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ABSTRACT

SYNTHESIS OF NOVEL DIKETOPYRROLE AND SELENOPHENE
CONTAINING NIR ABSORBING POLYMERS AND THEIR APPLICATION IN
BULK-HETEROJUNCTION SOLAR CELLS

Oklem, Giilce
M.S., Department Polymer Science and Technology
Supervisor: Assist. Prof. Dr. Gorkem Giinbasg

September 2017, 78 pages

DPP-based conjugated polymers are recently used in organic light emitting diodes,
electrochromic devices, organic field effect transistor and organic solar cell applications.
Their advantageous properties, such as broad optical absorption in Near Infra Red (NIR)
region, high charge carrier mobility and good film forming ability make them an excellent
choice for generation of highly efficient solar cells. In this thesis, using donor-acceptor
approach (D-A) we aimed to synthesize novel polymers with furan based DPP units as the
acceptor and selenophene as the donor. Modulating the alkyl side chains on furan based
DPP cores, we obtained three different monomers which coupled with selenophene via
Stille Coupling. Oxidation and reduction behaviors of the synthesized polymers were
studied with cyclic voltammetry. Optical absorption properties of the polymers were
investigated. Bulk heterojunction solar cell application of one of these polymers, P3 was
performed with polymer/PCBM (1:3) ratio and the devices were fabricated with the
structure ITO/PEDOT:PSS/P3:PCB71M/LiF/Al.  Additionally, Inverted type bulk
heterojunction solar cell application of P3 was also performed with device structure
ITO/ZnO/P3:PC71BM/M0Ox/Ag. While 3.00 % conversion efficiency was observed for the
normal structure, a respectable 6.16 % efficiency was reached in the inverted structure with
3% diphenylether additive. This is one of the highest PCE reported for DPP based

polymers.
Keywords: DPP, Near IR Region, Organic Solar Cells, Inverted solar cells
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OZGUN DIKETOPIROL VE SELENOFEN ICEREN YAKIN KIZIL OTESI
BOLGEDE SOGURMA YAPABILEN POLIMERLERIN SENTEZI VE
ORGANIK GUNES HUCRELERINDE UYGULANMASI

Oklem, Giilce
Yiiksek Lisans, Polimer Bilim Ve Teknolojisi
Tez Yoneticisi: Yard. Do¢. Dr. Gorkem Giinbas

Eylil 2017, 78 sayfa

DPP-bazli konjuge polimerler yakin gegmiste organik 151k yayan diyotlarda, elektrokromik
cihazlarda, organik alan etkili transistorlerde ve organik giines pillerinde kullanilmaktadir.
Bu polimerlerin, Yakin Kizil Otesi (NIR) bdlgede genis optik absorpsiyon, yiiksek yiik
tastyict hareket kabiliyeti ve iyi film olusturma gibi avantajli 6zellikleri, onlar1 verimli
giines pili ¢aligmalart i¢in miikkemmel bir se¢im haline getirir. Bu calismada, donor-
akseptor yaklasimi (D-A) kullanarak, furan bazlit DPP birimleri akseptor ve selenofen verici
olarak yeni polimerler sentezlemeyi amacladik. Furan bazli DPP iskeletleri tizerindeki alkil
yan zincirlerini modiile ederek, Stille Coupling vasitasiyla baglanan ii¢ farkli monomer elde
ettik. Sentezlenen polimerlerin oksidasyon ve indirgenme davraniglart doniistimli
voltametri ile incelendi. Polimerlerin optik absorpsiyon o6zellikleri arastirilmistir. Bu
polimerlerden biri olan P3'lin bulk heteroeklem giines pilleri uygulamasi, polimer/PCBM
(1:3) orani ile gerceklestirilmistir ve cihaz caligmalar1
ITO/PEDOT:PSS/P3:PC71BM/LiF/Al yapisiyla uygulanmistir. Ek olarak, P3'in ters
cevrilmis hacimli heterojinasyonlu giines pil uygulamasi ITO/ZnO/P3:PC71BM/MoOx/Ag
cihaz yapisi ile gergeklestirildi. Normal yapi i¢in %3.00 doniisiim etkinligi gézlenirken, %3
difenileter katkili ters yapida onemli olarak %6.16 verim elde edildi. Bu, DPP esash
polimerler i¢in bildirilen en yiiksek gii¢ donilisiim verimlerinden biridir

Anahtar Kelimeler: DPP, Yakin IR Bolgesi, Organik Giines Pilleri, Ters Giines Pilleri
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CHAPTER I

INTRODUCTION

1.1 Brief History

Today solar energy is perceived as a late twentieth century phenomenon; however,
humankind had discovered the energy of the sun 6000 years ago. Many prehistoric
tribes proclaim the sun as a god, realizing the sun is the source of every natural
phenomenon. Stone Age Chinese built their homes such a way to provide utmost
benefit to the sun. The Great Pyramid in Egypt which is one of the most perfect
architectural achievement of mankind, was built to be a staircase to the sun [1]. Sun
is the resource of life on Earth, presenting the different forms of energy; biofuel,
thermal and electrical. Statistics presume that growing electrical energy demand will
be doubled by the year 2030. The amount of energy of which the Sun delivers to Earth
is 1.2 x 10° terawatt and daily energy consumed on Earth is 13 TW [2].

The story of solar cells began in 1839, with discovery of photovoltaic effect by
Edmond Becquerel, immersing the two different brass plates into a liquid, resulted
generating a continuous current when exposed to sunlight. In the late 1870s,
Willoughby Smith, W. G. Adams and R. E. Day discovered the photovoltaic effect in
selenium, followed by the first solar cell, transparent gold film coated selenium on a
metal, created by C.E. Fritts, 1885. Developments in solar cells studies accelerated
after the discovery of quantum mechanics. In 1954 at Bell Laboratories, by replacing
the selenium with silicon crystal, scientist invented the first practical solar cell with 6
% efficiency. The most important reason for the increased interest in solar cell
research was the space explorations in late 1950s and the oil crisis in 1970s. As the
need for solar cells increased, new varieties have begun to be developed for different
application areas [1-3]. With ever increasing material choices and advancing device
structures, organic solar cells keep improving their power conversion efficiencies

since they first discovered.



1.2 Types of Solar Cells

1.2.1 Mono-Crystaline and Multi-crystaline Silicon Solar Cells

By being the first discovered solar cell in 1950s, and as well as the improvements in
microelectronics, crystalline silicon solar cells have grown much faster than the other
photovoltaic technologies. Highest efficiency recorded 25.6% in 2016, pushing the
theoretical limits which were calculated as 33.5% [3]. Silicon is an advantageous
material for solar cell applications, having low energy band gap of 1.12 eV of silicon
makes it compatible with solar spectrum, providing the long term outdoor stability
when compared with other materials. Crystalline silicon photovoltaics also known as
first generation solar cells, include both mono-crystalline (c-Si) and multi crystalline

(mc-Si) types of silicon [3].

1.2.1.1 Mono-Crystalline Silicon Solar Cells

Mono-crystalline silicon solar cells are made from highly pure silicon wafers
containing almost no defect or metal impurity. In these cells, the silicon has a single
continuous crystal lattice structure [4]. Manufacturing highly pure silicon is a
complicated and expensive process which leads to relatively high costs. However,
modules made from mono-crystalline silicon solar cells are widely used in both space
and commercial applications. The recent efficiency of multi-crystalline silicon solar
cell was reported as 20.4%. The PESC, PERC and PERL applications, all are advances
in surface passivation, reduce recombination of charge carriers on the surface and

improved the efficiency [3].

1.2.1.2 Multi-Crystalline Silicon Solar Cells

Multi crystalline silicon solar cells, known as polycrystalline cells are produced from
multiple grains of monocrystalline silicon. Multicrystalline cells are cheaper than
monocrystalline ones because of the simpler method in production. Compared with
monocrystalline silicon solar cells, multi crystalline silicon solar cells have less

efficiency due to more impure nature [4].



1.2.1  Amorphous Silicon Solar Cells

Amorphous silicon (a-Si) contains 10% hydrogen and named as glassy alloy of silicon
and hydrogen. Amorphous silicon solar cells differ from mono- and multicrystalline
solar cells in a way that the silicon atoms are arranged in a thin homogenous layer.
Thin film photovoltaic technology emerged with amorphous silicon solar cells. When
compared with crystalline solar cells, amorphous silicon cells have a better light
absorption and this is the reason that they can be used in the production of thinner
cells [4]. Since early 1980s amorphous silicon solar cells have been used in calculators
and digital watches, in mid 1980s solar module applications of amorphous silicon has
been accelerated [5].

Amorphous silicon solar cells have lower efficiencies than crystalline solar cells,
around 6-7% [6]. However, they are easier and cheaper in production therefore there
are many application areas. In order to improve efficiency, various designs of hybrid
modules increased, a-Si is combined with the layers of multicrystalline silicon (9-10%
efficiencies). Recent studies predicted that 13% efficiency for amorphous silicon
technology can be achievable by embedding the metallic nanoparticles (MNPs) inside
the structure [6].

1.2.2 Cadmium Telluride Solar Cells

Thin film cadmium telluride (CdTe) is one of the practical material among the
photovoltaic technology due to its ideal band gap 1.5 eV, high absorption property
and the outstanding chemical stability [4]. Theoretical efficiency for CdTe solar cells
were calculated around 28% - 30%. The recent studies seem to be close to the foreseen
efficiency values, recording 22.1% by First Solar Inc.US [7].
In the typical device architecture of CdTe/CdS solar cells, there are 4 layers;

1.TCO-transparent conducting oxide

2. CdS film as a window layer

3. CdTe film as an absorber layer

4. The back contact which on top of the CdTe layer [8].
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Figure 1.1: Structure of standard CdS/CdTe thin- film solar cells [8]

SnO,, In,O;, ZnO, or Zn,SnO, are the example materials for TCO films with high

transparency ranges between 80%-90%. The next layer CdS; can be prepared by using
different methods including chemical bath deposition (CBD) and closed space
sublimation (CSS). CBD method is more preferable due to its higher efficiency record
solar cell provided by compact film forming property. Another important step for high
efficiency in CdTe solar cells is Cl, treatment for both CdTe and CdS layers. This step

provides better interface [9].

1.2.3 Perovskite Solar Cells

Perovskite term defines the specific crystal structure with formula ABX3 as calcium
titanium oxide (CaTiO3). X is oxygen or halogen, A is larger metal cation occupies
the cubo-octahedral site shared with twelve X anions and B is smaller metal cation is
coordinated in octahedral sites. The materials with this crystal structure exhibit
different properties; ferroelectricity or superconductivity [10]. First studies on
perovskite solar cell applied by Miyasaka et al in 2009, power conversion efficiency
was found 3.8% for CH;NH;Pbl; as an organic-inorganic sensitizer. In early
application method of perovskite solar cells, the pigment was deposited in a single
step onto metal oxide film using mixture of PbX, and CH;NH;X. Burschka et al.,
2013 investigated a new method which started with applying Pbl first onto

nanoporous titanium dioxide film, followed by transformation into perovskite in the

4



presence of CH;NH, I solution [11]. This technique resulted better morphology control

and higher power conversion efficiency, 15%, was achieved [11].

1.2.4 Organic Solar Cells

Organic solar cells are considered as being one of the most promising alternative
among the photovoltaic technologies thanks to their advantages. Organic solar cells
offer advantages like low cost production, flexibility, thinnes and light weight devices
[12-15]. As a result of the improvements in polymer synthesis, conjugated polymers
have taken their place among the most important semiconducting materials.
Photovoltaic properties of conjugated polymers like polyacetylene, derivatives of
polythiophene and poly(phenylenevinylenes) gained attention when the mobile
photoinduced charge transfer concept was understood [16-18].

The ultrafast, metastable and reversible transfer between conjugated polymer and
fullerene is known as photoinduced electron transfer. The transfer of phoexcited
electron from the conjugated polymer to the acceptor unit (mostly fullerene) occurs
[14-18]. The resulted cation radical species named as positive polaron on the
conjugated backbone are highly delocalized and stable as indicated in electrochemical
or chemical oxidative doping studies [16]. Figure 1.2 shows the schematic
representation of photoinduced electron transfer between conjugated polymer and

fullerene .



Figure 1.2: Photoinduced electron transfer

between conjugated polymer and fullerene [13]

In working principle of organic solar cells photovoltaic active layer is sandwiched
between the two electrodes. Photoexcitation of the donor material by the absorption
of light energy generate excitons. This electron-hole pairs called excitons bounded by
columbic forces diffuses in the active layer, composed of donor and acceptor. In
donor-acceptor interface exciton dissociation occurs via electron transfer.
Photocurrent and photogeneration occurs when the free charge carriers reach and
collected in corresponding electrodes [16,18]. The limitations of the process are the
short lifetimes of excitons (1ns) and their diffusion lengths (10-20 nm) in active layer
[16-19]. This is the one of the main reasons that affects device performance due to
loss of absorbed photons and quantum efficiency. Thus once the excitons are formed
they have to diffuse into interface to convert to charge carriers before deactivating to
ground state. The relation between exciton diffusion length and diffusion coefficient
is expressed by the formula:

Lo=(D1)"

Lo : Exciton diffusion length
D : Diffusion coefficient

1. Exciton lifetime



Due to short lifetimes of excitons and limited diffusion lengths, only a limited part of
excitons can diffuse into interface [17-19].

Bulk heterojunction concept (instead of layered structures of donor and acceptors)
was introduced as a solution of limited exciton diffusion length which offers to form
a bicontinues interpenetrating network for efficient exciton diffusion [14,19]. In order
to increase excitons harvested in interface BHJ concept provides more smaller
domain sizes than the exciton diffusion length. However, there is a contradiction
between small domain sizes and charge collection because too small domain sizes
contribute to charge recombination. Therefore exciton diffusion length and the
morphology of the active layerhas asignificant effect on the device performance [20].
Bulk heterojunction concept is superior to bi-layer organic cells since the diffusion
length of excitons are low. Hence charge separation can only happen on the interface
where two layers are in contact with each other.As can be seen from the figure 1.3,
active layers are coated on one top of another in bilayer structure which results in

discontinued domains and thicker interface that excitons cannot diffuse efficiently

[19].
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Figure 1.3: (a) Bilayer structure of an organic solar cell (b) Bulk heterojunction
structure of oan organic solar cell [19]

In order to develop high performance in organic solar cells, one of the key parameter
is the tuning the HOMO level of p-type polymer and the LUMO level of n-type PCBM

derivative.



Band gap (Eg) is defined as total characteristic effects which arise from the nature

of the polymer.

or, 0

_or ub
Eg—E +E

L gres , gsub. Eint

E8r : bond length alternation along the chain
Ee: mean deviation from planarity

E™ . aromatic resonance energy of the ring
Esub. : inductive or mesomeric electronic effects of substitutients

Eint' : inter-chain or intermolecular coupling in the solid state.

Low band gap polymers are known having a band gap smaller than 1.6 eV and this
property enables them to make absorption in wider range including near IR region and
result in harvesting more light to convert electricity. Using donor-acceptor (D-A)
approach developed by Yamamoto et al., it is possible to create new altered HOMO
and LUMO levels [21]. When two units with donor and acceptor properties are
polymerized, HOMO of the donor and HOMO of the acceptor molecule create new
HOMO level, while LUMOSs of the donor and acceptor units interact to form a new

LUMO level resulting a narrower optical band gap, depicted in Figure 1.4 [20].
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Figure 1.4: Simplified mechanism of bandgap lowering by
donor—acceptor interaction [20].



1.2.4 Inverted Organic Solar Cells

Increasing interest in inverted solar cells in recent years is due to their device structure
that exhibit better performance in harvesting more photons compared with normal

device structures [22].

(a) (b)

e High WF metal

TCO (cathode) TCO (cathode)

Figure 1.5: General device structures for (a) Conventional organic
solar cell and (b) Inverted organic solar cells [22]

The main differences arise from the substitution of the low work function metal with
high work function metal in order to overcome stability limitations [23]. In general,
device architecture of a typical organic bulk heterojunction solar cell is
ITO/PEDOT:PSS/photoactive layer/LWF metal. LWF metals such as Li, Ca and Al,
can be easily oxidized [23]. Diffusion of the oxygen into photoactive layer through
pinholes and grain boundaris through to cathode causes deterotion of the structure of
active layer [23]. However, inverted device structure offers an improvement about air
stability of the devices by using ITO as a cathode and a high work function (HWF)
metal as an anode such as Ag, Au and Cu [23,24]. Furthermore, inverted-structure
solar cells differ from the conventional solar cells by having the opposite sequence of
hole blocking layer between the transparent electrode and electron blocking layer on
the top contact with a high work function metal silver or gold having the air stability
[22, 24]. The first inverted organic solar cell was reported by Shirakawa et al. applying

ZnO hole- blocking layer and a gold layer as top electrode [25]. In 2016 Cho et al.,
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reported 10.08% power conversion efficiency by introducing a novel method using
gradiently doped ZnO ripple structures and alkali metal carbonates with bilayer

deposition [26].

1.3 DPP Polymers For Organic Solar Cells

Since the first discovery of the DPPs, they are used in various industrial applications,
including paints, varnishes and printing. Their bright colors and high stability make
them excellent choice for various applications. More recent studies reveal that DPP
based materials can be successfully utilized in semiconductor technology such as
OFETs, solar cells and OLEDs. DPP—based conjugated polymers are the promising
materials which meet most of the requirements of an efficient organic solar cells;
broad optical absorption, good film forming properties, and better morphology lead
to improved fill factor (FF) and high short-circuit current (J_,) [27]. Characteristics of

self-assembly towards to more ordered domains make DPP-based molecules can
easily be modified by both alkyl side chains or other functional groups. The structure
property of the polymer has an immense effect on solar cell device performance by
effecting the light harvesting ability, energy levels, solubility, charge carrier mobility
and film forming characteristics of the active layer. The length, branching, position
and symmetry of the alkyl side chain have a direct effect on molecular packing and
crystallinity which adjust the film morphology [27]. Another correlation has been
confirmed between the end groups and optoelectronic properties, charge generation,
transportation and collection process in an organic cell device [27]. Hence having
easily modifiable positions make DPP a great candidate for organic electronic
applications.

First applications of DPP- based small molecules and polymers in organic solar cells
were achieved by Janssen and Nguyen separately but in the same time, in 2008 [28,
29]. Nguyen and co-workers utilized the DPP in a small chain oligothiophene
derivative. The aim was to generate solution processable materials that exhibits
stronger absorption in longer wavelengths. Thus, 3,6-diaryl-2,5-dihydro-pyrrolo[3,4-

c]pyrrole-1,4-dione was used which served as a highly absorbing chromophore. This
10



design provided optical absorption at 720 nm in solution and 820 nm in the film. Thus,
2.3% power conversion efficiency with 70:30 donot/ acceptor ratio using [6,6]-phenyl
Ce1 butyric acid methyl ester (PCBM) as an acceptor molecule in bulk heterojunction

solar cell application. [27,28].

}_ cathode

Anode Contact

ITO/Glass PEDOT/PSS

Light

CeHn
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Figure 1.6: DPP and PCBM molecules [28]

Janssen group designed polymers consisted of electron rich quaterthiophene(BBT)

moiety and electron poor diketo pyrrolo-pyrrole (DPP) unit towards achieving lower

optical band gap (low as 1.4 eV). Poly[3,6—bis—(4, —dodecyl—[2,2, |bithiophenyl-5-yl)-
2,5-bis-(2-ethyl-hexyl)-2,5-dihydropyrrolo[ 3,4-]pyrrole-1,4-dione] (pBBTDPP2)
(DPI=3.35), blended with [60]PCBM and [70]PCBM in orthodichlorobenzene
solution provided 3.2% and 4.0% power conversion efficiencies respectively [29].
The significant difference arised in power conversion efficiencies due to the relatively

higher absorption coefficient of [70]PCBM molecule in visible region [30].

1.4 Synthetic Methods For DPP

First discovery of DPP was a total coincidence rather than a consciously desired
synthesis. In 1974 Farnum and co-workers obtined DPP as a byproduct of beta-lactam
synthesis under Reformatsky conditions. Although not having the desired product,
DPP was obtained as one of the low yielded (5-20%) by products. The characteristics
of the molecule; bright red color and low solubility were the evidence that the product

was an organic pigment [30, 31]. Chemists from Geigy AG (currently part of BASF)
11



focused on more efficient synthetic methods for DPP. Researchers found out the
mechanism explained by Farnum et al., was incorrect. It was concluded that

aminoester or zinc salt cannot dimerize to yield DPP.

H

N_ _Ph
PhCN Ph 0 Ph CO,Et 2EOH O

BrZnCH,CO.Et 4C> = L» — NH, 4()» ’
NH, COEt NH, )= | o

EtO,C  Ph Ph™ °N

H

DPP

Figure 1.7: Postulated mechanism of DPP under Reformatsky conditions [30].

The revised mechanism of DPP synthesis under Reformatsky conditions is as
follows figure 1.8:

Ph Ph

Ph
PhCN Zn BrZnCH,CO,Et A__CO.Et CO.Et
200, H- 2 H - 2
+ = NH )j\ N - N°
Brzn "o OEt - ZnBr, Et0,C

BrZnCH,CO,Et EtO,C
-EtOH
H Ph Ph
N_ _Ph CO,Et
0 | - EtOH NH™N PhCN  NH™X\ CO.Et
~—— \ - 2
I =0 o NH, 4" o
Ph N Ph
H
DPP

Figure 1.8: Revised mechanism of DPP formation by the Reformatsky route [30].

Later the synthetically improved method provided 30% yield for ethyl acetate and 60
% yield for nitrile used was still not enough for industrial production. Although the
synthesis of DPP under Reformatsky conditions was improved by Shaabani and co-
workers in 2005, succinic acid method has been frequently used since it was first

introduced by Igbal and co-workers 1988 [30].

Thus, compared with alternative methods, succinic ester and aromatic nitrile synthesis

12



provides less number of reaction step and requires more readily available starting

materials which results in this method being the more practical synthetic option.

In this method, DPP product is obtained by direct cyclization reaction of aromatic
nitrile and succinic ester. Branched alcohols and their sodium salt are used as the

solvent and the strong base respectively.

Ar
CO-R H-
5 AICN 4 ( RO'M*ROH ' N O
COR O NNy
Ar

R =tAm, tBu, iPr, rarely Me, Et
M =Na, K

Figure 1.9: Succinic method of DPP synthesis [30].

Several other methods have been developed for DPP synthesis in recent years,
including microwave heating or using DDQ as an oxidant. These methods, however
resulted with variable slightly different yields and were not developed furthermore.
Although the succinic acid method has been the most generally accepted method for
synthesis of DPP molecules, it is only valid for symmetric molecules, not useful for
asymmetric DPP derivatives. In order to have unsymmetrical product, starting with
mixed aromatic nitriles can be considered, however due to low solubility of DPP
molecules, it is not possible to separate the low yielded asymmetrical and symmetrical
products from eachother [30]. One of the common method for unsymetrical DPP
synthesis was proposed by the chemists at Ciba-Geigy. Under basic conditions it is
possible to synthesize DPP by the reaction of a nitrile and an aminoester or a lactam

[30].
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Figure 1.10: DPP synthesis from lactam and aminoester [30].

Both symetrical and unsymetrical DPP derivatives can be synthesized by this reaction
route. Electron poor, unhindered nitriles provide the higher yields as in the succinic
method [28-30]. When compared with lactam and aminoester precusors are compared,
lactam is preferred in synthesis of asymetrical DPP because it’s relatively more

stability over the aminoesters [28].

1.5 Additives in Bulk Heterojunction Organic Solar Cells

In our study, we aim to investigate the additive effect on morphology and the resulted
effect on efficiency. Various techniques have been applied such as thermal annealing,
solvent vapor annealing and using different type of additives including small
molecules, polymers, inorganic crystals and high boiling solvents [31,32]. Among
these methods, morphological control by additives showed DPP based polymers can
be significantly improved with the presence of the certain amount of additives
resulting in higher efficiencies in solar cell applications [33, 34]. Recent studies
demonstrate the more favorable effect of additives on morphology by altering the
donor acceptor phases and domain sizes also enhancing crystallinity [32-37]. By

introducing certain amount of additives, it is possible to decrease domain sizes and
14



prevent agglomeration in active layer. Therefore, providing increased improved area
with an ideal morphology for charge generation and collection [37]. In 2008, Lee et
al., specified the general characteristics of the additives for bulk heterojunction solar
cells as (i) selective solubility to the one component and (ii) higher boiling point than
the host solvent [38,39]. The study of Liao et al., represented the frequently used
solvent additives in Figure 1.11 [32].
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Figure 1.11: Examples of solvent additives for BHJ morphological control [32]

Frechet group in 2011 achieved 6.5% power conversion efficiency in DPP based

organic solar cell application with presence of 1-chloronaphthalene (CN) additive
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while the recent study of Heeger group reported DPP based organic solar cell reached

efficiency 9.4% with presence of diphenylether additive [33,40].

1.6 Aim of the Study

The aim of this study is to synthesize novel DPP and selenophene containing polymers
which have absorption ability both in visible and near IR regions and providing 5%
power conversion efficiency. We were inspired by the fact that since DPP-based donor
polymers exhibit broad optical absorption and high motilities for charge carriers they
can give remarkable power conversion efficiencies as high as 9.4% [40]. We started
our synthesis with furan based DPP molecules which is known for providing higher
solubility than its thiophene analogue. Using the benefits of donor-acceptor approach
we chose selenophene as donor for DPP acceptor moiety. Studieds in literature
showed that selenophene containing DPP polymers exhibited high charge carrier
mobilities [36,41]. Morever, selenophene unit has positive impact on solubility, film
forming ability and morphology of the polymer [42]. Modifying the alkyl side chains
in our DPP cores we synthesized three different polymers and observed that all
exhibits different solubility, film forming and morphological properties.
Polymerization of the furan based DPP unit and selenophene by Stille coupling
reaction yielded polymers with a wide absorption spectra both in visible and NIR
regions as expected. For achieving 5% power conversion efficiency we followed the
study of Frechet et al, and used additives choloronapthalene and diphenyl ether both
in conventional bulk heterojunction application and inverted solar cell applications.
We finalized our study by developing 6.16% efficiency solar cells in collaboration

with Baran Group at KAUST by using our novel structured P3 as the active layer.
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Figure 1.12: Structure of P3
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CHAPTER II

EXPERIMENTAL

2.1 Materials

All chemicals were purchased from Sigma Aldrich, TCI and Carlo Erba. Dry solvents
THF and DMF were obtained from MBBraun solvent dryer system which was
available in the laboratory. For column chromatography, Merck Silica Gel 60 mesh
was used as a stationary phase. All reactions were monitored with TLC and conducted
under argon atmosphere unless otherwise was mentioned. Experimental details
regarding electrochemistry, solar cell device fabrication and characterization are

given in the related parts of the results and discussion chapter.

2.2 Equipments

'H and *C NMR spectra of the synthesized molecules were recorded on Bruker
Spectrospin Avance DPX-400 Spectrometer. Spectroelectrochemical studies were
conducted by Varian Cary 5000 UV- Vis spectrophotometer. Electrochemical studies

were performed via Voltalab 50 potentiostat.

2.3 Synthesis

2.3.1 Synthesis of 2-Furonitrile 3]

()~ e =

Figure 2.1: Synthetic route of 2 —Furonitrile
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Freshley distilled furfural (3.00 g, 31.2 mmol), ammonium hydroxide solution (25%,
264 mL) and THF (31.2 mL) was added into 500 mL reaction flask. The reaction
mixture was stirred at room temperature for 5 minutes. After portionwise addition of
I> (8.71 g, 34.3 mmol) was completed, mixture was stirred about 10 minutes until the
faint yellow color of the mixture turned into grey. Then freshly prepared 5% sodium
thiosulfate solution (50 mL) poured into reaction flask and the mixture stirred for a
few minutes. Then the mixture was extracted with Et2O. The organic phase was dried
over MgS0O4 and evaporation of the solvent afforded yellow colored liquid (1.86 g,
64% yield). '"H NMR (400 MHz, CDCl3) § 7.60 (d, J = 2.1 Hz, 1H), 7.13 — 7.09 (m,
1H), 6.55 (dd, J = 3.6, 1.8 Hz, 1H). '*C NMR (100 MHz, CDCl3) § 147.3, 126.2,
122.0, 111.4.

2.3.2 Synthesis of Diethyl Succinate 44

o) o)
o) EtOH rflx 24h o)

Figure 2.2: Synthetic route of Diethyl Succinate

Ethanol (125 mL), succinic acid (7.38 g, 62.5 mmol), sulphuric acid (3.75 mL) were
mixed in two necked-round bottomed 250 mL reaction flask under argon atmosphere.
Reaction mixture was stirred for 1 hour at 80 °C. After the reaction was completed,
solvent was removed, water was added and the residue was extracted with Et,O. The
combined organic layer were washed with sat. NaHCO3, dried over MgSO4 and the
solvent was evaporated. Product was obtained as a colorless liquid (8.82 g, 80%
yield)."H NMR (400 MHz, CDCl3) § 4.12 (q, J = 7.1 Hz, 1H), 2.59 (s, 1H), 1.23 (t, J
= 7.1 Hz, 1H). *C NMR (100 MHz, CDCl3) § 171.8, 60.6, 29.1, 14.1.
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2.3.3 Synthesis of 9-(Bromomethyl)nonadecane 4]

OH Br

NBS, PPh3 /£
CioH24 CgHy7 > CyoHo4 CgH17
DCM

Figure 2.3: Synthetic route of 9-(Bromomethyl)nonadecane

9-(Bromomethyl)nonadecane was synthesized from its alcohol precursor.
Octyldodecanol (2.0 g, 6.7 mmol), triphenylphosphine (3.56 g, 13.6 mmol) were
dissolved in DCM (5 mL) in a two-necked reaction flask under argon atmosphere in
room temperature. After the reaction mixture was cooled to 0 °C, NBS (1.78 g, 10.1
mmol) was added in portion wise into reaction medium. Reaction was stirred in room
temperature overnight. After the solvent was removed, water was added and the crude
product was extracted with hexane (500 mL). The organic layer was dried over
(MgSO0s) and the solvent wa evaporated. The crude product was purified by column
chromatography eluting with hexane (1.95 g, 80% yield)."H NMR (400 MHz, CDCls)
8 3.45 (d, J = 4.7 Hz, 2H), 1.26 (s, 33H), 0.88 (t, J = 6.8 Hz, 6H), '*C NMR (100
MHz, CDCls) ¢ 39.7, 39.5, 32.5, 31.9, 29.7, 29.6, 29.6, 29.5, 29.3, 29.3, 26.5, 22.6,
14.1

2.3.4 Synthesis of Sodium 3,6-di(furan-2-yl)-1,4-dioxo-1H,4H-pyrrolo[3,4-
c]pyrrole-2,5-diide )

Figure 2.4: Synthetic route Sodium 3,6-di(furan-2-yl)-1,4-dioxo-1H,4H-
pyrrolo[3,4-C]pyrrole-2,5-diide
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Two necked 100 mL reaction flask was evacuated and filled twice with argon and
vacuum cycles. Dry tert- amyl alcohol (50 mL) was injected with a syringe into
reaction flask. Reaction was heated up to 75-80 °C and sodium metal (0.50 g, 21.5
mmol) added portionwise until no gas evolution was observed. After all the sodium
metals disappeared, temperature of the reaction was raised to 120 °C and stirred
overnight. 2-Furonitrile (2.00 g, 21.5 mmol) was added and reaction was stirred 10
minutes before diethyl succinate (1.255 g, 7.209 mmol) added. Reaction was stirred
at 120 °C for 5 hours while monitoring with TLC. Temperature of the reaction was
brought to room temperature and the mixture was filtered through Biichner funnel and
washed with MeOH. Powder like solid substance was dried in an one necked flask
under reduced pressure. The obtained product was used without any purification in

the next step.

2.3.5 Synthesis of 2,5-didodecyl-3,6-di(furan-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione 4!

Cy2Ho5Br
DMF,reflux,5h

Figure 2.5: Synthetic route of 2,5-didodecyl-3,6-di(furan-2-yl)-
2,5dihydropyrrolo[3.,4-c]pyrrole-1,4-dione

Previously synthesized 3,6-di(furan-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(2.68 g, 8.6 mmol) and dry DMF (39 mL) were charged in a 100 mL two necked
reaction flask under argon atmosphere. The mixture was heated to 120 °C and stirred
for 30 minutes.1-bromododecane (5.36 g, 21.5 mmol) was introduced to the reaction

mixture, temperature was immediately raised to 140 °C and the mixture was stirred
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for 5 hours. After the reaction was finished, mixture was precipitated in water, and the
precipitate washed with MeOH. The material was collected from filtration flask with
CHCI3 and the solvent was evaporated. The residue was purified with column
chromatography on silica gel (hexane/CHCl3) two times. The combined yield was
11%, 0.572 g) '"H NMR (400 MHz, CDCl3) & 8.30 (d, J = 3.6 Hz, 2H), 7.63 (d, J =
1.3 Hz, 2H), 6.69 (dd, J = 3.7, 1.7 Hz, 2H), 4.13 — 4.08 (m, 4H), 1.69 (p, J = 7.6 Hz,
4H), 1.27 (d, J = 18.3 Hz, 36H), 0.87 (t, J = 6.9 Hz, 6H). *C NMR (100 MHz, CDCl3)
0 160.8, 145.1, 144.6, 133.6, 120.0, 113.4, 106.4, 42.4, 31.9, 30.2, 29.6, 29.6, 29.6,
29.5,29.3,29.3, 26.8, 22.6, 14.1.

2.3.6 Synthesis of 3,6-bis(5-bromofuran-2-yl)-2,5-didodesil-2,5-
dihydropyrrolo[3,4-c]pyrrol-1,4-dione 4]

Figure 2.6: Synthetic route of 3,6-bis(5-bromofuran-2-yl)-2,5-didodesil-
2,5-dihydropyrrolo[3,4-C]pyrrol-1,4-dione

Previously synthesized 2,5-didodecyl-3,6-di(furan-2-yl)-2,5-dihydropyrrolo[3,4-
clpyrrole-1,4-dione (1.09 g, 1.80 mmol) and CHCls (5 mL) were stirred in a two
necked 250 mL reaction flask under argon atmosphere for ten minutes at room
temperature. Reaction flask was covered with aluminum foil and protected from light.

NBS (0,264 g, 1.48 mmol) was added into reaction slowly and reaction was stirred

23



for 12 hours at room temperature under dark conditions. After the reaction was
completed water was added and the mixture was diluted with CHCI3 and extraction
was performed. The organic layers were combined and dried over MgSO,. After the
product was concentrated on rotary evaporator, crude product was purified by column
chromatography (hexane/ CHCl3) and a dark red color solid was obtained, (0.455 g,
33%) '"H NMR (400 MHz, CDCls) § 8.26 (m, J = 2.33 Hz, 2H), 6.63 (m, J = 0.98 Hz,
2H), 4.05 (m, J = 0.88 Hz, 4H), 1.25 (s, 40H), 0.87 (m, J = 0.47 Hz, 6H).
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2.3.7 Synthesis of 2,5-bis(trimethylstannyl)-selenophene 7]

\ |
Es)e 1.BuLi,THF SN gg y
/' 2.(HsC)sSnCl | )-sn-
\

Figure 2.7: Synthetic route of 2,5-bis(trimethylstannyl)

-selenophene

Three successive vacuum —argon cycles were applied to a 100 mL two necked reaction
flask equipped with stirring bar. Selenophene (1.00 g, 7.63 mmol) was injected with
syringe into reaction medium and dry THF (26 mL) was added. Reaction mixture was
stirred 10 minutes at room temperature before cooling down to -78 °C. After stirring
the reaction at -78 °C for 20 minutes, N-BuLi (8mL) was introduced dropwise into the
reaction. Upon completion with the addition of n-BuLi, reaction stirred at -78 °C for
45 minutes. Then reaction was kept stirring at room temperature for 3 hours.
Trimethyltinchloride (18 mL) was introduced into reaction with a syringe and reaction
was stirred overnight. The ice-cold water was added and the product was extracted
with Et20 (250 mL). The organic layer was dried over MgSOyq filtrated and the solvent
was evaporated under reduced pressure. The residue was recrystalized from ethyl
alcohol under argon atmosphere to yield the title compound as white crystals (0.780

g, 24% yield). 'TH-NMR (400 MHz, CDCl;, TMS): § (ppm) 7.60 (s, 2H), 0.31 (s, 18H).
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2.3.8 Synthesis of 2,5-didodecyl-3-(5-methylfuran-2-yl)-6-(5-(5
methylselenophen-2-yl)furan-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

dione!“®

Sn
.7 Se  /  PdCI,(PPh),
\ Toluene

P1

Figure 2.8: Synthetic route of 2,5-didodecyl-3-(5-methylfuran-2-yl)-6-(5-(5-
methylselenophen-2-yl)furan-2-yl)-2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-dione (P1)

3,6-bis(5-bromofuran-2-yl)-2,5-didodecyl-2,5-dihydropyrrolo[3,4-C]pyrrole-

1,4dione (140 mg, 0.183 mmol) and 2,5-bis(trimethylstannyl)-selenophene (83.56
mg, 0.183 mmol) were mixed in 50 mL schlenk tube which was previously subjected
to 3 vacuum-argon cycles. Bis(triphenylphosphine) palladium (II) (5 mol%, 7 mg)
were added quickly as a catalyst. Dry toluene (8 mL) was added and reaction was
stirred for 24 hours at 95 °C. At the end of the reaction bromobenzene (0.3 mL) was
introduced as an end-gapper and the reaction was stirred another 8 hours. Next,
tributyl(thiophene-2-yl)stannane (0.25 mL) was added as the other end-gapper. The
reaction was stirred for 4 hours additional. After the reaction was completed, solvent
was removed and cold MeOH (500 mL) was added and the mixture left overnight to
precipitate in the fridge Then, product was filtrated and soxhlet extraction was
performed with the following oreder; acetone, hexane and CHCls. Polymer could not

be recovered due to its low solubility.
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2.3.9 Synthesis of 3,6-di(furan-2-yl)-2,5-bis(2-octyldodecyl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione!“¢]

C10H21

CBH17)\\
CaoH44Br o)
—_—
DMF,reflux,5h | (o]
N
== C,oH
N\ 0 \\< 10" 121
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Figure 2.9: Synthetic route of 3,6-di(furan-2-yl)-2,5-bis(2-octyldodecyl)-2,5-
dihydropyrrolo[3,4-C]pyrrole-1,4-dione

Previously synthesized 3,6-di(furan-2-yl)-1,4-dioxo-1H,4H-pyrrolo[3,4-C]pyrrole-
2,5-diide (2.8 g, 9.08 mmol) and dry DMF (40 mL) were charged in a 100 mL two
necked reaction flask equipped with condenser and stirring bar, at 120 °C for 30
minutes. 9-(Bromomethyl) nonadecane (9.85 g, 27.3, mmol) was introduced to the
reaction and temperature was raised to 140 °C immediately and the mixture was
stirred for 5 hours. After the completion of the reaction, DMF was removed, water
was addded and extraction was performed with CHCIl3. The organic layers were dried
over MgSO,. Further purification was achieved with column chromatography using
mixture of hexane/ethyl acetate get the 3,6-di(furan-2-yl)-2,5-bis(2-octyldodecyl)-
2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-dione purple-red solid 2.688 yielded. . '"H NMR
(400 MHz, CDCl3) 6 8.26 (d, J = 3.6 Hz, 2H), 7.53 (s, 2H), 6.67 — 6.59 (m, 2H), 3.95
(d, J = 7.4 Hz, 4H), 1.80 — 1.59 (m, 4H), 1.22 — 1.14 (m, 64H), 0.79 (q, J = 7.0, 6.4
Hz, 12H). 3C NMR (100 MHz, CDCls) § 161.2, 144.7, 144.6, 133.9, 120.1, 113.4,
106.4, 46.5, 38.5,31.9, 31.8, 31.4, 30.0, 29.6, 29.5, 29.3, 29.3, 26.5, 22.6, 14.1.
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2.3.10 Synthesis of 3,6-bis(5-bromofuran-2-yl)-2,5-bis(2-octyldodecyl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione [4¢]

Br
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Figure 2.10: Synthetic route of 3,6-bis(5-bromofuran-2-yl)-2,5-bis(2-
octyldodecyl)-2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-dione

Previously synthesized 3,6-di(furan-2-yl)-2,5-bis(2-octyldodecyl)-2,5-
dihydropyrrolo[3.,4-c]pyrrole-1,4-dione (300 mg, 0.36 mmol) and CHCl3 (5 mL)
were introduced into a 250 mL reaction flask under argon atmosphere at room
temperature and the mixture was stirred for 10 minutes. Reaction flask was covered
with an aluminum foil and NBS (0.135 g, 0.758 mmol) was added portionwise at 0
°C. Reaction was continued to stir for 30 minutes then extracted with CHCl3, The
organic layer was dried over MgSQO4. After the product was concentrated on rotary
evaporator, crude product was purified by column chromatography (hexane/CHCl3)
and 3,6-bis(5-bromofuran-2-yl)-2,5-bis(2-octyldodecyl)-2,5-dihydropyrrolo[ 3,4-
c]pyrrole-1,4-dione was obtained as a dark red solid yield 40%), 0.141 g.'"H NMR
(400 MHz, CDCls3) & 8.30 (d, J = 3.7 Hz, 2H), 6.62 (d, J = 3.7 Hz, 2H), 3.98 (d, J =
7.4 Hz, 4H), 1.79 (s, 2H), 1.23 (s, 62H), 0.86 (s, 14H).
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2.3.11 Synthesis of 3-(5-methylfuran-2-yl)-6-(5-(5-methylselenophen-2-yl)furan-
2-yl)-2,5-bis(2-octyldodecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (P2) 48]

Br CyoHa4
CioHo4 CegHy7
O™\

P2

Figure 2.11 Synthetic route of: 3-(5-methylfuran-2-yl)-6-(5-(5-methylselenophen-2-
yl)furan-2-yl)-2,5-bis(2-octyldodecyl)-2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-dione
(P2)

A 100 mL flame dried schelenk tube was previously subjected to 3 vacuum-argon
cycles before the materials were introduced. Previously synthesized 3,6-bis(5-
bromofuran-2-yl)-2,5-bis(2-octyldodecyl)-2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-

dione (100 mg, 0.101 mmol) and 2,5-bis(trimethylstannyl)-selenophene (46.0 mg,
0.101 mmol) were mixed in a 100 mL schelenk tube under argon atmosphere.
Subsequently, tetrakis(triphenylphosphine)palladium(0) (7 mg) was added as a
catalyst and dry DMF (8 mL) as the solvent. Temperature was raised to 95 °C and
was stirred for 44 hours. After the reaction was completed, the solvent was removed
and the product was precipitated in cold MeOH (500 mL). Product was filtered and
for further purification with soxhlet extraction was performed in the following order;

acetone hexane. The polymer was obtained in hexane phase due to its high solubility.
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2.3.12 Synthesis of 3,6-di(furan-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

dionel#6:4°]

1. .
Na
o T
O

Figure 2.12: Synthetic route of 3,6-di(furan-2-yl)-2,5-dihydropyrrolo[3,4-C]
pyrrole-1,4-dione

Two necked 50 mL reaction flask equipped with a condenser, was subjected to 3
vacuum-argon cycles before the materials were introduced. Dry tert-amyl alcohol (25
mL) was injected into reaction flask and heated up to 75 °C. Sodium metal pieces
(0.249 g, 10.74 mmol) were added in a portion wise manner until the all the sodium
metals disappeared and gas evolution stopped. Then temperature was raised to 120 °C
and reaction was stirred overnight. 2-Furonitrile (1.00 g, 10.74 mmol) was added into
reaction and stirred for ten minutes and subsequently, diethyl succinate (0.623 g, 3.58
mmol) was added in dropwise. The mixture was stirred for 5 hours at 120 °C. After
the reaction was brought to room temperature, crude product was precipitated in a
solution of hydrochloric acid (3.2 mL) and MeOH (64 mL). The product was filtrered
via Buchner and washed with MeOH under vacuum. Solid product with a dark red
color was obtained. (1.73 g, 70% yield). '"H NMR (400 MHz, DMSO-d) § 11.21 (s,
1H), 8.05 (d, J =2.8 Hz, 1H), 7.68 (d, J = 4.4 Hz, 1H), 6.83 (dd, J = 3.5, 1.7 Hz, 1H),
3.66 (s, 1H). 3*C NMR (100 MHz, DMSO) § 161.1, 146.8, 143.7,131.2, 116.7, 113.6,
107.5.
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2.3.13 Synthesis of 3,6-di(furan-2-yl)-2,5-dioctadecyl-2,5-dihydropyrrolo
[3,4-c]pyrrole-1,4-dione [46]

0 CigH
~ 0O 18" 137
C18H37Br /KQCO3 N @)
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O N~g

o C18H37

Figure 2.13: Synthetic route of 3,6-di(furan-2-yl)-2,5-dioctadecyl
-2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-dione

A 50 mL two-necked round bottom flask was evacuated and filled with argon and
vaccum  cycles  twice.  Previously  synthsized  3,6-di(furan-2-yl)-2,5-
dihydropyrrolo[3,4-C]pyrrole-1,4-dione (0.609 g, 2.27 mmol), KoCO3 (1.35 g, 9.78
mmol), dry DMF (25 mL) and a catalytic amount of 18-crown-6 were added into
reaction flask under argon atmosphere. The mixture was stirred in room temperature
for ten minutes and temperature was raised to 130 °C and kept stirring at that
temperature for 1 hour. 1-bromooctadecane (2.805 g, 8.401 mmol) was added into
reaction portion-wise. The reaction was stirred at 130°C for 48 hours. After the
reaction was completed, solvent was removed. Sticky crude product was extracted
with CHCI3 (300 mL), dried over MgSO4 and filtered. After the evaporation of the
solvent product was purified with column chromatography on silica gel (2:1
hexane/DCM, and the target compound was attained as a dark red solid (0.453 g, 25
%). '"H NMR (400 MHz, CDCI3)  8.30 (d, J = 3.6 Hz, 2H), 7.63 (d, J = 1.4 Hz, 2H),
6.69 (dd, J = 3.7, 1.7 Hz, 2H), 4.13 — 4.07 (m, 4H), 1.73 — 1.66 (m, 4H), 1.32 — 1.22
(m, 60H), 0.87 (t, J = 6.8 Hz, 6H). 3*C NMR (100 MHz, CDCl3) & 160.8, 145.0, 144.7,
133.6, 120.0, 113.4, 106.4, 42.4, 31.9, 30.2, 29.6, 29.6, 29.5, 29.3, 29.2, 26.8, 22.6,
14.0. HRMS calcd. for CsoHsiN2O4: 773.6196, found 773.6205.
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2.3.14 Synthesis of 3,6-bis(5-bromofuran-2-yl)-2,5-dioctadecyl-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione [4¢]
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Figure 2.14: Synthetic route of 3,6-bis(5-bromofuran-2-yl)-2,5-dioctadecyl-2,5-
dihydropyrrolo[3,4-C]pyrrole-1,4-dione

A 50 mL two-necked flask was evacuated and filled with argon twice and previously
synthesized 3,6-di(furan-2-yl)-2,5-dioctadecyl-2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-
dione (0.409 g, 0.528 mmol) and CHCI; (10 mL) was added into reaction flask under
argon atmosphere. Reaction flask was covered with aluminum foil and NBS (0.280 g,
1.58 mmol) was added into reaction in one portion. Reaction was stirred for 12 hours
under dark. Water was added and the mixture was extracted with CHCl;3 several times.
Combined organic phases were dried, over MgSO4. After the solvent was removed
further purification performed with column chromatography on silica gel 3:2
hexane/CHCI3) was performed to get the 3,6-bis(5-bromofuran-2-yl)-2,5-dioctadecyl-
2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-dione as a resulted dark purple-red solid (100
mg, 20%). "H NMR (400 MHz, CDCl3) § 8.25 (d, J = 111.4, 3.3 Hz, 2H), 6.63 (d, J
=3.6 Hz, 2H), 4.08 — 4.02 (m, 4H), 1.55 (dd, J = 95.9, 25.9 Hz, 64H),0.88 (t, J = 6.7
Hz, 9H). *C NMR (100 MHz, CDCls) § 160.5, 146.2, 132.5, 126.3, 126.2, 121.9,
115.4, 106.4, 42.5, 31.8, 30.1, 29.7, 29.2, 26.8, 22.5, 13.9. HRMS calcd. for
CsoH79N204Br2: 929.4407, found 929.4407.
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2.3.15 Synthesis of 3-(5-methylfuran-2-yl)-6-(5-(5-methylselenophen-2-yl)furan-
2-yl)-2,5-dioctadecyl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (P3) [V
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Figure 2.15: Synthetic route of 3-(5-methylfuran-2-yl)-6-(5-(5-methylselenophen-2-
yl)furan-2-yl)-2,5-dioctadecyl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (P3)

A 50 mL Schlenk tube under argon atmosphere 3,6-bis(5-bromofuran-2-yl)-2,5-
dioctadecyl-2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-dione (165 mg, 0.177 mmol) and
2,5-bis(trimethylstannyl)-selenophene (80 mg, 0.177 mmol), were added and the
reaction was put under argon. Chlorobenzene (6 mL) was injected with a syringe and
solution was degassed by bubbling the argon with cannula for 30 minutes. Then,
tris(dibenzylideneacetone)dipalladium(0) (2 mol%) and tris(0-tolyl)phosphine (8
mol%) were added to the solution and schlenk tube was put in oil bath which was
heated at 90 °C. The reaction mixture was stirred at 90 °C for 5 minutes and then
temperature was raised to 110 °C and stirred for 24 hours. Reaction was monitored
with TLC in 24t hour and additional catalysts
tris(dibenzylideneacetone)dipalladium(0) (4 mol%) and tris(o-tolyl)phosphine (16
mol%) were introduced into reaction. The mixture stirred for additional 12 hours. The
reaction was cooled to room temperature and diluted with CHCl3 (5 mL) and as a
palladium scavenger, sodium diethylditiocarbamate trihydrate (5.0 g) added and the
mixture was stirred for 1 hour. The resulting mixture was precipitated into cold
methanol (200 mL). After filtration, the product was purified with Soxhlet extraction,
washed with methanol, hexane and finally with CHCI; to yield 153 mg of the target
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polymer. Number-average (Mn) and weight-average (Mw) molecular weight were
determined by Agilent Technologies 1200 series GPC running in chlorobenzene at
80 °C, using two PL mixed B columns in series, and calibrated against narrow
polydispersity polystyrene standards. Number-average (Mn) and weight-average
(Mw) molecular weight was found as 4.6 kDa and 50.3 kDa, respectively.
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CHAPTER III

RESULTS AND DISCUSSION

3.1 Synthesis

During this study, by changing the side chains of the DPP cored polymer, the optimum
solubility, film forming ability and ideal morphology for active layer was aimed. In
our initial followed reaction pathway, DPP salt reaction was used without any further
purification and it was expected to put the alkyl side chain Ci» linear in one step as it
was proposed in the literature. Our first synthesized polymer had a poor solubility in
common organic solvents, including orthodichlorobenzene. Thus, we are unable to
carry out the solar cell studies. In our second polymer synthesis, we decided to use a
branched alkyl chain in order to overcome solubility obstacle we utilized a an alkyl
chain which is commomnly used in the literature. We polymerized branched alkyl
chain containing DPP monomer selenophene using two different catalysts and
polymerization conditions, using tetrakis(triphenylphosphine)palladium(0) in DMF
48 hour, 95 °C and presence of bis(triphenylphosphine)palladium(II) dichloride in
toluene 24 hour, 95 °C. Former one showed poor film forming characteristics while
the second one has good optical absorption and film forming properties however poor
poewer conversion efficiency results were obtained (<%1). Third monomer was
synthesized with Cig linear alkyl chain which provided the optimum solubility results.
In the synthesis of the DPP core with Cis alkyl chain, we preferred to protonate the
DPP salt and purify it [33]. This approach provided several advantages. The most
important one was to start the next step, alkylation, with a pure precusor and knowing
the exact amount and ratios for reagents. However, we had issues in the synthesis and
purification of this material when we followed the literature procedures. We needed

to make modifications from the literature because proposed methods in the literature;
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precipating in alcohol using the glacial acid did not work. Throughout the synthesis
of furan based DPP molecules, although the reactions were simple, purifications via
column chromatography were the most difficult part. The purification of synthesized
molecules, for both alkylation and bromination steps, required several columns which
resulted in comparatively low yields. Due to low solubility of P1 no further studies

were conducted.

3.2 Cyclic Voltammetry

In order to calculate the electronic band gap of the polymers and to determine the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) energy levels, cyclic voltammetry studies were conducted. Polymers
were dissolved in CHCl3 (5 mg/mL) and applied as a thin layer onto ITO coated glass
surfaces via spray coating method. The cyclic voltammetry measurements were
carried out in three-electrode system immersed in 0.1 M TBAPF¢ in acetonitrile
(ACN) solution. The three-electrode system consisted of the polymer coated ITO or
polymer coated platinum (Pt) as the working electrode, platinum (Pt) wire as the
counter electrode and the silver wire (Ag) served as the reference electrode. For the
scan rate of 100 mV/s, p- and n- dopable properties were observed during the
oxidation and reduction process. Below equations were used for calculating the
LUMO and HOMO energy levels from the onset potentials of reduction and oxidation
peaks.

HOMO = —(4.75 + EQ o)
LUMO = —(4.75 + E¢d.,

The cyclic voltammetry spectra of P2 is shown in Figure 3.1. The p-type and n-type
reversible oxidation and reduction pairs of P2 were observed. Since P2 is ambipolar,
the band gap of polymers can be calculated from CV directly. The measured HOMO
from onset of oxidation peak is -5.48 for P2. The LUMO was calculated as -3.70.
Difference of HOMO and LUMO levels of corresponding polymer electronic band
gap (Eg%) calculated as 1.78 eV for P3. These results are summarized in Table 3.1.
The optical bandgap was calculated from the onset and was found to be 1.34 eV for

P3. Cyclic voltammogram of P3 was also recorded and from the onset of oxidation
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and reduction potentials the HOMO and LUMO levels were calculated at 5.46 eV and
3.81 eV respectively. Electronic band gap of the polymer was calculated as 1.65 eV
from the difference between HOMO and LUMO energy levels.
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Figure 3.1: Cyclic Voltammetry for P2
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Figure 3.2: Cyclic Voltammetry for P3
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Table 3.1: Summary of the photovoltaic properties of P2 and P3

P2 0.95 0.58 -1.60 -1.09 -5.48 -3.70 1.78 722/383 1.37

P3 0.99 0.64 -1.45 -1.10 -5.46 -3.81 1.65 880/927 1.34

3.3 Spectrochemical Studies

In this study, spectroelectrochemical experiments were performed to investigate the
optical properties of polymers during redox reactions. Polymer films were prepared
in CHCIl3 solution (5 mg/mL) and then spray coated on the ITO coated glass.
Measurements were conducted in three-electrode system in the presence of
acetonitrile and TBAPFs as a solvent and supporting electrolyte couple. The
spectroelectrochemical spectra of P2 in UV-Vis and NIR region is shown in figure
3.2. Maximum at 383 nm and 722 nm refers n-n* transition of the polymer both in the
visible region. During the stepwise oxidation, while the absorption peak at 722 nm
diminishes, polaron and bipolaron bands appear. While the color of the P2 was green-
blue in neutral state it has changed into grey at 1.1 volt where it’s fully oxidized state.
The spectroelectrochemical spectra of P3 in UV-Vis and NIR region is shown the

figure 3.4. Maximum at 880 nm and 927 nm refers to absorption in near IR region.
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Figure 3.3: UV—Vis—NIR absorption spectra of P2
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Figure 3.4: UV—Vis—NIR absorption spectra of P3
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3.4 Kinetic Studies

Kinetic studies were conducted in order to investigate the percent transmittance while
the potentiostat scans the neutral and oxidized states with applied potential square
wave. Switching time is the time required for transition between colored state and
bleached state of the electrochromic material at 95% optical contrast. Measurements
were concucted by applying square-wave potential within a 5 s time intervals at
maximum absorption wavelength values obtained in visible and near IR regions. The
optical contrast was calculated for 40% at 720 nm, 49% at 1160 nm and 66% at 1850
nm for P2. Switching times are 1.5 s, 3.4 s and 2.1 s respectively. The optical contrast
change in the visible region is one of the highest reported value for a DPP based

polymer.
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Figure 3.5: Percent Transmittance Change of P2

Applied voltage was changed between 0.0-1.3V for P3 in defined time interval and
the percent transmittance was measured in visible and near IR regions. The results for
optical contrast of P3 was measured as 38% at 745 nm, 35% at 830 nm and 47% at
1035 nm.
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3.5 Organic Solar Cell Applications

3.5.1 Bulk Heterojunction Solar Cell Application

Due to low solubility of P1 no studies were performed of solar cell applications. In
order to investigate photovoltaic properties of P2, different optimization conditions
were studied with the ITO/PEDOT:PSS/polymer:PC71BM/LiF/Al device structure.
ITO coated glass substrates were cleaned by touluene, detergent, water and isopropyl
alcohol in ultrasonic bath and dried with N> gun. Before a thin layer of PEDOT:PSS
(~40 nm) layer was spin coated, oxygen plasma treatment was applied in order to
minimize surface contaminatation and improve the work function of ITO [51]. The
substrates were heated at 135 °C for 15 minutes. P2 and PC71BM were blended in
different ratios in orthodichloro benzene solution with 10 mg/mL concentration and
filtered through PTFE filter. Then active layer was coated with spin coater with
different speeds in order to find out the optimum active layer thickness. A thin layer
of LiF (Inm) and aluminum (10 nm) were coated by thermal evaporation. For decided
device structure which was ITO/PEDOT:PSS/polymer:PC71BM/LiF/Al, P2 and
PC71BM were blended in 1:2, 1:3, and 1:4 ratios in toluene and chlorobenzene and
different coating speeds, 750 rpm and 1000 rpm. However results were obtained less
than 1% efficiency. The device fabricated from P3 exhibited significantly improved
results when compared with P2. P3 and PC71BM was blended at different ratios in
0-DCB and applied as active layer in bulk heterojunction solar cell device. The
preferred device architecture is ITO/PEDOT:PSS/polymer:PC71BM/LiF/Al. The
measurements were made in glove box filled with N> under AM 1.5G irradiation (100
mW/cm?). For optimized conditions, polymer-PC71BM ratios (1:3) and spin coating
speed, the best power conversion efficiency (PCE) was found as 3.00 % and exhibited
an open circuit voltage (Voc) of 0.6 V, short circuit current (Jsc) of 7.95 mA/cm? and

a fill factor (FF) of 0.63.
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In this study the additive effect in normal bulk heterojunction solar cell applications
was also investigated. In the normal device structure as mentioned above, the additives

did not improve the results in any significant way.
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Figure 3.7: Current density—voltage curves of the optimized for
ITO/PEDOT:PSS/P3:PC71BM/LiF/Al

3.5.2 Inverted Organic Solar Cell Applications

In collaboration with Baran Group at KAUST, inverted solar cells were fabricated
with a device structure of ITO/ZnO/P3:PC71BM/MoOx/Ag. The solar cells were
preapared on ITO (15 Q sq!) coated glass substrates with device area 0.1 cm?’.
Substrates were cleaned with dilute Extran 300 detergent solution to remove organic
residues before immersing in an ultrasonic bath of dilute Extran 300 for 20 min.
Samples were rinsed in flowing deionized water for 5 min before being sonicated
(Branson 5510) for 10 min each in successive baths of acetone and isopropanol. Next,
the samples were dried with pressurized nitrogen before being exposed to a
UV—ozone plasma for 20 min. The ZnO precursor solution was prepared according to
established procedures, and was spin-cast at 3000 rpm onto the ITO-coated glass
substrates and baked at 150 °C for 15 min in air. Immediately after baking the
substrates, the samples were then transferred into a dry nitrogen glovebox (< 3 ppm
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0?) for active layer deposition. All solutions were prepared in the glovebox using the
polymer donors, and PC71BM (purchased from Nano-C). P3 and PC71BM were
dissolved in chlorobenzene without any solvent additive, and the solutions were
stirred overnight at 60 °C hotplate. Several optimizations the thickness, additive ratio
and blend ratio were investigated. The best devices were prepared using P3:PC7BM
ratio of 1:3 (by weight), with an overall concentration of 20 mg mL'. The active layers
were spin-cast from the solutions in a glove box at 400 rpm for 30 sec, resulting in a
film of ~185 nm in thickness. The samples were placed in a thermal evaporator for
evaporation of of a 5 nm thick molybdenium oxide (MoQO3) layer and a 100 nm thick
layer of silver, at a pressure of less than 2x10° Torr. Following electrode deposition,
samples underwent J—V testing. J-V measurements of solar cells were performed in
the glovebox with a Keithley 2400 source meter and an Oriel Sol3A Class AAA solar
simulator calibrated to 1 sun, AM1.5 G, with a KG-5 silicon reference cell certified
by Newport. The external quantum efficiency (EQE) measurements were performed
at zero bias by illuminating the device with monochromatic light supplied from a
Xenon arc lamp in combination with a dual-grating monochromator. The number of
photons incident on the sample was calculated for each wavelength by using a silicon
photodiode calibrated by NIST. Table 3.2 was corresponded to optimization details
of donor/ acceptor ratio of P3 and PC7:BM in chlorobenzene solution with 20 mg/mL
concentration spin coated with 2000 rpm forming 95 nm thick layer. The best result

for P3 to PC71BM ratio was found as 1:3.

Table 3.2: Photovoltaic Performance of P3 with different P3:PC7:BM ratios

1:1 0.78 0.56 332 0.15

1:2 1.89 0.63 54.6 0.65
1:3 2.22 0.63 62.8 0.93
1:4 2.05 0.64 58.6 0.77
1:5 1.85 0.61 52.1 0.59
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Next the effect of additive was investigated. As summarized in table Table 3.3, here
very interesting results were obtained. With 3% diphenyl ether (DPE) additive PCE
of the cells increased dramatically. With the optimization of film thickness via
changing concentration of the polymer:PCBM solution and rotation speed for the spin
coating, a high efficiency of 6.16% (average 6.02% over six devices) was achieved.
The optimum film thickness was found to be 210 nm. It is important to note here that
a high FF was achieved with a thick active layer which is rare on organic solar cells.
To be able make a clear comparison, devices with optimized conditions were prepared

with no additive and results are given below:

Table 3.3: Comparison of photovoltaic performance of P3 with 3 % DPE additive

CB 1.66

0.63 50.0 0.52 0.47

CB+ 3%DPE 16.0 0.64 60.4 6.16 6.02

The additive result in almost 13 fold increase in the PCE. The one of the highest
enhancements using DPE as an additive. EQE data for devices were also recorded and
the integrated Js. data (1.50 mA/cm? and 15.4 mA/cm?) was consistent with actual Js
data (1.66 mA/cm? and 16.0 mA/cm?) from the devices. Strong contribution is
achieved from the NIR region where EQE values were in order of 45 % between 700

nm and 850 nm. (Table 3.3 and Figure 3.8 and Figure 3.9)
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Figure 3.9: EQE spectra of P3 with/without 3% DPE

In order to see the effect of additive on morphology morphology A 5400 Agilent
atomic force microscope AFM was used to image the active layers in tapping mode
(topography and phase images are represented below). Active layers have root-mean-
square (rms) roughness of 1.62 nm and 2.92 nm respectively. With 3% DPE into the
film, the PC71BM become dispersed, and DPP polymer form perfect nanofiber with a
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diameter of several ten nanometer, which is beneficial for the exciton separation and

carrier transfer. Without additive, there are very big domain sizes, which means strong

aggregation of PC71BM and significant phase separation. This morphology is not

optimal for carrier generation and transfer (Figure 3.10 and Figure 3.11).

20.0 nm
18.0
16.0
14.0

12.0

Figure 3.10: AFM images of P3: PC71BM (1:3) Topography images (a) CB

without additive (b) CB with 3 %DPE

Figure 3.11: AFM images of P3: PC7:BM (1:3) Phase images (a) CB without
additive (b) CB with 3 %DPE
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For further understanding of additive effect in active layer, TEM analyses were also
performed. TEM images were recorded in bright field mode with a microscope
operating at 300 keV (Tecnai Bio twin, FEI), using an 4k x 4k eagle CCD
camera(FEI). Similar to the pattern of AFM images, we also observe strong
aggregation of PC71BM in the film without additive. The morphology have a
significant change when DPE is added into the film. The favorable nanoscale phase
separation benefited the charge generation and transport, and thus high Jsc and FF was

obtained (Figure 3.12).

Figure 3.12: TEM images of P3: PC71BM (a) without DPE (b) with 3% DPE

In addition to AFM and TEM studies the effect of additive of charge carrier properties
were also investigated. Because of the big domain size and PC71BM nanoclusters
formed in the film when no additives were introduced electron mobility is much
higher than hole mobility. From AFM and TEM images, DPE has significant
assistance to tune the morphology and phase separation, so PCBM domains become
much smaller and polymer donors form nanofiber matrix, which means polymer

crystallization is improved.
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in photocurrent [52]. In our study space charge limited current (SCLC) measurements
performed to investigate charge carrier mobilities. Hole mobility of the blend films
were employed with the architecture ITO/PEDOT:PSS/Polymer/MoO,/Ag. At the
same time, electron mobilities of blend films were utilized with the architecture:

ITO/ZnO/Active layer/Ca/Al. Hole mobilities were calculated using Eqn. 1:

JSCL=§ g,0¢e.u :—2 (Egn 1)

Where ¢ is the dielectric permittivity of the polymer (generally taken to be about 3),
€0 1s the dielectric permittivity of free space, L is the film thickness (185 nm in this
case), and V is the voltage, which is defined as V = Vypp—Vii, where Vi is the
applied voltage, Vi, is the built-in voltage which is related to the difference in the
work function of the electrodes. Results were summairzed in Table 3.4, we concluded
that even the electron mobility slightly decreased upon addition of DPE, hole mobility
exhibited significant increase.

Therefore hole/electron mobility have more potential to be balanced, which is

beneficial for the FF improvement. (Figure 3.13).

a)
10"}
A’]O—
NEO
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<l
=10 o CB
, o CB+3% DPE
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0 1 2 3 4 5

Voltage (V) Voltage (V)

Figure 3.13: a) Hole mobilities of P3 spin coated from CB and from CB+3%DPE
b) Electron mobilities of P3 spin coated from CB and from CB+3%DPE
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Table 3.4: Comparison of the charge mobilities of P3 with/without 3 % DPP

3.52x10° 3.21x10*

CB+ 3% DPE 3.44 x10* 2.68 x 10 0.78

In table 3.5 we reported our final results for P3 in this study. From all the optimization
studies we obtained best device performance with ITO/ZnO/P3:PCBM/MoOx/Ag
architecture with P3:PCBM ratio (1:3), concentration: 30 mg/mL in presence of 3%
DPE additive with active layer thickness 210 nm with spin coating speed 400 rpm.

Table 3.5: Summary of the photovoltaic properties of P3

CB 1.66 0.63 50.0 0.52 0.47

CB+3%

DPE 16.0 0.64 60.4 6.16 6.02
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CHAPTER V

CONCLUSION

In this study, three different poymers were synthesized with using three different alkyl
chains on the acceptor unit which are 2,5-didodecyl-3-(5-methylfuran-2-yl)-6-(5-(5-
methylselenophen-2-yl)furan-2-yl)-2,5-dihydropyrrolo[3,4-C]pyrrole-1,4-dione (P1),
3-(5-methylfuran-2-yl)-6-(5-(5-methylselenophen-2-yl)furan-2-yl)-2,5-bis(2-
octyldodecyl)-2,5 dihydropyrrolo[3.,4-C]pyrrole-1,4-dione (P2), 3-(5-methylfuran-2-
y1)-6-(5-(5-methylselenophen-2-yl)furan-2-yl)-2,5-dioctadecyl-2,5-
dihydropyrrolo[3,4-C]pyrrole-1,4-dione (P3). All three polymers were designed
according to D-A approach aimed to have strong absorption in the near IR region. It
was shown that all polymers absorbs strongly in the Near IR region. Dodecane side
chain on P1 did not provide enough solubility for polymer in order to investigate solar
cell studies. Branched alkyl chain on P2 exhibit good electrochromic and
optoelectronic properties. In bulk heterojunction solar cell applications of P2 with
ITO/PEDOT:PSS/P2:PC70BM/LiF/Al device structure, PCEs lower than 1% was
obtained P3 also showed promising electrochromic properties. 38% optical contrast
was attained in the visible region. Best photovoltaic results were obtained with P3
with linear Cis alkyl side chain 1-bromooctadecane. Both convential BHJ solar cell
application and inverted-structure solar cell applications of P3 were investigated in
presence of additive effect. In conventional BHJ application, additives of DIO and
DPE up to 5% showed no further improvements in device performance. This result
may be the reason that the morphology of the active layer had already been fine-tuned
on PEDOT:PSS layer. Photovoltaic study result for P3  with
ITO/PEDOT:PSS/P3:PC71BM/LiF/Al (1:3) device structure showed power
conversion efficiency of 3.00 %. Inverted solar cell application with
ITO/ZnO/P3:PC71BM/M0o0Ox/Ag device structure, PCE of P3 increased from 0.47%
to 6.02% (average) in presnce of 3% DPE additive. AFM and TEM analysis proved

the significant change in morphology, better nanoscale phase separation and better
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crsytal domains which in turn enhanced the charge transport. Voc of 0.64 V, Jc value
of 16.0 mA/cm? and FF of 60.4% are the complementary results of the highest PCE
observed for P3 in inverted structure which was 6.16% and this is among the highest
reported PCEs for DPP based polymers. The polymer is one of the rare examples of a
material that shows promising properties as both electrochromic and solar cell

material.
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