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ABSTRACT

COPOLYMERS COMPRISING BENZODITHIOPHENE AND
BENZOTRIAZOLE DERIVATIVES FOR ORGANIC SOLAR CELLS

Giiven, Duygu

M. S., Polymer Science and Technology Department
Supervisor: Assoc.Prof. Dr. Ali Cirpan
Co-Supervisor: Assoc.Prof. Dr. Yasemin Arslan Udum

May 2016, 74 pages

In recent years, converting different energy sources into electricity is under massive
investigation. Sun light is an environmental source having a great potential to be
utilized as a green energy source. The photovoltaic cells directly convert sun light
into electricity. In this study, organic photovoltaic cells in which an active material
absorbing sun light and generating electricity were examined. For this aim, two novel
organic conjugated polymers were synthesized. Benzodithiophene moiety was used
as a donor unit and benzotriazole unit functionalized by alkyl chain was selected as
an acceptor unit. Selenophene and thiophene groups were used as m-bridge with their
donor character. In this manner, two different conjugated polymers were synthesized
via Stille coupling reaction. The electrochromic and photovoltaic properties of the
polymers were studied. Average molecular weights of synthesized polymers were
calculated by gel permeation chromatography. Cyclic voltammetry was used to
investigate redox behaviors and UV-Vis spectrophotometer was used to determine
optical properties of polymers. Electronic band gap values of P-SBTBDTT and P-
TBTBDTT were found as 1.96 eV and 2.2 eV, respectively. On the other hand,



optical band gap values were obtained as 1.87 eV and 1.95 eV for P-SBTBDTT and
P-TBTBDTT, sequentially. In photovoltaic studies, device fabrication was carried
out in a moisture free glove box. Devices were constructed by using ITO coated glass
substrate covered by different ratios of polymer:PC7;BM layers. Consequently, the
highest power conversion efficiency was found as 1.50 % for P-TBTBDTT under
standard AM 1.5 G illumination (100 mW/cm?) in the preliminary studies.

Keywords: Benzotriazole, benzodithiophene, selenophene, conjugated polymers,

organic solar cell
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0z

ORGANIK GUNES PILLERI iCiIN BENZODITIYOFEN VE
BENZOTRIAZOL TUREVLERI iCEREN KOPOLIMERLER

Giiven, Duygu

Yiiksek Lisans, Polimer Bilimi ve Teknolojisi Boliimii
Tez Yoneticisi: Dog¢.Dr. Ali Cirpan
Ortak Tez Yoneticisi: Dog¢.Dr. Yasemin Arslan Udum
Mayis 2016, 74 sayfa

Son yillarda farkli enerji kaynaklarini elektrie cevirmek icin bir¢ok arastirma
yapilmaktadir. Glines 15181 bu ¢alismalarda kullanilmak i¢in en yiiksek potansiyele
sahip olan ¢evresel bir kaynaktir. Bu ¢alismada i¢inde giines 151811 absorbe eden
aktif malzemesi bulunan ve birka¢ etkilesme ile gilines 15181 elektrige ceviren
organik fotovoltaik piller arastirildi. Bu amagla, 06zgiin konjuge polimerler
sentezlendi.  Benzoditiyofen  {iinitesi dondr olarak, alkil zinciri ile
fonksiyonlandirilmis benzotriazol {initesi ise akseptdr olarak kullanildi. Selenofen ve
tiyofen gruplar1 dondr o6zellikleri ile m-kopriisii olarak kullanildi. Bu sekilde, iki
farkli konjuge polimer Stille kenetleme reaksiyonu kullanilarak sentezlendi.
Polimerlerin elektrokromik ve fotovoltaik Ozellikleri ¢alisildi.  Sentezlenen
polimerlerin ortalama molekiil agirliklari jel permeasyon kromatografisi kullanilarak
hesaplandi. Polimerlerin redoks davraniglari doniisiimlii voltametri kullanilarak
yapilirken optik 6zellikleri UV-Vis spektrofotometre ile belirlendi. P-SBTBDTT ve
P-TBTBDTT polimerlerinin elektronik bant araliklar1 1.96 eV ve 2.2 eV bulundu.
Bununla birlikte optik bant araliklar1 1.87 eV ve 1.95 eV hesaplandi. Fotovoltaik

caligmalarda, cihaz yapimi havasiz ortam kabini igerisinde gergeklestirildi. Cihazlar,

vii



ITO kapli cam yiizeye farkli oranlarda polimer:PC7;BM katmanlar1 kaplanarak elde
edildi. Sonug olarak, yapilan 6n ¢alismalarda en yliksek gii¢ donilisiim verimi P-
TBTBDTT icin standart AM 1.5 G aydimlatma (100 mW/cm?) altinda 1.50 % olarak
elde edildi.

Anahtar Kelimeler: Benzotriazol, benzoditiyofen, selenofen, konjuge polimerler,

organik giines pili
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CHAPTER 1

INTRODUCTION

Polymers are macromolecules formed by the repeating units of a large number of
small molecules in a regular sequence. Polymers have been widely used due to their
flexibility, processability, low cost, environmental stability, light weight,
tailorability, etc. Chemical composition, molecular forces, molecular weight

distribution and morphology affect the properties of polymers.'

1.1. Conjugated Polymers

Conjugated polymers are organic polymers that conduct electricity. They show the
electrical, electronic, optical and magnetic properties of metal while keeping the
properties of conventional polymer such as mechanical properties, processability,
etc.” In 2000 Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa were
awarded the Nobel prize "for the discovery and development of conductive
polymers”> That discovery created new research areas in organic electronics and
photonics such as light emitting diodes (LEDs),* electrochromics, ° field effect
transistors, ° photovoltaic cells ’ and biosensors.®

Intrinsically conducting polymers have conjugated double bonds.” m-electron
conjugated polymers consist of alternating single and double bonds through the
polymer backbone. Some examples of conjugated polymers are; polyacetylane,
polypyrrole, polythiophene, polyaniline, polyfuran, etc. Repeating unit structures of

some conjugated polymers are illustrated in Figure 1.



Polyacetylene Polythiophene Polyphenylene Polypyrrole

Figure 1. Repeating unit structures of some conjugated polymers

In conjugated polymer, all the atoms are generally sp>-hybridized throughout the
main polymer backbone. While one unhybridized p-orbital in each atom stays
perpendicular to the plane of polymer chain, all other p-orbitals are parallel to each
other. Therefore, due to lateral overlapping of p-orbitals on either side, p-orbitals are
delocalized throughout the polymer chain, as shown in Figure 2.'° As a result of -
electron delocalization, electron can move from one bond to another enabling the

polymer to gain conductivity.'"'?

18- 003 -

. Lateral overlapping
C(:njugated of p-orbitalin Delocalized p-orbital
sp~ C atoms conjugated system in conjugated system

Figure 2. Delocalization of p-orbital in a conjugated carbon chain

1.2. Band Theory

Conductivity of material is directly affected by the band gap value. The energy
difference between HOMO (Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital) energy levels is called as band gap. For
polymers, the HOMO is denoted as valence band (VB) and the LUMO is denoted as
conduction band (CB). According to electrical conduction, the materials are
classified as conductors, semiconductors and insulators. Band gap structures of

conductors (metals), semiconductors and insulators are shown in Figure 3.
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ENERGY
A

Conduction Band

Conduction Band

_ LUMO

<+—— BandGap ——»
Conduction Band

HOMO

Valence Band Valence Band Conjugated Valence Band
Polymers

INSULATOR SEMICONDUCTOR METALS

Figure 3. Band gap structures for insulator, semiconductor and conductor

Optical and optoelectronic properties of m-conjugated polymers depend on the
difference between HOMO and LUMO energy levels. Structural modifications

enable to obtain low band gap polymers. "

1.3. Doping Process

For saturated types of polymers, the band gap is higher than 4 eV. They show
insulating behavior due to restriction of movement of electrons from the valence
band to conduction band.'* In conjugated polymers, HOMO is increased while the
LUMO is decreased based on delocalization through the polymer chain. As a result,
neutral stable (undoped) conjugated polymers have high band gap locating in the
lower semiconducting region. However, their conductivity is almost similar to that of
insulator which is 107-10""" S/cm. Therefore, doping process is used as an effective
method to convert s-conjugated polymers to electrically conducting polymers. "

Doping is the process, used to introduce mobile charge carriers by oxidation or
reduction reactions. Changes in the electrical, electronic, magnetic, optical and
structural properties of the polymer occur by the controlled addition of chemical
species having known small (<10%) nonstoichiometric amounts. The process is
defined as p-doping if electrons from the valence band which is HOMO of

3



conjugated polymer are removed by oxidizing agent. While, the process is denoted as
n-doping when an electron is donated by a reducing agent to the empty conduction
band which is LUMO of conjugated polymer. Counter anions or cations are used as
dopants to neutralize these positive or negative charges, respectively.'>'®

Electrical conductivity as well as electrochemical and electrochromic properties of
polymers are the result of redox reactions. Some examples of these redox reactions in
conducting polymers are;

a) chemical doping of polyacetylene

(CH), + nyX —> [(CH)"™ X,.]a p-type X =Bn, I, ...

(CH), + nyM ——> [(CH)” Xy+]n n-type M=Na, Li ...

b) electrochemical doping of polythiophene

(T)a + nyX —> [T” X, ].+nye p-type X =ClO4

(T)y + nyM'——> [T Myi]s +nye n-type M=Li"

Little or no degradation takes place in the polymer chain when the doping process is
applied to conducting polymer. Conducting polymers can be used in applications
such as rechargeable batteries and electrochromic displays due to the ability of

cycling between charged and neutral states.'’

1.4. Band Gap Engineering

In order to modify the electronic properties of semiconducting polymers, the band
gap of the materials can be tuned. Band gap engineering consists of parameters such
as bond length alternation (Ep,), aromaticity (Eges), planarity (E,), substituents (Esyp),
and intermolecular interactions (Eiy).'® Structural factors determining the band gap

of polymers are illustrated in Figure 4.



Substitution : Eg,,,

Bond Length Alternation : E; ),

Aromaticity : Eg

Planarity : Eg

Figure 4. Structural factors determining the band gap of materials derived from

linear m-conjugated systems

1.5. Bond Length Alternation

A series of successive carbon-carbon double bonds of polyaromatic conjugated
polymers are linked by a carbon-carbon single bond. For their ground state there are
two resonance structures with nondegenerate energy, aromatic and quinoid forms. In
aromatic form, confined m-electrons provide aromaticity. Resonance structure turns
into quinoid form by delocalization of m-electrons along the conjugated chain. The
quinoid form 1is energetically less stable and has a smaller band gap due to
destruction of the aromaticity and loss in the stabilization energy. In a polyaromatic
conjugated system, the ratio of aromatic to quinoid form is associated with bond
length alternation (BLA). Bond length alternation is defined as the average
difference in length between two adjacent bonds."” In Figure 5 aromatic and quinoid

resonance of some polymers are shown.

Eg=32eV

Eg=25eV

Figure 5. Aromatic and quinoid resonance forms of poly(p-phenylene) and poly(p-

phenylenevinylene)



1.5.1. Aromaticity

If aromaticity of the aromatic units decreased in the conjugated main chain, tendency
to quinoid form will be greater. Hence, band gap of the molecule decreases due to

increase in m-electron delocalization.””

1.5.2. Planarity

In order to extend conjugation and enable delocalization, parallel p-orbital
interactions are obtained by planarization. As a result, decrease in bond length

alternation and reduction in band gap occur.”!

1.5.3. Substituent Effects

HOMO and LUMO levels of a conjugated system can be modulated by the
incorporation of electron-withdrawing or electron-donating substituents. While
electron-withdrawing groups lower the LUMO energy, -electron-donating

substituents increase the HOMO energy, leading decreased band gap.*

1.5.4. Intermolecular Interactions

Molecules in solid state have more close-packed and ordered crystalline structure
than materials in solution state. In the solid state, intermolecular interactions induced

by secondary forces increase interchain delocalization resulting in reduction of band

gap'23



1.6. Donor-Acceptor Approach

In designing low band gap conjugated polymers, electron-rich donor (D) and
electron-deficient acceptor (A) should be incorporated into the polymer backbone.**
Bond length alternation is decreased by push-pull driving forces enabling electron
delocalization and mesomeric structures of quinoid formation. In addition, optical
band gap is reduced by high-lying HOMO of donor and low-lying LUMO of
acceptor.”> According to perturbation theory, highest occupied molecular orbitals of
donor and acceptor segments interact to yield two new HOMO levels for D-A
polymer. In a similar manner, lowest unoccupied molecular orbitals of donor and
acceptor form two new LUMO levels of D-A polymer. Higher lying HOMO and
lower lying LUMO levels are created after redistribution of electrons from their non-
interacting orbitals to the new hybridized orbitals of polymer which is shown in

Figure 6.%°

Figure 6. Orbital interactions of donor and acceptor units leading to a smaller band

gap in a D-A conjugated polymer



1.7. Synthesis of Conjugated Polymers

Transition-metal-catalyzed cross coupling reactions are widely used in construction

31-33 34

of polymers in addition to -electrochemical or chemical oxidative
polymerizations. In general, the reaction starts with transition-metal-catalyzed
oxidative addition reaction of an electrophile across the C-X bond followed by
transmetallation with a main group organometallic nucleophile. Then, reductive
elimination results in carbon-carbon bond formation and active catalyst
regeneration.” Nickel- or palladium-based complexes are commonly used as
transition-metal catalysts. Grignard reagents (Kumada-Corriu),’® boron reagents
(Suzuki-Miyaura),”” copper (Sonogashira)®® or stannyl (Stille)’” can be used as

organometallic nucleophiles in coupling reactions. The main advantage of these

reactions is occurring in mild conditions.

1.7.1. Palladium-Catalyzed Cross Coupling Reactions

The mechanism of reaction starts with the oxidative addition of an organic halide to
the catalyst. Palladium has high functional group tolerance. In addition,
organopalladium compounds have low sensitivity towards water and air.** Then,
transmetallation with another organometallic reagent (nucleophile) takes place.
Finally, reductive elimination occurs to regenerate the catalyst and the organic
product is obtained.*' Catalytic cycle of palladium-catalyzed cross coupling reactions

1s illustrated in Scheme 1.



Scheme 1. Catalytic Cycle of Palladium-Catalyzed Cross Coupling Reactions

e

ductive Oxidative

cimination  Catalytic Cycle  addition

./

RPdR RPdX

Transmetallation

R'-X R'-M'
1.8. Moieties in Donor-Acceptor Approach Conjugated Polymers

1.8.1. Benzotriazole Moiety

The first benzotriazole polymer was synthesized by Tanimoto and Yamamoto.
Benzotriazole unit has moderately electron-deficient property due to the diimine
structure. One of the nitrogen atoms on the triazole unit can be modified with
solubilizing alkyl groups. Therefore, benzotriazole can be used to obtain solution

42

processable polymers.” Additionally, benzotriazole-based polymers have been

widely used in applications such as electrochromics **, OFET *, OPV * and OLED

*_ Structure of benzotriazole is shown in Figure 7.

H
N

N/ \N
\

Figure 7. Structure of Benzotriazole
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1.8.2. m-Bridge Groups: Thiophene and Selenophene

Thiophene containing polymers are used as electron donors in bulk heterojunction
organic photovoltaics due to their m-conjugated character. The power conversion
efficiency of over 7% has obtained by using thiophene unit.*’* Selenophene is the
chalcogen homologue of thiophene with similar chemical and physical properties.
However, selenophene has some advantages over thiophene in organic electronic

applications.”™>

The increase in conductivity can be obtained by the replacement of
the sulfur atom by the selenium atom as a result of the stronger heteroatomic
interaction enabling enhanced chain interaction and carrier transport ability.”® In
addition, selenophene containing polymers have more quinoidal character than
thiophene counterparts which provides the m-conjugated connection to other moieties

with lengthened m-conjugation along the polymer chain.’”*®

However, solubility of
thiophene is higher than selenophene because of the more rigid structure of
selenophene. As the size of heteroatom increases, the solubility and optical band gap
decreases due to the stabilization of the LUMO level of polymer.” Structures of

thiophene and selenophene are demonstrated in Figure 8.

Figure 8. Structures of Thiophene and Selenophene

1.8.3. Benzo[1,2-b:4,5-b’|dithiophene Moiety

In donor-acceptor semiconducting copolymers, benzo[1,2-b:4,5-b"]dithiophene
(BDT) is used as an electron donating unit due to its symmetric and planar
conjugated structure that improve the m-m stacking of the polymer and thus increase
the charge carrier mobility. In order to optimize the solubility and energy levels of
60-63

polymers, several types of substituents can be covalently connected on BDT.

Structure of benzodithiophene is shown in Figure 9.

10
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Figure 9. Structure of Benzo[1,2-b:4,5- b']dithiophene

1.9. Applications of Conducting Polymers

In development of transmissive and reflective electrochromic devices, m-conjugated
electrochromic polymers® are preferred due to their fine-tuning color,” fast

6798 and high optical contrast

switching capabilities,”® high coloration efficiencies,
ratios.”” m-conjugated electrochromic devices are used as candidate materials in
application areas such as electrochromic mirrors,”” smart windows,” electronic
paper,” etc. Additionally, m-conjugated polymers are favored in many device
applications containing light-emitting diodes,” field-effect transistors,”* memory

devices’” and photovoltaic cells.”

1.10. Electrochromism

A reversible optical change in a material induced by an external voltage is called
electrochromism.”” Conjugated polymers are one class of electrochromic (EC)
materials, widely used due to their rapid response times, high optical contrasts, ease
of processability and modification of their structure to create multicolor
electrochromes. Derivatives of poly(thiophene), poly(aniline) and poly(pyrrole) are
commonly used conjugated EC polymers.*®

Electrochromic materials can be divided into three types according to their
electronically accessible optical states. The first one consists of materials with at
least one colored and one bleached state. Metal oxides, viologens and polymers like
poly(3,4-ethylenedioxythiophene) (PEDOT) are some examples of these materials,
specifically used for absorption/transmission-type device applications such as optical
shutters and smart windows. Electrochromes with two distinctive colored states are

the second type of EC materials. Although these materials do not have transmissive

11



state, they can be used for display-type applications where different colors are
required in different redox states. For example, thin films of polythiophene switch
from red to blue by oxidation. Depending on the redox state of the material, more
than two color states are accessible in the third class of EC materials. Conjugated
polymers are the most attractive examples due to their versatility for making
laminates, blends and copolymers. In addition, polymers such as poly(aniline) and

poly(3,4-propylenedioxypyrrole) are intrinsically multicolor EC polymers.*

1.10.1. Parameters in Identifying and Characterizing the Electrochromic

Materials

1.10.1.1. Electrochromic Contrast

Electrochromic contrast (EC) is the percent transmittance change (A%T7) at a
specified wavelength where the optical contrast of the EC material is the highest.

. . . . . 30
Measuring the relative luminance change gives overall electrochromic contrast.

1.10.1.2. Coloration Efficiency

Coloration efficiency is used to determine the amount of charge necessary to produce
the optical change. The power requirements of an EC material can be measured by

coloration efficiency, also called as EC efficiency.

_aopy _Tos[7]
= Qe Qa

n (cm®/C) is the coloration efficiency at a given A, (AOD) is the amount of optical
density change, Q, is the injected/ejected electronic charge and, T}, and T, are the

bleached and colored transmittance values, respectively.
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1.10.1.3. Switching Speed

The time required for the coloring or bleaching process of an EC material is called as
switching speed. It plays an important role in applications of dynamic displays and
switchable mirrors. Ionic conductivity of the electrolyte, accessibility of the ions to
the electroactive sites, film thickness, morphology of the thin film and magnitude of

applied potential are the factors affecting the switching speed of EC materials.

1.10.1.4. Stability

Electrochromic stability is related with electrochemical stability because the loss of
electrochromic contrast and the performance of EC material are caused by the
degradation of the active redox couple. Irreversible oxidation or reduction at extreme
potentials, iR loss of the electrolyte or electrode, heat release due to the resistive
parts in the system and side reactions due to oxygen or water in the cell are

responsible for common degradation.
1.10.1.5. Optical Memory

After the electric field is removed, the time the material sustains its absorption state
is called as optical memory (open-circuit memory). While the optical memory is long
in solid-state EC devices, the colored state bleaches rapidly in solution-based EC

29
systems.

1.11. Organic Solar Cells

Organic solar cell is a type of photovoltaic that converts sunlight into electricity by
the photovoltaic effect. The most basic types of devices are single layer, bilayer
heterojunction, bulk heterojunction and diffuse bilayer heterojunction. The main
differences between the architectures of devices are the exciton dissociation or

charge separation process, and successive charge transport to the electrodes.

13



1.11.1. Bulk Heterojunction Organic Solar Cells

In bulk heterojunction device, donor and acceptor components are mixed in a bulk
volume in a way that each donor-acceptor interface exists in a shorter distance than
the exciton diffusion length of each absorbing site. Charge separation occurs in
interfacial area which is dispersed throughout bulk heterojunction device. Therefore,
excitons are dissociated within their lifetime. As a result, there should be no loss
theoretically. In addition, recombination of charges is decreased to a large extent due
to charge separation within the different phases. In bulk heterojunction devices,
percolated pathways for the hole and electron transporting phases to the contacts are
required although acceptor and donor phases are selective in contacting cathode and
anode. Generally, ITO is anode, PEDOT:PSS is hole transport layer, polymer:PCBM
is active layer and Al is cathode parts of bulk heterojunction organic photovoltaic

1.77

cell.”” Bulk heterojunction device structure is shown in Figure 10.
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Figure 10. Bulk Heterojunction Device Structure
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1.11.2. Working Principle of Organic Solar Cells

Conversion of light into electricity by an organic solar cell occurs via four main
steps. First, light’s energy is absorbed by polymer to create excitons, electron-hole
pairs. Then, bound excitons travel to charge separation area and they separate into
charges at the heterojunction, sending current to the contacts. Finally, electrons travel
through active layer toward the metal cathode as electrical current while holes travel
to anode.”

The electrical current obtained from a photovoltaic solar cell depends on the number
of created charges, collected at the electrodes. Overall photocurrent efficiency (n;)

can be determined from the following equation.

nj = Nabs X Ndiss X Nout

Nabs 18 the fraction of photons absorbed, Mdiss is the fraction of dissociated electron-

hole pairs and 1o is the fraction of separated charges that reach the electrodes.”

1.11.3. Characterization of a Solar Cell Device

The current-voltage characteristics (I-V curve) of a solar cell in the dark and under
illumination are demonstrated in Figure 11. There is almost no current flowing in the
dark, until the contacts start to inject at forward bias for voltages higher than the
open circuit voltage. The device generates power under light. The product between
current and voltage and power output is the largest at maximum power point (MPP).
MPP should be compared with incident light intensity in order to determine the
efficiency of a solar cell. The power conversion efficiency (PCE) of solar cell is

determined by the following equation.
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where Vj is the open circuit voltage, Is- is the short circuit current, FF is the fill
factor and P, is the incident light power density. The intensity of light is
standardized at 1000 W/m®>.”’
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Figure 11. Current-Voltage curves of an organic solar cell (dark, ---; illuminated, —)

1.11.4. Critical Parameters Affecting Solar Cell Efficiency

1.11.4.1. Open Circuit Voltage

The maximum voltage a solar cell can provide to an external circuit is defined as
open circuit voltage (Voc). It can be obtained from the splitting hole and electron
quasi-Fermi levels.*® The maximum available voltage in a p-n junction is detected by
the difference of the energy levels of n-doped and p-doped semiconductors which are

the quasi Fermi levels of the two charge carriers. HOMO level of donor and LUMO
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level of acceptor determine quasi Fermi levels of p-type and n-type semiconductors,
respectively. The open circuit voltage is linearly dependent on HOMO level of donor

and LUMO level of acceptor in organic solar cells.*'*

Nanomorphology of the
active layer affects Voc in the polymer fullerene bulk heterojunction cells.*’ In
organic light emitting diodes (OLEDs), open circuit voltage can be increased by
cathode modification with LiF deposition between the metal electrode and organic

. . .o . 84-86
semiconductor due to improved charge injection.

VOC = (I/CI) ( | EHOMO, Donor | - | ELUMO, Acceptor | -03 V)

where q is the elementary charge and 0.3 V loss is an empirical value which may be
greater or smaller in different systems. The reason of loss may be due to the tail
states induced by the disorder in blend or the energy loss induced by recombination

of carriers.

1.11.4.2. Short Circuit Current

The current through the solar cell when the voltage is zero is called short-circuit
current (Isc). It is the maximum current drawn from a solar cell. Generation and
collection of light-generated carriers determine the Ics. The short-circuit current
density (Jsc in mA/ sz) is more commonly used rather than Isc in order to ignore the
dependence of solar cell area.”” The short circuit current density (Jsc) is a parameter
to characterize the power conversion efficiency of a photovoltaic device. The
information for current-loss analysis and device optimization can be obtained from a

map of local Jsc of a solar cell at standard irradiance spec:tra.87
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1.11.4.3. Fill Factor

For an organic solar cell, the fill factor (FF) is a substantial factor in determining the

. . 88
power conversion efficiency.

VuppX Iyp
Voc X Isc

FF =
When the built-in field is lowered toward the open circuit voltage, the fraction of
photogenerated charge carriers reaching the electrodes becomes an important
parameter in determining the FF. There is a rivalry between transport and
recombination of charge carrier. Therefore, the distance (d) that charge carriers
drifting under a certain electrical field (E) can be obtained from the following

equation;

d=uxtxE

where lifetime and mobility are denoted as t and w, respectively.®

The product of w x t should be maximized in order to obtain large FF.”’ On the other
hand, the series resistances should be minimized because finite conductivity of ITO
substrate restricts the fill factor on solar cells having large area. In addition, in order
to maximize the parallel shunt resistance, the device should be free of shorts between

91
electrodes.

1.12. Benzotriazole and Benzodithiophene Containing Polymer Solar Cells

In efficient organic solar cell applications, benzo[d][1,2,3]triazole (BTz) is used as
an acceptor unit due to its electron poor nature and low-lying LUMO energy level.
An appropriate donor unit should be selected in order to obtain wide absorption
spectra and low band gap. Hence, selenophene substitution as m-bridge results in
high mobility, enhanced light absorption and conductivity due to intermolecular Se-

Se interactions. In addition, LUMO is lowered while HOMO of polymer is not
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affected in selenophene-based polymers. As an additional donor unit, benzo[1,2-
b:4,5-b'[dithiophene (BDT) can be used due to its planar conjugated structure
ensuring high hole mobility and strong intramolecular charge transfer. In 2014, Unay
et al. reported that the organic solar cell device based on polymer namely, P-
SBTBDT consisting BTz and Se coupled with BDT as shown in Figure 12. The
device showed the PCE of 3.60 % with P-SBTBDT:PC7,BM (1:1, w/w).”?

P-SBTBDT \J\/\/

Figure 12. Structure of P-SBTBDT

In the article published in 2015 by Lee et al. it is reported that the performances of
solar cell devices were affected by oligothienyl units introduced into the side chains
by changing the molecular arrangement and packing, microstructure and crystalline
behavior of polymer:PC7;BM blend films. By tuning the m-conjugation length of side
chains, the crystallinity and blend morphology of the polymers could be
systematically controlled. m-conjugated side chains of alkyl-thienyl groups increased
electron density and interchain aggregation among conjugating polymers, hence light
absorption and charge transport properties were enhanced. Moreover, polymers with
2-alkylthienyl groups showed high hole mobility and broad absorption bands with
the highest PCE of 6.48 % with PBDT2FBT-T3:PC7;;BM (1:0.8 w/w).” The
abbreviated structure of PBDT2FBT-Tm is demonstrated in Figure 13, where m is
1,2, 3 and 4.
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CeHy™  CeHy PBDT2FBT-Tm |

Figure 13. Structure of PBDT2FBT-Tm (m=1,2,3,4)

In 2014, Zhang et. al. reported that dihedral angles between the benzodithiophene
and conjugated side groups had influence on the absorption bands, crystallinities,
HOMO levels and aggregation sizes of the polymers. In addition, this study
suggested that introducing conjugated side groups into BDT-based polymers with
different steric hindrance could adjust both molecular energy levels and
morphologies. The photovoltaic results indicated that PBDTTT-EFT:PC7,BM (1:1.5
w/w) with 3% 1,8-diiodooctane (DIO) (v/v) as additive showed PCE of 9.0 % due to
strong interchain m-m stacking effect of the polymer.”* The structure of PBDTTT-
EFT is illustrated in Figure14.

PBDTTT-EFT
\. EH y,

Figure 14. Structure of PBDTTT-EFT
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In a study published 2015, Yin et. al. synthesized benzodithiophene based molecules
with mono-thiophene as the m-conjugation bridge. The DCV-1T-TBDT:PCs BM
(1:0.6, w/w) exhibited the highest power conversion efficiency of 4.48 %. In
addition, it showed minor thickness-dependent PCE behavior in photovoltaic
devices. The low thickness sensitivity of molecule demonstrated the feasibility for

roll-to-roll fabrication.”® The structure of DCV-1T-TBDT is shown in Figure 15.

Figure 15. Structure of DCV-1T-TBDT
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1.13. Aim of the Study

In order to synthesize low band gap polymers with high power conversion efficiency
for organic solar cell applications, donor-acceptor approach was used. For that
purpose, benzotriazole and benzodithiophene were used as acceptor and donor units,
respectively. In addition, thiophene and selenophene were selected as m-bridge donor
groups in designed polymers. Two novel polymers namely, P-SBTBDTT and P-
TBTBDTT were synthesized via Stille coupling for solar cell applications.

Structures of synthesized polymers are shown in Figure 16.

P-SBTBDTT

P-TBTBDTT

Figure 16. Synthesized Polymers
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CHAPTER 2

EXPERIMENTAL

2.1 Materials and Equipments

All chemicals used in the synthesis were purchased from Sigma-Aldrich Chemical
Co. Ltd. and TCI. Tetrahydrofuran (THF) was dried over sodium/benzophenone
ketyl. Moisture and air sensitive reactions were conducted under argon atmosphere.
Merck Silica Gel 60 was used for the purification of synthesized materials as the
stationary phase in column chromatography. Bruker Spectrospin Avance DPX-400
Spectrometer with trimethylsilane (TMS) as the internal reference was used to record
'H and "°C spectra of chemical structures. The chemical shifts determined relative to
CDCls, giving peaks at 7.26 and 77 ppm for the 'H and >C NMR, respectively. UV-
Vis spectra analyses were performed by Varian Cary 5000 UV-Vis
spectrophotometer at room temperature. Polymer Laboratories GPC 220 with
polystyrene as the standard and chloroform as the solvent was used in order to
calculate average molecular weight of the polymer. Organic solar cells were
fabricated in a MBRAUN glove-box system under inert atmosphere. Current density-
voltage characteristics were observed using Keithley 2400 under illumination of

Atlas Material Testing Solutions solar simulator (AM 1.5 G).
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2.2. Synthesis of Monomers

according previously reported methods.'”

D,

Synthetic pathway of synthesized monomers was demonstrated in Figure 17. 4,7-
dibromo-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole tributyl(thiophen-2-
yl)stannane (2) and tributyl(selenophen-2-yl)stannane (3) were synthesized according
to previously published procedures.*” **** Compound 1 was separately coupled with
compound 2 and 3 via Stille coupling reactions. Then, bromination of compounds

were performed in the presence of NBS in order to obtain desired monomers

24%
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Figure 17. Synthetic pathway of synthesized monomers
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2.2.1. Synthesis of 9-(bromomethyl)nonadecane

C1oH2 CioH2
H\ PPh,
CgHq7 . CgH17
oH Br, , 0°C [

Figure 18. Synthesis of 9-(bromomethyl)nonadecane

2-Octyl-1-dodecanol (5.0 g, 17 mmol) was dissolved in 50 mL dichloromethane
(DCM). Then, PPh; (4.6 g, 17.6 mmol) was added to the solution at 0°C. 1 mL
bromine was then added and the reaction was stirred for 30 minutes. Then, the
mixture was warmed to room temperature and washed with NaHSO3 and distilled
water. The organic layer was dried over Na,SO, and the solvent was evaporated
under reduced pressure. The residue was purified by column chromatography
(hexane, silica gel) to obtain 9-(bromomethyl)nonadecane (5.98 g, yield 99%) as a
colorless oil.

'H NMR (400 MHz, CDCL3), & (ppm): 3.44 (d, J = 4.7 Hz, 2H), 1.59 (m, 1H), 1.27
(m, 32H), 0.89 (t, J = 6.7 Hz, 6H). >C NMR (100 MHz, CDCls), & (ppm): 39.6, 39.5,
32.59,31.9, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 26.6, 22.7, 14.1.

2.2.2. Synthesis of 4,7-dibromobenzo|c][1,2,5]thiadiazole

N 4

S S
HBr

N N
I/ ALt B \ /
Bra Br—O—Br

Figure 19. Synthesis of 4,7-dibromobenzo[c][1,2,5]thiadiazole

Y

Benzo-1,2,5-thiadizole (10.0 g, 73.4 mmol) was dissolved in 75 mL HBr (47%) at
room temperature. Then, a solution of Br; (35.2 g, 220 mmol) in HBr (15 mL) was
added to the reaction mixture slowly. After addition was completed, the reaction

mixture was refluxed overnight at 135°C. Then, the reaction was filtered after
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cooling the mixture to room temperature to obtain an orange solid residue.
NaHSOs(aq) was used in washing process of residue in order to consume excess Bry.
Later, the residue was washed with cold diethyl ether several times to obtain 4,7-

dibromobenzo[c][1,2,5]thiadiazole (16.9 g, yield 78%) as a yellow solid.

2.2.3. Synthesis of 3,6-dibromobenzene-1,2-diamine

2N

s
N NaBH, H,N  NH,

N
Br—O—Br EtOH Br—@—Br

Figure 20. Synthesis of 3,6-dibromobenzene-1,2-diamine

In 1 L round bottom flask, 4,7-dibromobenzothiadiazole (10.0 g, 34.0 mmol) was
dissolved in 100 mL ethanol (EtOH). In an ice bath, the mixture was cooled to 0°C.
Then NaBH,4 powder (32 g, 0.85 mol) was added portionwise to reaction mixture.
The reaction was warmed to room temperature when gas evolution stopped. Then the
reaction was stirred for 20 hours. After evaporation of the solvent, the mixture was
extracted with Et;O and the organic phase was washed with brine. Afterward, the
organic phase was separated and the solvent was evaporated under reduced pressure

to obtain 3,6-dibromobenzene-1,2-diamine (5.1 g, yield 56%) as a faint yellow solid.

2.2.4. Synthesis of 4,7-dibromo-2H-benzo[d][1,2,3]triazole

H
IN\
H,N NH, NaNO,,H,0 N° N

—_— \ /
Br—@—Br AcOH Br—O—Br

Figure 21. Synthesis of 4,7-dibromo-2H-benzo[d][1,2,3]triazole
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A solution of NaNO, (1.88 g, 20.7 mmol) in H,O (36 mL) was slowly added to 3,6-
dibromobenzene-1,2-diamine (5.0 g, 19 mmol) solution in 75 mL acetic acid
(AcOH). The mixture was stirred at room temperature for 20 minutes. After
filtration, the precipitate was washed with distilled water several times to obtain 4,7-

dibromo-2H-benzo[d][1,2,3]triazole (3.74 g, yield 65%) as a pink powder.

2.2.5. Synthesis of 4,7-dibromo-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole

C1oH21

H CgH17

NaH
ANt/ + H\C8H17 —_— !
Br Br Br DMF Br Br

Figure 22. Synthesis of 4,7-dibromo-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole

Under argon atmosphere, 4,7-dibromo-2H-benzo[d][1,2,3]triazole (1.78 g, 6. 4
mmol) was dissolved in 15 mL dimethylformamide (DMF). Then, NaH (181 mg, 7.5
mmol) was added to reaction mixture at 0°C. After addition of 9-
(bromomethyl)nonadecane (2.72 g, 7.5 mmol) at 60°C, the reaction was stirred at
70°C overnight. The mixture was extracted with Et;O and the organic phase was
washed with distilled water. Organic layer was separated and dried over Na;SOj.
Then, solvent was evaporated under reduced pressure. Column chromatography was
performed by using silica gel and 4,7-dibromo-2-(2-octyldodecyl)-2H-
benzo[d][1,2,3]triazole was obtained as faint yellow oil (1.79 g, yield 50%).

'H NMR (400 MHz, CDCl3), § (ppm): 7.29 (s, 2H), 4.62 (d, J = 7.2 Hz, 2H), 2.27
(m, 1H), 1.15 (m, 32H), 0.80 (m, 6H). *C NMR (100 MHz, CDCls), § (ppm):
143.56, 129.30, 109.97, 60.99, 38.97, 34.63, 31.91, 31.85, 31.58, 31.15, 29.76, 29.60,
29.59, 29.46, 29.41, 29.34, 29.24, 26.88, 26.01, 25.24, 22.68, 22.65, 14.10.
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2.2.6. Synthesis of Tributyl(selenophen-2-yl)stannane

@ n-BuLi @\SnBua

Se CISnBuj Se

Figure 23. Synthesis of Tributyl(selenophen-2-yl)stannane

Selenophene (2.25 g, 17.2 mmol) was dissolved in 25 mL dry tetrahydrofuran (THF).
Then, the reaction was cooled to -78°C under argon atmosphere and 7.7 mL 2.7 M n-
BuLi in hexane was added dropwise to reaction mixture. The reaction mixture was
stirred for 1 hour after addition of n-Buli was completed. Then,
stannyltributyltinchloride (5.1 mL, 19 mmol) was slowly added to the reaction
mixture. The reaction mixture was stirred for 1.5 hours at -78°C after addition was
completed. Then, it was warmed to room temperature and stirred overnight. Solvent
was evaporated under reduced pressure and the mixture was extracted with Et,O and
the organic phase was washed with water. Then, organic phase was separated and
dried over Na;SO4. The residue was purified by using neutral alumina column
chromatography with hexane eluent and tributyl(selenophen-2-yl)stannane (5.8 g,
yield 80%) was obtained as colorless oil.

'H NMR (400 MHz, CDCl3), & (ppm): 8.39 — 8.11 (m, 1H), 7.40 (m, 2H), 1.49 (m,
7H), 1.27 (m, 8H), 1.03 (m, 6H) 0.82 (t, 12H).
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2.2.7. Synthesis of 2-(2-octyldodecyl)-4,7-di(selenophen-2-yl)-2H-
benzo[d][1,2,3]triazole

C10H21 C1OH21

C8H17 c8H17
N N
N" °N ﬂ\ Pd;(dba); NCON
%

* Se SnBu3 \ /
Br Br THF | |
Se Se

Figure 24. Synthesis of 2-(2-octyldodecyl)-4,7-di(selenophen-2-yl)-2H-
benzo[d][1,2,3]triazole

4,7-dibromo-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole (850 mg, 1.52 mmol)
and tributyl(selenophen-2-yl)stannane (1.7 g, 4.0 mmol) were dissolved in dry THF
(25 mL). Pdy(dba); (69.81 mg, 0.076 mmol) and o-tolyl-phosphine (186 mg, 0.61
mmol) was added into the solution. Then, the reaction mixture was refluxed for 18
hours under argon atmosphere. Solvent was removed under reduced pressure after
the reaction was completed. The residue was purified by column chromatography by
using silica gel and 2-(2-octyldodecyl)-4,7-di(selenophen-2-yl)-2H-
benzo[d][1,2,3]triazole (240 mg, yield 24%) was obtained as a yellow solid.

'H NMR (400 MHz, CDCl3), § (ppm): 8.19 (dd, J = 3.9, 0.9 Hz, 2H), 8.08 (dd, J =
5.6, 0.9 Hz, 2H), 7.61 (s, 2H), 7.42 (dd, J = 5.6, 3.9 Hz, 2H), 4.75 (d, J = 6.4 Hz,
2H), 2.42 - 2.16 (m, 1H), 1.55 (m, 7H), 1.25 (m, 24H), 0.87 (td, /= 6.7, 3.9 Hz, 6H).
C NMR (100 MHz, CDCls), & (ppm): 143.7, 140.3, 130.0, 128.9, 126.6, 123.9,
121.3,75.6, 75.3,37.7, 30.5, 30.4, 30.1, 28.4, 28.2, 28.1, 27.9, 24.9, 21.3, 12.7.
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2.2.8. Synthesis of 4,7-bis(5-bromoselenophen-2-yl)-2-(2-octyldodecyl)-2H-
benzo[d][1,2,3]triazole

CioH2 C1oH2
H\Cus H\CSHW
NIN\ Nl \N
/ __NBS \ J
B a DMF B 7 |
Se Se Br Se Se Br

Figure 25. Synthesis of 4,7-bis(5-bromoselenophen-2-yl)-2-(2-octyldodecyl)-2H-
benzo[d][1,2,3]triazole

2-(2-octyldodecyl)-4,7-di(selenophen-2-yl)-2H-benzo[d][1,2,3]triazole (190 mg,
0.29 mmol) was dissolved in anhydrous DMF (10 mL). Then, N-bromosuccinimide
(NBS) (120 mg, 0.72 mmol) was added. Under argon atmosphere, the mixture was
stirred at room temperature for 18 hours. The solvent was removed under reduced
pressure and the mixture was extracted with Et;O and the organic phase was washed
with water. Column chromatography was performed by using silica gel and 4,7-
bis(5-bromoselenophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole (210
mg, yield 89%) was obtained as dark yellow solid.

'H NMR (400 MHz, CDCl3), & (ppm): 7.78 (d, J = 4.2 Hz, 2H), 7.54 (s, 2H), 7.33 (d,
J=4.2 Hz, 2H), 4.73 (d, J = 6.4 Hz, 2H), 2.40 — 2.19 (m, 1H), 1.25 (m, 32H), 0.88
(m, 6H). °C NMR (100 MHz, CDCls), § (ppm): 132.6, 126.3, 133.5, 132.6, 130.7,
129.0, 126.1, 114.8, 77.3, 77.0, 76.7, 31.9, 31.5, 29.9, 29.6, 29.3, 26.3, 22.7, 14.1.
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2.2.9. Synthesis of Tributyl(thiophen-2-yl)stannane

Brﬂ ﬂ» @\SHBU3

S CISnBu, S

Figure 26. Synthesis of Tributyl(thiophen-2-yl)stannane

2-Bromothiophene (2.0 g, 12 mmol) was dissolved in dry THF (17 mL) at room
temperature. Then, the reaction was cooled to -78°C under argon atmosphere and 2.7
M n-BulLi in toluene (5 mL) was dropwisely added to the reaction mixture. The
reaction mixture was stirred for 1 hour after addition of n-BuLi was completed.
Then, stannyltributyltinchloride (3.7 mL, 14 mmol) was slowly added to the reaction
mixture. The reaction mixture was stirred for 1.5 hours at -78°C after addition was
completed. Then, it was warmed to room temperature and stirred overnight. Solvent
was evaporated under reduced pressure and extraction was performed with
chloroform and brine. Then, organic phase was separated and dried over Na;SOj.
Tributyl(thiophen-2-yl)stannane was obtained as pale yellow oil. (2.19 g, yield 48%)
was obtained as colorless oil.

'H NMR (400 MHz, CDCl;), & (ppm): 7.54 (d, 1H), 7.10 (d, 1H), 1.48 (t, 6H), 1.25
(dd, 6H), 0.81 (t, 9H).
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2.2.10. Synthesis of 2-dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole

C10H21 C1OH21
C8H17 c8H17
N IN\
N° °N Pdy(dba); N* N
nbusj
Br Br S THF |\ /l
S S

Figure 27. Synthesis of 2-dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole

4,7-dibromo-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole (1.0 g, 1.8 mmol) and
tributyl(thiophen-2-yl)stannane (2.0 g, 5.4 mmol) were dissolved in 25 mL dry THF.
Pd,(dba); (82 mg, 0.1 mmol) and o-tolyl-phosphine (218 mg, 0.7 mmol) was added
into the solution. Then, the reaction mixture was refluxed for 18 hours under argon
atmosphere. Solvent was removed under reduced pressure after the reaction was
completed. The residue was purified by column chromatography by using silica gel
and 2-dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole (360 mg, yield 36%)
was obtained as a yellow solid.

'H NMR (400 MHz, CDCl3), 8 (ppm): 8.10 (dd, J = 3.6, 1.1 Hz, 2H), 7.64 (s, 2H),
7.38 (dd, J = 5.1, 1.1 Hz, 2H), 7.18 (dd, J = 5.1, 1.1 Hz, 2H), 4.75 (d, J = 6.6 Hz,
2H), 2.33 (m, 1H), 1.39 (dd, 7H), 1.24 (d, 24H), 0.87 (dd, 6H).
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2.2.11. Synthesis of 4,7-bis(5-bromothiophen-2-yl)-2-(2-octyldodecyl)-2H-
benzo[d][1,2,3]triazole

CaoH21 C1oH21
CgHq7 CgHq7
N N
\ s __NBS o N\
B /. onon D—O—@
S S Br S S Br

Figure 28. Synthesis of 4,7-bis(5-bromothiophen-2-yl)-2-(2-octyldodecyl)-2H-
benzo[d][1,2,3]triazole

2-Dodecyl-4,7-di(thiophen-2-yl)-2H-benzo[d][ 1,2,3]triazole (180 mg, 0.3 mmol) was
dissolved in 30 mL CHCIl;. Then, NBS (122 mg, 0.7 mmol) was added to the
reaction mixture slowly under dark. Under argon atmosphere, the mixture was stirred
at room temperature overnight. The solvent was removed under reduced pressure and
extraction was carried out with chloroform and distilled water. Column
chromatography was performed by using silica gel and 4,7-bis(5-bromothiophen-2-
yl)-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole (180 mg, yield 92%)  was
obtained as green solid.

'H NMR (400 MHz, CDCl3), & (ppm): 7.78 (d, J = 3.9 Hz, 2H), 7.54 (s, 2H), 7.12 (d,
J =13.9 Hz, 2H), 4.73 (d, J = 6.6 Hz, 2H), 2.29 (d, J = 5.9 Hz, 1H), 1.41-1.31 (m,
6H), 1.23 (d, J = 8.2 Hz, 26H), 0.86 (m, 6H). °C NMR (100 MHz, CDCl), § (ppm):
141.59, 141.29, 130.88, 126.86, 122.97, 122.16, 113.14, 39.20, 31.94, 31.91, 31.46,
29.91, 29.68, 29.61, 29.37, 29.34, 26.27, 22.71, 14.15.
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2.3. Synthesis of Polymers

Polymers namely P-SBTBDTT and P-TBTBDTT were synthesized via Stille
coupling reactions in the presence of Pdy(dba); and o-tolyl-phosphine in THF
solvent. Polymers were purified via Soxhlet extraction with methanol, acetone,

hexane and chloroform.

2.3.1. Synthesis of P-SBTBDTT

4,7-Bis(5-bromoselenophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d][ 1,2,3]triazole

(857 mg, 0.10 mmol) and 4,8-bis[5-(2-ethylhexyl)thiophene-2-yl]-2,6-
bis(trimethylstannyl)benzo[1,2-b:4,5-b'|dithiophene (100 mg, 0.11 mmol) were
dissolved in 10 mL dry THF. Pdy(dba); (4.82 mg, 0.0053 mmol) and o-tolyl-
phosphine (12.82 mg, 0.042 mmol) was added into the solution as catalyst and co-
catalyst, respectively. After refluxing the reaction mixture for 23 hours under argon
atmosphere, 2-bromothiophene (34.33 mg, 0.21 mmol) was added as end-capping
reagent. 3 hours later, trimethyl(thiophen-2-yl)stannane (157.16 mg, 0.42 mmol)
was added as the other end-capper. Solvent was removed under reduced pressure
after the reaction was completed. The polymer was precipitated in cold methanol.
Soxhlet extraction was performed for purification with acetone and hexane. Polymer
was recovered by chloroform. After evaporation of solvent, P-SBTBDTT was

obtained as purple solid. GPC: Mn: 6500, Mw: 9300, PDI: 1.43.
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Figure 29. Synthesis of P-SBTBDTT
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2.3.2. Synthesis of P-TBTBDTT

4,7-Bis(5-bromothiophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d][ 1,2,3 ]triazole

(76  mg, 0.10 mmol) and 4,8-bis[5-(2-ethylhexyl)thiophene-2-yl]-2,6-
bis(trimethylstannyl)benzo[1,2-b:4,5-b'|dithiophene (100 mg, 0.11 mmol) were
dissolved in 10 mL dry THF. Pdy(dba); (4.82 mg, 0.0053 mmol) and o-tolyl-
phosphine (12.82 mg, 0.042 mmol) was added into the solution as catalyst and co-
catalyst, respectively. Then, the reaction mixture was refluxed for 23 hours under
argon atmosphere and 2-bromothiophene (34.33 mg, 0.21 mmol) was added as end-
capper. The reaction was stirred for 3 hours and trimethyl(thiophen-2-yl)stannane
(157.16 mg, 0.42 mmol) was added as the other end-capping reagent. Solvent was
removed under reduced pressure after the reaction was completed. The polymer was
precipitated in cold methanol. Soxhlet extraction was performed for purification with
acetone and hexane. Polymer was recovered by chloroform. After evaporation of
solvent, P-TBTBDTT was obtained as purple solid. GPC: Mn: 9200, Mw: 12900,
PDI: 1.40.

CioH

|)\C8H17

N,
N7 °N

\
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Figure 30. Synthesis of P-TBTBDTT

36



2.4. Characterization of Conducting Polymers

2.4.1. Gel Permeation Chromatography

Molecular weight and polydispersity index (PDI) of polymers were determined by
gel permeation chromatography (GPC) technique. Polystyrene standards were used
to calibrate the instrument. GPC consists of solid stationary phase and liquid mobile

phase. The separating mechanism depends on the size of polymer molecules.

2.4.2. Electrochemical Studies

In order to investigate redox behaviors of polymers and calculate their HOMO and
LUMO energy levels, cyclic voltammetry (CV) technique was performed. In this
study, polymers were dissolved in chloroform. Then, indium tin oxide (ITO) surfaces
were covered by spray coating. Potentiostat was used with three-electrode system.
ITO, platinum and silver wire were used as working electrode (WE), counter
electrode (CE) and reference electrode (RE), respectively. Polymer coated ITO was
immersed into 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFe) in
acetonitrile (ACN) solution in a quartz cuvette and redox reactions were monitored at
a constant rate by using Gamry Instrument Reference 600 Potentiostat. In addition,
color changes of polymers were observed. As a result, current density was plotted

versus applied voltage.

2.4.3. Spectroelectrochemical Studies

Spectroelectrochemical studies were also performed by using three-electrode system
in a quartz cell filled with TBAPF¢/ACN electrolyte solution. UV-Vis-NIR spectrum
of polymers as a function of applied potential was used to determine neutral states of
polymers besides polaron and bipolaron bands. These studies proved the color
change in electrochemical studies and gave information about optical band gaps

(E¢°") and maximum absorption wavelengths (Amax) of polymers.
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2.4.4. Kinetic Studies

Chronoamperometric studies were carried out to determine optical contrast and
switching time of polymers. Square wave potential was applied to polymer coated
ITO glass slides in 0.1 M TBAPFs/ACN solvent/electrolyte couple and transmittance
change between oxidized and reduced states of polymers in Vis and NIR regions
were monitored as a function of time. As a result, their optical contrasts were

obtained and their switching times were calculated.

2.4.5. Photovoltaic Studies

The bulk heterojunction organic solar cell devices were fabricated with the structure
of ITO/PEDOT:PSS/Polymer:PC7,BM/LiF/Al. First, ITO coated glass substrates
were etched using HCI. Then, substrates were washed in ultrasonic bath for 15
minutes by using toluene, detergent, water and isopropyl alcohol. Substrates were
dried by nitrogen gun and put into Harrick Plasma Cleaner. PEDOT:PSS was filtered
through 0.45 um PVDF syringe filter and coated onto ITO surface by spin coating.
Later on, substrates were dried at 130°C for 20 minutes in order to evaporate water.
Polymer:PC7;;BM mixtures were prepared with different ratios and filtered through
0.2 um PTFE syringe filter. The mixtures were coated on PEDOT:PSS layer by G3P-
8 spin coater in glove-box filled with nitrogen. Then, LiF and Al layers were
evaporated through shadow mask and coated on polymer:PC7BM layer. Finally,
current density-voltage characteristics were tested using Keithley 2400 under

illumination of Atlas Material Testing Solutions solar simulator (AM 1.5 G).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Electrochemical Studies

Cyclic voltammetry analyses were carried out in order to investigate HOMO and
LUMO energy levels of synthesized polymers, and their band gap energies. The
corresponding values gave information about polymers whether they are suitable for
optoelectronic applications or not. In order to perform these studies, polymers which
were dissolved in chloroform were coated onto ITO surfaces via spray coating.
Oxidation and reduction potentials of the polymers were observed by using three-
electrode system. The system consisted of polymer coated ITO substrate, platinum
and silver wire in quartz cell containing TBAPF¢/ACN electrolyte solution. Cyclic
voltammograms were obtained at a scan rate of 100 mV/s. Analyses demonstrated
that both of the polymers have p-doping and n-doping characters. While p-type
doping/dedoping peaks of P-SBTBDTT were observed as 0.80 V/0.59 V, n-type
doping/dedoping peaks were at -1.71 V/-1.35 V. On the other hand, P-TBTBDTT
showed a reversible redox couple at 0.95 V/0.74 V and -1.89 V/-1.57 V as a
consequence of p-type and n-type doping/dedoping processes, respectively. The

cyclic voltammograms of these two polymers were demonstrated in Figure 31.
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Figure 31. Single-scan cyclic voltammograms of polymer films in 0.1 M TBAPF¢ /
ACN electrolyte solution (a) P-SBTBDTT (b) P-TBTBDTT

HOMO and LUMO energy levels of the polymers were calculated from the
following equations by using CV data since they were both p- and n-dopable.

HOMO = _( 4.75 + on,onset)

LUMO = _( 4.75 + Ered,onset)
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The onset potentials of oxidation and reduction were determined from the tangent
lines. As a result, HOMO energy levels of P-SBTBDTT and P-TBTBDTT were
calculated as -5.27 eV and -5.30 eV whereas LUMO energy levels were -3.33 eV and
-3.10 eV, respectively. In addition, electronic band gap (Egel) of the polymers were
obtained from the following formula and Egl values were found as 1.96 eV and 2.2

eV for P-SBTBDTT and P-TBTBDTT, sequentially.

EE' = HOMO — LUMO

The results of electrochemical studies were summarized in Table 1.

Table 1. Summary of Electrochemical Properties

P-SBTBDTT | P-TBTBDTT

Ejp-doping (V) 0.80 0.95
Ep-dedoping (V) 0.59 0.74
En-doping (V) -1.71 -1.89
En-dedoping (V) -1.35 -1.57
HOMO (eV) -5.28 -5.30
LUMO (eV) -3.32 -3.10
E." (eV) 1.96 2.2

Selenophene based polymer exhibited lower oxidation potential than the thiophene
analogue due to its higher electron donating ability. More electron rich and more
quinoidal character of selenophene than thiophene resulted in reduction of electronic
band gap. Therefore, selenophene based P-SBTBDTT had 0.24 eV lower electronic
band gap than thiophene based P-TBTBDTT that could lead increase in the amount

of harvested photons in photovoltaic applications.
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3.1.1. Scan Rate Studies

Anodic and cathodic current density values of polymers were determined in given
potential at different scan rates. According to analyses, the mass transfer of anions in
electrolyte solution to polymer surfaces were non-diffusion controlled due to linear
relationship between current density and scan rate plots. In addition, both of the P-
SBTBDTT and P-TBTBDTT demonstrated reversible redox processes considering

cyclic voltammograms in Figure 32.
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Figure 32. Scan rate studies of polymers in 0.1 M TBAPFs / ACN electrolyte

solution
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3.2 Spectroelectrochemical Studies

In spectroelectrochemical studies, light absorption behaviors of polymers in UV-Vis-
NIR regions were analyzed as a function of wavelength as shown in Figure 33.
Absorption peaks observed in the visible region indicated m-t” transition between
HOMO and LUMO energy levels of polymers. P-SBTBDTT showed maximum
absorption peaks (4,,4,) at 540 nm/590 nm while P-TBTBDTT exhibited peaks at
519 nm/561 nm. Thus, P-SBTBDTT showed red shift absorption with 21 nm/29 nm
compared to P-TBTBDTT. Higher electron donating ability and more quinoidal
character of selenophene decreasing band gap resulted in red shift absorption. The
onset values of wavelengths (4,,s.:) Were determined in order to calculate optical

band gap (E;p) of polymers. The onset wavelengths were recorded as 664 nm and

636 nm for P-SBTBDTT and P-TBTBDTT, respectively. From the following
equation, optical band gap values of P-SBTBDTT and P-SBTBDTT were obtained

as 1.87 eV and 1.95 eV in sequence.

op _ 1241

g

Aonset

As a result of electrochemical and spectroelectrochemical studies, optical band gap
values of polymers were obtained lower in energy than their electronic band gap
values caused by electron binding energy. The results of spectroelectrochemical

studies were summarized in Table 2.

Table 2. Summary of Spectroelectrochemical Studies

P-SBTBDTT | P-TBTBDTT

Amax (nm) 540/590 519/561
E,” (eV) 1.87 1.95

Polaron and bipolaron bands formed on the spectra by oxidation with an external
voltage. Polaron bands appeared in visible region while bipolaron bands formed in
near infrared region. Absorbance intensity in neutral state decreased while absorption

intensity of polaron and bipolaron bands increased as the oxidation potential
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increased. P-SBTBDTT showed maximum absorbance at wavelengths around 790
nm and 1920 nm in Vis-NIR regions. On the other hand, P-TBTBDTT exhibited

maximum absorption values at 780 nm and 1930 nm.
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Figure 33. Electronic absorption spectra of polymers in 0.1 M TBAPF¢s/ ACN

electrolyte solution and the colors of corresponding polymers
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Both of the polymers displayed broad absorption in visible region as shown in Figure
34. Polymers showed dual absorption peaks that could be ascribed to -t transition
and intermolecular charge transfer. The film states of both P-SBTBDTT and P-
SBTBDTT showed red shifted absorption when compared to their chloroform
solutions owing to more close-packed and ordered crystalline structures, aggregation
and enhanced m-m stacking through polymer backbone due to increase in

intermolecular interactions resulted in lower band gap.
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Figure 34. Absorption spectra of (a) P-SBTBDTT, (b) P-TBTBDTT in thin film

and chloroform solution
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3.3. Kinetic Studies

Chronoamperometric studies were conducted in order to monitor percent
transmittance changes of polymers with respect to time and to observe their
switching times at their maximum absorption wavelengths. Optical contrast and
switching time values were determined by oxidation and reduction processes within
5 seconds time intervals for each cycle. Optical contrast values of P-SBTBDTT
achieved as 35% (540 nm), 33% (790 nm) and 70% (1920 nm). Moreover, P-
TBTBDTT showed optical contrast values of 29% (519 nm), 28% (780 nm) and
72% (1930 nm). Both of the polymers displayed high stability as shown in Figure 35.
Switching times of P-SBTBDTT were recorded as 0.8 s (540 nm), 0.5 s (790 nm)
and 1.2 s (1920 nm). On the other hand, P-TBTBDTT demonstrated switching times
0of 0.4 s (519 nm), 0.5 s (780 nm) and 0.5 s (1930 nm). The results of kinetic studies

were summarized in Table 3.

Table 3. Summary of Kinetic Studies

Optical contrast Switching times

(AT %) (s)

70 1920 nm 1.2

P-SBTBDTT 33 790 nm 0.5
35 540 nm 0.8

72 1930 nm 0.5

P-TBTBDTT 28 780 nm 0.5
29 519 nm 0.4
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Figure 35. Percent transmittance change of (a) P-SBTBDTT (b) P-TBTBDTT in
0.1 M TBAPF¢ / ACN electrolyte solution at maximum wavelengths of polymers
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3.4. Photovoltaic Studies

Electrochemical studies revealed that HOMO and LUMO energy levels and band gap
of the polymers were applicable for photovoltaic studies. The energy levels of

materials used in organic solar cell device fabrication were illustrated in Figure 36.

-3.10 eV
-3.33 eV
-4.20 eV
P-TBTBDTT -4.30 eV
P-SBTBDTT
iTo 2.2 eV
1.96 eV
PEDOT LiF/Al
-4.70 eV PC7:BM
-5.0 eV
-5.27 eV
-5.30 eV
-6.1 eV

Figure 36. The energy levels of materials used in organic solar cell device

fabrication

In a bulk heterojunction solar cell, synthesized polymers were used as donor
materials in the active layer of device with the structure of
ITO/PEDOT:PSS/Polymer:PC;;BM/LiF/Al.  Polymer:PCBM ratio is a substantial
parameter to obtain high power conversion efficiency (1) in solar cells. As PCBM
amount increases electron transport also increases resulting in enhanced short circuit
current and power conversion efficiency. On the other hand, if polymer amount
decreases, collected photons decreases leading lowered short circuit current and
power conversion efficiency. Therefore, polymer:PCBM ratio should be optimized.

For this purpose, different ratios of polymer:PCBM layers were spin-coated on
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PEDOT:PSS layers. LiF was used as charge collection layer in order to provide
reduced energy barrier between the interface of active layer and Al cathode. Current
density-voltage characteristics were studies under illumination of AM 1.5 G with 100
mW/cm®. After obtaining current-voltage characteristics, power conversion
efficiencies of polymers were calculated. Power conversion values of polymers
could be affected by molecular weight, morphology, solvent and absorption in solar
spectrum. In preliminary photovoltaic studies, the highest power conversion
efficiency was obtained as 1.5% for P-TBTBDTT:PC7BM (1:2, w/w). On the other
hand, the highest efficiency of P-SBTBDTT:PC;BM (1:2, w/w) was 1.2%.
Theoretically, the difference between HOMO energy level of donor (polymer) and
LUMO energy level of acceptor (PC7;BM) should give Voc value. Experimentally,
the Voc values were obtained lower owing to high rate of recombination and
energetic disorder. P-TBTBDTT showed the highest Voc value of 0.72 V due to
formation of charge transfer states between the acceptor fullerene (PCBM) and donor
polymer. In addition, absorption, thickness and morphology were the factors
affecting short circuit current. Although open-circuit voltage and short circuit current
density values were moderately high, fill factor values were low ascribed to higher
recombination of charge carriers than those of transportation and morphology. The
best current density-voltage characteristics and the best photovoltaic results of
polymers were obtained for polymer:PCBM ratio of 1:2, w/w which were
demonstrated in Figure 37 and Table 4, respectively. In addition, the results of

preliminary photovoltaic studies were summarized in Table 5.
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Figure 37. Current density-Voltage characteristics of polymer:PCBM (1:2, w/w)

Table 4. Summary of the best photovoltaic results of polymers

Voc Jsc Vmr Imp FF n

(V)  (mA/em®) (V)  (@mA/em®) (%) (%)
P-SBTBDTT  0.56 6.70 0.32 3.77 32 1.20
P-TBTBDTT  0.71 5.03 0.51 2.96 42 1.50
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Table 5. Summary of Photovoltaic Studies

Polymer
Polymer PC;;BM Voc Isc , FF n
V) mAlmd) (%) (%)
Ratio

11 0.56 3.85 40 0.86

B-SBTBDTT | ., 0.56 6.70 ) 1.20
13 0.54 4.49 40 0.97

11 0.72 4.67 40 134

P-TBTBDTT | |, 0.71 5.03 4 1.50
13 0.71 3.96 0 118
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CHAPTER 4

CONCLUSIONS

In this study, conjugated polymers were synthesized for electrochemical and
photovoltaic applications by donor-acceptor-donor approach. Stille coupling
reactions were used to synthesize monomers and polymers. Electrochemical and
optical properties of polymers were investigated. Furthermore, photovoltaic studies
were performed by using polymers as active layers in bulk heterojunction solar cell
devices.

In this research m-bridge donor moiety effects of selenophene and thiophene were
investigated. Electrochemical studies revealed that polymers showed both n- and p-
doping characters. Electronic band gap values were found as 1.96 eV and 2.2 eV for
P-SBTBDTT and P-TBTBDTT, respectively. On the other hand, optical band gap
values of P-SBTBDTT and P-SBTBDTT were obtained as 1.87 eV and 1.95 eV in
sequence. As a result, optical band gap values of polymers were achieved lower than
that of electronic band gaps owing to electron binding energy. In addition,
selenophene based polymer P-SBTBDTT demonstrated lower band gap value with
respect to thiophene based P-TBTBDTT. Furthermore, HOMO energy levels of P-
SBTBDTT and P-TBTBDTT were calculated as -5.27 eV and -5.30 eV while
LUMO energy levels were -3.33 eV and -3.10 eV, sequentially. Scan rate studies
represented that redox processes of polymers were reversible and non-diffusion
controlled. In spectroelectrochemical studies, polymers showed broad absorption in
visible region. Polymer containing selenophene unit showed red shifted absorption
when compared to thiophene analogue due to higher electron donating ability and
quinoidal character of selenophene resulting in lower band gap. Moreover, the film
states of polymers displayed red shifted absorption when compared to their
chloroform solutions ascribed to more close-packed and ordered crystalline structure,

intermolecular interactions enhanced by m-m stacking through polymer backbone,
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aggregation and lower band gap of polymers in solid state. Kinetic studies showed
that both of the polymers were highly stable with fast switching times. P-TBTBDTT
displayed highest switching time of 0.4 s at 519 nm and highest optical contrast of
72% in NIR region.

Electrochemical and spectroelectrochemical studies indicated that both of the
polymers were applicable for photovoltaic applications due to their proper band gaps,
HOMO and LUMO energy levels and broad absorption ranges in visible region. As a
consequence, polymers were used as donor materials in fabrication of bulk
heterojunction solar cells. The organic solar cell device based on P-
TBTBDTT:PC7,BM (1:2, w/w) exhibited the best power conversion efficiency of
1.50% with a Vo of 0.71 V, a Jg of 5.03 mA/cm” and a FF of 42 %. In addition, P-
SBTBDTT:PC;,BM demonstrated its highest power conversion efficiency as 1.20%
with 1:2, w/w having V. of 0.56 V, a I, of 6.70 mA/cm® and a FF of 32 %,
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APPENDIX A
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Figure 38. "H NMR result of 9-(bromomethyl)nonadecane
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Figure 39. 'H NMR result of 4,7-dibromo-2-(2-octyldodecyl)-2H-
benzo[d][1,2,3]triazole
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Figure 40. 'H NMR result of of Tributyl(selenophen-2-yl)stannane
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Figure 41. '"H NMR result of 2-(2-octyldodecyl)-4,7-di(selenophen-2-y1)-2H-

benzo[d][1,2,3]triazole
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Figure 42. '"H NMR result of 4,7-bis(5-bromoselenophen-2-y1)-2-(2-octyldodecyl)-
2H-benzo[d][1,2,3]triazole
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Figure 43. '"H NMR result of Tributyl(thiophen-2-yl)stannane
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Figure 44. '"H NMR result of 2-dodecyl-4,7-di(thiophen-2-yl)-2H-
benzo[d][1,2,3]triazole
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Figure 45. "H NMR result of 4,7-bis(5-bromothiophen-2-yl)-2-(2-octyldodecyl)-2H-
benzo[d][1,2,3]triazole

72



AC-DG-40 1H
ACG-DG-40 1H

P-SBTBDTT

r4E+08

4E+08

r3E+08

F2E+08

-2E+08

F2E+08

F1E+08

-SE+07

Figure 46. '"H NMR result of P-SBTBDTT
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Figure 47. |H NMR result of P-TBTBDTT
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