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Polymer solar cells (PSC) have become a considerable competitor to traditional silicon-

based inorganic solar cells. PSCs are in a great interest due to their light-weight, flexibility 

and low-cost fabrication techniques. The ongoing research pursues a great deal of effort 

to develop more effective materials in the active layer of a solar cell. The active layer 

consists of a donor and an acceptor that together participate in transforming light energy 

into electrical energy. Nowadays, the most interesting donors are polymers that pair up 

with non-fullerene acceptors in the active layer of a PSC.  

A derivative of benzodithiophene, PDTB-EF-T, as a donor and a small-molecule as an 

acceptor in the active layer of a PSC gave one of the highest power conversion efficien-

cies so far, as much as 14.2%. The goal of this thesis was to examine the less thoroughly 

examined photovoltaic properties of the donor polymer PDTB-EF-T with computational 

calculations. The properties of the polymer studied in this work were the geometry, the 

electronic structure, the charge-transport properties and the excited states. These charac-

teristics are often studied for the π-conjugated systems of the donor and acceptor materials 

in PSCs.  

The thesis being the first theoretical study of PDTB-EF-T gives new information on the 

properties of the polymer. New information of the localization of the electronic density 

and the delocalization of the molecular orbitals of the periodical model that was illustrated 

with pictures, was provided. The thesis created a great base of the future studies that focus 

on the electron transport properties and the theoretical studies of the coupling of this do-

nor molecule and the small-molecule acceptor. 

The results of the calculations followed the known theories. As the backbone chain length 

of the model of the polymer increases, the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) get closer to each other, and thus, 

the HOMO‒LUMO gap narrows. In addition, the increasing backbone chain length de-

creases the bond length alternation (BLA) values. The planarity of the radical cation re-

sulted proper charge-carrier transport properties. As for the calculations of the excited 

states, the vertical transitions of the first two singlet and the first triplet excited state of 

the trimer of PDTB-EF-T correspond to the visible and near-infrared wavelengths. 
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Polymeeriaurinkokennoista on tullut varteenotettava kilpailija perinteisille piipohjaisille 

epäorgaanisille aurinkokennoille. Polymeeriaurinkokennoista ollaan kiinnostuneita nii-

den keveyden, joustavuuden ja edullisten valmistustekniikoiden vuoksi. Jatkuva tutkimus 

pyrkii kehittämään tehokkaampia materiaaleja aurinkokennon aktiiviseen kerrokseen. 

Aktiivinen kerros koostuu donorista ja akseptorista, jotka yhdessä osallistuvat valoener-

gian muuttamiseen sähköenergiaksi. Nykyään kiinnostavimmat donorit ovat polymee-

rejä, joiden parina ovat ei-fullereeniakseptorit polymeeriaurinkokennon aktiivisessa ker-

roksessa. 

Bentsoditiofeenin johdannainen, donori PDTB-EF-T, ja pienimolekyylinen akseptori ak-

tiivisessa kerroksessa tuottivat tähän mennessä yhden suurimmista polymeeriaurinkoken-

non tehonmuuntosuhteista, jopa 14,2 %. Tämän työn tavoite oli tutkia donoripolymeeri 

PDTB-EF-T:n fotosähköisiä ominaisuuksia laskennallisin menetelmin, mitä ei ole vielä 

perinpohjaisesti tehty. Työssä tutkitut polymeerin ominaisuudet olivat geometria, elekt-

roninen rakenne, varauksensiirto-ominaisuudet ja viritystilat. Tällaisia ominaisuuksia tut-

kitaan usein polymeeriaurinkokennojen donorin ja akseptorin π-konjugoituneille systee-

meille. 

Tämä ensimmäinen teoreettinen tutkimus PDTB-EF-T:stä antaa uutta informaatiota po-

lymeerin ominaisuuksista. Uutta tietoa saatiin periodisen mallin elektonitiheyden sijain-

nista ja molekyyliorbitaalien delokalisaatiosta, jota havainnollistettiin kuvissa. Työ loi 

erinomaisen pohjan jatkotutkimuksille, jotka keskittyvät elektronin siirto-ominaisuuksiin 

ja tämän donorimolekyylin ja pienen akseptorimolekyylin välisen kytkeytymisen lasken-

nallisiin tutkimuksiin. 

Tulokset noudattivat tunnettuja teorioita. Polymeerimallin selkärangan kasvaessa korkein 

miehitetty molekyyliorbitaali (HOMO) ja matalin miehittämätön molekyyliorbitaali 

(LUMO) lähenevät, mikä siten kaventaa HOMO‒LUMO-väliä. Lisäksi, kasvava selkä-

ranka pienentää sidospituusvaihtelun (BLA) arvoja. Radikaalikationin tasomaisuus ai-

kaansaa hyvät varauksen siirto-ominaisuudet. Virittyneiden tilojen laskut osoittivat, että 

PDTB-EF-T-trimeerin kahden ensimmäisen singlettiviritystilan ja ensimmäisen tripletti-

viritystilan vertikaalitransitiot vastaavat näkyvän valon ja lyhytaaltoisen infrapuna-alueen 

aallonpituuksia. 
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1. INTRODUCTION 

The world population growing rapidly makes energy consumption increase. The worry 

about fossil fuels running out makes developing and manufacturing renewable energy 

sources important for the use in the future. Organic solar cells (OSC) are expected to have 

a significant part of energy production due to their clean and inexpensive manufacture, 

even though they do not yet reach the efficiencies of inorganic solar cells. [1] Moreover, 

polymer solar cells (PSC) have interested researchers as a renewable and a promising 

technology, because they are lightweight, mechanically flexible, and they have great po-

tential [2].  

Now, the first aim of the PSC investigation is to improve power conversion efficiencies 

(PCE). The ongoing research in this field focuses on the material design of donor and 

acceptor molecules that participate in gaining high PCEs in PSCs [2]. Donor and acceptor 

materials are in the central part of a photovoltaic effect that a solar cell creates. A detailed 

description of the nature of a molecule used in a PSC is very important, when designing 

new and more efficient materials. Research in molecular state provides keys to under-

stand, how light energy can be harnessed into electrical energy in the most high-perfor-

mance way in a PSC. The highest PCE of a PSC so far has been reported to be 14.2% by 

Li et al. [2]. The donor material in the cell was a polymer derivative of 2,4,6,8-tetra(thi-

ophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene (DTBDT), named PDTB-EF-T, and the ac-

ceptor material a small-molecule acceptor (SMA) 3,9-bis(2-methylene-((3-(1,1-dicy-

anomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-

d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (IT-4F) [2].  

The goal of this study was to examine the photovoltaic properties of the donor polymer 

PDTB-EF-T computationally. The photovoltaic properties of the PDTB-EF-T polymer 

have not been investigated computationally to the author’s knowledge, yet. Only the high-

est occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) properties have been studied for the starting structure of PDTB-EF-T, the de-

rivative of DTBDT, named DTBDT-EF, without the side chains. The features of PDTB-

EF-T that were studied in this work are the optimized geometry, the electronic structure, 

the charge-carrier transport properties and the nature of the excited states. The quantum 

mechanical (QM) methods required for the calculations were applied using Gaussian 16 

[3] software. In addition, Avogadro 1.2.0 [4] and Chemcraft 1.8 [5] softwares were used 

for construction and visualization of the molecules. By examining carefully the photovol-

taic properties of this record material, even more efficient molecules can be designed and 

their performance understood. 
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The theoretical estimations of the photovoltaic properties in this work are approximations 

to the experimental value. This study does not consider for example intermolecular inter-

action or solvent effect. Within the view of different theoretical approaches predicting the 

properties of a compound can be used to guide the experimental efforts for novel polymer 

solar cell systems.  

This thesis is structured into six chapters. Chapter 2 introduces the basic information of 

PSCs and some recent development of the active materials. Next, chapter 3 focuses on 

the QM methods and the molecular scale properties that are used in this thesis. Chapter 4 

explains, how the computational calculations were carried out to examine the polymer 

PDTB-EF-T. The results and discussion are presented in chapter 5. Lastly, chapter 6 sum-

marizes the work by concluding research methods, results and future views.  
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2. POLYMER SOLAR CELLS 

A polymer solar cell is a type of organic photovoltaic (OPV) that can convert light into 

electricity by the photovoltaic effect [6]. Initially, an organic photovoltaic device was 

based on donor‒acceptor small-molecule single heterojunction that performed a power 

conversion efficiency of ~1%. During the last decades bulk heterojunction (BHJ) devel-

opment has been increasing and resulting PCEs of over 10%. In a typical BHJ OPV cell, 

the photoactive layer is consisted of a conjugated polymer donor and a small-molecule 

acceptor. There are also all-polymer BHJs, of which both donor and acceptor materials 

are polymers. [7] This thesis focuses on BHJs that has a polymer donor and a small-

molecule acceptor material. 

This chapter tells about the basics of polymer solar cells and introduces recent develop-

ment in PSC materials. The chapter introduces the relevant information of PSCs of this 

thesis. At first, section 2.1 explains the structure of a polymer solar cell. What kind of 

polymers and small-molecule acceptors there are in the active layer of a PSC, is described 

in sections 2.2 and 2.3. Next, section 2.4 explains in detail the working mechanism of a 

PSC. Section 2.5 focuses on the recent development of materials used in the active layer. 

Lastly, section 2.6 introduces computational theory that is used in this study. 

2.1 Structure of polymer solar cells 

An organic solar cell consists of an active material, which includes a p-type conjugated 

polymer donor and an n-type semiconductor acceptor material, between two electrodes 

and a substrate to which the system is attached. [6] The substrate does not participate in 

the photovoltaic effect. It prevents oxygen and water to diffuse into the device and it is 

often made of glass. On top of the substrate is a transparent electrode. The most common 

material used as the anode is indium tin oxide (ITO). Another electrode, the cathode, must 

have a work function lower than that of the anode. The different work functions create an 

electric field inside the device, which causes collection of electrons at the cathode and 

collection of holes at the anode. For example, aluminum is used as cathode is PSCs. There 

are also interfacial layers on both sides of the active layer to prevent holes and electrons’ 

leaking to electrodes. [8] A schematic picture of a PSC can be seen in Figure 2.1. 
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Figure 2.1 The basic structure of a bulk heterojunction solar cell. Figure modified from 

reference [9]. 

There are different structures of the active material, but the BHJ solar cells are proved to 

be the most promising way to build an organic solar cell. In a BHJ solar cell, the BHJ 

layer consists of the donor and the acceptor material that are blended together in organic 

solvents as an interpenetrating network. This structure increases the interfacial area of the 

donor and the acceptor materials, which reduces the dissociation distance of the exciton 

before reaching the interface of the materials. [10] Thus, all excitons are more likely to 

find an interface and split before the unwanted charge recombination. [6] In bulk hetero-

junction the interfaces of donor and acceptor materials are spread throughout the whole 

active layer, which can be seen in Figure 2.1. In addition, the donor and acceptor materials 

must form a continuous network to the electrodes so that holes and electrons are collected 

to the contacts [11]. All the polymer solar cell systems examined in this thesis are bulk 

heterojunction solar cells. 

2.2 Polymer donors 

There are a few types of the construction ways of donors that can be used in the active 

layer of a PSC. One option is that the whole polymer consists of one type of a monomer. 

Another option as a donor polymer is a copolymer, where an electron rich donor and an 

electron deficient acceptor unit alter [12]. The latter is called a D‒A copolymer [12]. 

Usually, the units consist of five or six membered rings attached to each other to form a 

planar geometry that contributes to charge transfer. The rings in the polymer backbone 

form a chain, where single bonds and double bonds alter forming a π-conjugated system. 

Typical molecules used in donor units are thiophene, bithiophene and benzodithiophene 

(BDT) and in acceptor units naphthalene diimide, benzothiadiazole, and thienopyrroledi-

one. [13] 

The backbones of polymer molecules used in organic solar cells have extended conju-

gated systems. The pz-orbitals of the electrons of the hydrocarbons have a delocalized 

bonding π-orbital and an antibonding π*-orbital. The π-orbital is HOMO and the π* is 
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LUMO. As for a material, the gap between the valence band and the conduction band is 

called a band gap and it is typically 1‒4 eV. [6] As for a molecule, the gap between 

HOMO and LUMO is called a HOMO‒LUMO gap [14]. An increasing backbone chain 

length narrows the HOMO‒LUMO gap, as one would expect [15]. The HOMO and 

LUMO levels of a donor should be higher than the corresponding HOMO and LUMO of 

an acceptor [16]. What should also be kept in mind is that the HOMO level of a donor 

must be low enough for efficient absorption [17].  

Heteroatoms have a great role in organic solar cell materials. It has been found in earlier 

studies that charge recombination can be prevented with organic materials with high di-

pole moment [18]. Sulfur atoms in thiophene units, which are often in polymer backbone, 

have high polarizability that promotes donating electrons and transporting charges [19]. 

In donors, fluorine atoms are beneficial in benzene units between thiophenes. It has been 

shown that fluorination contributes to the co-planarity of the polymer backbones and 

therefore enhances the π‒π stacking and charge transport. [20] 

Polymers in solar cells have characteristically hydrocarbon side chains. To make a mate-

rial with decent solubility in a wanted solvent, one must include suitable side chains on 

the backbone. The most popular side chains tested are alkanes, branched alkanes, alkox-

ies, ketones, and esters. These kinds of side chains also provide a good influence on the 

blend morphology of bulk heterojunction. [21] The molecules should cause a minimum 

degree of steric hindrance, which is gained with less twisted backbone and therefore a 

more planar structure. [22][23] 

Interaction between light and donor materials and thickness of the active layer are very 

important to consider carefully when designing photovoltaics. The polymer active layer 

is efficient in collecting photons, if the absorption spectrum of photoactive polymers 

matches the solar emission spectrum. The layer should also be thick enough to absorb all 

the photons that reach the polymers. In addition, the electron energy difference between 

the donor and the acceptor should be bigger than the exciton binding energy, so that the 

exciton goes through the charge transfer from the donor to the acceptor at their interface. 

[10] 

2.3 Small-molecule acceptors 

The acceptors in PSCs can be divided into two parts, the fullerene acceptors and non-

fullerene (NF) acceptors [24]. Fullerene-based acceptors have dominated the OSC re-

search for more than two decades [25]. The age of NF acceptors began in the year 2013 

including interest in NF SMAs. NF acceptors have already reached better PCEs than the 

best fullerene-based OSCs [25].  

The state-of-the-art NF acceptors can be divided into two categorizes due to their chemi-

cal structure: acceptors that have fused aromatic diimides, and acceptors that have strong 
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intramolecular electron push-pulling effects. These kinds of acceptors have two similar 

features. First, they have highly electronegative elements in π-conjugated functional 

groups modified in conjugated backbones that provide strong electron-accepting abilities. 

The electronegative element can be an oxygen in the form of a carbonyl group, or a ni-

trogen in the forms of a cyano group or hetero-aromatic segments including a nitrogen. 

Second, the π-electrons in the functional groups can delocalize into the backbones that 

guarantees a relatively low reorganization energy. Thus, the accepted electrons can be 

transported effortlessly without being trapped. [25] 

NF acceptors have a great amount of opportunities as solar cell materials. They are in 

great interest when studying OPVs due to their tunability in absorptivity, optical band gap 

and frontier molecular orbitals [24]. The synthetic methods, material design and device 

engineering of fullerene derivatives of OSCs have promoted the development of NF 

OSCs in recent years. The donor molecules designed for fullerene derivatives are very 

tunable for NF acceptors, including tuning the absorption spectra and energy levels. In 

fact, NF acceptors have ability to separate excitons efficiently upon low driving energies, 

unlike fullerene-based acceptors. Another key advantage of NF OSCs is tuning the ab-

sorption spectra and the energetic levels independently. It is a straightforward method to 

increase the photovoltaic efficiency. [25] 

There are also some challenges in NF acceptors as solar cell materials. The anisotropic 

structure of NF acceptors is a challenge, when it is a matter of the orientation of a donor 

and an acceptor. The orientation affects the π‒π interaction of active materials that is very 

important for the charge transport. Unlike the isotropic ball-like conjugated backbone in 

fullerene derivatives, NF-based molecules make it more challenging to guarantee effi-

cient π‒π interaction. Thus, it is important to pair a suitable donor with an acceptor of 

which chemical structures fit to each other and guarantee the right orientation and phase 

separation. In addition, state-of-the-art SMAs are all amorphous, which sets requirements 

for polymer donors to form suitable morphology. The amorphous morphology sets draw-

backs in charge carrier mobility, because in this case only planar conjugated backbones 

and high crystallinity are helpful for charge carrier transport properties. [25] 

2.4 Operation of polymer solar cells 

Polymers work as a photoactive layer in polymer solar cells, because they absorb light 

and generate and transport charges. A photovoltaic process includes the formation of ex-

citons, which are electron‒hole pairs, and the creation of free carriers with incident pho-

tons. After the separation of an exciton to individual charges, the free charges migrate 

through transporting materials and end up in electrodes. [26] This process is illustrated in 

Figure 2.2. When solar energy is harvested into electrical energy, the process must occur  
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Figure 2.2 Solar energy harvesting into electrical energy. The lower level of each 

material stands for HOMO and the upper for LUMO. The phases are a) absorption of 

light, b) charge transfer, c) the separation of hole and electron, and d) charge transport 

and collection. Figure modified from reference [27]. 

in a specific order, which is the (i) absorption of light, (ii) charge transfer, (iii) the sepa-

ration of hole and electron, (iv) charge transport and (v) charge collection [10]. 

More specifically, absorption of light inside the solar cell excites a region of the donor 

polymer chain, when an electron moves from HOMO to LUMO of a donor. The excitation 

forms a hole to HOMO of a donor. This process needs the energy of a photon from light. 

The electron‒hole pair is an excited state and therefore named as an exciton. [6] The 

binding energy of an exciton in organic semiconductors is usually 0.1‒1 eV [11].  

Next, the exciton starts to diffuse along a donor due to the electric field. If an exciton 

comes across with an acceptor, the difference between electron affinities leads to the sep-

aration of the hole and the electron [10]. In this case, diffusion length is called the length 

that an exciton travels between generation and charge recombination. Typically, diffusion 

length in PSCs is 10 nm. The distance from the formation of an exciton to the interface 

of a donor and an acceptor must be smaller than the diffusion length. Otherwise, an un-

wanted process called charge recombination occurs and charge collection in electrodes 

does not happen. [11] 

The following step is the breaking of the exciton. Effective fields, which are set up by 

making a heterojunction between the different materials, cause the separation of the hole 

and the electron. The electron drops from LUMO of a donor to LUMO of an acceptor [6]. 

The separated electron and hole are transported to cathode and anode along acceptor and 
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donor, respectively, because the electrodes with different work functions create an inter-

nal field. [10] Finally, the photocurrent is generated due to the charge collection at the 

electrodes [28].  

2.5 The development of the active materials  

Most solar energy radiates in the frequencies of visible light and near-infrared region. 

Therefore, an efficient harvesting of solar energy requires a large overlap in this region 

for an absorption spectrum of a PSC. [29] An improvement of photocurrent and photo-

voltage of a solar cell system can be obtained by modifying the energy levels of the or-

bitals of the molecules. The improvements in the photocurrent can be carried out by op-

timizing the absorption of the polymer donor in the short wavelength area. This can be 

done, for example, by shifting the polymer absorption spectrum to higher energies or by 

adding conjugated side chains to improve the absorption of short wavelength area. A pho-

tovoltage increase can be gained by enhancing the energetic offsets between the donor 

and the acceptor materials, which can be done, for example, by downshifting the energetic 

levels of the donor and upshifting those of the acceptor. [25]  

Another way for better harvesting of the solar spectrum and increasing its efficiency is to 

use low band gap materials. To improve the photovoltaic performance of polymer:SMA 

devices, the wide band gap and the deep HOMO level of donor polymers is necessary 

with SMAs [2]. Controlling band gap is an important issue for research nowadays. Mod-

ifying band gap contributes to the electrical and optical properties of the materials and 

lowering it to approximately to zero is thought to give a conducting material. The method 

has been to apply alternating donor‒acceptor repeating units that have narrow band gaps, 

[30] which can be seen in a high PCE resulting materials published in the year 2016. 

In 2016, one of the highest PCE giving materials tested in organic solar cell was a polymer 

named poly[[5,6-difluoro-2-(2-hexyldecyl)-2H-benzotriazole-4,7-diyl]-2,5-thio-

phenediyl[4,8-bis[5-(tripropylsilyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl]-

2,5-thiophenediyl] (J71) as a donor, of which constitutional repeating unit (CRU) is illus-

trated in Figure 2.3. A small-molecule 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-

indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-

b:5,6-b’]dithiophene (ITIC), as seen in Figure 2.4, was used as an acceptor. They gave a 

PCE of 11.41%. [16] Nowadays, the best performing organic solar cell established gave 

a PCE of 14.2% [2]. The donor used in this experiment was PDTB-EF-T and the acceptor 

IT-4F that are shown in Figure 2.5‒2.6, respectively.  
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Figure 2.3 The structure of the constitutional repeating unit of the donor polymer J71, 

with donor BDTT-Si and acceptor FBTA units. The donor unit, BDTT-Si, contains 

silicon in this polymer. The other donor unit BDTT-C, does not contain silicon, but 

carbon. 

 

Figure 2.4 The structure of the small-molecule acceptor ITIC. 
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Figure 2.5 The structure of the constitutional repeating unit of the donor polymer 

PDTB-EF-T. 

 

Figure 2.6 The structure of the small-molecule acceptor IT-4F. 

The following subsections focus on the development, how it is made computationally and 

experimentally from PCE 11.41% to 14.2%. In subsection 2.5.1, the development of J71 

S

O

O

S

S

F S

S

FS

S

S

S

O

O

n

NC

CN

O

S

S

S

S

O

C

CN

N

F

F

F

F



11 

 

and the experimental details of reaching a PCE of 11.41% are described. The construction 

of the record material PDTB-EF-T and the experimental details of the PSC of a PCE of 

14.2% are explored in subsection 2.5.2. 

2.5.1 How ended up in 11.4% 

According to an article published in December 2016, a polymer solar cell produced a PCE 

of 11.41% with a donor material J71 and an acceptor material ITIC. The aim of the study 

was to increase PCE and decrease the HOMO energy level difference between the donor 

and acceptor in a D‒A copolymer. Both the main chain and the side chain design played 

an important role when tuning the electronic energy levels and absorption spectra appro-

priate. The stabilization of the LUMO level and lowering the HOMO level were resulted 

by the interaction of silicon atoms with aromatic units. The HOMO level of J71 is -5.40 

eV and LUMO level -3.24 eV and the band gap 2.16 eV. The silicon atoms also improved 

crystallinity and hole mobility because of stronger π‒π stacking and relatively long C‒Si 

bond. The high crystallinity was also due to a good side chain and fluorine atoms. [16] 

The researchers developed D‒A copolymers based on bithienyl-benzodithiophene 

(BDTT) donor unit and fluorine-substituted benzotriazole (FBTA) acceptor unit. The do-

nor unit had different side chains that contained silicon (BDTT-Si) or carbon (BDTT-C). 

When comparing the donor units BDTT-Si and BDTT-C, the experimentally measured 

HOMO levels were -5.35 eV and -5.26 eV and LUMO levels -3.40 eV and -3.27 eV, 

respectively. With density functional theory at the DFT B3LYP/6-31G(d) level with the 

Gaussian 03 program package, the HOMO levels were -5.17 eV and -5.12 eV and LUMO 

levels -1.45 eV and -1.33 eV for BDTT-Si and BDTT-C, respectively. The DFT at the 

B3LYP/6-31G(d) level with the Gaussian 03 was also used to calculate optimized geom-

etry and frontier molecular orbitals of BDTT-Si and BDTT-C. [16] 

The device structure of the system was ITO/PEDOT:PSS (poly(3,4-ethylenedioxythio-

phene):poly(styrene-sulfonate))/J71:ITIC/PDINO (perylene diimide functionalized with 

amino N-oxide)/Al. PDINO was a cathode interlayer to lower the work function of Al. 

The weight ratio of J71 and ITIC was 1:1 and the thickness of the active layer was about 

100 nm. The layers were prepared by spin-coating the 12 mg/cm3 concentration of the 

blend solution of J71:ITIC in chloroform at 3000 rpm. A thermal annealing was per-

formed in 150 °C for 10 minutes. [16] 

2.5.2 How ended up in 14.2% 

According to an article published in May 2018, a polymer solar cell produced a PCE of 

14.2% with a donor material PDTB-EF-T and an acceptor material IT-4F. The aim of the 

study was to enhance the PCE of a polymer and SMA device with the development of 

DTBDT. When designing low photon energy loss materials, one must achieve a donor 

molecule with a wide band gap and a deep HOMO level to pair them with SMAs. PDTB-
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EF-T gained a low HOMO level of -5.5 eV that is lower than that of J71. The low level 

is because of the electron-withdrawing fluorine atoms and ester groups in the molecule. 

Moreover, the modulation of side chains in ester groups contributed to the aggregation 

effects and molecular packing of the polymer. A linear decyl side chain enhanced organ-

ization of the structure and therefore gave highest hole mobility, the most symmetric 

charge transport and less recombination in comparison with investigated linear octyl- and 

3,7-dimethyloctyl side chains. [2] 

The record material was constructed knowing that benzo[1,2-b:4,5-b’]dithiophene 

(BDT)-based polymers have been part of efficient photovoltaic properties in NF PSCs. 

The π-overlap could be stretched and the coplanarity improved with the addition of thio-

phene units onto BDT sides and adjacent to BDT, which resulted DTBDT. The HOMO 

levels of DTBDT-based polymers are quite high because of the electron-donating nature 

of thiophene units. To lower the levels, the researchers added fluorine atoms on the thio-

phene side groups and ester on the thiophene units on both sides of DTBDT, which re-

sulted in the polymer DTBDT-EF. Finally, a thiophene unit was set between two DTBDT-

EF units to avoid the distortion of the backbone, so the new polymer PDTB-EF-T was 

created. [2] 

It has been calculated by density functional theory (DFT)-based calculations that 

DTBDT-EF is a polymer with a wide band gap and a low HOMO level of -5.5 eV and 

LUMO of -2.34 eV. The calculations considered that the fluorine atoms on the thiophene 

side group and the ester on the thiophene on both sides of the main chain lower the HOMO 

level of DTBDT. Locating the ester groups on different sides of the backbone makes the 

polymer PDTB-EF-T have a planar geometry, according to DFT calculations. The theo-

retical calculation resulted in a HOMO level of -5.16 eV for DTBDT. The calculations 

were performed using the Gaussian 09 program package based on the DFT method using 

B3LYP/6-31G (d,p) basis. The alkyl chains were shortened as methyl groups. [2] 

The device structure of the studied photovoltaic cell was ITO/PEDOT:PSS/PDTB-EF-

T:IT-4F/ poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-di-

octylfluorene)] (PFN) -Br/Al. The optimal donor/acceptor ratio was 1:1 by weight, and 

the optimized blend films were made by spin-coating the 18 mg/cm3 solution in CB/1,8-

diiodooctane with 1:0,005 ratio by volume. The thermal annealing was performed in 150 

°C for 10 minutes. [2] 

2.6 Computational studies 

To improve the performance of organic photovoltaic, the design and synthesis of donor 

and acceptor materials are very important [24].  Identifying the properties of a system at 

molecular scale with quantum-chemical techniques helps molecular designing. The de-

tailed information of microscopic levels helps to understand, how the organic materials 

function in macroscopic level in organic photovoltaics. [31] Excluding the theoretical 
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study of the DTBDT-EF molecule in the article of the development of PDTB-EF-T [2], a 

systematic theoretical study of the donor polymer PDTB-EF-T has not been reported. 

Before examining the photovoltaic properties of the donor molecule, the geometry of the 

molecule must be optimized with DFT calculations. The construction of the relatively big 

molecule is done by optimizing the geometry piece by piece. The geometry optimization 

means finding the configuration that has the lowest energy, and thus, the most stable ge-

ometry as possible, which includes the total convergence. The geometry optimization 

steps of PDTB-EF-T are studied in section 5.1 and the modelled geometries are studied 

in section 5.2. Within the geometry optimization, the electronic structure is calculated in 

section 5.3. 

The mobility of a charge defines the drift velocity that a charge has under the effect of an 

electric field. Thus, the mobility is a measure, how fast a charge carrier can travel in a 

semiconductor. In organic materials, charge transport happens via hopping between lo-

calized states. Even though semiconducting polymers own a property of delocalization of 

charges, the delocalization spreads only in one dimension through the conjugated polymer 

backbone. The conjugation is sometimes disrupted, resulting a structure that consists of 

conjugated polymer segments of different lengths. Thus, charges are localized and need 

to hop to other conjugated parts. [32] 

Charge-carrier transport properties of molecules can be investigated with DFT calcula-

tions, when a hopping model is expected. The chemical structure and the properties of π-

conjugated molecules affect the efficiency of OPVs, because the mobility of electrons 

and holes define the performance of electronic devices. A charge hopping model de-

scribes charge-carrier transport, which is assumed by parameters that are evaluated by 

DFT calculations. [33] The charge-carrier transport properties of the polymer PDTB-EF-

T are examined in section 5.4. 

Time-dependent density functional theory (TDDFT) can be used to examine the excited 

states of π-conjugated systems at the B3LYP/6-31G(d) level of theory. The adapting of 

the absorption profiles in OPV materials to imitate the solar flux is enabled by tuning the 

excited-state energies of the materials. TDDFT offers crucial information when studying 

the nature of the excitations. In this thesis, TDDFT at the level B3LYP/-31G(d) will be 

used to explore the excited singlet and triplet states of the molecule PDTB-EF-T. The 

excitation energies affect MO energies, which play an important role in solar cell systems. 

Donor and acceptor parts of a molecule have a great influence on the excited states. In 

the study of polymer solar cell materials, the excited-state characteristics is modified us-

ing planarization and chemical substitution. [34] The excited state properties in π-conju-

gated system of PDTB-EF-T are studied in section 5.5. 

An atom can have various excited states, for example a singlet excited state and a triplet 

excited state. A singlet state means an atomic or a molecular state, where all electron spins 
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are paired [35]. A triplet state means also an atomic or a molecular state, in which two 

unpaired electrons have parallel spins [36]. The energy difference between the lowest 

singlet (S1) and triplet excited state (T1), in other words the exchange energy (ΔEST), in-

fluences chemical structure. By realizing the effect, it is necessary to form a general view 

of the intrinsic properties of the singlet and triplet excitations [37]. ΔEST helps to under-

stand the positioning and crossing between systems of the excited states in a polymer 

[37]. A small ΔEST relates to a delocalized state and thus a small exciton binding energy, 

while a big ΔEST indicates a localization of the electron‒hole pair and thus a high exciton 

binding energy. A small ΔEST is desired in OPVs. [37] The singlet and triplet excited 

states of the polymer PDTB-EF-T are studied in section 5.5. 
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3. QUANTUM MECHANICS AND MOLECULAR 

SCALE PROPERTIES 

Macroscopic systems are proved by many theories of classical mechanics, but when very 

small systems are in question, one must use quantum mechanics [38, p. 1]. A basic as-

sumption in QM claim that a microscopic system can be described with a wave function 

which describes all the physical properties of the system [38, p. 4]. QM was developed to 

account for the dichotomy that matter has both particle-like and wavelike properties [38, 

p. 105]. 

This chapter briefly introduces theories of QM, conformational analysis, and charge-car-

rier transport. The first sections focus on the wave function and the analysis of confor-

mations and the last section on the charge-carrier transport properties. More specifically, 

section 3.1 explains, what a Schrödinger equation and the Hamiltonian operator are. Den-

sity functional theory is explored in section 3.2. In section 3.3, conformational analysis is 

presented perfunctorily. The charge-carrier transport properties of the trimer of PDTB-

EF-T are introduced in section 3.4 by studying the nature of the optimized structures of 

the radical anion and the radical cation.  

3.1 The Schrödinger equation 

A key feature of QM is that a wave function Ψ exists for any system, and that operators, 

or functions, which work upon Ψ return the detectable properties of the system. This has 

a mathematical form of 

 𝜐Ψ = 𝑏Ψ (3.1) 

where υ is an operator and b is a scalar value for a property of the system. This equation 

can be presented as 

 𝐻Ψ = 𝐵Ψ (3.2) 

where the operator υ in equation 3.1 returns the system energy, B, as an eigenvalue. H is 

called the Hamiltonian operator and the equation 3.2 is called the Schrödinger equation. 

[38, p. 106] 

The Hamiltonian operator includes five contributions to the total energy in a system: the 

kinetic energy of the electrons and the nuclei, the attraction of the electrons to the nuclei, 

and the interelectronic and internuclear repulsions. Other terms are also required in the 

Hamiltonian in more complicated situations, for example, in the presence of an external 

electric or magnetic field. The Hamiltonian has a mathematical form of  
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 (3.3) 

where i and j run over electrons, k and l run over nuclei, ħ is Planck’s constant divided by 

2π, me is the mass of the electron, mk is the mass of nucleus k, ∇2 is the Laplacian operator, 

e is the charge of the electron, Z is an atomic number, and rab is the distance between 

particles a and b. Thus, Ψ is a function of 3n coordinates where n is the number of parti-

cles, which makes solving the Schrödinger equation extremely difficult. [38, p. 107] 

To make things easier, the Born‒Oppenheimer approximation is evoked. The nuclei of 

molecular systems move much slower than electrons because of the differences in their 

mass. Thus, it is suitable to compute electronic energies for fixed nuclear positions. It 

means that the nuclear kinetic energy term and the attractive electron‒nuclear potential 

energy term are zero, and the repulsive nuclear‒nuclear potential energy term becomes 

constant. With these approximations, the electronic Schrödinger equation is  

 (𝐻𝑒𝑙 + 𝑉𝑁)Ψ𝑒𝑙(𝐪i, 𝐪k) = 𝐸𝑒𝑙Ψ𝑒𝑙(𝐪i, 𝐪k) (3.4) 

where ‘el’ stands for the Born‒Oppenheimer approximation, Hel includes the first, third, 

and fourth terms of the Hamiltonian operator in equation (3.3, VN is the nuclear‒nuclear 

repulsion energy, qi are independent variables of the electronic coordinates, and qk are 

parameters of the nuclear coordinates. [38, p. 110] 

3.2 Density functional theory 

The electron density function is based on the electron probability density function. Unlike 

the wavefunction, the electron density can be measured. It is a function of three variables, 

(x, y, z), whereas the wavefunction for a molecule with n electrons has 4n variables. [39] 

The wave function depends on a spin and three spatial coordinates for each electron, mak-

ing the wave function very complicated [38, p. 249]. Density function, on the other hand, 

is physically observable and more easily solved. 

With a known density, it is possible to determine the Hamiltonian operator, solve the 

Schrödinger equation, and determine the wave functions and energy eigenvalues. The 

Hamiltonian operator depends on the total number of electrons and the positions and 

atomic numbers of the nuclei. Since the total number of electrons affect the energy, the 

electron density, which integrated over all space gives the total number of electrons, is 

found useful when defining the Hamiltonian operator. In addition, the nuclei are point 

charges of which positions correspond to local maxima in the electron density. Moreover, 

the nuclear atomic numbers are available too from the density, because for every nucleus 

A to be found at an electron density maximum rA 
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where Z is the atomic number of A, rA is the radial distance from A, and �̅� is the spheri-

cally averaged density. [38, pp. 249‒250] 

3.2.1 The Hohenberg‒Kohn theorems 

Earlier DFT models were used in the solid-state physics, and they had little influence on 

chemistry. DFT became a real quantum chemistry method, when Hohenberg and Kohn 

proved two theorems in 1964, the Hohenberg‒Kohn existence theorem and the Hohen-

berg‒Kohn variational theorem. [38, p. 252] These two theorems are a base on density 

functional theory [39]. 

The Hohenberg‒Kohn existence theorem says that the electron density function deter-

mines the ground-state properties of an atom or a molecule [39]. It is stated previously 

that there is a dependence of the energy on the density. In the Hohenberg‒Kohn theorem, 

this density is the non-degenerated ground-state density, and it determines the Hamilto-

nian operator and the wave function. In addition, the ground-state density defines the 

external potential, which is the way that electrons interact with each other in DFT. [38, 

pp. 252‒254] Furthermore, the Hamiltonian determines not only the ground-state wave-

function but also all excited wave functions [38, p. 254]. 

The Hohenberg‒Kohn variational theorem says that the density of a system obeys a var-

iational principle [38, p. 254]. More specifically, the theorem states that the true electron 

density gives the lowest possible energy functional for the system. Only if the right func-

tional can be used this theorem is valid. DFT’s key is to find suitable functionals, and 

Hohenberg and Sham proved that a functional of the density must exist. [38, p. 257][39] 

3.2.2 The Kohn‒Sham method 

The final step solving the wave function is the solution of the Schrödinger equation, which 

is difficult in most cases. The difficulty lies in the electron‒electron interaction term in 

the correct Hamiltonian. A solution was found by Kohn and Sham in 1965. They under-

stood the simplicity of the situation if only the Hamiltonian operator handled a non-inter-

acting system of electrons. They suggested to solve a system of non-interacting electrons 

that have the same ground-state density as a real electron system. Thus, the ground state 

energy functional is  

 𝐸0[ρ(𝐫)] = 𝑇𝑛𝑖[ρ(𝐫)] + 𝑉𝑛𝑒[ρ(𝐫)] + 𝑉𝑒𝑒[ρ(𝐫)] + 𝐸𝑥𝑐[ρ(𝐫)] (3.6) 

where the terms, respectively, refer to the kinetic energy of the non-interacting electrons, 

the nuclear‒electron interaction, the classical electron‒electron repulsion and exchange-
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correlation energy. The exchange-correlation energy includes the correction to the kinetic 

energy, which is because of the interacting nature of electrons, and all non-classical cor-

rections to the electron‒electron repulsion energy. [38, pp. 255‒256] The Schrödinger 

equation can be solved, if the term Exc as a function of ρ was known [38, p. 257]. 

In other words, according to the Kohn‒Sham approach, from the energy of an idealized 

system, which does not have interacting electrons, the energy of a system is expressed as 

a deviation. The Kohn‒Sham equations can be derived from the energy equation and tak-

ing the Kohn‒Sham orbitals into account by minimizing the energy. [39] 

3.3 Conformational analysis 

Configuration means the three-dimensional organization of atoms in a molecule in space. 

The rotation of a single bond causing different arrangement in a molecule can be referred 

as conformations, conformational isomers or conformers. They appear generally, because 

a single bond can rotate in room temperature. Conformations are not specifically isomers 

because they cannot be isolated or separated. It is a shape of a molecule. [40] 

Conformational analysis examines kinetic and thermodynamic properties of substances 

that depend on the conformation of the molecules [40]. Computational simulations carry 

out conformations and weight their properties according to the free energy [38, p. 97]. 

The bigger the molecule, the more conformations it usually has. In addition, for bigger 

molecules the key in conformational analysis is to find out the optimal conformation of 

the molecule from only little information [38, p. 97].  The study areas of conformational 

analysis are for example energies and populations of different conformational propor-

tions, which conformers are existing, and chemical results of different conformations. 

[40] 

Conformational analysis began in 1874, when Van’t Hoff and Le Bell suggested inde-

pendently a conformation of the valence electrons of a carbon. They proposed that the 

four electrons are located towards the corners of a tetrahedron, and the nucleus is in the 

center. This model excited other chemists to examine more complex molecules, including 

Barton, who presented the basis of modern conformational analysis in 1950. [40] 

QM calculations can be used to indicate the interactions that are responsible for the sta-

bility of a conformer. Usually, many different spectroscopic techniques are carried out to 

identify conformational preference, but QM can analyze the stereo electronic interactions 

in a molecular structure. There are two stages in conformational analysis. At first, one 

must determine the stable conformations and their populations. Secondly, one must un-

derstand the stereo electronic interactions that are responsible for conformation stability. 

[41] 
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Conformational analysis for the molecules in PSCs is very important. As discussed ear-

lier, the morphology of the donor and acceptor play a crucial role in charge mobility and 

therefore in the device performance. Solving the conformation of the polymer PDTB-EF-

T is a key factor of this thesis. Through the conformation, the minimum energy of the 

molecule, the electronic structure, and other qualities that contribute to the efficiency of 

OPVs, can be examined. 

3.4 Charge-carrier transport properties 

Charge-carrier transport properties can be studied with ionization potential (IP), electron 

affinity (EA), and intramolecular reorganization energy (λ). Oxidation and reduction de-

form the molecular geometry. IP, EA, and λ are studied for hole and electron transport. 

[33] In this work, the trimer of PDTB-EF-T is used to model the charge-carrier transport 

properties of the polymer in section 5.4. 

IP is often associated with HOMO and hole transport and EA with LUMO and electron 

transport [42]. IP means the energy that is required for ionization reaction, or the mini-

mum energy required to remove an electron from the top of the valence band to vacuum 

level. For a polymer in OPV, the IP value indicates the susceptibility or ease to remove 

electrons from the polymer by an appropriate electron acceptor. EA, on the other hand, 

means the energy needed to add an electron to LUMO level from the vacuum level. [43] 

λ, on the other hand is defined as a deformation that a charge carrier makes. When a hole 

or an electron is localized on a molecule the extra charge causes a local deformation in 

the structure. The most striking deformation happens on the molecule and typically in 

bond length changes. A more reduced deformation happens in the surroundings. Nor-

mally, the reorganization energy is separated into intramolecular and intermolecular com-

ponents that summed up results the total reorganization energy. [44] The intermolecular 

components are not examined in this thesis. The intramolecular reorganization energy for 

hole transport (λ+) is the sum of the energy needed to reorganize the vertically ionized 

neutral state to the cation geometry (λ2
+) and the energy needed to reorganize the cation 

geometry back to the neutral state (λ1
+). The intramolecular reorganization energy for 

electron transport (λ-) is the sum of the energy needed to reorganize the vertically ionized 

neutral state to the anion geometry (λ2
-) and the energy needed to reorganize the anion 

geometry back to the neutral state (λ1
-). [45] The potential energy curves for neutral, cat-

ion, and anion molecule with the previous values are shown in Figure 3.1.  
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Figure 3.1 Representation of potential energy curves for neutral, cation, and anion 

states. 

The IP, EA and λ of the trimer of PDTB-EF-T can be calculated from the energies of the 

three geometry optimizations, neutral (E0(0)), radical cation (E+(+)), and radical anion 

(E-(-)) states. The optimized geometries of the radical cation and the radical anion were 

calculated by starting from the optimized geometry of the neutral molecule. With these 

optimizations, another four single-point energy calculations that calculate the energy of a 

geometry without geometry optimization, were performed: the neural electronic configu-

ration at the cation geometry (E0(+)), the neutral electronic configuration at the anion 

geometry (E0(-)), the cation electronic configuration at the neutral geometry (E+(0)), and 

the anion electronic configuration at the neutral geometry (E-(0)). These values are used 

to calculate vertical IP (VIP), adiabatic IP (AIP), vertical EA (VEA), adiabatic EA (AEA), 

λ1
+, λ2

+, λ1
-, and λ2

- for the neutral molecule as follows [33]: 

 𝑉𝐼𝑃 = 𝐸+(0) − 𝐸0(0) (3.7) 

 

 𝐴𝐼𝑃 = 𝐸+(+) − 𝐸0(0) (3.8) 

 

 𝑉𝐸𝐴 = 𝐸−(0) − 𝐸0(0) (3.9) 

 

 𝐴𝐸𝐴 = 𝐸−(−) − 𝐸0(0) (3.10) 
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 𝜆1
+ = 𝐸0(+) − 𝐸0(0) (3.11) 

 

 𝜆2
+ = 𝐸+(0) − 𝐸+(+) (3.12) 

 

 𝜆1
− = 𝐸0(−) − 𝐸0(0) (3.13) 

 

 𝜆2
− = 𝐸−(0) − 𝐸−(−) (3.14) 
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4. MODELS AND METHODS 

This chapter focuses on the computational models and methods that were used in this 

thesis. Section 4.1 explains, how the periodical model was constructed and examined, and 

section 4.2 focuses on the methods how the calculations were carried out. The results of 

these modellings and their importance are discussed in chapter 5. 

4.1 Models 

The CRU of the polymer PDTB-EF-T, which is presented in Figure 2.5 and Figure 4.1 

was used to create the monomer, dimer , trimer, and periodic models, as described under 

section 5.1. The geometry of the monomer was optimized first. Secondly, dimer 1 was 

constructed and optimized of the two monomer CRUs. The periodic model was calculated 

from the modified dimer 1 that is the model of dimer 2. Dimer 3 and the trimer were cut 

from the periodical model and optimized. The trimer was not totally converged. The side 

chains of each model, except the monomer, were replaced with methyl side chains to 

make the calculations less demanding. The calculations in sections 5.3 and 5.4 were done 

with the trimer without the side chains to model the charge-carrier transport properties 

and the excited state properties to also reduce the computational cost. 

The modeling of the polymer was started by optimizing its geometry, in which potential 

energy surface (PES) scans were necessary. Dihedral angles between atoms were deter-

mined with relaxed PES-scans, where the geometry of a molecule was optimized at con-

strained intervals of 20° between 0° and 360°, except the angle between the two CRUs of 

dimer 1, of which PES-scan was performed at constrained intervals of 10°. After each 

PES-scan, the geometries of the molecules were optimized with the coordinates that gave 

the lowest energy in the PES scan. The geometry optimization ensures the lowest energy. 

The basics in examining organic solar cells includes the theoretical knowledge of the 

HOMO and LUMO energy levels of the molecules. These MO levels of the donor and 

acceptor materials are crucial features to determine, if an effective charge transfer takes 

place between the materials. For example, guiding the synthesis of materials with low 

band gap, quantum-chemical means have been more and more used to predict the band 

gap of conjugated systems. [30] The MO levels are examined in section 5.3. 

Another intrinsic property of a conjugated polymer that gives detailed connections be-

tween chemical structure and electronic and optical properties is bond length alternation 

(BLA). BLA is a geometrical parameter that is calculated as the difference between the 

lengths of a single bond and a double bond in π-conjugated system. The conjugation path 

for calculating the BLAs in bold is shown in Figure 4.1. The BLA was calculated for the 

optimized ground state geometry of the monomer and the periodic model of PDTB-EF-T 

in the following way in section 5.3: the average difference in length between the adjacent 

single and double bonds through the conjugation path between the terminal carbons [46].  
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Figure 4.1 The conjugation path for calculating the BLAs in bold. 

When calculating the BLA of the monomer, dimer 1, trimer, and periodic model, one, 

two, three, and two CRUs of the molecules were used determining the bond lengths, re-

spectively. 

The excited states were calculated for the trimer of PDTB-EF-T using TDDFT at the 

B3LYP/6-31G(d) level of theory. The trimer was used to model the excited state proper-

ties of the PDTB-EF-T polymer, because the TDDFT calculations are not available for 

the periodic model in Gaussian 16. The geometries of S1 and T1 were optimized to exam-

ine, how the structure and the electronic behavior of a molecule changes during an exci-

tation. The calculations were started by using the coordinates of the optimized geometry 

of the ground state (S0) of the trimer that was calculated in section 5.1. The MOs were 

calculated for S1 and T1 to examine, how excitation influences on the electronic proper-

ties. The BLAs were also determined for S1 and T1 as the same manner as described earlier 

to examine, how excitation affects the structural properties of the trimer. 

The energies of the vertical electronic transitions for the first ten singlet and triplet excited 

states were determined for the trimer. The excitations were from S0→S1, S0→S2, and so 

on, and S0→T1, S0→T2, and so on. Again, the trimer of PDTB-EF-T was used to model 

the properties of the polymer. The calculations were started by using the coordinates of 

the optimized geometry of the ground state. At first, the singlet and triplet excited states 

were calculated to determine the optical transitions. The results also include information 

of the excitation energies that determines the electron movement from one MO to another. 
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With the excited state energies, the exchange energy of the trimer of PDTB-EF-T could 

be determined in section 5.5.  

4.2 Methods 

All DFT and TDDFT calculations were carried out in vacuum with Gaussian 16 (Revision 

A.03) [3] software. The DFT calculations were used for optimizing the geometries of the 

neutral monomer, neutral dimer 1, neutral dimer 2, neutral dimer 3, neutral trimer and 

neutral periodic model. The DFT calculations were also used for optimizing the geome-

tries of the radical anion and the radical cation of the trimer. The TDDFT calculations 

were used for optimizing the geometries of the first singlet and triplet excited states of 

the trimer. In addition, the TDDFT calculations were used for calculating the energies of 

the vertical electronic transitions for the first ten singlet and triplet excited states in S0 

geometry. Avogadro 1.2.0 [4] and Chemcraft 1.8 [5] softwares were used for construction 

and visualization of the molecules. 

The geometry optimization calculations and studies of the periodic model were carried 

out at the B3LYP/6-31G(d,p) level of theory in sections 5.1 and 5.2. The electronic struc-

ture of the periodic model in section 5.3 was also examined at the B3LYP/6-31G(d,p) 

level of theory. In section 5.4, the charge-carrier transport property calculations of the 

trimer were calculated at the B3LYP/6-31G(d,p) level of theory. The excited state prop-

erties of the trimer were calculated at the B3LYP/6-31G(d) level of theory in section 5.5.  
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5. RESULTS AND DISCUSSION 

The results of this thesis consider the modelled properties of the donor polymer PDTB-

EF-T. Examining the electronic structure, the charge-transport properties, and the excited 

states in π-conjugated systems give valuable information about the performance of the 

materials in polymer solar cells. The methods used in the work to examine the features of 

the polymer were completely computational. This chapter presents the results and com-

pares them to the experimental research results which have been obtained for the polymer 

PDTB-EF-T and J71. 

The monomer, dimer 1, dimer 2, dimer 3, trimer, and periodic model of PDTB-EF-T were 

optimized at first. Section 5.1 explains, how the geometry optimization steps for con-

structing the periodic model were performed. Section 5.2 explores the geometry of the 

optimized models. Section 5.3 considers the electronic structure of the donor polymer 

PDTB-EF-T and some properties of the monomer, dimer 1, dimer 2, dimer 3, and trimer. 

In section 5.4, the results concerning the charge-carrier transport are examined. Finally, 

the consequences of the excited states and their properties of the polymer are considered 

in section 5.5. The calculations in sections 5.4 and 5.5 were done with the trimer, because 

the TDDFT calculations are not available for the periodic model in Gaussian 16. 

5.1 Geometry optimization steps for constructing the periodic 

model 

The electronic structure of the polymer PDTB-EF-T was solved by optimizing the mole-

cule piece by piece. To solve the optimized structure of the polymer, the structure of the 

monomer and dimer 1 were optimized first. At the beginning of the optimization, the 

backbone of the CRU was optimized one step at a time with hydrogens on the places of 

the side chains and the next CRU. The calculations were started with the optimization of 

the structure of BDT that can be seen in Figure 5.1. The second step was to add a thio-

phene to BDT on its right place and perform an optimization and a PES scan between the 

sulfurs. The optimized structure of the molecule is shown in Figure 5.2. The previous 

steps were repeated with the second and the third thiophene units of the backbone shown 

in Figure 5.3‒5.4, respectively. 
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Figure 5.1 The optimized structure of step 1. 

 

Figure 5.2 The optimized structure of step 2. 

 

Figure 5.3 The optimized structure of step3. 

 

Figure 5.4 The optimized structure of step 4. 

The fifth step was to add a thiophene unit with a fluorine and an SH-group to the back-

bone, optimize the structure, perform a PES-scan on it, and optimize the structure again, 

which can be seen in Figure 5.5. The previous step was performed to the other thiophene 

unit on the other side of the backbone as well, which is shown in Figure 5.6. 
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Figure 5.5 The optimized structure of step 5. 

 

Figure 5.6 The optimized structure of step 6. 

To continue the optimization of the structure of the polymer PDTB-EF-T in step 7, a 

carboxyl acid group was added on the place, in which the ester group is located. After the 

optimization, a PES-scan was performed to know the direction, to which the carboxyl 

oxygen and hydrogen aim so that the molecule has the smallest energy. Finally, the opti-

mization was performed. The optimized structure is shown in Figure 5.7. The previous 

step was repeated with the other carboxyl acid group, and the optimized structure can be 

seen in Figure 5.8. 
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Figure 5.7 The optimized structure of step 7. 

 

Figure 5.8 The optimized structure of step 8. 

It can be seen in Figure 5.8 that the hydrogen attached to the sulfur in the upper thiophene 

unit aims toward the hydrogen in the left carboxyl acid group, which is not a suitable 

conformation. The problems of this conformation can be predicted, because the side 

chains of the groups may confront each other. Therefore, another PES-scan was per-

formed for the sulfur‒hydrogen bond. The result of the geometry optimization after the 

PES-scan, in other words, step 9 can be seen in Figure 5.9. The hydrogen of the sulfur 

has turned in other direction. 

It can be noticed that the two sulfurs in the most right are on the same side of the back-

bone, which may not be the most optimal structure. Thus, another PES-scan and a geom-

etry optimization were performed to the thiophene in the right. It can be seen in Figure 

5.10 that the thiophene has not turned and the sulfurs are on the same side of the backbone. 
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Figure 5.9 The optimized structure of step 9. 

 

Figure 5.10 The optimized structure of step 10. 

Finally, the side chains were added to the coordinates of the optimized molecule of step 

9, as steps 11 and 12. At first, the geometries of the side chains were optimized. Then, the 

side chains of the thiophenes were set on the places of the hydrogens. The optimized 

structure can be seen in Figure 5.11. As step 12, the decyl side chain were added to replace 

the hydrogens of the carboxyl acid groups, which created two esters. Figure 5.12 visual-

izes step 12 and is the optimized structure of the monomer of PDTB-EF-T. The exact 

coordinates, bond lengths, and bond angles of the monomer can be seen in appendices A, 

C, and D. The labelled atoms are shown in appendix B, in Figures B1‒B6. 
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Figure 5.11 The optimized structure of step 11. 

 

Figure 5.12 The optimized structure of step 12. 

To begin the optimization of the polymer, the side chains of the monomer were replaced 

with methyl groups, and the structure was optimized, which can be seen in Figure 5.13. 

The decyl and the 2-ethylhexyl side chains were simplified as methyl groups, so that the 

calculations would be computationally less demanding. A dimer with methyl side chains 

was constructed of the two simplified monomer units. The structure was optimized. A 

PES-scan was also performed between the two CRUs of dimer 1, and the geometry with 

the lowest energy was optimized again. The optimized structure is shown in Figure 5.14. 
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Figure 5.13 The monomer with methyl side chains. 

 

Figure 5.14 The optimized structure of dimer 1 after a PES-scan and a geometry 

optimization with methyl side chains. 

Eventually, the periodical calculations were performed from dimer 1. Periodical calcula-

tions create the polymeric structure. The structure of the first six CRUs of the polymer 

PDTB-EF-T is shown in Figure 5.15. 

The periodical model was created from dimer 1 model, which does not necessarily calcu-

late the optimized geometry with the minimized energy. Thus, it must be inspected, how 

the periodical model starts from dimer 1. In Figure 5.16, the bond between the second 

and the third CRU is shown zoomed. The sulfurs are not in the same side of the backbone 

and the joint is not like that of the first and the second CRU. Thus, dimer 1 in Figure 5.14 

was modified by changing the position of the thiophene and its side chain on the most 

left. The modified geometry, dimer 2, can be seen in Figure 5.17. Another periodical 

model that is shown in Figure 5.18 was calculated from dimer 2. The energy of dimer 2 

with added hydrogens was calculated with single point energy calculation. Now that the 

sulfurs are on the same side of the backbone that is planar, and the joints are uniform, the 

energy is smaller than the periodical model in Figure 5.15. 
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Figure 5.15 The optimized geometry of the polymeric structure of PDTB-EF-T. 

 

Figure 5.16 The bond between the second and the third constitutional repeating units. 

 

Figure 5.17 The modified geometry of dimer 1, dimer 2. 

 

Figure 5.18 The periodical model calculated from the modifed dimer 1. 

Another dimer, dimer 3 that is shown in Figure 5.19, was constructed by cutting two 

CRUs from the periodical model. In addition, the geometry of the trimer was optimized. 

The trimer was constructed from the periodical model by taking three CRUs and adding 

hydrogens. PES-scans were not performed for the molecule. The optimized structure of 

the trimer is shown in Figure 5.20. 
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Figure 5.19 Dimer 3 cut from the periodical model. 

 

Figure 5.20 The optimized structure of the trimer. 

5.2 Geometries of the optimized models 

The chemical structure of the dimer in the article is shown in Figure 5.21 and that of this 

work in Figure 5.22. By comparing the structures, the backbone can be seen to be differ-

ent. Results are affected by the choice of the CRU. 
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Figure 5.21 The dimer as presented in the article. Modified from reference [2]. 

 

Figure 5.22 The dimer modelled in this work. 

The monomers, the oligomers, and the periodical model of PDTB-EF-T were optimized 

with Gaussian 16 [3] at the B3LYP/6-31G(d,p) level of theory. It can be seen in Figure 

5.13 that the backbone of the monomer without the side chains is almost planar (13‒31°). 

Some anomaly of the thiophenes can be detected because of the sulfur atoms that need to 

be as far from each other as possible to gain the minimized energy for the molecule. The 

fluorinated thiophenes are not in plane with the rest of the backbone due to the repulsion 

effects of the sulfur and the fluorine atoms. Fluorine atom is thought to be a good choice 

for lowering he energy levels with no undesirable steric hindrance [2]. 

The monomer with the side chains, in Figure 5.12, is more planar (13‒17°) than the mon-

omer with simplified side chains, in Figure 5.13. Otherwise, the orientation of the thio-

phene units are alike. The side chains have an optimal geometry of a zigzag. As for the 

decyl side chains, they are oriented approximately parallel to the backbone. The side 

chains of the thiophenes are oriented on different sides of the backbone. The ester groups 

induce intra- and interchain nonbonding interactions that help forming a good poly-

mer:SMA blend morphology that improves PCE [2]. 

Dimer 1, in Figure 5.14, is constructed in the principal of head-to-tail. In the optimized 

geometry, the other CRU has turned about 160 degrees vertically with respect to the first 

CRU according to the PES-scan. Dimer 1 is also almost planar (12‒36°). The fluorinated 

thiophenes of each CRU are parallel, and their methyl side chains point in the same di-

rection. The first two ester groups and their methyl side chains are located on the same 

side of the backbone and the last two on the other side of the backbone. 
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The periodical model, in Figure 5.18, was constructed to form a head-to-tail configura-

tion. The polymeric structure of PDTB-EF-T is almost planar (21‒25°), and it has a zigzag 

pattern. The polymer is not curved, as are not the oligomers of PDTB-EF-T. The back-

bone curvature of a polymer affects the solubility and charge-carrier mobility [47]. A 

more curved polymers are known to be more soluble but have smaller charge-carrier mo-

bilities and polymer chain packing ability [47]. According to the article [2] a thiophene 

unit was set between two DTBDT-EF units to avoid the distortion of the backbone, when 

the new polymer PDTB-EF-T was constructed. The computational results proved that 

straightening the backbone by twisting the thiophene during the construction of the peri-

odical model, the geometry of the molecule became more favorable because of the im-

proved planarity. 

The trimer, in Figure 5.20, was constructed by taking three CRUs from the periodic 

model, adding hydrogens, and optimizing the geometry. The planarity of the trimer is 

moderate (11‒31°), and the biggest angles occur in the chain ends (17°, 31°). The trimer 

is not curved, and it has a zigzag-pattern. The ester side chains of each CRU are on the 

same side of the backbone plane, and the fluorinated thiophenes of each CRU are coplanar 

and their methyl side chains point to the same direction as in the case of dimer 1. 

The structures of the simplified monomer, dimer 1, dimer2, dimer 3, trimer, and periodi-

cal model do not include the truthful side chains. The side chains were simplified by 

methyl groups, which affects the optimized geometry. As for the monomer, the truthful 

side chains prevent the twisting of the backbone and contribute to the planarity of the 

molecule. The same effect can be predicted for the longer oligomers and the periodical 

model.  

5.3 Electronic structures of the optimized models 

After the calculation of the optimized structure of the polymer PDTB-EF-T, its energy 

characteristics were studied, which includes the investigation of the electronic structure 

at the B3LYP/6-31G(d,p) level of theory. One-electron wave functions are also known as 

molecular orbitals (MO). MOs define the electronic structure of a molecule. The total 

energy and the levels of HOMO-1, HOMO, LUMO and LUMO+1 were calculated and 

shown in Table 5.1. The difference between HOMO and LUMO, the HOMO‒LUMO 

gap, can also be seen in Table 5.1. The previous properties were also calculated for the 

monomers, dimer 1, dimer 2, trimer, dimer 3 cut from the periodical model, and the results 

are shown in Table 5.1 and illustrated in Figure 5.23. The HOMO-1, HOMO, LUMO and 

LUMO+1 of the periodic model are presented in Figure 5.24‒5.27, respectively. 
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Table 5.1 Total energies, Etot, (Ha), HOMO-1, HOMO, LUMO, and LUMO+1 energies 

(eV), and HOMO‒LUMO gaps (eV), EHOMO‒LUMO, (eV) of the compounds with side 

chains (+) or without side chains (-) calculated at the B3LYP/6-31G(d,p) level of the-

ory. 

Compound Etot (Ha) HOMO-1 

(eV) 

HOMO 

(eV) 

LUMO 

(eV) 

LUMO+1 

(eV) 

EHOMO‒

LUMO 

(eV) 

Monomer (+) -6 727.494 -7.72 -5.24 -2.25 -1.69 3.00 

Monomer (-) -5 469.331 -5.97 -5.47 -2.48 -1.82 2.99 

Dimer 1 (-) -10 937.468 -5.59 -5.39 -2.79 -2.48 2.60 

Dimer 2 (-) -10 937.446 -5.66 -5.43 -2.81 -2.48 2.62 

Trimer (-) -16 405.605 -5.52 -5.40 -2.91 -2.75 2.49 

Periodic model, dimer 2 

model (-) 

-10 936.273 -5.79 -5.39 -3.01 -2.58 2.38 

Dimer 3 cut from the peri-

odical model (-) 

-10 937.461 -5.64 -5.41 -2.82 -2.50 2.59 

 

Figure 5.23 Energies of HOMO-1 (the lowest values), HOMO (the second lowest 

values), LUMO (the second highest values), and LUMO+1 (the highest values) of the 

compounds. 

It can be seen in Table 5.1 that the side chains lower the level of HOMO-1, raise the levels 

of HOMO, LUMO and LUMO+1 and widen the HOMO‒LUMO gap of the monomer. 

The truthful side chains have also a great impact on the energy characteristics of the pe-

riodic model. To point out a value, the truthful HOMO level would most probably be 

higher than -5.39 eV, if the side chains were included in the periodic model. Though, the 

behavior of the periodical model cannot predict only from the behavior of the monomer 

with or without the side chains. 

Dimer 1, in Figure 5.14, is the structure that was constructed from the two monomer 

CRUs, PES-scanned and optimized. Dimer 2, in Figure 5.17, is the structure that was 

modified from dimer 1 by turning the dihedral angle between the CRUs. For further de-

tails, see section 5.1. Dimer 3, in Figure 5.19, is the structure that was cut from the peri-

odical model. The periodical model was calculated from the model of dimer 2. The big-

gest energy difference of these dimers is between dimer 1 and dimer 2 (0.022 Ha). The 
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Figure 5.24 HOMO-1 of the donor polymer PDTB-EF-T calculated at the B3LYP/6-

31G(d,p) level of theory. 

 

Figure 5.25 HOMO of the donor polymer PDTB-EF-T calculated at the B3LYP/6-

31G(d,p) level of theory. 
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Figure 5.26 LUMO of the donor polymer PDTB-EF-T calculated at the B3LYP/6-

31G(d,p) level of theory. 

 

Figure 5.27 LUMO+1 of the donor polymer PDTB-EF-T calculated at the B3LYP/6-

31G(d,p) level of theory. 

energy of the periodical model is closest to that of dimer 2, because the periodical model 

was constructed from the model of dimer 2. 

The MO levels differ only a little between the three dimers. The biggest difference of 

HOMO-1s is 0.07 eV, HOMOs 0.04 eV, LUMOs 0.03 eV, and LUMO+1s 0.02 eV. More-

over, the overall trend is that the HOMO-1 and HOMO levels rise and the LUMO and 

LUMO+1 levels lower, when the molecule length increases. In addition, the increasing 

backbone chain length narrows the HOMO‒LUMO gap, as one would expect. The trimer 

does not follow the trend. It was cut from the periodical model meaning that the coordi-

nates for the optimization of the trimer was taken after the periodical calculation. Because 

the periodical model was constructed from dimer 2 that is energetically more unstable 
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than dimer 1, the difference is also seen in the HOMO energy compared to the HOMO 

energy of dimer 1. Otherwise, the levels of the MOs of the trimer follow the trend. 

The MOs of the periodic model presented in Table 5.1 are illustrated in Figures 5.24–

5.27. The HOMO-1 wavefunction is delocalized mainly on the BDT unit. The HOMO 

and LUMO wavefunctions are delocalized on both CRUs in the periodic model built from 

dimer 2. The LUMO+1 wavefunction is delocalized mostly on the opposite places com-

pared to HOMO-1, meaning regions other than the BDT unit and its side chains. The 

improved mixing and delocalization of the frontier molecular orbitals are a result of the 

planar backbone [48]. The HOMO and LUMO wavefunctions are delocalized over the 

whole backbone. Delocalization over the whole backbone indicates that the CRUs are all 

identical and there are no chain end effects. 

The HOMO-1, HOMO, LUMO, and LUMO+1 wavefunctions for the trimer were also 

calculated, and they are shown in Figure 5.28‒5.31, respectively. Thus, the MOs can be 

compared with those of the polymeric model and later with the excited states of the trimer. 

The MOs of the trimer and those of the periodic model in Figures 5.24–5.27 are very 

similar, because the trimer was cut from the periodical model. The most significant dif-

ference can be seen in the backbone chain ends. As for the trimer, the MOs do not localize 

in the chain ends much, because the chain ends are twisted. As mentioned in section 5.2, 

the angles of the thiophenes at the chain ends are 17° and 31°, which decreases the pla-

narity of the backbone. The decrease planarity weakens the interaction between electrons 

and the formation of delocalized electron densities decreases. As for the polymeric model, 

the MOs spread throughout the whole molecule, and it has aromaticity, because the back-

bone is planar. 

BLAs were calculated for the monomer, dimer 1, trimer, and periodic model of PDTB-

EF-T. The results are shown in Table 5.2. BLAs are influenced by the length of the mol-

ecule. The BLA value decreases when the number of CRUs increase, because the delo-

calization of the π electrons along the backbone improves [46]. The BLA values are pos-

itive, which is due to very alternated geometries that thus are categorized as having aro-

matic nature [49]. By using only oligomers to define the BLA for a polymer, only the 

middle CRUs of the oligomer should be used for the calculations, because the backbone 

chain ends affect the BLA values [46]. 
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Figure 5.28 HOMO-1 of the trimer of PDTF-EF-T. 

 

Figure 5.29 HOMO of the trimer of PDTF-EF-T. 

 

Figure 5.30 LUMO of the trimer of PDTF-EF-T. 
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Figure 5.31 LUMO+1 of the trimer of PDTF-EF-T. 

Table 5.2 BLAs (Å) for the monomer, dimer 1, trimer, and periodic model of PDTB-EF-

T with side chains (+) or without side chains (-). 

Molecule BLA (Å) 

Monomer (+) 0.0466 

Monomer (-) 0.0460 

Dimer 1 (-) 0.0453 

Trimer (-) 0.0441 

Periodic model, dimer 2 model (-) 0.0429 

In order to compare the results of the theoretical calculations of this work with both the 

experimental results and those obtained for other polymers presented in literature, the MO 

levels are collected here. The results of the article [2] indicate that the HOMO level of 

the polymer PDTB-EF-T is about -5.5 eV and the band gap approximately 1.93 eV. The 

HOMO level of PDTB-EF-T computationally predicted in this work is -5.39 eV, LUMO 

level -3.01 eV, and the HOMO‒LUMO gap 2.38 eV. The HOMO level of J71 is -5.40 eV 

and LUMO level -3.24 eV and the band gap 2.16 eV, which were measured by electro-

chemical cyclic voltammetry [16].  

A few requirements for an efficient polymer donor in a PSC are a deep HOMO level and 

a narrow band gap [50]. The HOMO level has thus developed via the molecular design 

from J71 to PDTB-EF-T, and the band gap has become narrower according to the exper-

imental results in references [2] and [16]. The theoretical calculations in this work do not 

predict the same result. The HOMO level of PDTB-EF-T calculated theoretically is 0.11 

eV higher, and the HOMO‒LUMO gap 0.45 eV wider than the band gap compared to the 

experimental results in reference [2]. The theoretically calculated HOMO level of PDTB-

EF-T is 0.01 eV higher compared to that of the experimental result of J71 in reference 

[16]. In addition, the HOMO‒LUMO gap of PDTB-EF-T calculated in this work is 0.22 

eV wider than the band gap of J71 calculated experimentally in reference [16]. 

There are some differences between the calculated results of the polymer PDTB-EF-T in 

this thesis and the experimental results of the original article [2]. The HOMO level in the 

article was measured with electrochemical cyclic voltammetry. It must be kept in mind 
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that due to the differences between the methods, the experimental values of the article 

and the theoretical values of this work cannot be compared directly. [14] The DFT calcu-

lations in this work were performed for one molecule in vacuum in which the solvent was 

not considered. Therefore, the efficiency of only one molecule cannot be predicted. In 

addition, the band gap and the HOMO‒LUMO gap cannot be compared directly.  

It must be kept in mind that the research [2] did not calculate the properties of the mono-

mer, the oligomers, or the whole molecule of PDTB-EF-T theoretically. Therefore, the 

conformation of PDTB-EF-T of the theoretical calculations in this work may differ from 

the truthful conformation of the polymer in the experimental measurements in reference 

[2]. The research did calculate the HOMO (-5.50 eV) and LUMO (-2.34 eV) levels of 

DTBDT-EF. The HOMO level of the monomer of PDTB-EF-T is -4.47 eV that is 0.03 

eV higher than that of DTBDT-EF. The LUMO level of the monomer of PDTB-EF-T is 

-2.48 eV that is 0.14 eV lower than that of DTBDT-EF. The difference between DTBDT-

EF and the monomer of PDTB-EF-T is that DTBDT-EF lacks one of the thiophene units, 

which lowers HOMO and lifts LUMO, which widens the HOMO‒LUMO gap. To im-

prove the photovoltaic performance of polymer:SMA devices, the wide band gap and the 

deep HOMO level of donor polymers is necessary with SMAs [2]. 

5.4 Calculations of the charge-carrier transport properties of 

the trimer 

The geometry of the radical cation and the radical anion of the trimer of PDTB-EF-T were 

optimized at the B3LYP/6-31G(d,p) level of theory using the optimized geometry of the 

neutral trimer as the starting structure for the optimization to model the properties of the 

polymer. The section focuses on the results that are important for hole transport of the 

donor unit. The total energies, and HOMO- and LUMO-energies are shown in Table 5.3. 

Table 5.3 The total energies (Ha), α HOMO- (eV), and β LUMO (eV) energies of the 

trimer radical cation and radical anion. 

Molecule Total energy 

(Ha) 

α HOMO 

(eV) 

α LUMO 

(eV) 

β HOMO 

(eV) 

β LUMO 

(eV) 

Trimer radical cat-

ion 

-16 405.389 -6.76 -4.58 -6.57 -6.34 

Trimer radical anion -16 405.694 -1.94 -1.64 -3.63 -1.49 

The structural differences are inevitable between the ground state and cationic or anionic 

state. The geometry of the cationic molecule changes depending on the location where 

the electronic density is altered upon ionization. A cation geometry tends to have a 

quinoidal structure, although aromatic rings keep their aromaticity, and has increased pla-

narity due to improved double bond character of adjacent rings. A planar structure is 

needed for conjugation and charge delocalization. [51] The amorphous morphology of 

NF acceptors sets drawbacks in charge carrier mobility, because in this case only planar 
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conjugated backbones and high crystallinity are helpful for charge carrier transport prop-

erties. [25] 

According to Table 5.3, the total energy of the neutral trimer molecule is -16 405.605 Ha. 

The HOMO energy of the neutral molecule is -5.42 eV and LUMO -2.91 eV. Both 

HOMO and LUMO levels of the radical cation are lower than HOMO and LUMO of the 

neutral molecule. As for the anion, both MO levels are higher than those of the neutral 

molecule. The positive charge lowers, and the negative charge lifts the MO levels.  

The same effects are predicted for the periodic model. The total energy of the periodic 

model is -10 936.273 Ha and HOMO and LUMO are -5.39 eV and -3.01 eV, respectively. 

The energy of the radical cation is predicted to be higher and that of the radical anion to 

be lower than -10 936.273 Ha. Both HOMO and LUMO levels of the radical cation of the 

periodic model are predicted to be lower than -5.39 eV and -3.01 eV, respectively. As for 

the radical anion, both HOMO and LUMO levels are predicted to be higher than those of 

the neutral periodic model. 

The values determining hole and electron transport were also examined using equations 

3.7‒3.14. The energies of the different structures are shown in Table 5.4. As mentioned 

before, the superscript means the electronic state and the value between parentheses 

means the optimized geometry. 0 stands for neutral, + cation, and – anion. The results are 

summoned in Table 5.5. 

Table 5.4 The values (Ha) that affect charge-carrier transport properties for the trimer. 

E0(0) (Ha) -16 405.605 E0(-) (Ha) -16 405.602 

E+(+) (Ha) -16 405.389 E+(0) (Ha) -16 405.386 

E-(-) (Ha) -16 405.694 E-(0) (Ha) -16 405.691 

E0(+) (Ha) -16 405.602   

Table 5.5 VIP, AIP, VEA, AEA, λ1
+, λ2

+, λ1
-, and λ2

- (Ha), (eV) for the trimer. 

Energy (Ha) (eV) 

VIP 0.219 5.96 

AIP 0.216 5.88 

VEA 0.085 -2.32 

AEA -0.089 -2.42 

λ1
+ 0.004 0.10 

λ2
+ 0.003 0.09 

λ+ 0.007 0.18 

λ1
- 0.004 0.11 

λ2
- 0.004 0.10 

λ- 0.008 0.21 
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The Koopmans’ theory, which states that the IP is about the inverse energy of HOMO 

and the EA is approximately the energy of LUMO, is here directional for the energy char-

acteristics. The inverse of HOMO (5.42 eV) is ~0.5 eV smaller than VIP and LUMO, -

2.91 eV, is ~0.6 eV smaller than VEA. VIP is a little higher than AIP (~0.09 eV). Thus, 

the VIP of the periodic model can be foreseen to be higher than 5.39 eV and the VEA to 

be higher than -3.01 eV. The higher ionization values are essential for an efficient hole 

transport and the stability of radical cations [51]. 

Since the hole and electron transporting at the molecular level can be represented as the 

electron or hole transport reactions between the neighboring atoms, the lower reorgani-

zation energy displays higher charge transport rate [45]. The reorganization energies of 

the trimer are in the range of 0.18 eV to 0.21 eV. The hole transport λ+ value is less than 

the electron transport λ- value resulting in a faster hole transport than electron transport 

of the trimer. Thus, the periodic model is assumed also to transport holes better than elec-

trons. A better hole mobility could be gained by improving the planarity of the molecule 

[52]. The calculations were though performed with the trimer without the truthful side 

chains. The hole transport rate could be expected to increase if the planarity is increasing 

with the extended side chains. 

A donor molecule must have great charge-carrier transport properties to move holes from 

the interface of a donor and an acceptor towards the anode to contribute to high PCEs [6]. 

A radical cation with high HOMO orbital energy, low λ+ reorganization energy and high 

ionization potential transports holes efficiently [45]. Thus, the polymer PDTB-EF-T 

would transport holes faster through the development of the radical cation geometry. 

5.5 Calculations of the excited states of the trimer 

The optimized geometries of the lowest singlet and triplet excited states were calculated 

using TDDFT at the B3LYP/6-31(d) level by starting from the optimized geometry of the 

ground state of the trimer. The purpose of the calculations is to compare the geometries 

of the singlet and triplet excited states to the ground state geometry. The energy of the 

first singlet excited state and that of the triplet excited state are shown in Table 5.6. The 

excitation affects the MO energies of a molecule. The HOMO and LUMO energy levels 

of the first singlet and the first triplet states were calculated and summoned in Table 5.6. 

The visualizations of the orbitals are shown in Figure 5.32‒5.35. The effect of the exci-

tations is examined also with BLA values that are shown in Table 5.7.  
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Table 5.6 The total energy (eV), HOMO energy (eV) and LUMO energy (eV) of the 

optimized geometries of the ground state and the first singlet and triplet excited states of 

the trimer. 

Excited state Total energy (Ha) HOMO (eV) LUMO (eV) 

Ground state -16 405.605 -5.42 -2.91 

Singlet -16 405.443 -5.14 -3.18 

Triplet -16 405.473 -5.03 -3.35 

The total energy of S1 is 0.162 Ha higher than that of S0. The HOMO level of S1 is 0.28 

eV higher and the LUMO level of S1 is 0.27 eV lower in energy than those of S0. The 

HOMO‒LUMO gap of S1 is 0.55 eV narrower in energy than that of S0. The total energy 

of T1 is 0.132 Ha higher than that of S0. The HOMO level of T1 is 0.39 eV higher in 

energy and the LUMO level of T1 is 0.44 eV lower in energy than those of S0. The 

HOMO‒LUMO gap of T1 is 0.83 eV narrower in energy than that of S0. The dihedral 

angles of S1 are 0‒17°, except the angle between the two thiophenes on the most right is 

29°. The dihedral angles of T1 are 0‒23°, except the angle between the two thiophenes on 

the most right is 30°. Compared to the dihedral angles of the S0 geometry (11‒31°) the 

planarity of the backbones improves little for these first excited states, which is also pre-

dicted for the periodical model. 

The same effects are predicted for the periodic model. The total energy of the periodic 

model is -10 936.273 Ha and HOMO and LUMO are -5.39 eV and -3.01 eV, respectively, 

and the HOMO‒LUMO gap is 2.38 eV. The energies of S1 and T1 of the periodical model 

are predicted to be higher than -10 936.273 Ha. The HOMO levels of S1 and T1 of the 

periodic model are predicted to be higher in energy than -5.39 eV and the LUMO levels 

of S1 and T1 of the periodic model are predicted to be lower in energy than -3.01 eV. The 

HOMO‒LUMO gap of the excited states of the periodical model are predicted to be nar-

rower in energy than 2.38 eV. 

The HOMO and LUMO wavefunctions are delocalized mainly between the two CRUs of 

the S1 and T1 of the trimer. The electron densities of the HOMO and LUMO of S1 are 

quite like those of S0 and T1 of the trimer, even though there is less electron density on 

the left side of S1 of the trimer. T1 shows to be more localized compared to S1. 
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Figure 5.32 HOMO of the lowest singlet excited state of the trimer of PDTB-EF-T. 

 

Figure 5.33 LUMO of the lowest singlet excited state of the trimer of PDTB-EF-T. 

 

Figure 5.34 HOMO of the lowest triplet excited state of the trimer of PDTB-EF-T. 
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Figure 5.35 LUMO of the lowest triplet excited state of the trimer of PDTB-EF-T. 

The MOs of S0 of the trimer and the periodic model of PDTB-EF-T were already com-

pared in section 5.3. The results indicated that the MOs are very similar. The most signif-

icant difference could be seen in the backbone chain ends. As for S0 of the trimer, the 

MOs do not localize in the backbone chain ends much, and as for the polymeric model, 

the MOs spread throughout the whole molecule. The same effect is predicted for the ex-

cited states. Thus, the MOs of the excited states of the periodic model would spread more. 

Table 5.7 BLAs (Å) of  S1 and T1 of the trimer. 

State BLA (Å) 

S1 0.0226 

T1 0.0201 

The BLA values of S1 and T1 are very close to each other according to Table 5.7. The 

positive BLA values mean an aromatic character of the molecule and a negative BLA 

value means a quinoidal character. [49] The BLA of S1 is 0.0215 Å shorter than that of 

S0 (0.0441 Å), because the excitation shortens the single bonds and lengthens the double 

bonds of the geometry of S1 of the trimer [52]. The BLA of T1 is 0.024 Å shorter than 

that of S0. The BLA values indicate, that the structures of the molecules change towards 

a quinoid character during the excitations. A ground state geometry has an aromatic struc-

ture, whereas the excited state geometries favor more quinoid character [49]. The same 

effect is predicted for the periodical model. Thus, the BLA values of the S1 and T1 are 

predicted to be shorter in length than 0.0429 Å that is the BLA of S0 of the periodical 

model. Moreover, the excited states of the periodical model are expected to have a quinoid 

character. 

The vertical transition energies were also calculated using TDDFT at the B3LYP/6-31(d) 

level of theory for the first two singlet and the first triplet excited states, which are shown 

in Table 5.8. The transitions were calculated with the optimized geometry of the ground 

state of the trimer. The other excitations between molecular orbitals than the excitations 

between HOMO-1, HOMO, LUMO, and LUMO+1 were not considered for the first ver-

tical transition of the triplet excitation in Table 5.8. 
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Table 5.8 Vertical S0→S1 S0→S2 S0→T1 transition energies (eV) and wavelengths (λ), 

oscillator strengths (f), and the electronic configurations between HOMO-1, HOMO, 

LUMO, and LUMO+1of the trimer calculated in vacuum with TDDFT at the B3LYP/6-

31G(d) level of theory using the geometry of the ground state of the trimer. 

Transition Evert 

(eV) 

λ 

(nm) 

f Electronic configuration (%) 

S0→S1 2.14 580.71 2.54 H-1→L (2.6), H-1→L+1 (7.5), H→L (84.5) 

S0→S2 2.34 529.90 0.04 H-1→L (61.6), H→L+1 (32.6) 

S0→T1 1.53 809.14 0 H-1→L (3.3), H-1→L+1 (13.8), H→L (54.6) 

The transition energies and oscillator strengths give insight into the optical properties. As 

it is seen in Table 5.8, S0→S1 transition is ~0.2 eV smaller than S0→S2 transition and 

~0.60 eV bigger than S0→T1 transition. The oscillator strengths indicate that the first 

vertical transition of the singlet excitation is most probable of these excitations. Although, 

these theoretical values can be different from those of experimental values, because these 

results calculated in vacuum do not consider the solvent effect.  

The first vertical transition of the singlet excitation wavelength corresponds to the wave-

length of visible light. The excitation is not only from HOMO to LUMO (84.5%) but also 

from HOMO-1 to LUMO (2.6%) and from HOMO-1 to LUMO+1 (7.5%). As for the 

second vertical transition of the singlet excitation, the wavelength corresponds also to the 

wavelength of visible light. The excitation occurs not only from HOMO-1 to LUMO 

(61.6%) but also from HOMO to LUMO+1 (32.6%). Finally, the first vertical transition 

of the triplet excitation does not correspond to the wavelength of visible light. On the 

other hand, it corresponds to the wavelength of a near-infrared ray. The excitation occurs 

mostly from HOMO to LUMO (54.6%), but also from HOMO-1 to LUMO (3.3%) and 

from HOMO-1 to LUMO+1 (13.8%).  

The trimer of PDTB-EF-T indicates great excited state properties that are predicted also 

for the periodic model. Since most solar energy radiates in the frequencies of visible light 

and near-infrared region [29], the trimer has an overlap in this region for an absorption 

spectrum. The required overlap in the visible light and near-infrared region contributes to 

efficient harvesting of solar energy in PSCs [29]. 

A small energy difference between the first singlet and triplet excited state, ΔEST, is de-

sired for efficient OPVs. As for the trimer PDTB-EF-T, ΔEST, is about 0.60 eV. For the 

trimer, ΔEST is approximately the same with B3LYP as literature values (~0.60 eV) for 

conjugated polymers. Exchange is an interaction that measures the electron‒hole wave-

function overlap. Exchange energy is a measure for the electron–hole wavefunction over-

lap that is small for more planar and rigid polymers. By reducing the electron‒hole wave-

function overlap, charge recombination becomes more improbable, which improves the 

photovoltaic performance. [37]  



49 

 

6. CONCLUSIONS 

The goal of this study was to examine theoretically the photovoltaic properties of the 

polymer PDTB-EF-T that has yielded experimentally the highest PCE of a PSC so far, 

14.2%. The properties of the polymer studied in this work were the geometry, the elec-

tronic structure, the charge-transport properties and the excited states. These characteris-

tics are often studied for the π-conjugated systems of the donor and acceptor materials in 

PSCs. This work was the first theoretical study of PDTB-EF-T, in which the photovoltaic 

properties of the polymer were studied with QM methods. New information of the local-

ization of the electronic density and the delocalization of the molecular orbitals of the 

periodical model that was illustrated with pictures, was provided. Theoretical calculations 

give valuable insight and guide the experimental research of the properties of a compound 

used in polymer solar cells.  

The optimization of the polymer PDTB-EF-T was performed by first optimizing the mon-

omer with geometry optimizations and PES-scans. Secondly, the geometry of the methyl 

side chained dimer 1 was optimized from the simplified monomer with geometry optimi-

zations and a PES-scan. The periodic model was calculated from dimer 2 model that is a 

modified geometry of dimer 1. The trimer was constructed from the periodic model. The 

optimized geometry of the trimer was used to examine the charge-carrier transport prop-

erties and the excited states. 

The results of the calculations followed the known theories. As the backbone chain length 

of the model of the polymer increases, the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) get closer to each other, and thus, 

narrows the HOMO‒LUMO gap. The HOMO and LUMO levels of the periodic model 

were calculated as -5.39 eV and -3.01 eV. The planar backbone of the polymer contributes 

to the chain packing efficiency and charge-carrier characteristics. According to the BLA 

values, the increasing backbone chain length decreases the BLA values. The planarity of 

the radical cation resulted proper charge-carrier transport properties, especially in the case 

of hole transport. As for the calculations of the excited states, the vertical transitions of 

the first two singlet and the first triplet excited state of the trimer of PDTB-EF-T corre-

spond to the visible and near-infrared wavelengths. 

The properties of the monomer with the truthful side chains give information, how the 

side chains affect the molecular geometry and the photovoltaic properties. The larger ol-

igomers give the opportunity to examine, how the length of the donor unit affects the 

photovoltaic properties. A trimer is a quite short oligomer to predict the properties of a 

polymer accurately. The longer the oligomer, the better the properties indicate those of a 

polymer. Thus, based on the MO energy level and the BLA value development from the 

monomer to the periodic model, it is suggested to examine longer oligomers than trimer 

to characterize better the photovoltaic properties of the polymer PDTB-EF-T. 
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The thesis created a great base of the future studies that focus on the electron transport 

properties and the theoretical studies of the coupling of this donor molecule and the small-

molecule acceptor. In the future studies, the interaction of the donor polymer PDTB-EF-

T with different acceptors should also be examined. The intermutual MO levels of the 

donor and acceptor, the morphology between the materials and molecular packing, which 

affect the photovoltaic properties, could be also studied with computational methods in 

the future. In addition, the modifications of the conformation of the polymer PDTB-EF-

T should be examined to gain even lower total energy and HOMO levels. The improve-

ments in a deep HOMO level with a narrow band gap could be achieved with testing the 

effect of different electron-withdrawing side chains. Such studies would benefit the im-

provements in the intrinsic properties of the active materials and therefore the photovol-

taic performance.  
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APPENDIX A: THE COORDINATES OF THE MONOMER 

Table A1 The coordinates of the monomer. 

Atom Coordinates   

C -0.633682 -1.935293 0.755547 

C 0.690651 -1.465185 0.571849 

C 0.919120 -0.108735 0.196154 

C -0.108465 0.821136 0.003266 

C -1.432575 0.351894 0.189070 

C -2.661323 1.063559 -0.011371 

C -1.661181 -1.004685 0.562437 

C -3.782981 0.311886 0.207273 

H -2.700849 2.095706 -0.335607 

S -3.385448 -1.344228 0.684538 

C -5.170811 0.711562 0.096282 

S 2.642935 0.231801 0.072779 

C 3.041396 -1.424086 0.552314 

C 1.919287 -2.176132 0.772211 

H 1.959717 -3.208216 1.096504 

C -6.294823 -0.077986 0.045395 

C -7.506329 0.666858 -0.069484 

C -7.294216 2.024197 -0.105426 

S -5.619091 2.413664 0.010972 

H -6.281524 -1.160624 0.072108 

H -8.037150 2.803401 -0.190720 

C 5.552137 -1.039048 0.673387 

C 4.426744 -1.824311 0.664026 

C 6.775262 -1.757673 0.823839 

H 5.541288 0.041899 0.610788 

S 4.876482 -3.512775 0.809859 

C 6.586216 -3.135026 0.924232 

C 8.021468 -0.955543 0.937196 

S 7.091272 -5.595966 2.139225 

C 7.504341 -4.254886 1.075723 

C 8.697734 -4.509834 0.436532 

C 8.523982 -6.457639 1.697700 

C 9.276206 -5.758665 0.791750 

H 9.132692 -3.819568 -0.272509 

H 8.729894 -7.423145 2.138365 

H 10.211512 -6.125391 0.384956 

C -0.935608 -3.326878 1.129437 

C -1.709487 -3.768215 2.177685 

C -1.796434 -5.18207 2.221488 

C -1.132941 -5.851289 1.224016 

S -0.360718 -4.682427 0.173048 

H -2.169939 -3.120336 2.912851 

F -2.489634 -5.818743 3.180793 

S -0.951785 -7.587119 0.998910 
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H 1.401480 1.995330 -2.174001 

F 1.744893 4.686196 -2.442675 

C 0.952278 2.647889 -1.436054 

C 1.054115 4.061352 -1.479152 

C 0.191104 2.212729 -0.375670 

C 0.401773 4.735399 -0.476793 

S 0.273419 6.471363 -0.239164 

S -0.371740 3.569933 0.581439 

C -8.827732 0.003074 -0.145554 

O -8.984793 -1.202200 -0.120429 

O -9.839752 0.892933 -0.245306 

O 8.015618 0.262437 0.914278 

O 9.141649 -1.690837 1.083986 

C 1.912211 6.829334 0.563039 

C 2.073367 8.302525 0.975616 

C 3.396779 8.435496 1.767564 

C 3.513662 9.723133 2.594224 

H 4.240780 8.36889 1.065982 

H 3.500032 7.579501 2.447888 

C 4.845902 9.838241 3.346280 

H 2.685508 9.762208 3.316070 

H 3.392826 10.602425 1.947501 

C 4.955647 11.113700 4.186997 

H 5.672640 9.803223 2.623924 

H 4.973135 8.960448 3.994215 

H 4.867651 12.009616 3.561924 

H 5.915950 11.166849 4.709957 

H 4.162946 11.160150 4.942306 

C 2.024658 9.280767 -0.228750 

H 1.251802 8.550728 1.663615 

C 0.655845 9.921617 -0.489087 

H 2.363892 8.754937 -1.130630 

H 2.750501 10.085261 -0.063654 

H -0.112834 9.176135 -0.711689 

H 0.703913 10.608486 -1.340648 

H 0.320911 10.495563 0.382333 

H 1.983780 6.179623 1.439236 

H 2.695064 6.544217 -0.146704 

C -2.705279 -8.176323 0.807090 

C -3.295069 -8.195609 -0.614895 

C -3.509239 -6.773321 -1.172721 

C -4.470871 -6.684382 -2.366226 

H -2.539449 -6.343517 -1.454509 

H -3.898698 -6.134299 -0.368667 

C -4.704897 -5.243795 -2.839670 

H -5.435347 -7.135161 -2.090422 

H -4.089611 -7.275307 -3.209200 

C -5.667605 -5.147062 -4.026713 

H -3.741182 -4.792243 -3.110934 

H -5.093056 -4.646624 -2.00372 
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H -5.289132 -5.704387 -4.891374 

H -5.813682 -4.108114 -4.339218 

H -6.651348 -5.558748 -3.773984 

C -2.501895 -9.094100 -1.585214 

H -4.292188 -8.650099 -0.485261 

C -2.418874 -10.570923 -1.181116 

H -1.489989 -8.684870 -1.697897 

H -2.968073 -9.031086 -2.574522 

H -1.848596 -10.719299 -0.258288 

H -1.924201 -11.158398 -1.961115 

H -3.416367 -10.999372 -1.027846 

H -3.315474 -7.573479 1.482966 

H -2.669415 -9.186639 1.223697 

H -12.027453 2.110220 0.503439 

C -11.168878 0.328428 -0.323386 

C -12.158336 1.480550 -0.385482 

H -13.833212 0.350546 0.390478 

H -14.505824 2.772387 0.366503 

C -13.610546 0.993581 -0.472501 

H -11.921349 2.108630 -1.253317 

C -14.627886 2.140159 -0.524262 

H -16.303306 1.013470 0.247514 

H -13.731778 0.360326 -1.362469 

H -16.978211 3.436604 0.237849 

C -16.082388 1.662517 -0.611817 

H -14.404078 2.784679 -1.386000 

C -17.100997 2.808126 -0.655764 

H -18.776519 1.679966 0.113859 

H -16.204631 1.033298 -1.504908 

H -19.452728 4.103678 0.112488 

C -18.556184 2.332090 -0.743411 

H -16.879469 3.457926 -1.514427 

C -19.575282 3.477195 -0.782771 

H -21.249996 2.349495 -0.014328 

H -18.679577 1.705692 -1.638447 

C -21.030814 3.002064 -0.870435 

H -21.967600 4.774231 -0.008652 

H -19.355758 4.130116 -1.639806 

C -22.041820 4.151914 -0.907757 

H -21.153663 2.377314 -1.765635 

H -23.069824 3.780436 -0.970339 

H -21.870415 4.802485 -1.772954 

H -11.229867 -0.311854 -1.209973 

H -11.335593 -0.307695 0.552180 

H 19.151015 3.098155 -5.309665 

H 19.918678 4.480302 -4.517303 

H 19.010544 2.908138 -2.791924 

C 18.962328 3.970830 -4.674031 

C 18.320812 3.559915 -3.345382 

H 17.120543 1.951446 -4.146847 
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H 18.311361 4.651295 -5.234717 

H 17.018276 1.773573 -1.63883 

C 16.976779 2.841617 -3.517600 

H 18.177005 4.449850 -2.717585 

C 16.327565 2.426049 -2.192013 

H 15.125078 0.818686 -2.994387 

H 16.286519 3.493936 -4.071633 

H 15.024959 0.638313 -0.487221 

C 14.983105 1.708820 -2.364955 

H 16.185062 3.316540 -1.563204 

C 14.334818 1.292613 -1.038899 

H 13.128984 -0.311566 -1.843849 

H 14.292065 2.361631 -2.917005 

H 13.032438 -0.497803 0.661247 

C 12.989363 0.577887 -1.213233 

H 14.193553 2.182403 -0.409043 

C 12.342900 0.160590 0.113640 

H 11.122615 -1.440780 -0.693275 

H 12.297742 1.232567 -1.761493 

C 10.993582 -0.546584 -0.069835 

H 12.204715 1.049758 0.744234 

C 10.376931 -0.955217 1.263432 

H 10.294010 0.115161 -0.591822 

H 10.178334 -0.079795 1.886648 

H 11.025503 -1.647946 1.805989 
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APPENDIX B: SEQUENCE NUMBERS LABELLED ON THE AT-

OMS OF THE MONOMER 

 

Figure B1 Numeration of the parts of the monomer. 

 

Figure B2 Sequence numbers labelled on atoms in part 1. 
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Figure B3 Sequence numbers labelled on atoms in part 2. 

 

Figure B4 Sequence numbers labelled on atoms in part 3. 
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Figure B5 Sequence numbers labelled on atoms in part 4. 

 

Figure B6 Sequence numbers labelled on atoms in part 5. 
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APPENDIX C: THE BOND LENGTHS OF THE MONOMER 

Table C1 The bond lengths of the monomer. 

Bond Length (Å) Bond Length (Å) 

R(1-2) 1.417 R(58-82) 1.094 

R(2-3) 1.426 R(44-83) 1.860 

R(3-4) 1.399 R(83-84) 1.540 

R(4-5) 1.417 R(84-85) 1.543 

R(5-6) 1.434 R(85-86) 1.535 

R(1-7) 1.400 R(85-87) 1.098 

R(5-7) 1.425 R(85-88) 1.098 

R(6-8) 1.368 R(86-89) 1.534 

R(6-9) 1.083 R(86-90) 1.100 

R(7-10) 1.762 R(86-91) 1.098 

R(8-10) 1.769 R(89-92) 1.531 

R(8-11) 1.448 R(89-93) 1.098 

R(3-12) 1.761 R(89-94) 1.098 

R(12-13) 1.769 R(92-95) 1.096 

R(2-14) 1.434 R(92-96) 1.095 

R(13-14) 1.369 R(92-97) 1.096 

R(14-15) 1.083 R(84-98) 1.542 

R(11-16) 1.375 R(84-99) 1.103 

R(16-17) 1.427 R(98-100) 1.533 

R(17-18) 1.374 R(98-101) 1.097 

R(18-19) 1.724 R(98-102) 1.095 

R(11-19) 1.762 R(100-103) 1.095 

R(16-20) 1.083 R(100-104) 1.095 

R(18-21) 1.080 R(100-105) 1.096 

R(13-23) 1.446 R(83-106) 1.092 

R(22-23) 1.372 R(83-107) 1.093 

R(22-24) 1.427 R(55-109) 1.446 

R(22-25) 1.083 R(109-110) 1.520 

R(23-26) 1.753 R(108-110) 1.097 

R(26-27) 1.755 R(111-113) 1.099 

R(24-27) 1.394 R(110-113) 1.534 

R(24-28) 1.486 R(110-114) 1.097 

R(29-30) 1.761 R(113-115) 1.534 

R(27-30) 1.456 R(112-115) 1.099 

R(30-31) 1.378 R(113-117) 1.099 

R(29-32) 1.729 R(116-119) 1.099 

R(31-33) 1.421 R(115-119) 1.533 

R(32-33) 1.369 R(115-120) 1.099 

R(31-34) 1.081 R(119-121) 1.534 

R(32-35) 1.081 R(118-121) 1.099 

R(33-36) 1.084 R(119-123) 1.099 

R(1-37) 1.472 R(122-125) 1.099 

R(37-38) 1.376 R(121-125) 1.534 

R(38-39) 1.417 R(121-126) 1.099 
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R(39-40) 1.372 R(125-127) 1.533 

R(40-41) 1.751 R(124-127) 1.100 

R(37-41) 1.756 R(125-129) 1.099 

R(38-42) 1.083 R(128-130) 1.099 

R(39-43) 1.344 R(127-130) 1.534 

R(40-44) 1.760 R(127-132) 1.100 

R(45-47) 1.083 R(130-133) 1.532 

R(47-48) 1.418 R(131-133) 1.096 

R(46-48) 1.340 R(130-134) 1.099 

R(47-49) 1.376 R(133-135) 1.095 

R(4-49) 1.473 R(133-136) 1.096 

R(48-50) 1.373 R(109-137) 1.095 

R(50-51) 1.757 R(109-138) 1.095 

R(49-52) 1.754 R(139-142) 1.096 

R(50-52) 1.754 R(140-142) 1.095 

R(17-53) 1.481 R(142-143) 1.532 

R(53-54) 1.216 R(141-143) 1.099 

R(53-55) 1.351 R(142-145) 1.096 

R(28-56) 1.218 R(144-147) 1.100 

R(28-57) 1.348 R(143-147) 1.534 

R(51-58) 1.859 R(143-148) 1.099 

R(58-59) 1.538 R(147-149) 1.533 

R(59-60) 1.548 R(146-149) 1.099 

R(60-61) 1.535 R(147-151) 1.100 

R(60-62) 1.100 R(150-153) 1.099 

R(60-63) 1.098 R(149-153) 1.534 

R(61-64) 1.534 R(149-154) 1.099 

R(61-65) 1.099 R(153-155) 1.534 

R(61-66) 1.098 R(152-155) 1.099 

R(64-67) 1.532 R(153-157) 1.099 

R(64-68) 1.098 R(156-159) 1.099 

R(64-69) 1.098 R(155-159) 1.533 

R(67-70) 1.096 R(155-160) 1.099 

R(67-71) 1.095 R(159-161) 1.534 

R(67-72) 1.096 R(158-161) 1.099 

R(59-73) 1.552 R(159-163) 1.099 

R(59-74) 1.100 R(161-164) 1.534 

R(73-75) 1.534 R(162-164) 1.098 

R(73-76) 1.098 R(161-165) 1.099 

R(73-77) 1.096 R(164-166) 1.525 

R(75-78) 1.094 R(57-166) 1.449 

R(75-79) 1.095 R(164-167) 1.095 

R(75-80) 1.096 R(166-168) 1.093 

R(58-81) 1.093 R(166-169) 1.093 
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APPENDIX D: THE BOND ANGLES OF THE MONOMER 

Table D1 The bond angles of the monomer. 

Bond Angle (°) Bond Angle (°) 

A(1-2-3) 120.0 A(84-83-107) 110.7 

A(2-1-7) 116.6 A(84-85-86) 114.9 

A(1-2-14) 128.2 A(84-85-87) 109.3 

A(2-1-37) 122.6 A(84-85-88) 108.7 

A(2-3-4) 123.4 A(85-84-98) 112.4 

A(2-3-12) 111.0 A(85-84-99) 107.3 

A(3-2-14) 111.8 A(86-85-87) 109.3 

A(3-4-5) 116.6 A(86-85-88) 108.3 

A(4-3-12) 125.5 A(85-86-89) 112.9 

A(3-4-49) 120.9 A(85-86-90) 109.3 

A(4-5-6) 128.2 A(85-86-91) 110.4 

A(4-5-7) 120.0 A(87-85-88) 105.9 

A(5-4-49) 122.5 A(89-86-90) 109.2 

A(6-5-7) 111.8 A(89-86-91) 108.7 

A(5-6-8) 114.1 A(86-89-92) 113.2 

A(5-6-9) 123.1 A(86-89-93) 109.2 

A(1-7-5) 123.4 A(86-89-94) 109.2 

A(1-7-10) 125.5 A(90-86-91) 106.1 

A(7-1-37) 120.9 A(92-89-93) 109.5 

A(5-7-10) 111.0 A(92-89-94) 109.5 

A(8-6-9) 122.8 A(89-92-95) 111.2 

A(6-8-10) 111.9 A(89-92-96) 111.4 

A(6-8-11) 128.4 A(89-92-97) 111.2 

A(7-10-8) 91.2 A(93-89-94) 105.9 

A(10-8-11) 119.6 A(95-92-96) 107.7 

A(8-11-16) 128.9 A(95-92-97) 107.5 

A(8-11-19) 120.9 A(96-92-97) 107.6 

A(3-12-13) 91.2 A(98-84-99) 107.4 

A(12-13-14) 111.9 A(84-98-100) 115.0 

A(12-13-23) 119.7 A(84-98-101) 108.8 

A(2-14-13) 114.1 A(84-98-102) 108.4 

A(2-14-15) 123.1 A(100-98-101) 109.7 

A(13-14-15) 122.8 A(100-98-102) 108.4 

A(14-13-23) 128.4 A(98-100-103) 112.4 

A(11-16-17) 113.4 A(98-100-104) 110.7 

A(16-11-19) 110.2 A(98-100-105) 111.3 

A(11-16-20) 124.3 A(101-98-102) 106.2 

A(16-17-18) 112.7 A(103-100-104) 107.0 

A(17-16-20) 122.3 A(103-100-105) 107.6 

A(16-17-53) 121.9 A(104-100-105) 107.5 

A(17-18-19) 111.8 A(106-83-107) 107.0 
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A(17-18-21) 127.5 A(55-109-110) 107.7 

A(18-17-53) 125.4 A(55-109-137) 108.8 

A(18-19-11) 91.8 A(55-109-138) 108.9 

A(19-18-21) 120.7 A(109-110-108) 108.9 

A(13-23-22) 128.9 A(109-110-113) 112.2 

A(13-23-26) 121.2 A(109-110-114) 109.0 

A(23-22-24) 114.6 A(110-109-137) 111.9 

A(23-22-25) 124.2 A(110-109-138) 112.0 

A(22-23-26) 109.9 A(108-110-113) 109.9 

A(24-22-25) 121.2 A(108-110-114) 106.7 

A(22-24-27) 112.9 A(111-113-110) 109.4 

A(22-24-28) 117.1 A(111-113-115) 109.2 

A(23-26-27) 92.8 A(111-113-117) 106.0 

A(26-27-24) 109.9 A(113-110-114) 110.0 

A(26-27-30) 117.1 A(110-113-115) 113.1 

A(27-24-28) 129.9 A(110-113-117) 109.5 

A(24-27-30) 133.0 A(113-115-112) 109.2 

A(24-28-56) 122.3 A(115-113-117) 109.3 

A(24-28-57) 114.2 A(113-115-119) 113.5 

A(29-30-27) 120.0 A(113-115-120) 109.3 

A(29-30-31) 110.0 A(112-115-119) 109.3 

A(30-29-32) 91.8 A(112-115-120) 106.0 

A(27-30-31) 129.8 A(116-119-115) 109.3 

A(30-31-33) 113.5 A(116-119-121) 109.3 

A(30-31-34) 122.3 A(116-119-123) 105.9 

A(29-32-33) 111.7 A(119-115-120) 109.3 

A(29-32-35) 119.9 A(115-119-121) 113.5 

A(31-33-32) 113.0 A(115-119-123) 109.3 

A(33-31-34) 124.1 A(119-121-118) 109.2 

A(31-33-36) 123.7 A(121-119-123) 109.3 

A(33-32-35) 128.4 A(119-121-125) 113.6 

A(32-33-36) 123.3 A(119-121-126) 109.3 

A(1-37-38) 127.7 A(118-121-125) 109.3 

A(1-37-41) 121.6 A(118-121-126) 105.9 

A(37-38-39) 112.2 A(122-125-121) 109.3 

A(38-37-41) 110.6 A(122-125-127) 109.3 

A(37-38-42) 124.4 A(122-125-129) 105.9 

A(38-39-40) 115.7 A(125-121-126) 109.3 

A(39-38-42) 123.4 A(121-125-127) 113.6 

A(38-39-43) 121.8 A(121-125-129) 109.3 

A(39-40-41) 108.9 A(125-127-124) 109.3 

A(40-39-43) 122.5 A(127-125-129) 109.3 

A(39-40-44) 128.6 A(125-127-130) 113.6 

A(40-41-37) 92.5 A(125-127-132) 109.3 

A(41-40-44) 122.4 A(124-127-130) 109.2 

A(40-44-83) 103.2 A(124-127-132) 105.9 
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A(45-47-48) 123.4 A(128-130-127) 109.2 

A(45-47-49) 124.3 A(128-130-133) 109.5 

A(47-48-46) 121.6 A(128-130-134) 106.0 

A(48-47-49) 112.2 A(130-127-132) 109.2 

A(47-48-50) 115.7 A(127-130-133) 113.3 

A(46-48-50) 122.7 A(127-130-134) 109.2 

A(47-49-4) 127.6 A(130-133-131) 111.2 

A(47-49-52) 110.7 A(133-130-134) 109.5 

A(4-49-52) 121.7 A(130-133-135) 111.5 

A(48-50-51) 128.2 A(130-133-136) 111.2 

A(48-50-52) 108.9 A(131-133-135) 107.6 

A(51-50-52) 122.9 A(131-133-136) 107.5 

A(50-51-58) 100.6 A(135-133-136) 107.6 

A(49-52-50) 92.5 A(137-109-138) 107.4 

A(17-53-54) 124.0 A(139-142-140) 107.6 

A(17-53-55) 112.1 A(139-142-143) 111.2 

A(54-53-55) 123.9 A(139-142-145) 107.5 

A(53-55-109) 115.8 A(140-142-143) 111.5 

A(56-28-57) 123.5 A(140-142-145) 107.6 

A(28-57-166) 116.4 A(142-143-141) 109.5 

A(51-58-59) 113.1 A(143-142-145) 111.2 

A(51-58-81) 106.8 A(142-143-147) 113.3 

A(51-58-82) 107.5 A(142-143-148) 109.5 

A(58-59-60) 108.0 A(141-143-147) 109.2 

A(58-59-73) 113.1 A(141-143-148) 106.0 

A(58-59-74) 107.8 A(144-147-143) 109.2 

A(59-58-81) 110.3 A(144-147-149) 109.3 

A(59-58-82) 110.4 A(144-147-151) 105.9 

A(59-60-61) 114.4 A(147-143-148) 109.2 

A(59-60-62) 108.9 A(143-147-149) 113.6 

A(59-60-63) 109.3 A(143-147-151) 109.2 

A(60-59-73) 111.7 A(147-149-146) 109.3 

A(60-59-74) 107.4 A(149-147-151) 109.3 

A(61-60-62) 109.6 A(147-149-153) 113.6 

A(61-60-63) 108.2 A(147-149-154) 109.3 

A(60-61-64) 113.2 A(146-149-153) 109.3 

A(60-61-65) 109.0 A(146-149-154) 105.9 

A(60-61-66) 110.3 A(150-153-149) 109.3 

A(62-60-63) 106.0 A(150-153-155) 109.3 

A(64-61-65) 109.2 A(150-153-157) 105.9 

A(64-61-66) 108.9 A(153-149-154) 109.2 

A(61-64-67) 113.2 A(149-153-155) 113.6 

A(61-64-68) 109.2 A(149-153-157) 109.3 

A(61-64-69) 109.3 A(153-155-152) 109.3 

A(65-61-66) 106.0 A(155-153-157) 109.2 

A(67-64-68) 109.5 A(153-155-159) 113.5 
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A(67-64-69) 109.5 A(153-155-160) 109.3 

A(64-67-70) 111.2 A(152-155-159) 109.3 

A(64-67-71) 111.4 A(152-155-160) 106.0 

A(64-67-72) 111.2 A(156-159-155) 109.3 

A(68-64-69) 106.0 A(156-159-161) 109.2 

A(70-67-71) 107.6 A(156-159-163) 106.0 

A(70-67-72) 107.5 A(159-155-160) 109.2 

A(71-67-72) 107.6 A(155-159-161) 113.5 

A(73-59-74) 108.6 A(155-159-163) 109.3 

A(59-73-75) 115.0 A(159-161-158) 109.2 

A(59-73-76) 109.0 A(161-159-163) 109.2 

A(59-73-77) 109.0 A(159-161-164) 113.1 

A(75-73-76) 109.7 A(159-161-165) 109.2 

A(75-73-77) 108.1 A(158-161-164) 109.6 

A(73-75-78) 112.1 A(158-161-165) 106.1 

A(73-75-79) 110.8 A(161-164-162) 109.9 

A(73-75-80) 110.9 A(164-161-165) 109.3 

A(76-73-77) 105.7 A(161-164-166) 112.0 

A(78-75-79) 107.5 A(161-164-167) 109.9 

A(78-75-80) 107.7 A(162-164-166) 109.0 

A(79-75-80) 107.7 A(162-164-167) 107.3 

A(81-58-82) 108.5 A(164-166-57) 111.9 

A(44-83-84) 117.4 A(166-164-167) 108.7 

A(44-83-106) 106.7 A(164-166-168) 110.9 

A(44-83-107) 102.9 A(164-166-169) 111.3 

A(83-84-85) 112.1 A(57-166-168) 108.8 

A(83-84-98) 113.0 A(57-166-169) 104.2 

A(83-84-99) 104.1 A(168-166-169) 109.4 

A(84-83-106) 111.4   

 


