

band. Both the bands get red-shifted while going from P1 to TzP1. The optical

band gaps are 2.07 eV, 1.95 eV, 1.98 eV, 1.98 eV and 1.85 eV, for P1-TzP1,

respectively. In comparison to P1, π bridge based oligomers FuP1-TzP1 exhibit

red-shifted E1
gs. It is also observed that heights of low energy peaks for π bridge
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Figure 6.5: Simulated absorption spectra of P1-TzP1 computed at the TD-
PCM-HSE06/6-311G(d, p) level in the chloroform solvent. Half-width at half-

maximum is 1500 cm−1.

systems are higher than P1, and the integrated spectral areas of newly designed

copolymers are broader than that of the parent molecule. Broader absorption

spectra will facilitate more photon absorption and have a positive influence on the

Jsc values. Hence, these π bridge based oligomers may significantly improve the

Jsc. The S0→S1 transitions are dominated by the HOMO →LUMO excitations

for all the systems. The percentage contributions of HOMO →LUMO transitions

are 99%, 98%, 95%, 94%, and 99% for P1-TzP1, respectively. The calculated

fosc values are also tabulated in Table 6.5. It is observed that while TtP1 has the

highest fosc, TzP1 has the lowest value for S0→S1 transition. Smaller extinction

coefficients for thiazole based systems are also reported in literature.[210] A set of

Table 6.5: First excitation energies (E1
g in eV), corresponding wavelengths

(λmax in nm), oscillator strengths (fosc), contributions of HOMO to LUMO
excitations for S0→ S1(CHL), light absorption efficiencies (ηλ) for P1-TzP1.

The results are obtained at TD-PCM-HSE06/6-311G(d,p) level.

Compounds E1
g λmax fosc CHL ηλ

P1 2.07 600 4.03 99% 0.999
FuP1 1.95 636 3.41 98% 0.999
TtP1 1.98 625 5.12 95% 0.999
ThP1 1.98 626 4.53 94% 0.999
TzP1 1.85 668 1.76 99% 0.983
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transitions take part to form the high-energy bands in all the cases. For exam-

ple, in the case of P1, the high-energy band arises due to S0→S16, S21, S25 and

S29 transitions. These transitions correspond to HOMO-2→LUMO+2, HOMO-

1→LUMO+3, HOMO-7→LUMO, HOMO-4→LUMO+2 and HOMO-8→LUMO

excitations. Similar observations are made in all the other cases too, but the

heights of the high-energy bands of FuP1-ThP1 are smaller than that of P1. ηλ

values are calculated considering the S0 → S1 transitions only. As shown in Table

6.5, TzP1 has smaller ηλ value, in accordance with the fosc values.

6.3.4 Properties of the P1-P5/NDI blend systems

The optimized structures of P1-TzP1/NDI complexes are shown in Figure D4

(see Appendix D). Literature shows that face-to-face π-stacking helps the most in

increasing the electronic coupling and contributes largely to the charge transfer in

the D/A system.[152, 247–250] Hence, we have considered face-to-face π-stacking

geometries in our cases. Starting with an initial vertical distance of ∼3.5 Å,

optimizations were carried out at PBE/def2-SV(P) level as mentioned already.

The optimized geometries of the P1/NDI and FuP1-TzP1/NDI are quite similar

and the optimized vertical distances between donors and acceptor are 3.5-4.0 Å.

We have calculated the binding energies (∆EBE) of the blends as ∆EBE = Eblend -

(EP+EA), where Eblend is the energy of the dimer/non-fullerene blend, and EP and

EA are the energies of the polymer and NDI, respectively. The ∆EBE values of P1-

TzP1/NDI are 1.76 eV, 1.55 eV, 1.72 eV, 1.55 eV, and 1.75 eV, respectively. It is

observed that the TzP1/NDI complex has the highest ∆EBE value amongst the

newly designed systems indicating stronger interaction between the donor oligomer

and the acceptor.

The HOMO and LUMO of P1/NDI are shown in the Figure 6.6. While the

HOMO is distributed over the P1 unit, the LUMO is delocalized over the NDI.

For the blend systems FuP1/NDI-TzP1/NDI, the distributions of HOMOs and

LUMOs are shown in Figure D5 (see Appendix D). Features similar to P1/NDI

orbitals are also observed for these systems. These orbital plots suggest that the

TH-2614_166122041



Chapter 6: Random donor and non-fullerene acceptor based...... 103

P1/NDI HOMO

LUMO

Figure 6.6: Plots of HOMOs and LUMOs for P1/NDI system computed at
M06/6-311G(d,p) level.

changes in the π-π bonding pattern between dimers and NDI do not significantly

impact the electronic structures. In addition, HOMO and LUMO density distri-

butions also suggest that electronic excited states arising out of HOMO→LUMO

excitations will be of charge transfer type.

The simulated absorption spectra for P1-TzP1/NDI are shown in Figure

6.7. The absorption spectral areas are in the range of 400-800 nm for all the blend
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Figure 6.8: CDD plots for the S1, S2, S1, S1 and S3 of the P1-TzP1/NDI
interfacial systems. The mentioned states are the first ICT states.

systems. Each spectrum shows a high-energy band with a large fosc, in addition to

showing a low-energy band comprising of excitations with comparatively smaller

foscs. It is to be noted that while for P1 there is clear appearance of the low-

energy band, the bands in this region for FuP1-TzP1 appear as shoulders. The

calculated λmax values of P1-TzP1/NDI systems are 500 nm, 527 nm, 540 nm,

532, and 533 nm, respectively. This shows that the λmax values of newly designed

blends are close to each other, and these are red-shifted with respect to that of

the parent blend system. Further, absorption peaks of FuP1-TzP1/NDI blend

systems are higher than the P1/NDI indicating enhanced absorption capabilities.
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Table 6.6: State numbers of first ICT states, first ICT excitation energies
(EICT

g,blend) of the blends, corresponding fosc and lCT of all P1-TzP1/NDI sys-
tems.

Compounds States EICT
g,blend(eV) fosc lCT(Å)

P1/NDI S1 2.00 0.13 7.52
FuP1/NDI S2 2.02 0.70 7.45
TtP1/NDI S1 2.02 0.24 9.85
ThP1/NDI S1 1.95 0.17 7.10
TzP1/NDI S3 2.06 0.08 7.89

Following diffusion of the exciton along the polymer towards the heterojunc-

tion, exciton should be dissociated via charge transfer to form an ICT state. The

ICT state can either get separated into free charges or recombine to form the

donor ground state. Hence, the ICT states play very prominent roles in the over-

all process. As shown later, we calculate kCT and kCR to understand the effects of

different π bridges on these observables. For this, as a first step, excited states at

the interface were analyzed and ICT states were determined. In our study, we have

considered only the first ICT state for each blend system. CDD plots were com-

puted to determine the character of the states. The CDD plots for the first ICT

states are shown in the Figure 6.8. As shown in the figure, S1, S2, S1, S1, and S3

states are the first ICT states for P1-TzP1/NDI blend systems with the electrons

and holes being localized on the donor and acceptor units, respectively. Excitation

energies of the first ICT states (EICT
g,blend), corresponding foscs, and lCT are listed

in Table 6.6. The energies of the first ICT states are 2.00 eV, 2.02 eV, 2.02 eV,

1.95 eV, and 2.06 eV for P1, FuP1, TtP1, ThP1 and TzP1/NDI, respectively.

It is observed that fosc values for the first ICT states of FuP1-ThP1/NDI are

larger than the fosc for P1/NDI. But in the case of TzP1/NDI, the value is the

smallest. lCT values for the first ICT of the five blend systems are 7.52 Å, 7.45 Å,

9.85 Å, 7.10 Å, 7.89 Å, respectively. A larger lCT value indicates easier separability

of the exciton to a hole and an electron. TtP1/NDI complex has the highest lCT

value among all showing that charge separation is easy in this case.

IPs, EAs, fundamental band gaps, E1
g,Blend and Eb of P1-TzP1/NDI are
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Table 6.7: Calculated ionization potential energies (IP in eV) and electron
affinities (EA in eV), lowest excitation energies (E1

g,Blend in eV) of the blends,
and exciton binding energies (Eb in eV) of all P1-TzP1/NDI systems.

Compounds IP EA E1
g,Blend Eb

P1/NDI 5.65 2.96 2.00 0.69
FuP1/NDI 5.51 2.90 1.97 0.64
TtP1/NDI 5.55 2.96 2.02 0.57
ThP1/NDI 5.53 2.94 1.95 0.64
TzP1/NDI 5.64 2.97 1.98 0.69

tabulated in Table 6.7. Fundamental band gaps of newly designed complexes are

smaller compared to the value for P1/NDI. The calculated E1
g,Blend values are

2.00 eV, 1.97 eV, 2.02 eV, 1.95 eV and 1.98 eV, respectively. This shows that

FuP1, ThP1, and TzP1 based blends have smaller optical gaps than of P1. The

computed Eb values of P1-TzP1/NDI complexes are 0.69 eV, 0.64 eV, 0.57 eV,

0.64 eV, and 0.69 eV, respectively, which are not too far from typical experimental

values.[105] It is observed that FuP1-ThP1/NDI complexes have smaller Eb

values than the parent system. Due to its highest E1
g,Blend value, TtP1/NDI has

the smallest Eb.

6.3.5 Intermolecular charge transfer and charge recombi-

nation rates

The computed λ values of P1-TzP1/NDI, as shown in the Table 6.8, are in 0.41-

0.43 eV range. The newly designed systems have slightly smaller λ values than

the parent molecule which is beneficial for device. As shown in Table 6.8, the

∆µ values for P1-TzP1/NDI are 3.25 a.u., 3.63 a.u., 2.63 a.u., 3.42 a.u., and

4.68 a.u., respectively. Larger value of ∆µ induces larger degree of polarizability

and facilitates exciton dissociation. ∆µ values of FuP1/NDI, ThP1/NDI, and

TzP1/NDI blends are larger than that of P1/NDI. In particular, the ∆µ value

is greatly enhanced by inserting thiazole π bridge and TzP1-NDI has the highest

∆µ which results in a better charge separation (a large lCTvalue shown before).

TH-2614_166122041



Chapter 6: Random donor and non-fullerene acceptor based...... 107

Table 6.8: Differences in dipole moments between the ground and the excited
states (∆µ) and transition dipole moments (µtrans) are in atomic units. Charge
transfer integrals (VDA), changes in Gibbs free energies during charge transfer-
/charge recombination (∆GCT/CR) and reorganization energies (λ) are in eV.

Charge transfer (kCT) and charge recombination rates (kCR) are in s−1.

Composite systems ∆µ |µtrans| |VDA| λ ∆GCT/CR kCT kCR

P1/NDI 3.25 1.42 0.66 0.43 -0.86/-1.90 1.69×1014 6.32×10−6

FuP1/NDI 3.63 3.75 0.91 0.41 -0.84/-1.76 2.69×1014 3.49×10−3

TtP1/NDI 2.63 2.07 0.17 0.42 -0.91/-1.64 2.87×1012 7.78×10−1

ThP1/NDI 3.42 1.78 0.14 0.42 -0.81/-1.81 1.50×1013 1.80×10−5

TzP1/NDI 4.68 1.19 0.47 0.41 -0.64/-1.90 1.65×1015 7.40×10−8

The calculated µtrans and VDA are also listed in Table 6.8. The |VDA| values for

P1-TzP1/NDI are 0.66 eV, 0.91 eV, 0.17 eV, 0.14 eV, and 0.47 eV, respectively.

It is observed that FuP1/NDI has the highest VDAvalue among all the blends

and this results in a high kCT value. Thiophene and thienothiophene π-bridged

blends have very small VDA values compared to the others, producing kCTs which

are one/two orders of magnitude smaller than the other blends.

As shown in Table 6.8, all the ∆GCR and ∆GCT values are negative, indicating

that the charge recombination and transfer processes are thermodynamically feasi-

ble in all the systems. The computed |∆GCR| values of P1-TzP1/NDI complexes

are 1.90 eV, 1.76 eV, 1.64 eV, 1.81 eV, and 1.90 eV, respectively, showing that

FuP1-ThP1/NDI complexes have smaller |∆GCR| values than the parent system.

The values of |∆GCT| follow the order: TzP1/NDI < ThP1/NDI < FuP1/NDI

<P1/NDI<TtP1/NDI. ∆GCR is directly proportional to the IP value. Accord-

ingly, TzP1/NDI blend with the smallest ∆GCR value among FuP1-TzP1/NDI,

and a smaller VDA than P1/NDI has the smallest kCR value. The calculated kCT

values are in the following sequence: TzP1/NDI > FuP1/NDI > P1/NDI >

ThP1/NDI > TtP1/NDI. TzP1/NDI has the smallest value of |∆GCT|. In

addition, this |∆GCT| value is the closest to the corresponding λ value, and hence,

TzP1/NDI has the highest value of kCT among these blends. The above results

show that TzP1 can be considered to be a very promising candidate for obtain-

ing a high PCE value because of high Voc, large kCT, and small kCR values when

blended with NDI acceptor.
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6.3.6 Conclusions

In summary, we have studied effects of insertion of various π bridges such as furan,

thienothiophene, thiophene, and thiazole units on the structural, optoelectronic

and charge transfer properties of random BDTT-TTF oligomer/NDI2HD-T2

blends. Thiazole π spacer-based TzP1 oligomer has the deepest HOMO/LUMO

levels among all the systems, and this results in the highest Voc. All the newly

designed oligomers have red-shifted absorption-peaks compared to the spectra of

parent molecule. In addition, FuP1-TzP1 oligomers have comparatively smaller

Eloss values compared to the P1 and TzP1 has the lowest value.

Computed exciton binding energies show that π linker based systems have

lower Eb values than the parent blend system. Furan and thiazole π bridge based

molecules have relatively higher kCT values compared to the parent blend. Cal-

culations of rates of charge recombination showed that π bridge thiazole based

complex has the lowest kCR value among all the systems.
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Chapter 7

Summary and conclusions

Over the past two decades, the field of organic photovolatics has grown rapidly

to develop newer materials for improving efficiencies of the solar cells. Bulk het-

erojunction architecture based OSCs are promoted rapidly in recent times due to

various advantages such as wide-area of materials selection, simple preparation

procedure, light-weightness, low-cost, transparency and mechanical flexibility. In

recent times, PCEs of 15-18% have been achieved. There are various ways to

tune the optoelectronic and charge transport properties such as donor and accep-

tor material selection, side chain effects, halogenation and π-spacer are usually

adopted. Computational studies, at this juncture, have been of great help to de-

sign molecules and understand the structure-property relationships at molecular

level. In this thesis, structural, optoelectronic, charge transport and charge trans-

fer properties of BDT based conjugated oligomers and small molecules are explored

using DFT and TDDFT methods. BDT is a widely used donor system, and various

structural modifications of this unit has provided a better understanding of the

structure-property relationships. As acceptors, both fullerene and non-fullerene

acceptors are used in our studies. Our studies figure out many essential relation-

ships that will help to design the active layers with more probabilities of obtaining

better efficiencies.

In chapter 3, structural, optoelectronic, and charge transport properties of

twelve BDT-TAZ based conjugated oligomers are studied. It is observed that the

substitutions by fluorine atoms lower the HOMO and LUMO energies, and this

results in better Voc values. In addition, hole and electron mobilities are increased

after fluorine substitutions. Therefore, these fluorine substituted oligomers are

better suited for active layer designing of OSCs.

109
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In chapter 4, structural, optoelectronic, and charge transfer properties of

halogenated small molecules based on BDT and their blends with PCBM are

studied. Halogenation improves the Voc values compared to the parent systems.

In addition, Eloss values are found to be smaller in halogenated SMs. It is also

observed that while kCT values are larger in halogenated SMs/PCBM interfaces,

the kCR values are smaller than in the parent systems. Therefore, halogenation of

these SMs is beneficial for OSC fabrication.

In chapter 5, effects of various π bridge units on structural, optoelectronic

and charge transfer properties of BDTT-TT-F based oligomers and their blends

with PCBM are studied in detail. The π bridge based oligomers produce broader

absorption spectra compared to the parent molecule. It is observed that thiazole

π bridge based system has the deepest HOMO level, and the highest Voc value

among all. In addition, it is also observed that kCR values are smaller in thiophene

and thiazole π-bridged based systems. These results indicate that thiophene and

thiazole π bridges are expected to improve device performance.

In chapter 6, we have considered the random oligomers based on BDTT and

their blend structures with a non-fullerene acceptor. In particular, effects of incor-

poration of π bridges on structural, optoelectronic and, charge transfer properties

of these random oligomers are explored. A 3:1 ratio of BDTT and TT-F units

is considered. Again furan, thienothiophene, thiophene, and thiazole units are

inserted between the BDTT and TT-F units. It is observed that thiazole π bridge

based random oligomer has the highest Voc. In this case too, kCT value is the largest

and kCR is the smallest in the thiazole/NDI based system. Therefore, thiazole π

linker based random oligomer will be the most suitable for device applications.

Our findings in the thesis, based on DFT and TDDFT studies, has provided

valuable insights into the impact of insertion of different π bridges and halogen

substitutions on the optoelectronic properties of conjugated polymers. π bridges

such as furan, thiophene, thienothiophene and thiazole show different behavior

with regard to charge transfer and recombination at the interface. Similarly, type

of halogen substitution has been shown to affect the rates of charge transfer.
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Computational investigation of oligomeric materials is a guiding tool to discover

of newer materials. With the results in this thesis, and the protocol provided,

more BHJ systems can be studied to obtain optimal design of donor materials for

high power conversion efficiency.

Finally, it is worth mentioning that all the studies in the thesis have been

performed at DFT/TDDFT level. Keeping in mind that finding a proper func-

tional to describe the ground and excited state properties is a cumbersome task,

we would like to explore the applicability of wave function based methods such

as CC2 for these types of oligomers. Although the computational cost of using

wave function based methods is very high, smaller oligomers can be studied. Un-

derstanding the effect of relative orientations of the donor and acceptors on the

properties is also necessary to provide a reliable guideline for future studies, and

these studies can also be carried out at ab initio wave function level. In addi-

tion, we would also like to take studies further to include polymeric materials.

The thesis reports the results of small molecules or oligomers coupled with ei-

ther a fullerene or a non-fullerene acceptor. However, in typical BHJ devices, the

polymers are large. Therefore, in future studies, it would be worth exploring the

polymer/acceptor junctions using molecular dynamics simulation studies to have

a thorough understanding of the working of the solar cell.
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Appendix A

P4

P5

P6

Figure A1: Optimized ground state geometries for tetramers of P4-P6 calcu-
lated at HSE06/6-31G(d,p) level. Colour code: white (H), grey (C), yellow (S),

blue (N) and cyan (F).
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P7

P8

P9

Figure A2: Optimized ground state geometries for tetramers of P7-P9 calcu-
lated at HSE06/6-31G(d,p) level. Colour code: white (H), grey (C), yellow (S),

blue (N) and cyan (F).
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P10

P11

P12

Figure A3: Optimized ground state geometries for tetramers of P10-P12
calculated at HSE06/6-31G(d,p) level. Colour code: white (H), grey (C), yellow

(S), blue (N) and cyan (F).
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Table A1: Energies of the HOMOs (in eV) of all tetramer oligomers. Experi-
mental energies are -5.29, -5.66 and -5.67 eV for P1, P2 and P3, respectively.
Considering P1, P2 and P3 only, the mean absolute errors are 0.84, 0.25, 0.40

and 1.30 for Models 1, 2, 3 and 4, respectively.

Compounds Model 1 Model 2 Model 3 Model 4
P1 -4.55 -5.14 -5.06 -4.03
P2 -4.73 -5.33 -5.12 -4.27
P3 -4.81 -5.39 -5.22 -4.41
P4 -4.58 -5.15 -5.08 -4.02
P5 -4.65 -5.21 -5.15 -4.08
P6 -4.72 -5.28 -5.22 -4.15
P7 -4.76 -5.33 -5.14 -4.23
P8 -4.83 -5.40 -5.22 -4.29
P9 -4.91 -5.48 -5.23 -4.34
P10 -4.82 -5.38 -5.29 -4.36
P11 -4.90 -5.46 -5.38 -4.42
P12 -4.97 -5.53 -5.46 -4.49

Table A2: Energies of the LUMOs (in eV) of all tetramer oligomers. Experi-
mental energies are -2.87, -3.73 and -3.83 eV for P1, P2 and P3, respectively.
Considering P1, P2 and P3 only, the mean absolute errors are 0.51, 1.09, 1.65,

1.93, 0.25 and 0.11, for Models 1, 2, 3, 4, 5 and 6, respectively.

Compounds Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
P1 -2.74 -2.16 -1.60 -1.57 -3.07 -3.15
P2 -3.00 -2.41 -1.84 -1.58 -3.20 -3.41
P3 -3.16 -2.58 -2.03 -1.49 -3.39 -3.54
P4 -2.77 -2.20 -1.65 -1.58 -3.09 -3.16
P5 -2.84 -2.27 -1.72 -1.58 -3.16 -3.22
P6 -2.91 -2.33 -1.79 -1.58 -3.23 -3.29
P7 -3.00 -2.42 -1.87 -1.60 -3.20 -3.38
P8 -3.07 -2.48 -1.93 -1.61 -3.27 -3.45
P9 -3.13 -2.54 -1.99 -1.62 -3.34 -3.52
P10 -3.15 -2.59 -2.04 -1.51 -3.37 -3.51
P11 -3.22 -2.64 -2.10 -1.55 -3.37 -3.57
P12 -3.28 -2.70 -2.19 -1.53 -3.51 -3.64

TH-2614_166122041



Appendix A 139

Table A3: Bond lengths, Lis (in Å), of the optimized structures of all oligomers
in their neutral ground states obtained at HSE06/6-31G(d,p) level. L1-L15 are

shown in Figure 1.

n = 1 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
L1 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44
L2 1.44 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.44 1.44 1.44 1.44
L3 1.45 1.44 1.45 1.44 1.45 1.45 1.45 1.44 1.44 1.45 1.45 1.45
n = 2 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
L1 1.43 1.44 1.43 1.44 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44
L2 1.44 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.44 1.44 1.44 1.44
L3 1.44 1.44 1.44 1.44 1.44 1.44 1.43 1.44 1.44 1.43 1.43 1.44
L4 1.44 1.44 1.43 1.44 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44
L5 1.43 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.44 1.44 1.44 1.44
L6 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.43 1.44
L7 1.45 1.44 1.45 1.44 1.45 1.45 1.45 1.44 1.44 1.45 1.45 1.45
n = 3 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
L1 1.43 1.44 1.43 1.44 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44
L2 1.44 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.44 1.44 1.44 1.44
L3 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.43 1.44
L4 1.43 1.44 1.43 1.44 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44
L5 1.44 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.44 1.44 1.44 1.44
L6 1.44 1.44 1.44 1.44 1.44 1.44 1.43 1.44 1.44 1.44 1.43 1.44
L7 1.44 1.44 1.44 1.43 1.44 1.44 1.44 1.44 1.44 1.44 1.43 1.44
L8 1.43 1.44 1.43 1.44 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44
L9 1.44 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.44 1.44 1.44 1.44
L10 1.44 1.44 1.44 1.44 1.44 1.43 1.44 1.44 1.44 1.44 1.43 1.44
L11 1.45 1.44 1.45 1.44 1.45 1.45 1.45 1.44 1.44 1.45 1.44 1.45
n = 4 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
L1 1.43 1.44 1.43 1.44 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44
L2 1.44 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.44 1.44 1.44 1.44
L3 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.43 1.44
L4 1.43 1.44 1.43 1.44 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44
L5 1.44 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.44 1.44 1.44 1.44
L6 1.44 1.44 1.44 1.44 1.44 1.44 1.43 1.44 1.44 1.44 1.43 1.44
L7 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.43 1.44
L8 1.43 1.44 1.43 1.44 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44
L9 1.44 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.44 1.44 1.44 1.44
L10 1.44 1.44 1.44 1.44 1.43 1.44 1.43 1.44 1.44 1.44 1.43 1.44
L11 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.43 1.44
L12 1.43 1.44 1.43 1.44 1.43 1.44 1.44 1.44 1.43 1.44 1.44 1.44
L13 1.44 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.44 1.44 1.44 1.44
L14 1.44 1.44 1.44 1.44 1.43 1.44 1.44 1.44 1.44 1.44 1.43 1.44
L15 1.45 1.44 1.45 1.44 1.45 1.45 1.45 1.44 1.44 1.45 1.44 1.45
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Table A4: Selected dihedral angles( φ (deg)) of the optimized structures of all
oligomers in their neutral ground states at HSE06/6-31G(d,p) level. φ1-φ15 are

seen in Figure 1.

n = 1 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
φ1 2.87 2.38 2.31 -10.19 -9.72 -9.07 -11.03 -10.34 -10.95 11.00 9.93 11.16
φ2 -0.04 -0.05 -0.05 1.74 2.05 1.87 0.42 0.44 0.40 -0.26 -0.32 -0.24
φ3 -0.50 -0.03 -1.13 -0.49 -0.48 -0.35 -0.04 -0.39 -0.06 -0.67 -0.96 -1.06

n = 2 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
φ1 0.96 1.32 0.14 -10.09 -9.62 -9.51 -10.88 -10.41 -10.82 -10.05 -10.73 -10.73
φ2 0.22 0.00 0.00 2.14 1.98 2.09 0.38 0.36 0.32 0.44 0.49 0.49
φ3 -0.81 -0.12 -0.81 -0.43 -0.54 -0.86 -0.03 -0.04 -0.11 0.93 0.21 0.21
φ4 3.45 1.12 0.62 -0.02 -1.02 1.36 -2.10 -2.11 0.82 -10.38 -7.18 -7.18
φ5 2.96 1.17 0.43 -3.47 -1.25 -1.31 -2.43 -0.06 2.40 10.00 10.36 10.36
φ6 -0.10 -0.04 -0.10 0.46 0.18 0.09 -0.03 -0.07 -0.03 -0.12 0.24 -0.24
φ7 -0.30 0.03 -0.82 -0.46 -0.43 -0.39 0.01 0.00 0.00 -1.19 -0.61 -0.61

n = 3 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
φ1 1.44 2.06 0.14 -10.70 -9.20 -8.88 -11.44 -9.93 -10.17 -10.92 -10.73 -10.84
φ2 0.00 -0.03 0.00 1.84 1.89 2.02 0.38 0.38 0.35 0.37 0.49 0.38
φ3 -0.59 -0.10 -0.01 -0.60 -2.05 -1.95 -0.13 -0.06 -0.09 0.21 0.21 -0.18
φ4 1.39 1.19 0.63 -1.20 8.71 7.91 -0.57 -1.05 0.96 -7.18 -8.18 -8.67
φ5 0.88 1.28 0.44 -2.28 -7.98 -7.44 -0.06 0.69 0.86 10.36 10.30 10.07
φ6 0.00 -0.07 -0.11 0.26 1.60 1.81 0.00 -0.09 -0.11 0.24 -0.25 -0.073
φ7 -0.56 -0.01 -0.82 -1.61 -1.69 -1.53 -0.05 -0.11 -0.20 -0.61 -0.57 -0.12
φ8 1.72 1.05 1.28 1.28 8.79 8.16 9.87 9.46 8.22 10.12 10.94 11.01
φ9 0.51 0.42 0.32 -9.33 -8.24 -7.97 -9.89 -9.03 -9.40 -10.73 -10.73 -10.44
φ10 0.21 0.02 -0.04 1.98 1.93 2.04 0.39 0.43 0.38 0.49 0.49 0.39
φ11 -0.45 -0.06 -0.25 -0.34 -0.32 -0.28 -0.05 -0.05 -0.04 0.21 0.21 -0.22
n = 4 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
φ1 -0.04 1.00 0.14 -11.08 -8.46 -8.03 -10.32 -10.13 -10.35 -11.06 -10.15 -11.05
φ2 0.11 0.00 0.00 1.70 2.11 2.31 0.48 0.41 0.42 0.41 0.47 0.41
φ3 -0.44 -0.10 -0.81 2.34 -1.80 -1.64 -0.33 -0.39 -0.36 0.72 0.22 0.51
φ4 0.62 0.47 0.62 8.81 8.94 8.39 9.94 9.50 8.94 -10.16 -10.91 -10.19
φ5 0.00 0.72 0.43 -9.21 -8.66 -8.42 -9.35 -8.38 -8.54 9.49 10.36 10.36
φ6 0.09 -0.06 -0.11 1.33 1.41 1.53 0.11 0.10 0.12 -0.15 0.24 0.24
φ7 -0.48 -0.02 -0.82 -1.89 -1.95 -1.87 -0.08 -0.09 -0.06 -1.28 -0.60 -0.60
φ8 0.89 1.11 1.28 8.20 8.45 7.63 9.61 9.86 9.49 10.46 11.12 11.19
φ9 0.31 0.70 0.32 -9.45 -7.92 -7.51 -9.47 -9.20 -9.47 -10.52 -10.73 -10.73
φ10 0.17 -0.04 0.06 1.88 1.97 2.21 0.50 0.40 0.37 0.31 0.49 0.49
φ11 -0.41 -0.12 -0.25 -1.95 -1.85 -1.66 -0.30 -0.36 -0.37 0.43 0.20 0.21
φ12 0.86 0.76 -1.32 9.34 9.22 8.88 10.64 10.06 8.86 -10.46 -7.18 -7.18
φ13 0.40 0.88 -2.68 -9.07 -8.17 -7.94 -9.80 -8.79 -9.14 9.63 10.36 10.36
φ14 0.08 -0.06 -0.15 1.73 1.71 1.78 0.09 0.13 0.09 -0.17 0.24 0.24
φ15 -0.36 0.01 -4.49 -0.25 -0.27 -0.25 0.02 0.02 0.02 -0.91 -0.61 0.11
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LUMO

HOMO P4

LUMO

HOMO
P5

LUMO

HOMO P6

Figure A4: The contour plots of the HOMO and LUMO orbitals for the
tetramers of P4 -P6 at HSE06/6-31G(d,p) level.
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LUMO

HOMO P7

LUMOLUMO

LUMO

HOMO

HOMO

LUMO

P8

P9

Figure A5: The contour plots of the HOMO and LUMO orbitals for the
tetramers of P7 -P9 at HSE06/6-31G(d,p) level.
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LUMO

HOMO P10

LUMO

LUMO

HOMO

HOMO P12

P11

Figure A6: The contour plots of the HOMO and LUMO orbitals for the
tetramers of P10 -P12 at HSE06/6-31G(d,p) level.
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Table A5: Percentage contributions of different fragments to HOMOs
(%HOMO) and LUMOs (%LUMO) of P1- P12 tetramers.

Fragments P1 P2 P3 P4 P5 P6
%HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO

1 1.62 1.62 2.12 1.23 2.04 0.76 2.54 1.94 2.95 3.81 2.85 3.82
2 11.44 9.48 12.34 9.91 16.47 6.00 11.17 9.40 11.77 9.49 11.27 9.45
3 18.13 11.82 19.23 12.33 21.89 8.50 18.09 11.28 19.20 11.58 19.25 11.38
4 10.66 4.22 11.23 4.35 8.45 3.26 10.83 4.51 11.86 4.47 11.88 4.97
5 1.84 2.69 1.99 2.53 1.98 2.16 1.74 2.75 1.62 2.84 1.72 2.94
6 3.83 4.44 3.85 4.58 3.87 4.85 3.62 4.60 3.52 4.52 3.54 4.53
7 6.85 8.49 6.75 8.46 6.65 7.08 6.58 8.97 6.57 8.77 6.55 8.37
8 8.20 9.03 8.45 9.36 8.20 9.14 8.19 9.23 8.29 9.73 8.99 9.78
9 8.17 6.80 8.32 6.92 8.20 6.85 8.07 6.80 8.27 6.90 8.57 6.95
10 6.69 5.10 6.93 5.13 6.95 5.20 6.59 5.20 6.69 5.40 6.79 5.42
11 3.42 1.29 3.45 1.35 2.28 1.62 3.32 1.27 3.34 1.29 3.84 1.25
12 0.53 0.31 0.51 0.33 0.47 0.59 1.27 0.30 1.28 0.27 1.25 0.31
13 2.59 6.39 2.23 7.98 2.50 7.44 2.50 6.42 2.32 6.53 2.33 6.52
14 6.99 16.35 4.39 20.52 5.08 20.10 6.89 16.55 6.99 15.54 7.00 15.58
15 6.93 10.91 3.84 15.12 4.16 16.01 6.91 10.95 6.71 11.85 6.78 11.82
16 2.02 0.98 0.88 1.79 0.89 2.11 1.90 1.30 2.41 0.83 2.48 0.82

Fragments P7 P8 P9 P10 P11 P12
%HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO %HOMO %LUMO

1 2.09 1.50 2.07 1.84 2.05 1.46 2.43 1.33 2.41 1.32 2.64 1.63
2 16.20 7.49 16.21 7.84 16.12 7.85 16.94 7.11 16.84 7.09 16.58 7.04
3 24.09 9.68 24.08 9.58 23.01 9.50 23.74 9.05 23.54 9.03 22.33 9.43
4 12.64 3.93 12.53 3.96 12.20 3.90 11.70 3.90 11.60 3.89 11.05 3.78
5 1.55 2.60 1.53 2.65 1.54 2.62 1.65 2.38 1.62 2.35 1.52 2.33
6 3.84 4.56 3.82 4.55 3.80 4.53 3.99 3.64 3.97 3.62 3.94 3.65
7 6.05 8.36 6.12 8.35 6.11 8.32 6.08 7.04 6.05 7.02 6.02 7.21
8 8.75 9.26 8.74 9.21 8.24 9.17 7.40 7.66 7.42 7.63 7.41 7.62
9 8.13 6.98 8.12 6.96 8.15 6.93 7.66 6.18 7.62 6.21 7.61 6.22
10 6.84 5.23 6.85 5.21 6.82 5.20 8.12 6.23 8.14 6.22 8.12 6.21
11 3.51 1.33 3.52 1.32 3.52 1.32 2.05 1.13 2.05 1.09 2.03 1.08
12 0.50 0.34 0.51 0.36 0.50 0.36 0.45 0.54 0.44 0.52 0.42 0.51
13 1.64 8.31 1.61 8.38 1.59 8.28 2.49 7.42 2.47 7.32 2.45 7.33
14 4.18 19.87 4.18 19.21 4.16 19.12 5.01 19.65 5.03 19.20 5.02 20.01
15 3.76 13.73 3.74 13.24 3.72 13.22 4.12 16.02 4.11 16.12 4.07 16.31
16 0.91 1.68 0.90 1.65 0.89 1.64 0.87 2.13 0.86 2.11 0.75 2.08
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Figure A7: Three-dimensional π-stacked structures of two adjacent tetramer
fragments for P1 to P6.
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Figure A8: Three-dimensional π-stacked structures of two adjacent tetramer
fragments for P7 to P12.
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Figure B1: Optimized ground state geometries for A5-A8 calculated at
PBE0/6-31G(d,p) level.
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Figure B2: Optimized ground state geometries for A9-A12 calculated at
PBE0/6-31G(d,p) level.
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Figure B3: The molecular electrostatic potentials (ESPs) drawn on isosurfaces
of electron density for A5-A8, and A9-A12. An isovalue of 0.001 is used.

Brown colored circles indicate the locations of the halogen atoms.
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Figure B4: HOMOs and LUMOs of the A5-A6 and A7-A8 computed at the
PBE0/6-31G(d,p) level (isovalue of 0.02 a.u.).
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Figure B5: HOMOs and LUMOs of the A9-A10 and A11-A12 computed at
the PBE0/6-31G(d,p) level (isovalue of 0.02 a.u.).
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Figure B6: Optimized geometries of A1-A4/PCBM composite systems.
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Figure B7: Optimized geometries of A5-A8/PCBM composite systems.
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Figure B8: Optimized geometries of A9-A12/PCBM composite systems.
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Figure B9: TDOS for A1-A12/PCBM systems.
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Figure B10: TDOS, and PDOSs from SM donor and PCBM acceptor frag-
ments for A5-A8/PCBM blends.
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Figure B11: TDOS, and PDOSs from SM donor and PCBM acceptor frag-
ments for A9-A12/PCBM blends.

A5
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A8

Figure B12: Charge density difference (CDD) maps for the S16, S19, S19, S15

states of A5, A6, A7 and A8 composite systems, respectively. These states are
the first ICT states for these systems. Red and blue colors represent electrons

and holes, respectively.
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A9
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Figure B13: Charge density difference (CDD) maps for the first ICT states of
A9, A10, A11 and A12 composite systems. For each of these four composites,
S17 is the first ICT state. Red and blue colors represent electrons and holes,

respectively.
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Figure C1: Various dihedral angles used to analyze the changes in the geome-
tries upon π-bridge insertion are showin in the figure. Colour code: white (H),

grey (C), yellow (S), red (O) and cyan (F).
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Figure C2: HOMO and LUMO for (P1)4 at CPCM-PBE0/6-311G(d,p) level.
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Figure C3: HOMOs and LUMOs for (P2)4, (P3)4, (P4)4 and (P5)4 at
CPCM-PBE0/6-311G(d,p) level.TH-2614_166122041
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(a)

(b)

(c)

(d)

(e)

Figure C4: Optimized geometries of P1-P5/PCBM composite systems. a-e
are for P1-P5/PCBM, respectively. Results are obtained at RI-PBE-D3/def2-

SV(P) level.
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Figure C5: Top panel: Two-dimensional site representation of the transition
density matrix (TDM) for S1, S4, and S6 excited states (from left to right)
of the P2/PCBM composite system. Bottom panel: Two-dimensional site
representation of the transition density matrix (TDM) for S1, S4, and S6 excited
states (from left to right) of the P3/PCBM composite system. Both X and
Y- axes represent the atom numbers. Atom numbers 1-188 are for the donor
P2 and from 189 onwards are for the acceptor PCBM. Hydrogen atoms are
ignored here. Atom numbers 1-212 are for the donor P3 and from 213 onwards
are for the acceptor PCBM. Hydrogen atoms are ignored here. These results

are obtained at TD-CPCM-CAMB3LYP/6-311G(d,p) level of theory.
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Figure C6: Top panel: Two-dimensional site representation of the transition
density matrix (TDM) for S1, S4, and S9 excited states (from left to right) of
the P4/PCBM composite system. Both X and Y- axis represent the atom
numbers. Atom numbers 1-188 are for the donor P4 and from 189 onwards
are for the acceptor PCBM. Hydrogen atoms are ignored here. Bottom panel:
Two-dimensional site representation of the transition density matrix (TDM) for
S1, S4, and S11 excited states (from left to right) of the P5/PCBM composite
system. Atom numbers 1-188 are for the donor P5 and from 189 onwards are for
the acceptor PCBM. Hydrogen atoms are ignored here. These results These
results are obtained at TD-CPCM-CAMB3LYP/6-311G(d,p) level of theory.

Table C1: Vertical IPs, EAs, interfacial lowest excitation energies (E1
g,Blend)

and exciton binding energies (Eb) of the D/A blends.

Compounds IP (eV) EA (eV) E1
g,Blend Eb

P1/PCBM 5.61 3.44 1.89 0.28
P2/PCBM 5.48 3.41 2.00 0.07
P3/PCBM 5.61 3.45 1.97 0.19
P4/PCBM 5.58 3.42 2.01 0.15
P5/PCBM 5.88 3.47 2.00 0.41
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Figure D1: Relaxed torsional potentials along φ2 (a), φ3 (b) and φ4 (c) dihe-
dral angles TzP1. The inset in (b) shows a zoomed version of the full curve
between 10 and 30 degrees, and clearly indicates the minimum at ∼ 15 deg. All
the above relaxed torsional scans are carried out at the M06/6-311G(d,p) level.
Instead of taking the full dimer for these scans, only the two rings involved in

making φ2, φ3 or φ4 are considered.
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Figure D2: HOMOs and LUMOs for FuP1-TtP1 computed at the M06/6-
311G(d,p) level (isovalue of 0.01 a.u.).
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Figure D3: HOMOs and LUMOs for ThP1-TzP1 computed at the M06/6-
311G(d,p) level (isovalue of 0.01 a.u.).
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Figure D4: Optimized geometries of P1-TzP1/NDI blend systems.
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Figure D5: HOMOs and LUMOs for FuP1-TzP1/NDI blend system com-
puted at M06/6- 311G(d,p) level.
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