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PREFACE

Renewable energies are considered as the energies of the future because of their small
impact on the environment. Among them, solar energy is probably the most promising one
because it can be directly converted into electricity using photovoltaic modules. Organic
photovoltaics, that are solar cells with an organic small molecule or polymer as photoactive
layer, represent an attractive future technology as large-scale and low-cost green energy
source. In organic solar cells, donor and acceptor materials are combined in the active layer
to convert light into electrical power. The search for a cheaper and an efficient material for
harvesting sunlight into electricity has been received much attention for more than two
decades. Organic solar cell with polymer and small molecules have dominated in the

research and achieved more than 11% efficiency in the laboratory scale.

This thesis deals with the synthesis, photophysical and electrochemical studies and solar
cell characterization of diketopyrrolopyrrole (DPP) based small molecules in the bulk
heterojunction solar cell. As presented above, the first chapter gives an introduction to the
advent and history of solar cells, particularly bulk heterojunction solar cells, the working
principle of bulk heterojunction (BHJ) solar cells, and literature review focusing mainly on

DPP based solution processable small molecule BHJ solar cells.

In the second chapter, we present the design and synthesis of two D-A-D small molecules
TDPPC10(TPE)2 and TDPPEH(TPE)2, having alkyl-substituted (decyl or ethylhexyl) DPP as
acceptor core and two tetraphenylethylene groups as donor units attached to the DPP
through a thiophene linker. Preliminary studies such as absorption spectra of the

molecules in solution and film state were studied. Energy levels were evaluated from the

ix



electrochemical studies. BH] solar cells with PCs1BM acceptor were fabricated and the

results are presented here.

In the next chapter, we explored the effect of donor substituents in pyridine capped DPP in
BH] solar cells with PC¢1BM as an acceptor. A series of five pyridine capped DPP-based
small molecules have been synthesized. Preliminary absorption studies, electrochemical
studies, film forming capabilities, morphology studies, and device performance are
presented and discussed. The role of MoO3 hole transporting layers in the device efficiency

was also investigated and the results are presented in this chapter.

In the fourth chapter, synthesis, characterization and detailed photovoltaic studies of mono
pyridine capped DPP with 5’-hexyl-2,2’-bithiophene end group and bis pyridine capped
DPP based small molecules with 5’-hexyl-2,2’-bithiophene as an end group and
dithienopyrrole as central core are discussed. The molecules were coded as
PyDPPBO(bithiohexyl);, ‘PyDPPHD(bithiohexyl)2’, and ‘DTP(PyDPPHDbithiohexyl)2’,
exhibited PCEs of 1.36 %, 0.52 % and 0.67 % in BH]Js with PC¢1BM as acceptor. The detailed
synthesis, characterization, energy level evaluation, device performance and morphological
results are given. The relationship between total concentration of the solution, spin casted
speed and device performance, were explored and the morphology of the best device are

presented.
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Chapter 1

Diketopyrrolopyrrole Based Small Molecules for

Bulk Heterojunction Solar Cells : An Overview
|

1.1 Abstract

Most of the research efforts in organic photovoltaics have been devoted to solution
processed organic solar cell based on bulk heterojunction (BH]) structures, which
incorporate m-conjugated molecules as donor and acceptor components. Effective
absorption of solar irradiation and hence material and device properties are
significantly influenced by the m-conjugated chromophore of donor materials.
Among the various m-conjugated systems, diketopyrrolopyrrole (DPP) derivatives
have emerged as a class of efficient materials for photovoltaic applications due to
their functional versatility. In combination with appropriate electron-rich aromatic
segments, electron deficient nature of DPP core has been exploited for the synthesis
of extremely narrow band gap donor-acceptor type materials that are well-suited for
photovoltaic applications with high power conversion efficiency (PCE). This chapter
provides an overview of the recent developments on bulk heterojunction solar cell
using DPP based small molecules and discussions on the structure-property
relationship with respect to the photovoltaic performance. Finally, the aim and the

outline of the present thesis are given.
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1.2 Introduction

The International Energy Outlook 2016 predicted that the global energy-related CO>
emission will rise from 32.2 billion metric tons in 2012 to 35.6 billion metric tons in
2020 and to 43.2 billion metric tons in 2040.! The fast growing industrial countries
like China and India are seriously contributing to this by burning fossil fuels, which
is predominantly used to meet the energy demand. The present level of CO2 has
reached beyond 400 ppm and the adverse effects of climate change are already
impacting the humanity. So, the urgency of shifting towards alternative and
renewable energy sources is very necessary for the world. Among these, solar
energy is the primary candidate with 174 PW reaching the earth’s surface, well
above the global energy demand.2-3 Therefore, conversion of solar energy to other
usable forms of energy, such as electricity, has been the prime important focus in the

energy technology community.

1.3 History of solar cell

In 1839, Becquerel demonstrated the photovoltaic effect and found an electrical
current when illuminating a silver chloride covered platinum electrode in a liquid
electrolyte.*-5> Charles Fritts in 1877 fabricated a 1 % efficient solar cell by coating
selenium with a thin layer of gold.6 Nearly 77 years later Chapin et al.; demonstrated
silicon-based solar cell with 6 % efficiency.” The first p-n junction solar cell was
fabricated by doping arsenic into the silicon (n-doped silicon) and subsequent

deposition of boron on the surface creating positively charged silicon (p-doped
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silicon).8 Today the PCE has reached maximum values of 25 % on a lab scale and
~15 % in commercial modules®. In 2015, the photovoltaic world market grew by
roughly 20 % in terms of solar cell production to about 57 GW. According to the
Ministry of New and Renewable Energy (MNRE), by the end of July 2016, India
achieved a total solar power capacity of 7.8 GW.10

Alternative options for the solar cell applications that have emerged during
the last three decades in the laboratories are dye-sensitized solar cells,
polymers/small molecules based bulk heterojunction organic solar cells and
perovskite solar cells.11-15> Although the progress has been enormous in the
laboratories regarding efficiency, it needs further research to commercialize highly
efficient large area modules with stability. Eventually, organic solar cells may offer
the desired combination of being low cost, abundant, non-toxic materials together
with high efficiencies and good stability.16 The impact on society will be gigantic if
the organic materials for bulk heterojunction organic solar cells achieve an efficiency
of 10 % and the lifetime of 5 years.

In 1977 Hideki Shirakawa, Alan MacDiarmid and Alan ]J. Heeger discovered
conductivity of conjugated polymers which paved the way for organic electronics
research.l” Thereafter researchers started exploring the conjugated polymers and
small molecules to study the absorption, emission and charge transport for the
applications in field organic photovoltaics (OPV), light-emitting diodes (OLED) and
organic field effect transistors (OFET)18-20 "The light-to-electric energy conversion in

organic solar cells starts from the formation of a tightly bound charge pair called an
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exciton. The low dielectric constant of organic materials results in a strong coulomb
interaction between the electron and the hole. The binding energy is typically
around 0.3 to 0.4 eV, which is much larger than thermal energy (0.025 eV) and
makes the charge separation quite difficult.2! The efficiency of the solar cell was only
0.3 % at earlier times due to the exciton binding energy.22 Then the interface
(heterojunction) of two materials with different electron affinities was used to
separate these excitons, which was realized by Tang in 1986 using a double layer
structure of an electron donating (D, p-type) and an electron accepting (A, n-type)
material.23 However, efficiencies remained below 1 % due to the short lifetime of
excitons which diffuse 10 to 20 nm2425, The excitons decay before reaching the
interface of a bilayer solar cell which is usually ~100 nm thickness to absorb all
light. Hence, only the excitons formed close to the interface can be dissociated and
contribute to the current. Sariciftci et al. observed fast photo induced electron
transfer from conducting polymers onto buckminsterfullerene’s made the turning
point in the organic photovoltaic research.?6 He dreamed up the idea of forming an
interpenetrating network by mixing the donor and acceptor which laid the
foundation for the bulk heterojunction solar cell. In 1995 Halls and Yu
simultaneously manufactured the first bulk heterojunction solar cells.27-28 [n 2001
Shaheen et al., reported the significant effect of the processing solvent in the PCE of a
solar cell.2? Since then the trial and error experiments for the efficient devices with
new donor polymers or small molecules mixed with fullerene and non-fullerene

acceptors have been made in the laboratories.
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1.4 Bulk heterojunction solar cell

1.4.1 Device structure

A glass substrate covered with patterned indium tin oxide (ITO) is used as a
transparent electrode with a thickness of ~120 nm. In the normal configuration,
~40 nm layer of poly (3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS) is spin coated on the ITO contact. PEDOT: PSS decreases the roughness of the
ITO layer, adjusts the work function, and is a real hole conducting layer.30 The
photoactive layer made of a donor-acceptor blend is sandwiched between the
PEDOT: PSS layer and a low work function electrode lithium fluoride (1 nm) and
aluminum (~100 nm). The device architecture of a typical bulk heterojunction solar
cell is given in the Figure 1.1. The thickness of the photoactive layer is usually
optimized for higher performance and varies roughly in the range from 50 to 300

nm, depending on the actual nature of the organic semiconductor.

——= Al
LiF

Active layer

ht T
PEDOT:PSS

-+ |ITO
- Glass

Figure 1.1 Schematic representation of bulk heterojunction solar cell device
architecture
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1.4.2 Working principle

The performance of a solar cell is determined by measuring a current density-
voltage (J-V) curve in the dark and under illumination at 25 °C. The AM1.5G (air
mass 1.5 global) solar spectrum is the light that reaches the earth’s surface on a
clear, cloudless day when the sun is at a 48.2 ° angle with the zenith such that the
light travels through 1.5 times the thickness of the earth atmosphere.31 Typically the
J-V curves are measured using a lamp and appropriate filters to simulate the AM1.5
G solar spectrum.

In the dark, the solar cell behaves like a diode and the current can go through
the device only in forward bias. Under illumination, the curve is shifted downwards
which is given in Figure 1.2. The difference between the current measured in the
dark and under illumination is the photocurrent that has been generated by the
solar cell. From the J-V characteristics under illumination, the maximum power
point (Pmpp) can be found out at the point when the product of the current density
and voltage is maximum. The symbols indicate the parameters, the open circuit
voltage (Voc), the short-circuit current density (Jsc), the maximum power point
(Pwmpp), the corresponding voltage (Vwmpp), and the current density (Jmpp). A solar cell
is characterized by three parameters: the open-circuit voltage (Voc), the short-circuit
current density (Jsc) and the fill factor (FF). The Voc which is the maximum photo
voltage that the device can supply is defined by the voltage where the current under
illumination is zero. The fill factor (FF) defines the ratio of the maximum power

density (Pmpp) to the product of the open circuit voltage and short circuit current
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Figure 1.2 Typical J-V curves of a solar cell in dark and under illumination.

density which is given in the equation (1).

P XV
FF = —CMPP_ _ JmpP MPP 1)
JseX Voc Jse X Voc

The fill factor is influenced by the leaked current and the efficiency of charge
collection in the cell. The power conversion efficiency (PCE) (n) of a solar cell is
defined by the ratio of Pwpp and the power density of the incident light (Pin) and is

given in the equation (2).

_ Pmpp _ Jsc X VocXFF (2)
Pin Pin

n
This equation (2) shows a linear dependence between the power conversion

efficiency and the short circuit current, open circuit voltage and fill factor and

increase in the efficiency involves enhancing the three parameters.

In general, both the spectrum and intensity of the incident light has a greater

influence on the PCE of a solar cell. In reporting the PCE of solar cells, it is
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customary to use the AM1.5G spectrum at an intensity of 1000 W/m?2. Usually,
simulated solar light is used to obtain the J-V characteristics and to estimate the
efficiency of the solar cell. The simulated spectrum obtained from a white light
source and filters is not the same as the AM1.5G spectrum; hence the obtained ]J-V
curve differs from what is expected in solar light. A more precise estimation of Jsc can
be obtained using the spectrally resolved external quantum efficiency (EQE), which
is the fraction of incident photons that is converted to electrons by the external
circuit at short circuit conditions at a particular wavelength (7). Jsc can be calculated
by convolution of the spectrally resolved measurement with the AM1.5G spectral

irradiance at 1000 W/m? is given in the equation (3).

el

Jsc (SR) = [EQE(A) X Eap 156 (A) X e da (3)

where ‘e’ represents the elementary charge, ‘h’ is the Planck constant and ‘c’, the
speed of light. The EQE of organic solar cells is preferably determined under
continuous bias illumination that enables to measure EQE at one-sun operating
condition. This is necessary due to the sub-linear light intensity dependence of
organic solar cells. At low light intensity carrier concentrations are low and
recombination is limited which resulted in higher current comparing to the one-sun
intensity. Recombination increases and carrier transport is less efficient due to
space-charge build up in the solar cells, and measurements are carried out using
bias illumination to prevent overestimation of the Js.32-33

The improvements of BH] OPV solar cells are possible due to the better

understanding of the basic processes involved in the generation of electricity upon
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illumination. Although the area is well explored and understood for the past two
decades, it is still difficult to optimize the design to maximize the PCE of an organic
solar cell. Here we discuss each process which is crucial for the device performance.

Five possible processes are starting from light absorption in the bulk
heterojunction solar cell which is listed below and schematically given in the Figure
1.3.

1) Light absorption with exciton formation and migration.

2) Formation of charge transfer state from exciton.

3) Separation of charge transfer state into free charge.

4) Charge transport to respective electrodes.

5) Charge collection.

1) Light absorption with exciton formation and migration.

When light falls on the active layer, both the donor and acceptor materials can
be excited. In this schematization, the donor material absorbs light energy. Indeed in
BHJ solar cells, the primary light absorber is the donor while using fullerene
derivatives as the electron acceptor. Thanks to intense research in this area there
are highly efficient light absorbing non-fullerene acceptors which also create
exciton.3* The material absorbs a photon that has enough energy to promote an
electron from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). The minimum energy for excitation is called
the optical band gap energy (Eg). Absorbed photons with energy larger than E; will

create a ‘hot exciton’ that will thermalize via non-radiative decay processes to the
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Figure 1.3 (a) Schematic band diagram of a donor-acceptor heterojunction. (1)
Absorption of light in the donor, exciton formation and its diffusion to the interface.
(2) Formation of charge transfer state from exciton. (3) separation of the CT state
into free charges. (4) charge transport to the respective electrodes. (5) charge
collection. Note that an excitation in the acceptor can very similarly lead to hole
transfer to the donor, provided there is a sufficient energy offset between the HOMO
energy levels. (b) Schematic representation of a bulk heterojunction.

LUMO

-y-

HOMO and LUMO band edges. The optical band gap of the materials is small enough
such that a large part of the solar spectrum can be absorbed.

The generation of the exciton created away from the donor/acceptor (D/A)
interface, and exciton diffuses to the interface has to take place before charge
dissociation. As a consequence of the small relative permittivity (er = 3-4) of these
materials, the value of exciton binding energy is 0.3-0.4 eV for the organic material
which is substantially higher than that of the inorganic semiconductors (EB = ~ 10
meV with er > 10).35-38 As a result, the average exciton diffusion length in the active
layer is approximately between 10 to 20 nm. Thus the phase separation of the donor
and acceptor domains in the active layer should not be larger than the exciton

diffusion length otherwise resulted in geminate recombination. Experimental
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determination of diffusion length for small molecule donor materials yield value in
the range of 3-30 nm,3°#41 20 nm for conjugated polymer Poly(3-hexylthiophene-2,5-
diyl) (P3HT),*2-43 and 40 nm for Ceo.**

2) Formation of charge transfer state from exciton.

The excitons that reach the interface between p-type and n-type material were
dissociated by an electron transfer from the LUMO of the photoexcited p-type
material to the n-type material. Note that the alternative process is also possible: a
hole in the HOMO of the photoexcited n-type material can be transferred to the
HOMO of the p-type material. In practice both processes take place. If the energy
difference between the ionization potential IPp of the electron donating material and
the electron affinity EAx of the electron acceptor material is larger than the exciton
binding energy Eg, that is usually 0.3-0.4 eV4>-48, exciton dissociation is energetically
favored.

3) Separation of charge transfer state into free charge.

To overcome the columbic attraction between the electron-hole pair, spatially
separated but still bound at the D/A interface, a built-in electric field is needed. This
internal electric field is mainly determined by the different work-functions of the
electrode materials at the anode and cathode sides of the device. If the electric field
is too low, non-geminate recombination will occur; otherwise successful charge
carrier separation resulted in the formation of free electrons and holes.

4) Charge transport to respective electrodes.

The free electrons and holes have to travel to the appropriate electrode. In the
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conventional device structure, the holes reach the ITO and electrons move towards
the aluminum contact. But in the case of inverted device structure, an electron
reaches the ITO and holes travel towards silver or gold electrode. The first
requirement is that the morphology of the material blend should allow a pathway
for the charges to arrive at the electrodes. Second, the materials have to possess a
rather high mobility to transport the charges efficiently. If charge transport is slow
or impeded, bimolecular charge recombination may occur which reduces the
performance. The charge carrier mobility of the materials may depend on device
configuration, charge carrier density, temperature, electric field, morphology and
time scale of the experiment. So it is not an easy task as the actual value may change
and it is advisable to measure the mobility in a device structure very similar to the
solar cell device. For solar cells, this is a sandwich configuration in which a thin film
is placed between large area top and bottom contacts. Further, it is important to
measure only one type of carrier (i.e. hole or electron) at a time. The most suitable
method is space charge limited current (SCLC) #°.

5) Charges collection.

To facilitate charge collection without energetic losses, both the hole and
electron collecting electrodes should form an ohmic contact with the HOMO energy
level of the donor and the LUMO of the acceptor respectively. Interlayers between
the electrodes and the active layer play an important role in improving the efficiency
of the solar cells. These layers are often based on metal oxides or (highly doped)

organic materials and provide selectivity and enhancement of the extraction of
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either holes or electrons. Typically, poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS), MoOs3, or NiO are used as hole transporting layers (HTL) and
LiF, ZnO, poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene)] (PFN), or ethoxylatedpolyethylenimine (PEIE) can be used as
electron transporting layers (ETL). The exact mechanism responsible for the
enhanced extraction of electrons by materials such as LiF, PFN, or PEIE is still under
debate. The most suggested mechanisms involve dipole (and mirror image dipole)
formation with the metal electrode, lowering the work function and enhancing
electron transfer from the organic semiconductor to the metal.50-53

Triphenylamine, thiophene and oligothiophene, fluorene,
squaraine, benzothiadiazole and benzobisthiadiazole, bodipy, isoindigo,
diketopyrrolopyrrole (DPP) are various classes of organic dyes extensively studied
in the field of bulk heterojunction solar cells.>* Among them DPP organic pigment is
widely used in the applications such as paints, plastics and ink etc.>> Due to its
tunable absorption in the visible and near infrared region, high charge carrier
mobility and the improvement in the solar cell efficiency in the laboratories, its
incorporation promises the scope for commercialization of organic solar cell

technology.
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1. 5 Diketopyrrolopyrrole (DPP) based small molecules

Diketopyrrolopyrrole (DPP) based organic semiconductors have several advantages
such as facile synthetic modification, good photochemical stability and strong light
absorption. The DPP unit is an attractive building block for organic photovoltaics
(OPVs), which shows desirable optical properties and sufficient solubility in organic
solvents for spin-cast devices. Especially, its strong m-electron withdrawing
properties provide the possibility to control the absorption spectrum into the near -
IR (NIR) region via conjugation with electron-rich aromatic units.56-58 This can be
explained by a simple molecular orbital representation which is shown in the Figure

1.4. Hybridization of the frontier orbital levels of the donor and acceptor units
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Figure 1.4 Schematic energy level diagram of the recombination of molecular
orbital levels in a donor-acceptor system, creating a small band gap (Eg) in the D-A
compound. Thiophene and Diketopyyrolopyrrole are shown as typical example and
its resonance strutures.
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results in new molecular orbitals with a significant decrease of the band gap. In
these push-pull systems the LUMO of the acceptor primarily determines the LUMO
of the resulting small molecule whereas the HOMO is mainly determined by the
HOMO of the donor. This gives easy control because individual orbital levels can
now be adjusted by exchange with a stronger or weaker donor or acceptor unit.
The various electron rich conjugated oligomers are benzene, thiophene, pyrrole,
furan, or combinations thereof as building blocks, sometimes in fused ring
configurations are often used. The rigid and planar aromatic structure helps to
enhance the intermolecular packing and therefore leads to very high charge carrier
mobility.

Solubility of the DPP small molecules plays an important role in the solution-
processed bulk heterojunction solar cell. N -alkylated DPPs show remarkably higher
solubility than the corresponding N -unsubstituted pigments, because alkyl groups
present at nitrogen atoms prevent the formation of intermolecular hydrogen bonds.
Alkyl groups provide steric repulsion to prevent strong m-m interactions and
branching enhance solubility more than linear ones, and groups like 2-ethylhexyl, 2-
butyloctyl, 2-hexyldecyl etc. are commonly used.>%-¢0 The positioning of the alkyl
chains on a molecule or polymer also has a major influence on the supramolecular
packing.6! The effect of even small modifications on alkyl groups has been shown
many times to have a major effect on performance due to changes in film packing.62
Alkyl side chains also act as significant electron donating groups due to

hyperconjugation.®3 The process of molecular design in organic electronics requires
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a great deal of trial and error, because even the various effects of alkyl chains on

different properties can’t be predicted with accuracy.
1.5.1 Mono-diketopyrrolopyrrole

Tamayo et al. synthesized a new thiophene-based DPP chromophore with t-
Boc 1, and ethyl hexyl 2 substituted at N, N-position or the lactam N atoms of DPP
unit. The absorption extends to 720 nm in solution and 820 nm in the film. The
molecule 2 has higher thermal stability than 1. The molecule 1 with PCs1BM in 70:30
donor-acceptor ratio showed a PCE of 2.3 %, with a Voc of 0.67 V, Jsc of 8.42 mA/cm?
and EQE close to 30 % between 550 and 750 nm. The molecule 2 showed a PCE of
3.0 % with a large Voc of 0.75 V and Jsc of 9.2 mA/cm? with PC7:BM as the acceptor.64-
65 The chemical structures of the mono DPP from 1 to 12 are given in the Figure 1.5.
In 2009, the same research group replaced bithiophene units with fused benzofuran
4a and blended with PC71BM in the ratio of 60:40 yielding a Jsc of 10 mA/cm?, Vo of
0.92'V, a FF of 0.48, and a PCE of 4.4 %.56 The effect of change in the hetero-atom
substitutions were also examined by replacing the aromatic end-groups of 4a by
benzothiophene 4d and N-methylindole 4e. The photovoltaic performance of 4d and
4e showed lesser efficiency than 4a. The optimal device of 4d mixing with PC7:BM in
the ratio of 1:1 and annealing at 80 °C, gives Jsc of 5.70 mA/cm?, Vo of 0.76 V, FF of
0.33 and PCE of 1.43 %. The device fabricated from 4e with an PC71BM rich blend
(30:70), annealed at 80 °C, producing a Jsc of 4.31 mA/cm?, Vo of 0.81 V, FF of 0.30
and PCE of 1.03 %.67

Reynolds and co-workers replaced ethylhexyl chain 2 with hydrophilic
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triglyme chains to the DPP core and studied the self-assembly profile of the oligomer
3 and the solar cell devices with PC¢1BM exhibited a relatively low PCE of 0.68 %.58
The same authors synthesized a series of molecules 4a, 4b, 4c, 4d, 4e, 4f and
fabricated bilayer solar cell devices by spin-coating a film of a donor of typically 20
nm and Ceo layer were thermally deposited. The donor molecule 4a leads to the
highest efficiency, with a Jsc close to 8.0 mA/cm? and a PCE of 2.50 %.%°
Benzo[1,2-b;4,5-b']dithiophene (BDT), triphenylamine, pyrene substitution
at C1 and C; attached to both side of the DPP core were synthesized by Fréchet and
co-workers and self-assembly was studied through the electron-rich m-stacking
units in the BH]J solar cell with PC71BM. The intermolecular connectivity promoted
by Cz-pyrene allows devices containing blends of 5 and PC7:BM to reach a maximum
PCE of 4.0 % with a FF approaching 0.6.5° The effect of halogen atom substitution in
the DPP-based small molecules was investigated by Zhang and Co-workers and Choy
and co-workers. The molecule 2 in which the hexyl chains were replaced by F and Cl
atoms were evaluated to investigate the effects of halogenation on the photovoltaic
properties of the organic solar cell. The higher PCE of 4.32 % was obtained for the
fluorine containing molecule compared to the 1.0 % efficiency for the chlorine
substituted derivative.’?® Choy and co-workers synthesized derivatives having
naphthalene and fluoro naphthalene end group on both sides of the DPP core. Device
performance with the photovoltaic device structure (ITO/PEDOT:PSS/
12:PC61BM/Al) yielded approximately 3.0 % efficiency with high V,c of 0.90 V and

FF of 54 %.71 Shin et al achieved the liquid-crystalline organization for the DPP core
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molecule 2 while replacing the oligothiophene with hexyl benzene 13 and dodecyl
benzene 14. They studied the self-assembly and photovoltaic devices with the
PC71BM acceptor. The efficiency of the device with 13 was 4.3 % with a high Vo of
093V, Jsc of 8.27 mA/cm? and a FF of 0.55 and that of 14 was 1.2 % with a high Vi
of 0.93 V but low Jsc of 3.73 mA/cm? and FF of 0.35.72 The Figure 1.6 and 1.7 contains
the chemical structure of the molecules from 13 to 22 and 23 to 31 respectively. Jin
and coworkers compared the solar cell efficiency of molecules 7 and 15. The device

optimization of 7 and 15 achieved an efficiency of 1.45 % and 1.75 % respectively.”3

Two asymmetrical push-pull small molecules have been reported, consisting
of triphenylamine and DPP as a dipolar D-m-A, 16 and D-m-A-A, 17 with
ethynylbenzene as the m-bridge. The molecules 17 with cyanophenyl exhibited a low
optical band gap of 1.65 eV, and solution processed device based on 17 : PCs1BM
showed a PCE of 5.94 %. Under the same experimental conditions, the PCE of BH]J

device based on a blend of 16 and PC¢1BM reached 2.06 %.74

Zhu and coworkers designed and synthesized three small molecules 18, 19,
and 20 based on a DPP unit featuring acetylenic linkage. The photovoltaic response
of 18 showed a PCE of 4.39 % with Vo of 0.77 V with the simple structure
(ITO/PEDOT: PSS/18:PCs1BM/Al), without a high boiling point solvent additive or
solvent vapor annealing. Thermal annealing of the active layer at 70 °C led to
decreasing of the PCE, which may arise from the high crystallization tendency of 18,

yielding unfavorable morphology with large domain sizes. The photovoltaic
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1 R1 =t-Boc ; Rz = C5H13 C4Hg C2H5
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Figure 1.5 Chemical structure of mono diketopyrrolopyrrole
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response of 19, and 20 while incorporating a thin cathode interlayer Phen-NaDPO,
spin-cast from isopropanol solution was seen to improve the cathode interfacial
contact, and the thermal annealing of the active layer at 100 °C resulted in an

efficiency of 2.01 % for compound 19 and 2.62 % for compound 20.75-76

Li and co-workers investigated the effect of triple-bond for the D-A-D
system. DPP as acceptor with alkylated carbazole and fluorene as terminal electron-
donating groups, 21 and 23 and the ethynyl m-linkage between the donor and
acceptor 22 and 24 respectively. The ethynyl-linkage structural design could not
only lower the HOMO, but also delicately balanced the relationship between the
deep-lying HOMO and narrow band gap, thus improving the photovoltaic
performance. As a result, compounds 22 and 24 exhibited relatively deep-lying
HOMO relative to 21 and 23, resulting in the corresponding photovoltaic (PV)
devices with an increased Voc of 0.84 V and 0.98 V, with PCE of 1.99 % and 3.10 %,
respectively, whereas 21 and 23 based devices showed a V. of 0.46 V and 0.89 V,
and a PCE of 1.48 % and 2.23 %, respectively.”” The same authors have investigated
mt-linkage effects between the donor triphenylamine and acceptor DPP 25, 26, 27
and 28. The vinylene m-linkage exhibited, relatively higher PCE of 3.76 % due to
better molecular coplanarity.”® The authors also investigated the effect of the
terminal donor's thiophene, thieno [3,2-b]thiophene and selenophene to the DPP
core 34, 35, and 36 respectively and tested their performance in the solar cell
devices. The best efficiency obtained in the ratio of 3 : 1 with 34:PCs1BM, 35:PCs1BM

and 36:PC¢1BM were 1.90 %, 1.30 %, and 2.33 % respectively.”?
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Figure 1.6 Chemical structure of mono diketopyrrolopyrrole
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Lim and co-workers synthesized two m-conjugated simple DPP molecules,
attached to a DPP core with thiophene and furan respectively 29 and 30, using the
Suzuki coupling reaction. Solar cell devices were fabricated with the configuration
ITO/PEDOT: PSS/29 or 30:PC71BM/LiF/Al and the 29 and 30 films were post-
annealed at 80 °C and 100 °C for 10 min, respectively. The molecule 29 showed
higher PCE (1.44 %) than 30 (0.85 %). The Jsc of 29 (4.38 mA/cm?) was nearly twice
that of 30 (2.49 mA/cm?2). The improved Jsc of 29 could be explained by the better
optical properties of 29 and the surface morphology of 29:PC7:BM film having a root
mean square roughness of 1.37 nm, compared to 30 having lesser absorption and
the surface rms roughness of 5.50 nm for a 30:PC71BM film.80

Janssen and co-workers investigated the effect of the side chain position on
the three isomeric DPP molecules 31, 32, and 33 that consist of DPP unit
substituted by two bithiophenes (2T) of which the terminal thiophenes carry a hexyl
chain in the 3, 4, or 5 position respectively. The Figure 1.8 and 1.9 contains the
chemical structure of the molecules from 32 to 41 and 42 to 50 respectively. Solar
cells were prepared by spin-casting PEDOT: PSS on precleaned ITO patterned glass
substrates. The PEDOT:PSS layer was dried by heating at 120 °C for 20 min before
deposition of the active layer. On top of the dried PEDOT: PSS the active layers were
deposited by spin-casting a mixture of the donor with PC71BM in a 2:1 ratio from
chloroform. A back contact of 1 nm LiF and 100 nm Al was evaporated in vacuum.

Annealing of the active layers was performed after evaporation of the back contact
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in a nitrogen environment. The PCE of the devices 31:PC7;:BM, 32:PC71BM,
33:PC71BM were found to be 2.48 %, 3.30 %, 1.90 % respectively.t1

In 2013, Russell and co-workers reported ‘A-D-A-D-A’ molecule 37 with 3,3"-
dioctyl-2,2":5",2"-terthiophene as donor attached to both side of central core
acceptor DPP unit with terminal group acceptor as octylcyanoacetate. BH] solar cells
were fabricated in the traditional sandwich structure ITO/PEDOT:
PSS/37:PC71BM/LiF /Al The active layer with the thickness around 85 nm obtained
by spin coating with chloroform solution in 1:1 donor - acceptor ratio providing an
efficiency of 1.18 %. Detailed morphological studies were conducted by adding
various volume fractions of DIO in chloroform ranging from 0.25 % to 10 %. Upon
adding 3 vol % DIO to the solvent, the efficiency of the solar cell increases to 4.73
%.81 Similarly in 2016, Chen and co-workers replaced the donor parts of the
molecule 37 with 3, 4’-dioctyl-2, 2’-bithiophene having lesser number of thiophene
attached to both sides of central core acceptor DPP unit with two terminal group
acceptor as octylcyanoacetate and 3-octylrhodanine 38 and 39 respectively. The
two molecules in films exhibited broad absorption ranging from 300 to 900 nm with
39 as donors and PC7:BM as acceptor gave a PCE of 2.05 % and 1.09 %, respectively.
The device performances were low owing to the large domain size and phase

separation.82
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R = ethylhexyl 31

Figure 1.7 Chemical structure of mono diketopyrrolopyrrole
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Skabara and co-workers synthesized two molecules based on a DPP central
core and two 4, 4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) units attached
by thiophene rings 40, and 41. These molecules showed high molar extinction
coefficient, and both of them were blended with PC71BM as acceptor in different
ratios by weight percentage and their PV properties were studied. For both the
triads, a modest PV performance was observed, having an efficiency of 0.65 %.83
Santos and co-workers synthesized phthalocyanine attached to both ends of the DPP
core units 42 and mixed with PC71BM as an active layer in the solar cell device. PV
devices fabricated using the general architecture ITO/Mo003/42:PC71BM/Ca/Ag
showed an efficiency of 1.04 %.84

Ziessel and co-workers report dumbbell-shaped molecules with
triazatruxene attached to both sides of thiophene DPP at para and meta position of
the nitrogen atom of the ring 43 and 44 respectively. The molecule showed a broad
absorption spectrum up to 750 nm in the film state for both isomers and devices
were fabricated with PC71BM. The PCE for the meta substitution was 4.4 % with a Vo
0of 0.65V, Jsc of 13.1 mA/cm? and a FF of 0.52. But the para derivative shows a higher
current of 14.6 mA/cm? with an efficiency of 5.3 %.8> Sharma and co-workers
extensively studied DPP based small molecules for the application of bulk
heterojunction (BHJ) solar cell in India. G. D. Sharma and co-workers synthesized
thiophene capped DPP as acceptor with various donor units at the both end and the
structure of the molecules from 45 to 53. The Figure 1.10 contains the chemical

structure of the molecules from 51 to 54. Photovoltaic properties of BH] devices
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with the active layer 45 : PC61BM (1:1) performs a Jsc of 6.83 mA/cm?, Vo of 0.80 V,
FF of 0.44, PCE of 2.40 %.8¢ The end terminal group indole 46 and 2, 4, 6-tri-
isopropyl phenyl 47 showed an efficiencies of 4.96 % and 3.04 % with PC71BM as
acceptor annealed at 110 °C for 10 minutes.8? 1,3 difluorobenzene and 1,3
dibutoxybenzene act as an end terminal group for the molecule 48 and 49 and the
PV performance with PC71BM and 0.5 % 1-chloronapthalene (1-CN) as solvent
additive in chloroform gave 3.22 % and 4.65 % respectively.88 They studied the
effect of thermal and solvent annealing on the morphology and photovoltaic
performance for the compound 50 to 53. Among these set of molecules, 52 showed
efficiency of 3.55 % and solvent and thermal annealing treatment improved the
efficiency upto 5.47 %.8% A low band gap small molecule with a D-n-A-m-D
molecular structure composed of a dithiafulvalene donor and a DPP acceptor 54 was
synthesized and tested for organic solar cells. Using the small molecule 54 as an

electron donor and PC71BM as acceptor high PCE of 4.3 % was achieved.?0
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Figure 1.8 Chemical structure of mono diketopyrrolopyrrole.
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CaHs

Figure 1.9 Chemical structure of mono diketopyrrolopyrrole.
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Table 1.1 The photovoltaic properties of mono diketopyrolopyrrole derivatives

SL.No | Active Layer (D:A) | Annea | Voc (V) Jsc FF | PCE | Ref
2 )
ling (mA/cm?) Yo
1) 1:PC7:BM (70:30) rt 0.67 8.42 045 | 2.33 | 64-
2) 2:PC71BM (50:50) rt 0.75 9.20 0.44 | 3.00 65
3) 3:PCetBM (1:1) | 90°C | 0.55 2.41 0.55| 0.68 68
4) | 4a:PC71BM(60:40) | 110°C | 0.92 10.0 0.48 | 4.40 66
5) | 4d:PC71BM(50:50) | 80°C | 0.76 5.70 0.33 | 1.43
6) | 4e:PC7;1BM(30:70) | 80°C | 0.81 4.31 0.30 | 1.03 | 67,69
7) Bilayer 0.60 3.30 0.39 | 0.80
4b and Ceo

8) Bilayer --- 0.66 3.22 0.32| 0.75

4c and Ceo 69
9) Bilayer rt 0.39 0.13 0.19 | 0.01

4d and Ceo
10) Bilayer rt 0.09 0.003 0.25 ] 0.001

4f and Ceo
11) 5:PC71BM (2:1) 130°C | 0.76 8.30 0.58 | 3.70
12) 6:PC71BM (1:4) 100°C | 0.73 3.20 0.29 | 0.70
13) 7:PC71BM (1:4) 110°C | 0.73 4.30 0.31| 1.00 59
14) 8: PC71BM (1:4) 110°C | 0.81 6.20 0.30| 1.30
15) 9:PC71BM (3:2) 110°C | 0.67 11.17 0.55| 4.32
16) 10:PC71BM (3:2) 110°C | 0.67 5.29 0.28 | 1.00 70
17) | 11:PC71BM (3:2) 110°C | 0.84 4.06 0.50 | 2.61
18) | 12:PC71BM (3:2) 110°C | 0.92 4.18 0.54 | 3.15 71
19) | 13: PC71BM (1:1) 140°C | 0.93 8.27 0.54 | 4.20 | 72
20) | 14:PCe1BM (1:2) 120°C | 0.93 3.73 0.35] 1.20
21) | 15:PC71BM (1:1) rt 0.87 5.03 0.39| 1.73 73
22) | 16:PCe1BM (1:2) rt 0.97 7.07 0.30 | 2.06
23) | 17:PCe1BM(1:2) rt 0.93 1486 | 043 594 | 74
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Table 1.1 The photovoltaic properties of mono diketopyrrolopyrrole derivatives

(Continuation from the previous page)

SI.No Active Layer Annea Voc Jsc FF | PCE Ref
(D:A) ling V) (mA/cm?) %

24) 18:PCs1BM 50°C 0.77 9.28 0.61 | 4.39
25) 19:PC¢1BM 100 °C 0.92 5.42 042 | 2.01 | 74-76
26) 20:PCs1BM 100°C 0.96 6.24 0.43 | 2.62
27) 21:PCe1BM(1:2) rt 0.49 6.60 0.49 | 1.48
28) 22:PCe1BM(1:2) rt 0.89 7.17 0.35 | 2.23 77
29) 23:PCe1BM(1:2) rt 0.84 7.67 0.31 | 1.99
30) 24:PCs1BM(1:2) rt 0.98 9.04 0.35 | 3.10
31) 25:PCe1BM rt 0.88 8.62 0.36 | 2.74
32) 26:PCs1BM rt 0.84 11.90 0.38 | 3.76
33) 27:PCe1BM rt 0.93 10.30 0.32 | 3.10 78
34) 28:PC61BM rt 0.90 9.73 0.33 | 2.92
35) 29:PC71BM(2:1) rt 0.90 4.38 0.37 | 1.44
36) 30:PC71BM(2:1) rt 0.83 2.49 0.41 | 0.85 80
37) 31:PC71BM(2:1) 100°C 0.85 5.89 0.50 | 2.48
38) 32:PC71BM (2:1) 100°C 0.85 7.47 0.53 | 3.30 61
39) 33:PC71BM(2:1) 100°C 0.79 5.30 0.45 | 1.90
40) 34:PCe1BM(3:1) rt 0.78 5.59 0.44 | 1.88
41) 35:PCe1BM(2:1) rt 0.78 5.74 0.38 | 1.67 79
42) 36:PCe¢1BM(3:1) rt 0.86 5.80 0.46 | 2.30
43) 37:PCe1BM(1:1) rt 0.72 13.6 0.47 | 4.73 81
44) 38:PC71BM(1:1) rt 0.76 3.12 0.46 | 1.09
45) 39:PC71BM(1:1) rt 0.76 5.09 0.53 | 2.05 82
46) 40:PC71:BM(1:1) rt 0.71 3.39 0.27 | 0.65
47) 41:PC71:BM(1:1) rt 0.53 4.55 0.26 | 0.64 83
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Table 1.1 The photovoltaic properties of mono diketopyrolopyrrole derivatives

(Continuation from the previous page)

SI.No Active Layer Annealing | Vo Jsc FF | PCE | Ref
(D:A) V) (mA/cm?) %
48) | 42:PC71BM(1.5:1) rt 0.55 5.00 0.38 | 1.04 | 84
49) | 43:PC71BM(1:0.75) 110°C 0.63 14.6 0.58 | 53 | 85
50) | 44:PC71BM(1:0.75) 120°C 0.65 13.1 0.58 | 4.4
51) | 45:PC71BM (1:1) rt 0.80 6.83 0.44 | 240 | 86

52) | 46:PC71BM (1:1) 110°C 0.82 10.82 0.56 | 4.96
53) | 47:PC71BM (1:1) 110 °C 0.92 7.34 0.46 | 3.04 | 87

54) | 48: PC71BM (1:1) rt 0.78 8.06 | 0.52]3.23
55) | 49:PC7:BM (1:1) rt 0.72 10.68 | 0.60 | 4.65 | 88
56) | 50:PC71BM (1:1) rt 0.90 812 | 0.40 | 3.05
57) | 51:PC7:BM(1:1) rt 1.02 738 | 038|286
58) | 52:PC71BM(1:1) rt 0.88 9.18 | 0.44 | 3.55
59) | 53:PC;1BM(1:1) rt 0.94 7.68 | 0.40 | 2.89 | 89
60) | 54:PC;1BM(1:1) rt 069 | 1224 | 0.51]4.30]| 90
C,Hs CaHo

C,oH C4H
C.Hs 2t15 C,HY 419
C,Hs.__CaHg
o >/ o R S/C6H13
/4 J \ N oc6H13\s S S J \ N’ s
O OIS
= S
os/ \ / T s W s ) o
N CeHy3-S N S 63
o .
et R = Butylethyl
53 54

Figure 1.10 Chemical structure of mono diketopyrrolopyrrole
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1.5.2 Bis-diketopyrrolopyrrole

Mark and co-workers synthesized a bis-DPP molecule with the central donor
as 5,10-bis(2-ethylhexyloxy)naphtho[2,3-b:6,7-b"]dithiophene and both side DPP as
acceptor 55. The PV device was fabricated based on the conventional architecture
ITO/PEDOT:PSS/55:PCs1BM/LiF /Al The best solar cell device was obtained at 1.5:1
ratio of 55: PC¢1BM with annealing at 110 °C for 10 min to yield a Voc = 0.84 V, Jsc =
11.27 mA/cm?, FF = 0.42, and PCE = 4.06 %.°1 The authors synthesized the
positional isomer of the central donor 4,9-bis(2-ethylhexyloxy)naphtho[1,2-b:5,6-
b’]dithiophene 56 and obtained a higher efficiency of 4.70 % with a FF = 0.50. The
energy difference between the LUMO of the donor 55 and 56 with the LUMO of

PCs1BM were 0.39 eV and 0.49 eV respectively. The hole mobility measured by OFET
and space charge limited current for 56 (found to be prer = 0.057 cm?/Vs; Uscic = 1.0
x 104 cm?/Vs) is higher than 55’s (Urer = 0.046 cm?/Vs; Uscic = 2.5 x 10-7 cm?/Vs).
The higher energy difference between LUMO of donor and acceptor resulting in
more CT states and also the high mobility increased the Jsc and FF for the device
56.92 The same authors synthesized benzo[1,2-b:6,5-b’]dithiophene (bBDT)
framework as the central donor unit with varying alkyl chain attached to the DPP on
both sides as end group giving the molecule 57, 58 and 59. The Figure 1.11 and 1.12
contains the chemical structure of the molecules from 55 to 69 and 70 to 80

respectively.
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C4Ho_C2Hs ¢c,H,. _C.H. CoH H
4 9]/ 4 9\[ 2Hs &2 5\(C409

N N

o] 0
C,Hg C,H
o C,Hs" ™C4H, 4Hg” "CoHs 0 C2Hs™ e,

C4Hq
57: R' = R? = 2-ethylhexyl
58: R'= 2-ethylhexyl; R? = 3,7-dimethyoctyl
59: R! = R? = 3,7-dimethyloctyl

Ethylhexyl; R, = Ethylhexyl
Ethylhexyl; R, = Butyloctyl

Figure 1.11 Chemical structure of bis diketopyrrolopyrrole
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An inverted solar cell with a device structure of ITO/ZnO/ 57, 58 or 59:
PC71BM/Mo0x/Ag was fabricated using a solvent of 1 vol % DIO in chloroform. The
best efficiencies for the devices 57 : PC71BM (1:1.5), 58 : PC71BM (1:1) and 59 :
PC71BM (1:1) were found to be 1.39 %, 5.53 % and 3.96 % respectively.?3 Star
shaped small molecules based on triphenylamine and DPP were explored by various
research groups, molecule 60 and 61 were developed by Chu and co-workers which
showed red shifted absorption and a significantly higher molar absorption
coefficient. They explored the application of the molecule 60 and 61 in OPVs by
fabricating BH] photovoltaic devices with the configuration ITO/PEDOT:PSS(30
nm)/60 or 61:PCs1BM blend(80 nm)/Ca(30 nm)/Al(100 nm). The PCE of 60 was
found to be 0.97 % in the D:A ratio of 1:2 and that of 61 was found to be 1.22 % in
1:3 ratio.?* Shi and co-workers synthesized three compounds 62, 63, and 64 mixed
with PCs1BM as acceptor and device measurement gave performed efficiency of 2.98
%, 1.63 % and 1.98 % respectively.?> Kirkus et al synthesized the star shaped
compound 65 with 5-hexylbithiophene as the end group showing an efficiency of
3.25 % when mixed with PCs1BM.?¢ The compounds 61 and 66 reported by Yao and
co-workers obtained an efficiency of 1.38 % and 2.95 % with PC71BM acceptor.®?

The compound dithienothiophene and DPP with an end group of hexyl
thiophene 67 have been synthesized for application in organic solar cells and
achieved an efficiency of 2.2 % as reported by Nguyen and co-workers.?® The fused
dithieno[2,3-d:2%,3 -d"]benzo[1,2-b:4,5-b"]dithiophene structure was coupled with

DPP to get 68 and 69. In the presence of 0.6 vol % DIO, 68 gave the best PCE of
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Figure 1.12 Chemical structure of bis diketopyrrolopyrrole
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4.35 %. Similarly, the use of 0.4 vol % of DIO yielded the best PCE of 2.69 % for the
69.9° Jo and co-workers explored seven donor molecules based on bis-DPP from 70
to 77. The compound 70, homo coupling of two thiophene DPP units. The different
central electron-donating units thiophene 71, phenylene 72, bithiophene 73,
thienothiophene 74, phenylene 75, and naphthalene 76 were introduced as a
central core of bis-DPP for investigation. The different molecular planarity of
thiophene vs phenylene, bithiophene vs. thienothiophene, and biphenylene vs.
naphthalene and the different donating strength influences the hole mobility and the
PCE of 70, 71, 72, 73, 74, 75 and 76 are 2.31 %, 1.49 %, 4.01 %, 3.0 %, 4.0 %, 3.80
% and 4.40 % respectively.100-101 [j and co-workers successfully synthesized a
series of A-D-A structured small molecular donors in which the central donors have
alkylated carbazole 77, diphenylamine 78, phenothiazine 79 and fluorene 80. The
PV properties of the donors were studied by fabricating BH] solar cells with a typical
structure of ITO/PEDOT:PSS/donors:PCs1BM/LiF /Al The PCEs of the devices based
on 77,78, 79 and 80 were 1.50 %, 0.53 %, 0.75 % and 0.78 %, respectively.102

The donor molecule 81 with benzodithiophene (BDT) as the central unit and
DPP as acceptor was reported by two groups of scientists independently and achieved
an efficiency of 5.29 % and 5.48 %.103-104 The Figure 1.13 and 1.14 contains the
chemical structure of the molecules from 81 to 101 and 102 to 113 respectively.
Researchers explored the change of the end group of the donor 81 leading to several
molecules 82 to 88 and the highest efficiency of 6.0 % was shown by the

trifluoromethyl benzene (CF3) end-group-containing oligomer 84. The device with the
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- 099 %ﬂ@%@@

97 R = Ethylhexyl
98 R = Hexyldecyl

99 R = Ethylhexyl
100 R = Hexyldecyl

101 R = Ethylhexyl

Figure 1.13 Chemical structure of bis diketopyrrolopyrrole
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active layer 82, 83, 84/PC7:BM (1:1 w/w), 15 mg/mL of donors in chloroform
solvent had low PCE of 1.27 %, 1.57 %, and 1.60 %, respectively. The measured Js.
values of the devices fabricated using 82, 83 and 84 were 3.88, 3.82, and 5.50
mA/cm? respectively. The addition of 2.5 vol % of 1-CN increases the PCEs to 3.65
%, 4.96 % and 6.00 % for the devices with an active layer of 82, 83, 84/PC71BM.105
In case of n-butylbenzene and triphenylamine end group containing small
molecules, 86 and 87 showed an efficiency of 3.20 % and 5.77 % in chloroform
solvent with an additive of 1 % and 0.8 % respectively.19¢ BH] solar cells were
fabricated with an inverted device structure ITO/Zn0O/donor:PC7:BM/MoOx /Ag for
85, 89, 90, 91 and the efficiencies were found to be 5.8 %, 1.8 %, 2.3 %, and 2.1
%_107

Janssen and co-workers synthesized four bis-DPP derivatives having small
structural difference with identical photophysical and electrochemical properties
but different solubility for the donor molecules end-capped with 2-(thiophen-2-yl)-
benzo[b] thiophene 92 and 94 or 2-(thiophen-2-yl)benzofuran 93 to 95. The
authors explained about the effect of solubility, donor/acceptor ratio, total
concentration, processing solvent, layer thickness, spin coating speed and use of the
additive for achieving high PCE. The solar cells based on 92 and 93 with PC71BM
reach PCEs of 4.6 % and 4.0 % but the highly soluble donor molecules with a central
3, 4-dimethylthiophene 94 and 95 achieves an efficiency of 3.5 % and 3.8 %.108

Similarly, researchers from the same group investigated a series of eight bis-

DPP donor molecules 81, 88, 96 to 101. The effect of central core, side chains in DPP
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112 R = ethylhexyl,
113 R = butyloctyl

Figure 1.14 Chemical structure of bis diketopyrrolopyrrole

as well as central core and the effect of thermal annealing were well studied to
establish the relation between blend morphology and PCE. These molecules showed
similar optical and electrochemical properties and due to different blend
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morphology with PCs1BM they differ in the PV properties. It was found that the
molecules 81, 88 and 96 with relatively high efficiencies around 4.4 % present
similar morphology features in active layers: small but distinctive phase separation,
which corresponded to their moderate tendency of aggregation as well as
crystallization. In other cases, large phase separation occurs when the tendency of
aggregation or crystallization of DPP molecule is relatively high. In the case of
molecule 101 (PCE = 2.5 %), two linear side chains attach to the appendix
thiophenes on BDT core instead of branched side chains in the case of molecule 81,
the crystallinity of the former molecule is much higher than that of the latter one. As
a result, large phase separation only occurs in the case of molecule 101 after
thermal annealing. As for molecules 97 (PCE = 2.3 %) and 99 (PCE = 2.7 %), having
dithieno[3,2-b:2',3'-d]thiophene and benzo [1,2-b:4,5-b']|dithiophene units as center
core respectively, higher tendency of aggregation which can be expected compared
with molecules 81 and 96 due to the different size and topology of central cores.
Correspondingly, larger phase separation only occurs in the former two cases. When
the ethylhexyl side chains of molecule 97 and 99 are replaced with longer
hexyldecyl ones, molecule 98 (PCE = 2.8 %) and 100 (PCE = 2.7 %) show higher
solubility and the feature of liquid-liquid (L-L) phase separation starts to appear in
their active layers.199 Zhu and co-workers investigated two isomeric anthracene
based small molecules of 102 and 103, with two acceptor arms of DPP. Solution-
processed OPV cells based on 102 and 103 were made with a device configuration

of ITO/PEDOT:PSS (40 nm)/photoactive layer (80 nm)/Ca(10 nm)/Al(100 nm). The
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best efficiency obtained for 102 was 1.46 % and that of 103 was 5.44 %.110 Shi and
co-worker synthesized pentathiophene based central donor with two acceptor DPP
on both side 104, 105 and 106. The PCEs of 104 - 106, when mixed with PC71BM,
were reported to be 3.69 %, 2.39 % and 2.23 % respectively.111-112 The molecule
107 having 5H-dithieno[3,2-b:2’,3'-d]pyran acts as the strong donor due to the
presence of electron rich nature of oxygen atom than the benzo[1,2-b:6,5-
b’]dithiophene 57 resulted in the rise of the HOMO energy level with lower bandgap.
The HOMO-LUMO energy level of 107 was -5.23 eV and -3.73 eV, and the
electrochemical band gap was 1.50 eV. The PCE of solar cells with PC7:BM as the
acceptor is 6.88 %.113

Peng and co-workers synthesized a series of Zn-porphyrin as central donor
attached to two DPP units by ethylene bridges from 108 to 112. The PCE of 3, 5-di
(dodecyloxy)-phenyl connected to porphyrin 108 was found to be 4.78 % but when
it is replaced with 4-octyloxy-phenyl 109 the efficiency increases to 7.23 %.114-115
The donor molecules 109 in which thiophene is replaced with oxygen 110 and
selenium 111 shows a lower PCE of 4.26 % and 5.81 %.116 DPP-porphyrin derivative
with 2-ethylhexyl-thienyl side 112 or 2-butyloctyl-thienyl side 113 attached to the
central core achieved the highest efficiency of 8.08 % and 9.06 % for DPP based

small molecule bulk heterojunction solar cell.117-118
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Table 1.2 The photovoltaic properties of bis diketopyrrolopyrrole derivatives

SL:No | Active Layer (D:A) | Annealing | Voc (V) Jsc FF | PCE | Ref
(mA/cm?) %

1) 55:PCs1BM (1.5:1) 110°C 0.84 11.27 0.42 | 4.06 | 91

2) 56 :PCe1BM(1.2:1) 140 °C 0.75 11.70 0.50 | 4.40 | 92

3) |57:PC7:BM (1:1.5) rt 0.78 457 1038139

4) |58:PC;1BM (1:1) rt 0.76 114 |0.63 553 93

5) |59:PC:BM (1:1) rt 0.75 847 |061]3.88

6) | 60:PCs1BM (1:2) rt 0.58 488 034097

7) | 61: PCe1BM (1:3) rt 0.66 792 | 034|181 94

8) |61:PCs1BM (1:2) rt 0.77 508 [0.35]1.38] 97

9) | 62: PCs1BM (1:1) rt 0.72 794 |052 298

10) | 63:PCs1BM (1:1) rt 0.76 514 | 042|163 95

11) | 64: PCs1BM (1:2) rt 0.80 583 |0.42]1.98

12) | 65:PCe:1BM (1:2) rt 0.75 820 |0.53]3.25]| 96

13) | 66:PC7:BM (1:4) rt 0.81 10.06 | 0.36 | 295 97

14) | 67:PC7:BM (1:1) rt 0.81 7.67 050|219 98

15) | 68:PCs1BM(6:4) rt 0.85 9.90 | 0.51|4.35

16) | 69:PCs1BM(6:4) rt 0.82 730 | 045|269 99

17) | 70:PC7:BM(1:1) 120°C 0.84 740 |0.37 231

18) | 71:PC7:BM(1:1) 120°C 0.80 430 |043]1.49

19) | 72:PC7:BM(1:1) 120°C 0.93 9.09 | 0.47 | 4.01 | 100

20) | 73: PCHBM(1:1) rt 0.78 680 057 3.0 | 1oq

21) | 74: PC1M (1.5:1) rt 0.81 930 | 053] 4.0
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Table 1.2 The Photovoltaic properties of bis diketopyrrolopyrrole derivatives

(Continuation from the previous page)

SL:No Active Layer Annealing | Vo Jsc FF | PCE Ref
(D:A) (V) | (mA/cm?) %

22) 75 : PC71BM rt 0.86 8.30 0.53 | 3.8 | 100,101
(1.5:1)

23) | 76:PC71BM (1:1) rt 0.87 9.50 0.53 | 4.4

24) | 77 : PCe1BM(1:2) rt 0.66 4.12 0.44 | 1.50

25) 78:PC61BM(1:2) rt 0.64 1.95 0.34 | 0.53

26) 79:PC61BM(1:2) rt 0.65 2.63 0.35|0.75 102

27) 80:PCs1BM(1:2) rt 0.66 3.17 0.30 | 0.78

28) | 81:PCe1BM(1.5:1) rt 0.94 7.40 0.34 | 2.37 | 103,104

29) 82:PC71BM(1:1) rt 0.70 10.21 0.51 | 3.30

30) 83:PC71BM(1:1) rt 0.69 12.98 0.58 | 4.64 105

31) 84:PC71BM(1:1) rt 0.69 13.60 0.64 | 5.87

32) 85:PC71BM(1:1) rt 0.76 12.2 0.62 | 5.80 107

33) | 86:PC71BM(1:1.5) rt 0.67 8.35 0.57 | 3.20

34) | 87:PC71BM(1:1.5) rt 0.62 15.64 0.59 | 5.77 106

35) 88:PCs1BM(1:1) 110 °C 0.77 9.90 0.56 | 4.30 109

36) 89:PC71BM(1:1) rt 0.86 4.10 0.54 | 1.80

37) 90:PC71BM(1:1) rt 0.66 8.16 0.43 | 2.30 | 107

38) 91:PC71BM(1:1) rt 0.66 8.47 0.40 | 2.10

39) 92:PC71BM(1:1) rt 0.69 11.9 0.57 | 4.60

40) 93:PC71BM(1:1) rt 0.67 10.4 0.58 | 4.00

41) 94:PC71BM(1:1) rt 0.73 10.6 0.45 | 3.50 | 108

42) 95:PC71BM(1:1) rt 0.71 10.3 0.52 | 3.80

43) 96:PCs1BM(1:1) 110°C 0.81 9.46 0.56 | 4.30 | 109

44) 97:PCe1BM(1:1) rt 0.76 6.82 0.44 | 2.30
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Table 1.2 The Photovoltaic properties of bis diketopyrrolopyrrole derivatives

(Continuation from the previous page)

SL:No | Active Layer (D:A) | Annealing | Voc (V) Jsc FF | PCE | Ref
(mA/cm?) %

45) 98:PCs1BM(1:1) rt 0.80 5.83 0.60 | 2.80
46) 99:PC61BM(1:1) rt 0.85 5.95 0.53 | 2.70 | 109
47) 100:PCe1BM(1:1) rt 0.85 5.53 0.58 | 2.73
48) | 101:PCs1BM(1:1) rt 0.80 5.67 0.55 | 2.52
49) 81:PCs1BM(1:1) 110°C 0.83 9.36 0.56 | 4.40
50) | 102:PC71BM(1:1.5) rt 0.97 4.09 0.31 | 1.45| 110
51) 103: PC7:BM (1:1) rt 0.82 11.90 0.55 | 5.49
52) | 104:PC71BM(1.5:1) 100 °C 0.71 10.69 0.48 | 3.69 | 111-
53) 105:PC7:BM(1:1) 100 °C 0.77 6.82 0.45 | 2.39 | 112
54) | 106:PC71BM(1:1.5) rt 0.84 7.77 0.36 | 2.36
55) 107:PCe1BM(1:3) rt 0.80 14.12 0.61 | 6.88 | 113
56) 108:PCe¢1BM(1:1) rt 0.80 11.88 0.50 | 4.78 | 114-
57) | 109:PC¢1BM(1:1.2) rt 0.71 16.00 0.63 | 7.23 | 115
58) 110:PCe1BM(1:1) 130 °C 0.81 10.52 0.50 | 4.26
59) 111:PCe1BM(1:1) 130 °C 0.71 14.93 0.54 | 5.81 | 116
60) | 112:PCs1BM(1:1.2) 120°C 0.78 16.76 0.61 | 8.08 | 117-
61) 113:PCe1BM(1:1) 100°C 0.73 19.58 0.63 | 9.06 | 118
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1.6 Outline of the Thesis

As mentioned in the above sections, photovoltaic properties of m-conjugated
chromophores are sensitive to functionalities and the intermolecular interactions in
the solid state packing. We are interested to functionalize the DPP core with various
chromophores and to study the photovoltaic properties.

In the second chapter, we report the synthesis a set of D-A-D small molecules
[TDPPC10(TPE)2 and TDPPEH (TPE)2] with broad absorption and suitable energy
levels having DPP as a core acceptor with various alkyl chains (decyl and ethylhexyl)
and tetraphenylethylene as an end donor units. Two small molecules as donor
components along with the PC¢1BM as an electron acceptor were used for the
preparation of BH]. The effect of nano scale phase separation of the photoactive
layers on the solar cell device performance has been described in detail.

In the third chapter, we explored the effect of donor substituents in pyridine
capped DPP in the BH] solar cell with PCs1BM as an acceptor. A series of five pyridine
capped DPP based small molecules with varying alkyl chain have been synthesized.
We studied the photophysical and electrochemical properties. The photovoltaic
device were fabricated using PEDOT:PSS and MoO3 as hole transporting layer in the
normal device structure. We optimized the photovoltaic performance of the solar
cell by employing an additives and the total concentration in the 1:1 ratio of the
donor and acceptor. The active layer morphology was studied using TEM analysis.

In the fourth chapter, mono and bis pyridine capped DPP based small

molecules were synthesized and its photophysical and electrochemical were
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studied. We fabricated photovoltaic devices structure ITO/MoO3/active-

layer/LiF/Al and characterizations were summarized. We also studied the

morphology of the active layer using TEM images.
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Chapter 2

Design, Synthesis and Photovoltaic Properties of
Small Molecules Based on Tetraphenylethylene and
Diketopyrrolopyrrole

2.1 Abstract

Two D-A-D small molecules based on tetraphenylethylene (TPE) and DPP coded as
TDPPC10(TPE)2 and TDPPEH(TPE), with decyl and ethylhexyl chain respectively.
The molecules have been synthesized and their optical, thermal, electrochemical and
photovoltaic properties were investigated. Two small molecules as donor
components along with the PCs1BM as the electron acceptor were used for the
preparation of bulk heterojunction (BH]) active layer in the small molecule organic
photovoltaics. The optimal power conversion efficiencies (PCE) obtained with
TDPPC10(TPE)2 and TDPPEH(TPE)2 are 0.20 % and 0.25 % when the BH] active

layers were cast from a solution with chloroform as the solvent.
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2.2 Introduction

Solution-processed organic solar cells are usually obtained by mixing a suitable p-
type m-conjugated polymer or small molecule with an n-type fullerene derivative in
a bulk heterojunction photoactive layer.! The highest PCE of the polymers and the
small molecules with the fullerene derivatives reaches up to 11.7 % and 10.08 %
respectively.2-3 The performance of the polymer solar cells not only depends on the
extension of absorption wavelength and the energy level but also strongly depends
on the morphology of the active layer.# The polymer properties like molecular
weight, regioregularity and end groups of the polymer have a profound influence on
the morphology of the active layer and performance of the solar cell.>11 With the
existing polymerization techniques to synthesize m-conjugated polymers, it is
challenging to minimize batch-to-batch variations of the performance in polymer
solar cell. Although small molecules show less batch to batch variation in the clear
structure, it's hard to achieve an optimum morphology for the donor and acceptor

blend to yield high efficiency.12-14

TPE derivatives shows aggregation-induced emission (AIE) with high
quantum yield ®r values in the solid state and has potential application in the area
of OLEDs.1>22 TPE based small molecules in the solution processed bulk
heterojunction solar cells have not been widely explored. In 2014, Yan and coworker
reported quasi-3D molecular structure tetraphenylethylene decorated with
perylenediimide 114 to replace near-spherical shaped fullerene acceptors with

polymer 115 in the bulk heterojunction solar cell. The structure of non-fullerene
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accepter 114 and the donor polymer is given in Figure 2.1. The polymer 115 with
PC71BM achieved 10.8 % PCE.23 Thus the spherical molecular structures capable of
light harvesting and charge-transport in three dimensional networks have been
expected to increase the PCE. Thus the authors demonstrated a TPE core-based
small molecule acceptor, 114, with a high PCE of 5.53 %. The reasonably high
efficiency is due to the highly twisted nature of the TPE core resulted in weak

molecular aggregation of perylenediimide, less

114 115

Figure 2.1 (a) Non-Fullerene acceptor based on tetraphenylethylene decorated with
perylenediimide (b) structure of donor polymer 115.

crystalline, small donor and acceptor domains. The 3D structure of 114 facilitates
the formation of a 3D charge-transport network and thus enables reasonably good

electron-transport ability.24

Bhosale and coworkers synthesized four dimensional diketopyrrolopyrrole

attached to TPE core 116 and fabricated bulk heterojunction solar cell with P3HT
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donor polymer. The structure of the molecule 116 and P3HT polymer, 117 is given
in the Figure. 2. 2. The solubility of 116 was 30 mg/mL in o-dichlorobenzene. The
thermogravimetric analysis (TGA) revealed that the chromophore was thermally
stable and 5% weight loss happened at 225 °C. The HOMO energy levels were
estimated from the photoelectron spectroscopy in air (PESA) and LUMO was
calculated from the absorption onset at 720 nm of the film state. The best BH]
devices obtained in the Donor : Acceptor weight ratio of 1 : 1.2 with V,, Js, FF, and

PCE, reached 1.18 V, 5.17 mA/cm?, 0.64, and 3.86 %, respectively.25

Figure 2.2 (a) Non-Fullerene acceptor based on tetraphenylethylene decorated with
diketopyrrolopyrrole, 116 (b) structure of donor polymer P3HT, 117.

We designed tetraphenylethylene attached to both ends of the diketopyrrolopyrrole

with two alkyl chain n-decyl and ethylhexyl for different solubility.
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R = C4oHaq - decyl;TDPPCo(TPE),
R = CgH,, - 2-ethylhexyl ;TDPPEH(TPE),

Figure 2.3 Structure of tetraphenylethylene attached to thiophene diketo-
pyrrolopyrrole

2.3 Results and discussion

2.3.1 Synthesis

Scheme 2.1 shows the synthetic pathway for the intermediate 4,4,5,5-tetramethyl-2-
(4-(1,2,2-triphenylvinyl)phenyl)-1,3,2-dioxaborolane 3. The synthesis of 3 was
according to the literature report involving three step procedures using readily
available starting material diphenylmethane. The treatment of butylithium with
diphenylmethane in the dry THF resulted in an orange-red solution, and then it was
transferred to the dry solution of 4-bromobenzophenone in THF at 0 °C. Then the
reaction mixture was allowed to warm to room temperature and stirred for 6 hours
to get the hydroxy intermediate, 1. The compound 1 was used without further
purification in the next step. The compound 2 was obtained by the dehydration
reaction of 1 in the presence of the p-toluenesulfonic acid with an overall yield of 64
%.The borylation of 2 using palladium catalyst in the necessary condition yielded

the compound 3 with 68 %.26
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Scheme 2.1 Synthesis of 4,4,5,5-tetramethyl-2-(4-(1,2,2-triphenylvinyl)pheny
1)-1,3,2-dioxaborolane : Reaction condition ; (a) n-BuLi, THF, 4-bromobenzo
phenone, 0 °C, rt, 6 h (b) p-toluenesulfonic acid, toluene, refulxed, 6 h, 64 %,
(c) Bis(pinacolato)diboron, KOAc,PdCl:(dppf)2, 1,4-dioxane, 80 °C, 24 h, 68 %
The dithienyl-DPP derivative 4 was synthesized using Igbal method of condensation
of 2-thiophencarbonitrile with diisopropyl succinate in the presence of sodium
which is given in the Scheme 2.2.27-30 Subsequent alkylation with decyl bromide and
ethylhexyl bromide in the presence of K;COs dissolved in DMF. Finally, the
bromination of the alkylated DPP 5 and 6 in dry CHClz were done by using freshly

recrystallized N-bromosuccinimide.

s 3 v s 3 N o AR
S S ’
UCN @ L AAAS B & A, O L /N S._B
N \ 7 N \_/ d \
H/ % R/ 0 R/N %
@) (5) R = decyl; (7) R = decyl
(6) R = ethylhexyl (8) R = ethylhexyl

Scheme 2.2 Reaction condition; (a) Na, tert-amyl alcohol, diisopropyl
succinate, 110 °C, overnight, CH3COOH (b) DMF, K2CO3, R-Br, 100 °C, 12 h, 35-
40 % (c) NBS, CHCI3,0°Ctort, 24 h,>90 %

The synthetic scheme of the final molecule is given in the scheme 2.3. The N-
alkylated dibromo DPP compounds 5 and 6 were subjected to a double Suzuki-
Miyaura cross-coupling with tetraphenylethylene boronic ester 3 using Pd(PPh3)s as
the catalyst.26 The structure and purity of TDPPC1o (TPE); and TDPPEH(TPE)2 were

confirmed by 1H-NMR and 13C-NMR spectroscopy and matrix-assisted laser

desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry.
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A
LN
[e)

3) B—o (7) R = CqqoHy1,
o] (8) R = ethylhexyl

(9) ; R = C4oHypq-decyl;TDPPC,o(TPE), yield 75%
(10) ; R = CgHy;-2-ethylhexyl; TDPPEH(TPE), yield 72%

Scheme 2.3 Reaction condition; (a) Pd(PPhs)s4, K2CO3, Toluene : Ethanol : Hz0,
90°C,24h

2.3.2 Optical properties

The normalized optical absorption spectra of the TDPPC1o(TPE)2 and TDPPEH(TPE):
in dilute (10-¢ M) chloroform solutions and thin film are shown in Figure 2.4. The
solution absorption spectra of both TDPPC1o(TPE)2 and TDPPEH(TPE)2 having weak
shoulder band at 577 nm and intense peak at 618 nm. The film state of both

molecule shows a red-shifted absorption having a more pronounced peak at 588 nm

(3)1 N — CHCly (b)1 o TDPPEH(TPE), ——CHCl4

91 —film ] — film
0.84 0.8

3

£ 0.6 g 0.6 -

.E o

2 3

g 0.4 < 041
0.24 0.2

00— : : . 0.04— , . ;
400 500 600 700 800 400 500 600 700, 800
Wavelength, (nm) Wavelength, (nm)

Figure 2.4 Absorption spectra of (a) TDPPC10o(TPE)2 and (b) TDPPEH(TPE)2

and a weak shoulder peak at 637 nm for TDPPC1o(TPE)2, whereas TDPPEH(TPE):
has the prominent peak at 629 nm. The optical band gap calculated from the

absorption edge for both derivatives is found to be 1.76 eV. The fluorescence spectra
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of TDPPC1o(TPE)2 and TDPPEH(TPE)2 in chloroform solution and thin film is given
in the Figure 2.5. The photophysical properties were summarized in the Table 2.1.
The emission maximum for both of the molecules in solution is 647 nm and a
shoulder peak present at 793 nm. The film state emission is weak and broad having
a maximum at 790 nm. The stoke shift of 724 cm1 suggests that the chromophore
doesn’t have the similar ground and excited state structure. Absorption spectra of
these small molecules in thin films are broadened with red-shift in comparison with
the absorption spectra those of in chloroform solution, which can be described due
to the molecular self-organization of m-chromophore. J-type molecular aggregation
is further proved by the red shifted broad emission band of both the compounds in
film state compared to solution state. The emission spectra of both the derivatives
are overlapping with each other clearly denies any role of alkyl chains on the

arrangement chromophores in the film state, which was quite anticipated.

(a) TDPPC4o(TPE (b)
1.004 10( )2 — CHCI3 1.004 TDPPEH(TPE)2 — CHCI3
— film — film

£0.754 E 0751
) )
S =
z z
9 0.50 % 0.50-
S [}
£ 2
3 3
30.251 iL 0.25-
i

0.00 T T “* 0.00 T T

600 700 800 900 600 700 800 9200
Wavelength, (nm) Wavelength, (nm)

Figure 2.5 Emission spectra of (a) TDPPC1o(TPE)2 and (b) TDPPEH(TPE): excited at
580.
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2.3.3 Electrochemical Properties

The oxidation and reduction potentials and the corresponding HOMO and LUMO
levels were determined by cyclic voltammetry (Figure 2.6) in dichloromethane
solution under an inert N2 atmosphere at room temperature. The oxidation and
reduction potentials of TDPPC1o(TPE)2 and TDPPEH(TPE)2 with respect to Fc/Fc*
shows the value near to +0.24 V, +0.19 V and -1.49 V, -1.59 V respectively. Using
these redox potentials the HOMO and LUMO levels were estimated using E = -5.23-
qEredox.3132  The electrochemical band gaps were determined as the difference
between the onset of the redox potentials, and obtained values are in proper
agreement with the optical band gaps determined using the onsets of the absorption
spectra in the film state.33 The optical data, electrochemical values, and band gap are
given in the Table 2.1 and 2.2 respectively. It is observed that the energy levels of the
TDPP-TPE molecules are suitably placed for electron transfer to PC¢1BM as shown in
the energy level diagram in Figure. 2. 7. The LUMO level of the acceptor should be at
least 0.3 eV lower than that of the donor to drive charge separation after exciton
formation. The difference between HOMO of the donor and LUMO of the acceptor is

1.25 eV, which could lead to high V. of solar cell.
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Table 2.1 Optical data of the TDPPC1o(TPE)2 and TDPPEH(TPE)2 in chloroform
solutions, and in the thin films at room temperature. Aexc = 580 nm for both.

Absorption | Emission(nm)
Compound (nm) excited at 580 | t(ns) e(Mol-l
)Lsol )Lfilm )Lsol )Lfilm CHC13
max max em em

-1
cm )

TDPPCN(TPE)2 618 638 | 647 790 2.4 63000

TDPPEH(TPE) | 618 638 | 647 790 2.4 63000
(a) (b)
TDPPC4¢(TPE), 64 TDPPEH(TPE),

60
§ E =+0.24V § 3]
= HOMO-= -5.47eV z Eox=+0.19V
S 0 s
g @ HOMO =-5.42 eV
5 5
o E_=-1.49V o,

LUMO= -3.74eV
-60 - Ereq =-1.59V
LUMO =-3.64 eV
2 - 0 1 2 - 0 1

Potential(V) / Fc/Fc* Potential(V) / Fc/Fc*

Figure 2.6 Cyclic voltammograms of (a) TDPPC1o(TPE): and (b) TDPPEH(TPE): in
CH2Cl2 inthe presence of 0.1 M of TBAPFs as electrolyte at 25 °C

Table 2.2 Electrochemical potentials (vs. Fc/Fc*) in dichloromethane containing 0.1
M TBAPFs (scan rate = 0.1 V/s)

Afim  poPt EY Ejes HOMO LUMO ES,
Compound . .

(nm) (eV) (V/Fc/Fc) (V/Fc/Fc) (eV)  (eV)  (eV)
TDPPC (TPE), 704 1.76 +0.24 -1.49 -5.47  -3.74 173
TDPPEH(TPE), 704 1.76 +0.19 -1.59 -5.42  -3.64 1.78
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Figure 2.7 HOMO-LUMO energy level diagram of TDPPC10o(TPE)2, TDPPEH(TPE).,
and PCs1BM

2.3.4 Thermal Properties

To assess the thermal stability and behavior of the molecules, they were
characterized by the TGA and DSC. Figure 2.8 (a) depicts DSC plots and (b) TGA of
both small molecules in the solid state. TGA experiment was carried out at a heating
rate of 10 °C / min under N atmosphere. Irrespective of the alkyl chain nature, both
derivatives exhibited a 5 % weight loss at a temperature around 370 °C, which
indicate that all the two molecules are thermally stable enough for application in
solar cells. Thermal behaviors of the DPP-containing molecules have been further
studied by DSC (N2 atmosphere). The melting temperature (Tm) occurs at 195 °C for
TDPPC10(TPE)2 and 173 °C for TDPPEH(TPE).. Endothermic peaks at 77 °C and 107
°C observed for TDPPCio(TPE)2 and TDPPEH(TPE): respectively, indicates the
probable phase transition occurs in the solid state packing of the molecules.

Difference in phase transition temperature can be ascribed due to the influence of
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Figure 2.8 (a) DSC plots and (b) TGA of TDPPC10(TPE)2 and TDPPEH(TPE);.

the alkyl chain length on the molecular packing in the film state.

2.3.5 Photovoltaic properties

To investigate the photovoltaic properties of the two small molecules, BH] solar cells
with a device structure of ITO/PEDOT:PSS/DPP-donors:PCs1BM/LiF/Al were
fabricated. Solar cell devices were prepared using a total concentration of 20 mg/mL
from blends of each donor material with PC¢1BM as the electron acceptor and
optimized with respect to additives and annealing temperature. Thickness of the
PEDOT:PSS, active layer, LiF, aluminum were 40 nm, 90-100 nm, 1 nm, 100 nm
respectively. The additives used in this work were DIO, 0-DCB and 1-CN. The active
layers of the devices were fabricated under a donor and acceptor weight ratio of 1:1,
and the thermal annealing was conducted at 110 °C. Device performance is
summarized in Table.2.3. The TDPPC10(TPE). device with the highest performance
was obtained with active layer without any additives, producing Jsc of 1.05 mA/cm?,

Voc of 0.90 V, FF of 0.25 and MPP value of 0.25 mW/cm2. For the blend of
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TDPPC10(TPE)2 and PCs1BM it was observed that after annealing the solar cell
performance decreases. Blend mixtures from TDPPEH(TPE): and PCe¢1BM also
showed similar trend except for the mixture which used DIO as the additive. Best
device from TDPPEH(TPE)2 produced a Jsc of 1.77 mA/cm?, Voc of 0.79 V, FF of 0.26
and MPP value of 0.37 mW/cm2. The current density-voltage (J-V) curves for the
best solar cells of TDPPC1o(TPE)2 and TDPPEH(TPE)2 are shown in Figure 2.9 and
2.10 and the device optimization results are described in the Table 2.3 and 2.4

respectively.

The efficiency of exciton dissociation and the possibility of geminate recomb-

Table 2.3 Device optimization of TDPPC1o(TPE)2 : PC¢1BM

TDPPC1o(TPE)2: Spin Thick | Anneal | Vi FF Jsc MPP
PCs1BM Coating | ness ing V) (mA/ | (mW/
(1:1) (rpm) (nm) temp cm?) cm?)
1500 100 rt 0.86 | 0.25 | 0.88 0.20
CHCl3 1800 105 rt 0.90 | 0.25 | 1.05 0.25
1800 110 110°C | 0.58 | 0.26 | 0.77 0.12
0.2% 1800 100 rt 0.51 | 0.26 | 0.78 0.11
DIO/CHCI3 1800 96 110°C | 0.18 | 0.25 | 0.77 0.04
0.2% 1800 99 rt 0.80 | 0.25 | 0.89 0.18
0-DCB/CHCI; 1800 98 110°C | 0.38 | 0.25 | 0.75 0.08
0.2% 1800 100 rt 042 | 0.26 | 0.74 0.08
1-CN/CHCI3 1800 97 110°C | 0.60 | 0.26 | 0.75 0.12

*Note: The MPP was estimated from the Vo., FF and Jsc obtained from the J-V
measurements. |-V characteristics were measured with a Keithley 2400 source
meter under ~100 mW/cm?2 white light illumination from a tungsten-halogen lamp
filtered by a Schott GG385 UV filter and a Hoya LB120 daylight filter that provides
illumination conditions within ~10 % of 100 mW/cm-2 AM1.5G for most cells.
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Figure: 2.9 (a) J-V curve of TDPPC1o(TPE)2 : PCs1BM in the dark and light. (b)
Logarithmic plot of ]J-V curve of TDPPC1o(TPE)2 : PCs1BM in the dark and light. (c)
Zoomed portion of J-V curve TDPPC1o(TPE)2 : PCs1BM in the light. (d) Fill Factor (FF)
Vs Bias V(V) curve.

ination of electron-hole determined by free energy difference between the singlet
photoexcited state of the donor material and the charge separated state is given by

the equation (1),

AGes = IPp - EAx - Egp (1)
where, IPp is the ionization potential of the donor material, EAa is the electron
affinity of the acceptor material, and Egp is the optical band gap of the donor
material. The free energy AGes for the TDPPC10(TPE)2 and TDPPEH(TPE)2 are equal

to -0.51 eV and -0.56 eV respectively and it implies that exciton dissociation is
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efficient. But the Jsc and FF were moderate which can be due to the suboptimal
morphology of active layer. The external quantum efficiency (EQE) is a spectral
measurement of the number of electrons extracted out of a solar cell per incident
photon. The EQE spectrum of the TDPPC10(TPE)2 and TDPPEH(TPE)2 were similar
to the absorption spectra of the donor molecules and have the maximum of 0.06 %
and 0.08 % at 585 nm respectively. Short circuit current density of TDPPC1o(TPE)2
and TDPPEH(TPE)2 under AM1.5G conditions from the spectral response were

found to be 0.89 mA/cm?2 and 1.20 mA/cm?.

Table 2.4 Device optimization of TDPPEH(TPE)2 : PCs1BM

TDPPEH(TPE) : | Amnea | y k. MPP
PCs1BM (1:1)2 tl .~ (\;; o ‘“‘2‘/ (m‘iv/
emp cm) cm?)
rt 0.79 | 0.26 | 1.77 0.37
CHCL, rt 075 | 026 | 178 | 0.36

110 C 054 | 0.25 | 1.39 0.19

0.2% DIO/CHCI, rt 088 | 025 | 1.23 | 0.28
110°C_ | 095 | 025 | 142 | 0.35

0.2% rt 055 | 026 | 142 | 0.20
0-DCB/CHCL, 110°C | 074 | 025 | 139 | 0.26
0.2% rt 042 | 025 | 120 | 0.13
1-CN/CHCI 110°C | 072 | 025 | 136 | 0.25

*Note: The MPP was estimated from the V,., FF and Jsc obtained from the J-V
measurements. |-V characteristics were measured with a Keithley 2400 source
meter under ~100 mW/cm? white light illumination from a tungsten-halogen lamp
filtered by a Schott GG385 UV filter and a Hoya LB120 daylight filter that provides
illumination conditions within ~10 % of 100 mW/cm-2 AM1.5G for most cells.
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Figure: 2.10 (a) J-V curve of TDPPEH(TPE): : PCs1BM in the dark and light. (b)
Logarithm plot of J-V curve of TDPPEH(TPE)2 : PCs1BM in the dark and light. (c)
Zoomed portion of J-V curve TDPPEH(TPE)2 : PC¢1BM in the light. (d) Fill Factor (FF)
Vs Bias V (V) curve.
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Figure 2.11 EQE of (a) TDPPC1o(TPE); and (b) TDPPEH(TPE);
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Table 2.5 Summary of the best solar cell device performance of TDPPC10(TPE)2 and
TDPPEH(TPE):

Donor: Spin | Thick | | ma | v MPP J.(mA PCE
Acceptor Coat ness s¢ oc FF (mw/ cm
/em2) | (V) femz) | (o)

(1:1) ing (nm) cm?) (SR)
TDPPC

| 1800
(TPE)Z: rpm 105 1.05 0.90 0.25 0.25 0.89 0.20
PCs1BM
TDPPEH

. 1500
(TPE),: rpm 92 1.77 | 079 | 026 | 037 120 | 0.25
PCs1BM

Note : Jsc (SR) is based on integrating the EQE (measured with 1 sun bias illuminatio
n) with the AM1.5G spectrum. The PCE is determined from the EQE integrated Js.
(SR).

2.3.6 Morphological studies

In order to study the morphology of the active layer, we repeated the fabrication of
the solar cell the (TDPPC10(TPE)2:PC¢1BM (1:1)) and obtained an efficiency of 0.10
% with a Voc of 0.86 V, Jsc of 0.48 mA/cm?2 and EQE close to 0.03 % at 585 nm. The
ethylhexyl derivative TDPPEH(TPE)2 with PCs1BM in 1:1 ratio achieved an efficiency
of 0.25 % with a Vo of 0.89 V and Jsc of 1.03 mA/cm? with EQE close to 0.07 % at
585 nm. The J-V characterization and EQE of TDPPC1o(TPE)2 and TDPPEH(TPE)2 is
given in the Figure 1.12 and Figure 1.13 respectively. After the characterization of
the solar cell, the glass substrates were dipped into the distilled water. The PEDOT:
PSS dissolves in water and the organic layers were collected on the TEM grid. The
TEM image of the active layer is given in the Figure 2.14. There is not much contrast
on the TEM image of the active layer which indicates absence of phase separated
active layer morphology. The amorphous state of the film might be responsible for

low Jsc and FF.
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Figure 2.12 (a) J-V curve and (b) EQE of DPPC1o(TPE)2:PCs1BM solar cell.
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Figure 2.13 (a) J-V curve and (b) EQE of TDPPEH(TPE)2:PCs1BM solar cell.

(a) (b)

Figure 2.14. TEM Image of the active layer (a) TDPPC10(TPE)2:PCs1BM and
(b) TDPPEH(TPE)2:PCs1BM.
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2.4 Conclusion

The synthesis of novel donor molecules based on DPP and TPE, investigation of
optoelectronic properties and their utility in solar cell application were described
Open circuit voltage of TDPPC10o(TPE)2 and TDPPEH(TPE)2 were 0.90 V and 0.79 V
respectively. Low value of current density 0.89 mA/cm? and 1.2 mA/cm? and fill
factor of 0.25 limit the device efficiency to 0.20 % and 0.25 %. The lack of nanoscale
phase separation of the photoactive layers is one of the main reasons for low current

density as revealed from morphological studies.

2.5 Experimental section

2.5.1 General methods.

Diphenylmethane, 4-bromobenzophenone, p-toluenesulfonicacid, Bis(pinacolato)
diborane, 2-thiophenecarbonitrile, PdCl2(dppf)2, Pd(PPh3)4 , were purchased from
Sigma Aldrich and were used as such. The solvents used were either HPLC grade or
freshly distilled before use. All the reactions were carried out under nitrogen
atmosphere. 1H NMR and 13C NMR spectra were obtained using a 500 MHz Bruker
Avance DPX spectrometer. Differential scanning calorimetry (DSC) was performed
using a PerkinElmer Pyris 6 DSC instrument in sealed aluminum pans under
nitrogen flow, at a heating/cooling rate of 10 °C/min. Absorption spectra were
obtained using a Shimadzu 3101PC UV/Vis-NIR scanning spectrophotometer. Cyclic
voltammetry was performed under an inert atmosphere with a scan rate of 0.1 V/s
and 0.1 M tetrabutylammoniumhexafluorophosphate in dichloromethane as the

electrolyte. A platinum working electrode, a silver counter electrode and a silver
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wire coated with silver chloride (Ag/AgCl) quasi-reference electrode were used

combined with Fc/Fc* as the internal standard.

2.5.2 Fabrication of bulk heterojunction solar cell

Photovoltaic devices were fabricated by spin coating poly(ethylenedioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS) (Clevios P, VP Al 4083) onto pre-cleaned,
patterned indium tin oxide (ITO) substrates (14 () per square) (Naranjo Substrates).
The photoactive layers were deposited by spin coating a chloroform solution
containing the TDPPCio(TPE)2/TDPPEH(TPE)2 molecule (10 mg/mL), the
appropriate amount of PCs1BM and the co-solvent (either DIO, o-DCB, 1-CN). For
layers that were thermally annealed, the glass substrates with the photoactive layer
were placed on a hot plate inside a N»-filled glove box (< 1 ppm Oz and < 1 ppm H:0)
at the temperatures and times indicated in the Tables. For cells that were thermal
annealed, this was done prior to depositing the metal contacts. To complete the
devices, LiF (1 nm) and Al (100 nm) were deposited by vacuum evaporation at ~2 x
10-7 mbar as the back electrode. The active area of the cells was 0.09 cm? and 0.16
cm?. J-V characteristics were measured under ~100 mW/cm? white light from a
tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB 120
daylight filter, using a Keithley 2400 source meter. Short circuit currents under
AM1.5G conditions were estimated from the spectral response and convolution with
the solar spectrum. The spectral response was measured under simulated 1 sun
operation conditions using bias light from a 532 nm solid state laser (Edmund

Optics). Light from a 50 W tungsten halogen lamp (Osram64610) was used as probe
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light and modulated with a mechanical chopper before passing the monochromator
(Oriel, Cornerstone 130) to select the wavelength. The response was recorded as the
voltage over a 50 () resistance, using a lock-in amplifier (Stanford Research Systems
SR 830). A calibrated Si cell was used as reference. The device was kept behind a
quartz window in a nitrogen filled container. The thickness of the active layers in the

photovoltaic devices was measured on a Veeco Dektak 150 profilometer.

2.5.3 Experimental procedures

X&)
2 O

2 Br

1-(4-Bromophenyl)-1,2,2,-triphenylethene (2) : To a solution of
diphenylmethane (2.02 g, 12 mmol) in dry THF (50 ml) was added drop wise 1.6 M
solution of n-butyllithium in hexane (7.5 mL, 12 mmol) at 0 °C under a nitrogen
atmosphere. The resultant orange-red solution was stirred for 1 h and then
transferred slowly to a solution of 4-bromobenzophenone (2.6 g, 10 mmol) in THF
(20 ml) at 0 °C. The reaction mixture was allowed to warm to room temperature and
stirred for 6 h. The reaction was quenched by adding an aqueous solution of
ammonium chloride. The organic layer was extracted with dichloromethane, and the
combined organic layers were washed with a saturated brine solution and dried
over anhydrous magnesium sulfate. After filtration and solvent evaporation, the

resultant crude alcohol containing excess diphenylmethane was dissolved in ~80 ml
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of toluene and a catalytic amount of p-toluenesulfonic acid (0.5 g, 2.6 mmol) was
added. After heating to reflux for 6 h, the mixture was cooled to room temperature
and washed with a saturated brine solution and dried over anhydrous magnesium
sulfate. After filtration and solvent evaporation, the residue was purified by silica-gel
column chromatography using n-hexane as the eluent. White solid of 2 was obtained
in 60 % yield (2.5 g). TH NMR (500 MHz, CDCl3, TMS): d=7.22 (d, ]=8.5 Hz, 2H), 7.15-

7.08 (m, 9H), 7.05-6.99 (m, 8H).

Q&

W Q

3 B
K

4,4,5,5-tetramethyl-2-(4-(1,2,2-triphenylvinyl)phenyl)-1,3,2-dioxaborolane

(3): 1-(4-Bromophenyl)-1,2,2,-triphenylethene (1) (0.5 g 1.2 mmol), Potassium
acetate (0.47 g, 4.8 mmol), bis(pinacolato)diborane (0.61 g, 2.4 mmol) and 10 ml of
anhydrous dioxane was taken in a three neck round bottom flask. The system was
degassed by applying three times freeze-pump-thaw cycles to replace air with argon.
Then Pd(dppf)2Cl: was added into it. The reaction was performed at 85 °C for 24 h.
After cooling, the mixture was evaporated to dryness and taken up with CHzClz. The
organic layer was washed with H20, dried over MgSO04, filtered and evaporated to

dryness. Column chromatography (SiO2, Hexane/CH2Cl; 95:5) gave compound 3 as a
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colorless solid in 68 % yield.lH NMR (500 MHz, CDCl3, TMS): d=7.22 (d, ]=8.5 Hz,

2H), 7.15-7.08 (m, 9H), 7.05-6.99 (m, 8H), 1.3(S, 12H).

3,6-Di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (4). was
synthesized using the similar synthetic procedure as reported previously. Sodium
metal (2.42 g, 110 mmol) was added portion-wise to tert-amyl alcohol and the
solution was stirred overnight at 120 °C. 2-Thiophenecarbonitrile (10 ml, 107
mmol) was then added to the hot alkoxide solution followed by the dropwise
addition of a solution of diisopropyl succinate (5 ml, 30 mmol) in 40 mL of tert-amyl
alcohol. After complete addition of the diethyl succinate solution, the mixture was
allowed to reflux overnight. The reaction mixture was then allowed to cool to 60 °C,
quenched with 40 mL of acetic acid, and allowed to reflux for an additional hour. The
resulting suspension was then filtered and the solid washed with hot methanol and

water three times and dried in vacuo, affording a dark solid (7.5 g, 84 %).
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2,5-didecyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (5)
was synthesized using the similar synthetic procedure as reported previously. A
mixture of 3, 6 dithiophen-2-ylpyrrole[3,4-C]pyrrole-1,4-(2H,5H)dione (2.00 g, 6.67
mmol), anhydrous potassium carbonate (3.69 g, 26.7 mmol) and 18crown-6 (10 mg)
were added in anhydrous N,N-dimethylformamide then heated to 100 °C under N>
for 1 h. After 1 h 1-bromodecane 4ml was added into it and temperature was
increased to 120 °C and the mixture was further stirred for 36 h at same
temperature. After the resulting suspension was poured into cold water and
extracted with chloroform, the organic phase was washed with brine solution and
dried over MgS04. The crude product was purified by column chromatography on
silica gel, using chloroform/petroleum ether as eluent to afford as a dark red solid
(1.35 g, 35 %).1H NMR (500 MHz) 6: 8.92 (d, ] = 3.0 Hz, 2H), 7.64 (d, ] = 5.0 Hz, 2H),
7.28 (t,] = 4.0 Hz, 2H), 4.06 (t,] = 7.5 Hz, 4H), 1.77-1.71 (m, 4H),1.42-1.25 (m, 28H),

0.89 (t,] = 6.5 Hz, 6H).

3,6-bis(5-bromothiophen-2-yl)-2,5-didecylpyrrolo[3,4-c]pyrrole-
1,4(2H,5H)dione (7) Compound 2 (0.5 g, 0.86 mmol) and N-bromosuccinimide
(0.352 g, 1.72 mmol) were dissolved into chloroform (25 mL) in a three neck round

flask under argon protection, and then the solution was protected from light and
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stirred at room temperature. After 40 h, the mixture was poured into 200 mL of
methanol and then filtered. The filter cake was washed with hot methanol twice.
After drying in vacuum, the pure product was obtained as a purple-black solid
(0.508 g, yield >90 %). H NMR (500 MHz) 6: 8.68 (d, ] = 4.0 Hz, 2H), 7.24 (d,] = 4.0
Hz, 2H), 3.98 (t, ] = 8 Hz, 4H), 1.74-1.68 (m, 4H), 1.40-1.25 (m, 28H), 0.87 (t,] = 6.5

Hz, 6H).

2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-

dione (6) was synthesized using the similar synthetic procedure as reported
previously. A mixture of 3, 6 dithiophen-2-ylpyrrole[3,4-C]pyrrole-1,4-(2H,5H)dione
(2.00 g, 6.67 mmol) anhydrous potassium carbonate (3.69 g, 26.7 mmol) and
18crown-6 (10 mg) were added in anhydrous N,N dimethylformamide then heated
to 100 °C under Nz for 1 h. After I h 2-ethylhexyl bromide 4ml was added into it and
temperature was increased to 120 °C and the mixture was further stirred for 36 h at
the same temperature. After the resulting suspension was poured into cold water
and extracted with chloroform, the organic phase was washed with brine solution

and dried over MgS04. The crude product was purified by column chromatography
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on silica gel, using chloroform/petroleum ether as eluent to afford as a dark red
solid (1.40 g, 40 %).'H NMR (500 MHz) &: 8.87 (d, ] = 3.6 Hz, 2H), 7.65 (d, ] = 4.5 Hz,
2H), 7.28 (t, ] = 4.4 Hz, 2H), 4.07-3.96 (m, 4H), 1.87-1.85 (m, 2H), 1.39-1.22 (m,

16H), 0.89-0.83 (m, 12H).

3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione (8) Compound 2 (0.5 g, 0.86 mmol) and N-bromosuccinimide
(0.352 g, 1.72 mmol) were dissolved into chloroform (25 mL) in a three neck round
flask under argon protection, and then the solution was protected from light and
stirred at room temperature. After 40 h, the mixture was poured into 200 mL of
methanol and then filtered. The filter cake was washed with hot methanol twice.
After drying in vacuum, the pure product was obtained as a purple-black solid
(0.508 g, yield >90 %). H NMR (500 MHz) &: 8.64 (d, ] = 4.2 Hz, 2H), 7.22 (d, ] = 4.1
Hz, 2H), 3.93 (t, ] = 8.5 Hz, 4H), 1.83 (t, ] = 6.5, 2H), 1.35-1.25 (t, 16H), 0.90-0.85 (m,

12H).
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TDPPC4((TPE),

TDPPC1o(TPE)2 : A 20 mL  Schlenk tube was charged with 3,6-bis(5-
Bromothiophen-2-yl)-2,5-didecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (0.1 g,
1.35 mmol), 4,4,55-tetramethyl-2-(4- (1,2,2-triphenylvinyl) phenyl)-1,3,2-
dioxaborolane (0.155 g, 3.37), and K>CO3 (0.038mg , 2.8 mmol). And Pd(PPhs)4
(0.035 g, 0.03 mmol) was transferred to the tube inside the glove box. A mixture of
toluene (6 mL)/ ethanol (2 mL)/ H20 (0.5 mL) was degassed with argon for 0.5 h
and the mixture was transferred to the schlenk through cannula. The resulting
mixture was stirred at 90 °C for 24 h under argon. Upon cooling to room
temperature, the reaction mixture was treated with water, brine solution and
extracted with CH2Cly, dried over Na S04, filtered and the solvent was removed
under reduced pressure. The crude product was purified by column
chromatography using 75 % chloroform-hexane as eluent to get a dark solid with a
yield of 75 %. 1H NMR (500 MHz) 6: 8.94 (d, ] = 4.0 Hz, 2H), 7.43 - 7.39 (m, 6H), 7.16-
7.02 (m, 34H), 4.08 (t,] = 7.6 Hz, 4H), 1.77 - 1.72 (m, 4H), 1.43-1.23 (m, 28H), 0.85 (t,
J= 6.9Hz, 6H).13C-NMR (100 MHz, CDCI3) ) 6:161.3, 149.6, 144.6, 143.4, 143.3, 139.3,
136.6, 132.1, 131.3, 127.9, 127.8, 127.6, 125.3, 31.8, 29.5, 29.2, 26.9, 22.6, 14.1.

MALDI-TOF calculated -1240.60 found -1240.62.
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TDPPEH(TPE),

TDPPEH(TPE): : A 20 mL  Schlenk tube was charged with 3,6-bis(5-
bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-

dione(0.1 g, 1.35 mmol), 4,4,5,5-tetramethyl-2-(4- (1,2,2-triphenylvinyl) phenyl)-
1,3,2-dioxaborolane(0.155 g, 3.37 mmol) and KCO3 (0.038 mg , 2.8 mmol). And
Pd(PPhs)s (0.035 g, 0.03 mmol), was transferred into the tube inside the glove box.
A mixture of toluene (6 mL)/ ethanol (2 mL)/ H20 (0.5 mL) was degassed with
argon for 0.5 h and the mixture was transferred to the schlenk through cannula. The
resulting mixture was stirred at 90 °C for 24 h under argon. Upon cooling to room
temperature, the reaction mixture was treated with water, brine solution and
extracted with CH2Cl;, dried over Na:SO., filtered and the solvent was removed
under reduced pressure. The crude product was purified by column
chromatography 75 % chloroform-hexane as eluent to get dark solid yield of 72
%.1'H NMR (500 MHz) &: 8.91 (d, ] = 4.1 Hz, 2H), 7.40 - 7.38 (m, 6H), 7.14-7.03 (m,
34H), 4.07-4.00 (m, 4H), 1.91-1.88(m, 2H), 1.38-1.25 (m, 16H), 0.90-0.82 (m,
12H).13C-NMR (125 MHz, CDCl3) § : 161.7, 149.5, 144.4, 143.4, 143.3, 139.7, 136.8,
132.1, 131.3, 127.9, 127.8, 127.6, 125.2, 45.9, 39.1, 30.9, 30.2, 28.5, 23.6, 23.1, 14.0,

10.5. MALDI-TOF calculated-1184.53 found 1184.54.
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Chapter 3

Exploring the Effect of Donor Substituents in
Pyridine Capped Diketopyrrolopyrrole Based Small
Molecules in Photovoltaics

3.1 Abstract

We describe the synthesis, photophysical, electrochemical, and photovoltaic
properties of a series of pyridine capped DPP small molecules having different donor
substituents on both ends. Different alkyl groups were employed for solubility
reasons. Organic photovoltaic cells with the structure ITO/PEDOT: PSS/PyDPP
donors: PCe¢1BM/LiF/Al were fabricated. Pyridine capped DPP with hexyloxyl
triphenylamine and benzothiophene attached to pyridine capped DPP
(PyDPPEH(TPA)2 and PyDPPEH(BTH)2) achieved very low efficiency of 0.1 %. The
benzofuran and bithiophene having butyloctyl chains PyDPPBO(BF),
PyDPPBO(bithio)2 and hexyldecyl chains PyDPPHD(bithio). on the DPP core show
MPP upto 0.87mW/cm?, 1.77mW/cm?, and 1.87mW/cm? respectively. We replaced
MoOs3 with PEDOT: PSS hole transporting layer and fabricated solar cells. With the
optimization of total concentration of the donor and acceptor in the ratio of 1:1 we

successfully achieved a PCE of 1.56 % for PyDPPHD (bithio)..
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3.2 Introduction

In the research area of bulk heterojunction organic solar cells, numerous donor and
acceptor units have been linked together for constructing small molecules and
polymers which meet the basic criteria for achieving higher performance.l’” Among
the most efficient building blocks, 2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP)
has widely been utilized for constructing D-A type polymers and small molecules
which are promising building block for photoactive materials in organic
electronics.8-10 The electron density of DPP can be altered by utilizing different

hetero-aromatic flanking groups and was studied extensively.11-14

In 2013, pyridine capped DPP as an electron-accepting unit with a 2, 2-
bithiophene donor was used for synthesizing a D-A type copolymer 117 which
showed deep HOMO energy level of 5.8 eV. The fabricated BH] from 117 resulted in
higher Vo of over 0.9 V with a PCE of 4.9 %.15 The same polymer performed a high
ambipolar charge transport with a record high electron mobility value of 6.30 cm?
/Vs and hole mobility of 2.78 cm2/Vs in OTFT devices.16 Weiwei Li and co-workers
studied a series of pyridine capped DPP polymer conjugated with different aromatic
groups having strong electron donating unit dimethoxy-bithiophene 120, weak
electron donating units like benzodithiophene 119 and thiophene 116. Pyridine
bridge DPP polymers 116, 119 and 120 as electron donors blended with PC7:BM as
electron acceptor were further applied onto photovoltaic devices, sandwiched
between the transparent ITO/PEDOT:PSS front and the reflecting Ca/Al back

electrodes. Best performance was obtained for devices spin coated from chloroform
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solution with 5 % vol. DIO as additive and the ratio of donor to acceptor was 1: 2.
The presence of dimethoxybithiophene provides low Voc of 0.53 V where as the
polymer 119, 116 showed high V,c of 0.86 V and 0.76 V due to their deep HOMO
level. The power conversion efficiency of solar cells for the polymers 116, 119 and
120 were found to be 2.4 %, 2.2 % and 1.4 % respectively.l” The structure of

pyridine capped DPP polymers are given in the Figure 3.1.

122
Figure 3.1 Chemical structure based on pyridine capped diketopyrrolopyrrole
donor polymers
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Janssen and co-workers synthesized a series of pyridine capped DPP
polymers with varying donor strength thiophene < bithiophene < terthiophene <
dithienopyrrole 116, 117, 118, and 121 respectively. The gap between the LUMOs
of the donor polymers and the acceptor (PCs1BM/PC71BM) which is defined as
ALUMO lies between 0.41 to 0.52 eV. Since the strength of the donor units which
determines the HOMO level of the polymers and the AHOMO (the difference between
HOMO of the donor and HOMO of the acceptor) of 116, 117, 118 and 121 with
PCs1BM/PC71BM is found to be 0.43, 0.52, 0.70, and 0.99 eV respectively. The charge
generation via excitation of the donor readily produces charges at ALUMO = 0.4 eV.
In contrast, charges produced via excitation of acceptor PCs1BM/PC71BM, only
happens when AHOMO > 0.7 eV. The PCE of the solar cell with a device structure
ITO/MoOs3/ 116 , 117 , 118 & 121 : PCs1BM/LiF /Al is found to be 4.61 %, 7.13 %,
5.97 % and 4.87 %.18 Jo and co-workers synthesized random copolymers 122
composed of electron donating bithiophene and two different electron accepting
units’ pyridine and thiophene capped DPP in the ratio of 3: 1. The best efficiency

obtained from the solar cell device 122 : PC71BM is 8.11 %.1°

Small molecules based on pyridine capped DPP having electronically
identical but structurally different molecules from 123 to 126 were synthesized and
their photovoltaic properties were studied. The molecule 123 having no alkyl chain
on thiophene and hexyl chain substitution at 3, 4, and 5 positions on the thiophene

ring were denoted as 124, 125, and 126 respectively.
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Figure 3.2 Structure of pyridine capped DPP small molecules

The molecule 123 and 124 shows H - aggregates where as 125 and 126 exhibit J-
aggregates which is evident from absorption, fluorescence and lifetime
measurement. The photovoltaic properties have a prominent impact on the
arrangement of molecules in thin film. Thus the active layer treated with CS2 vapor
for the molecules 123 and 124 achieved an efficiency of 0.14 % and 0.23 % where

the molecules 125 and 126 exhibits higher efficiency of 1.05 % and 2.60 %.20

93



Chapter 3

Table 3.1 Photovoltaics properties of pyridine capped DPP polymers and small
molecules

SL.No Active Layer Annea | y (\%) Jsc FF PCE Ref
(D:A) ling (mA/cm?2) %
1) 116:PC71BM (1:2) rt 0.79 4.80 0.64 2.4 17
2) 116:PCe1BM (1:2) rt 1.00 7.48 0.61 | 4.61 19
[3) 116:PC7:BM (1:2) rt 0.99 7.00 0.59 | 4.14 19
4) 117:PC7:BM (1:2) rt 0.92 7.96 0.65 | 4.88 15
5) 117:PCe1BM (1:2) rt 0.97 11.34 0.64 | 7.13 19
6) 117:PC7:BM (1:2) rt 0.98 11.38 0.61 | 6.85 19
7) 118:PCs:1BM (1:2) rt 0.85 11.10 0.62 | 5.97 19
8) 118:PC71BM (1:2) rt 0.84 11.24 0.59 | 5.68 19
9) 119:PC7:BM (1:2) rt 0.86 4.70 0.55 | 2.20 17
10) 120:PC7:BM (1:2) rt 0.53 5.00 0.54 | 1.40 17
11) 121:PCe1BM (1:2) rt 0.71 11.68 0.58 | 4.87 19
12) 121:PC7:BM (1:2) rt 0.71 12.61 0.56 | 5.02 19
10) 122:PC71BM (1:2) rt 0.69 16.44 0.71 | 811 19
11) 123: PC71BM (2:1) rt 0.95 0.74 0.24 | 0.14 20
12) 124:PC71BM (2:1) rt 0.79 1.16 0.26 | 0.23 20
N13) 125:PC71BM (2:1) rt 1.00 5.40 0.48 | 2.60 20
14) 126:PC71BM (2:1) rt 0.84 3.49 0.36 | 1.05 20

In this chapter, a series of pyridine capped DPP based small molecules were
designed as donor material for organic solar cells. Two kinds of structural variations
have been considered, one being changing the donor groups on both ends and the
other being varying alkyl chain on the DPP core for solubility. The structures are

given in the Figure 3. 3.
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Figure 3. 3 Structures of pyridine capped DPP based small molecules.
3.3 Results and Discussion
3.3.1 Synthesis
We adopted the literature procedure for the synthesis of pyridine capped DPP 12
from the starting materials 5-bromopyridine carbonitrile 11 and diethyl succinate
using a traditional pseudo-Stobbe condensation reaction. Then the pyridine capped
DPP core 12 was alkylated with different alkyl chains such as ethylhexyl, butyloctyl,
and hexyldecyl using corresponding alkyl bromides in presence of K2CO3 in DMF at
110 °C (Scheme 3.1). The reaction provided ethylhexyl, butyloctyl, and hexyldecyl
derivatives of 12 in 32 %, 38 %, and 35 % yield respectively.l> The different

alkylated derivatives were denoted as PyDPPEH(Br);, PyDPPBO(Br);, and

PyDPPHD(Br)>.
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Z—T
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R
CN (13) R = Ethylhexyl, PyDPPEH(Br), 32 %
(14) R = Butyloctyl, PyDPPBO(Br), 38 %
(15) R = Hexyldecyl, PyDPPHD(Br), 35 %

o 0, —
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H
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Scheme 3.1 Reaction condition (a) Na, tert-amyl alcohol, diethyl succinate,
110 °C, overnight, (b) DMF, K2C03, R-X, 100 °C, 12 h.

The synthesis of 4,4,55-tetramethyl-2-{4-[N,N-bis(4-hexyloxyphenyl)
amino]phenyl}-1,3,2-dioxaborolane 19 is given in the Scheme 3.2. The reaction
starts with the alkylation of p-hydroxyiodobenzene 16 in the presence of hexyl
bromide under basic conditions. Then, 4-bromo-N,N-bis(4-(hexyloxy)phenyl)aniline
18 was synthesized by the Ullman reaction condition between the 4-bromoaniline
and 1-(hexyloxy)-4-iodobenzene 17, in the presence of catalytic amount of Cul and
1,10 phenanthroline refluxed in the Dean-Stark apparatus for 36 hours. This
reaction yielded 65 % of the product. This is followed by the boronylation of 18 with
bis(pinacolato)diboron in the presence of Pd(ddpf)2Cl; and potassium acetate in dry

dioxane for 24 hours. The final product 19 was obtained in 60 % yield.?!

The final synthetic step of PyDPPEH(TPA)2 and PyDPPEH(BTH): is given in
the Scheme 3.3. The palladium catalyzed Suzuki-Miyaura coupling of PyDPPEH(Br)>
and 19, in the 4 : 1 : 0.5 mixture of toluene : ethanol : water under basic and argon
conditions yielded 75 % of PyDPPEH(TPA).. In the same way on coupling between

2-(benzo[b]thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane and
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Scheme 3.2 Reaction Conditions (a) CsH13Br, K2CO3 DMF, 100 °C, 90 % (b) 4-
bromoaniline, Cul, 1,10 phenanthroline, KOH, Toluene, refulxed, 36 h 65 % (c)
Bis(pinacolato)diboron, Pd(ddpf)2Clz, CH3COOK, dry Dioxane, 85 °C, 24 h 60 %.

PyDPPEH(Br)2. under similar reaction conditions resulted in 60 % of

PyDPPEH(BTH).. Following the above conditions for Suzuki-Miyaura coupling,

N

i faHs OC¢Hy3
CeH13Q C.H
B 4Hg
o” Yo
ﬂ ON —
N
A=Y, 3

(19) N O I\ _
—_—
C4Ho (a) =N NNy
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o \ / / \
\ /7 N\
(@ = N

sz

C4Hy

PyDPPEH(BTH),
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Scheme 3.3 Reaction condition (a) Pd(PPhs)4, K2CO3, Toluene : Ethanol : HzO0,
90°C, 24 h

PyDPPBO(BF)2 and PyDPPBO(bithio)> were synthesized from PyDPPBO(Br); and

respective boronic esters of benzofuran and bithiophene in 73 % and 77 % yields
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(Scheme 3.4). In the similar fashion PyDPPHD(bithio), was synthesized from
corresponding PyDPPHD(Br); and boronic ester of bithiophene in 72% yield.

(Scheme 3.5)

0,

PyDPPBO(BF),
B
Br—¢ \__/ \N J Yield = 73%
N NNy
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CaHs
PyDPPBO(Br),

o
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C"HQ/S C4Hq
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CGH13
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PyDPPBO(bithio),
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Scheme 3.4 Reaction condition (a) Pd(PPh3)4, K2CO3, Toluene : Ethanol : Hz0,
90°C,24h
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PyDPPHD(Br),

eH13 CgHqz
CgHq7
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Yield = 72%
Scheme 3.5 Reaction condition (a) Pd(PPhs)4, K2CO3, Toluene : Ethanol : H20,
90°C,24h
3.3.2 Optical properties
The optical properties of pyridine capped DPP small molecules were determined by

measuring the absorption in chloroform solution and spin coated thin films (Figure

3.4). The spectral characteristics are summarized in Table 3.2. The spectra represent
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the optical transitions between the m and m* orbitals of the conjugated backbone.
The more intense and lowest-energy absorption bands (500-620 nm) are assigned
to m-m* transitions with intramolecular charge transfer character between the
electron-rich and electron-deficient moieties, while the weaker high energy bands
(350 - 450 nm) are ascribed to localized electronic transitions of the aromatic rings.
The absorption spectra of all five compounds shifted bathochromically while going
from solution to thin films on quartz substrates. This shift is a consequence of the
intermolecular interactions that occur in the solid state and the increased molecular
order. The shift is accompanied by the appearance of more-resolved vibronic
structure and an enhanced relative intensity of the localized m-n* absorption bands.
The absorption spectrum of the PyDPPEH(TPA); having a broader absorption due to
increase in the strength of donor hexyloxyltriphenylanime at a maximum of 575 nm,

and 630 nm in solution and solid state respectively. The optical band gaps (Eg) in

(a) 10 — PyDPPEH(TPA), (b) 10 — PyDPPEH(TPA),
o ' — PyDPPEH(BTH), o ’ — PyDPPEH(BTH),
Q 08, PyDPPBO(BF), S s PyDPPBO(BF),

g ' — PyDPPBO(bithio), ‘é ’ — PyDPPBO(bithio),
§ —— PyDPPHD(bithio), § —— PyDPPHD(bithio),
2 0.6 206
g
2 0.4 204
© ©
2 0.2 Z 0.2
0.0 0.0

400 500 600 700 800 900 400 500 600 700 800 900 1000
Wavelength, (nm) Wavelenghth, (nm)

Figure 3.4 Normalized absorption spectra of pyridine DPP small molecules (a)
CHCIl3 solution (b) thin film
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Table 3.2 Summary of photophysical properties of pyridine capped small molecules

Absorption
Compound ) )
A3ehenm)  ALET(nm) Agg.(nm) Egl (eV)
PyDPPEH(TPA), 575 630 720 1.72
PyDPPEH(BTH), 550 600 678 1.82
PyDPPBO(BF), 578 627 673 1.84
PyDPPBO (bithio), 578 578, 632 686 1.80
PyDPPHD (bithio), 578 577,630 686 1.80

the solid state are in the range of 1.72 - 1.84 eV, as determined from the onsets of

the absorption at low energy.

3.3.3 Electrochemical Properties

The electrochemical properties of five pyridine capped DPP small molecules were
evaluated by cyclic voltammetry in dry dichloromethane solution under inert
atmosphere (Figure 3.5 and 3.6). The corresponding redox potentials are
summarized in Table 3.3. All five compounds showed two reversible oxidation and
one reduction waves. The HOMO and LUMO energy levels were estimated from the
onset of the first oxidation and reduction waves, respectively. The first oxidation
potential of PyDPPEH(TPA). with respect to Fc/Fc* is +0.22 V, which clearly shows
that the oxidation takes place from the hexyloxytriphenylanime donor. The end
donor group benzothiophene, benzofuran, and bithiophene attached to the pyridine

capped DPP oxidation potential are +0.63 V, +0.65 V, +0.59 V and reduction
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potential are -1.30 V, -1.34 V, -1.37 V and hence the four derivatives possess

virtually identical HOMO and LUMO energies. Using these redox potentials, the

(a) (b)

8.0x10°
- PyDPPEH(BTH),
6.0x10°4 PyDPPEH(TPA),
4.0x10°
—~ 3.0x10° 4 g E_=0.59V
‘s; - HOMO = -5.82 eV
3 Eox =+0.20V §
E HOMO = - 5.43 eV E 0.0.
3 0.0 3
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E =-145V LUMO = -3.93 eV
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Figure 3.5 Cyclic voltammograms of (a) PyDPPEH(TPA)z and (b) PyDPPEH(BTH):
(c) PyDPPBO(BF): (d) PyDPPBO(bithio)

HOMO and LUMO levels were estimated using equation E = =5.23 - qEredox.22-2* The
relatively low-lying HOMO energies are due to the synergistic electron-withdrawing
character of the DPP core and the pyridine moieties. The low HOMO level is expected
to give a high Vi in photovoltaic devices. There is a good correlation between the

optical and the electrochemical gaps, with slightly lower values estimated for the
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optical gaps. This could be related to the exciton binding energy which lowers the

optical gap relative to the HOMO- LUMO difference, which involves the exchange

-5
1.5x10 PyDPPHD(bithio),
1.0x10° 1
__ 5.0x10° 1 Eqy= +0.61V
< HOMO = -5.84 eV
c 0.0 4
£
3 Ereq=-1:32V
-5.0x10° 4 LUMO = -3.91 eV
-1.0x10" 1

Potential (V) Felret
Figure 3.6 Cyclic voltammogram of PyDPPHD(bithio);
energy and the difference in solvation energy for ions in solution compared to the
neutral molecules.2>
3.3.4 Thermal properties
To assess the thermal stability and behavior of the five small molecules based on
pyridine capped DPP, all the derivatives were characterized by TGA and DSC. TGA
analysis revealed that 5% weight-loss temperatures (Tq) of PyDPPEH(TPA),
PyDPPEH(BTH);, and PyDPPBO(BF)2 are 377 °C, 360 °C, and 368 °C respectively.
The Dbithiophene end group small molecules PyDPPBO(bithio)z and
PyDPPHD(bithio), showed same temperature at 347 °C and profile in the TG
analysis. Thus all the five molecules were thermally stable enough for the
application of solar cells. The T4 has a sequence of PyDPPEH(TPA).; > PyDPPBO(BF)2

> PyDPPEH(BTH): > PyDPPBO(bithio). suggesting that the triphenylamine and
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fused aromatic group have enhanced thermal stability than the aromatic

bithiophene.

Table 3.3 Electrochemical properties of pyridine capped DPP small molecules

Cyclic voltammetry
Compound
ESS (V) ESS, (V) HOMO(eV): LUMO(eV):  Egi,(eV)b

PyDPPEH(TPA)  +0.22  -145 -5.0 -3.78 1.22
PyDPPEH(BTH),  +0.63  -1.30 -5.86 -3.93 1.89
PyDPPBO(BF),  +0.65  -1.33 -5.88 -3.91 1.97
PyDPPBO(bithio)  +0.61  -1.34 -5.84 -3.89 1.96
PyDPPHD(bithio)  +0.61  -1.34 -5.84 -3.89 1.93

a Onset potentials vs. Fc/Fc+ converted via: E = =5.23 = qEredox. b Eggp, = q(Eox = Ered).

-3 .
-3.78 3,93 -3.91 -3.89-3.89
S 4 = ] _
E 4 £ 4.22 S
oo ~—
) a _
3 5 Q
| =54 & s :l,
> -5.00 ) >
: g >
2 Q
T =
e -5.86 -5.88 5.84-5.84
-6.29
7

Figure 3.7 Energy level diagram of pyridine capped DPP small molecules
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The thermal properties of the pyridine capped DPP small molecules were
characterized by DSC measurements. Sharp endothermic peaks corresponding to the
melting process were observed. Due to the presence of bithiophene, both

PyDPPBO(bithio); and PyDPPHD(bithio)z (Tm

183 °C) displayed lower melting

temperatures than the PyDPPBO(BF): (Tm

202 °C). PyDPPEH(BTH): and
PyDPPEH(TPA): indicate a higher melting temperature of 247 °C and 245 °C and

latter doesn’t crystallize.

(a)s —— PyDPPEH(TPA) (b)
2 100 -
—— PyDPPEH(BTH),
—— PyDPPBO(BF
4l y (BF)2 80 [— PYDPPEH(TPA),
—— PyDPPBO(bithio),
—— PyDPPEH(BTH),
_ |— PyDPPHDithio), =
5 £ oo —PyorPEHER),
30 £ —— PyDPPBO(bithio),
i 2 —— PyDPPHD(bithio),
T ; 40 -
-4
20
8 T T r 0 r r r r r v
0 100 200 300 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 3.8 (a) DSC and (b) TGA of five pyridine capped DPP derivatives.

3.3.5 Photovoltaic properties

The small molecules were applied in bulk heterojunction solar cells with PC¢1BM as
the acceptor material. The solubility of the five pyridine DPP derivatives in the
chlorinated solvents were found to be in the order of PyDPPHD(bithio)> >
PyDPPBO(bithio)2 > PyDPPBO(BF)2 > PyDPPEH(TPA)2 > PyDPPEH(BTH)2. The active
layers were spin-coated from CHCI3 solution onto an ITO covered glass substrate

covered by a 40 nm film of PEDOT:PSS. LiF (1 nm) and Al (100 nm) were thermally
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evaporated as the top electrode. A distinct photovoltaic effect has been observed for
each of the five blends. For each blend a 1:1 weight ratio was found to be optimal.
Additives like DIO, o-DCB and 1-CN are used for the optimization of solar cell
devices.26-30 The effects of annealing were studied at 110 °C for 10 minutes. The
optimization of solar cell devices for PyDPPEH(TPA)2: PCs1BM in 1:1 ratio with the
total concentration of 20 mg/mL is given the Table 3.4. The MPP obtained is only
0.10 mW/cm?. The ]-V characteristics of the best device PyDPPEH(TPA); :PCs1BM

solar cell is given in the Figure 3.9.

Table 3.4 Characteristics of PyDPPEH(TPA)2:PC¢1BM devices under 100 mW /cm?
white light illumination

PyDPPEH(TPA
y ( )2 i Voc - ]Sc MPP
: PCBM Annealing Fill Factor 2 (mW/cm?)
(1:1) (mA/cm )
rt 0.76 0.26 0.51 0.10
CHCI3
110°C 0.34 0.23 0.07 0.01
rt 0.79 0.26 0.44 0.09
0.2% DIO/CHCI
’ 110°C Leakage current
0.2% rt 0.79 0.27 0.44 0.10
0-DCB/CHCI
3 0
110 C Leakage current
0.2% rt 0.80 0.27 0.44 0.10
1-CN/CHEL 110°c  0.44 0.24 0.10 0.01

*Note: The MPP was estimated from the V,., FF and Jsc obtained from the J-V
measurements. |-V characteristics were measured with a Keithley 2400 source
meter under ~100 mW/cm? white light illumination from a tungsten-halogen lamp
filtered by a Schott GG385 UV filter and a Hoya LB120 daylight filter that provides
illumination conditions within ~10 % of 100 mW/cm-2 AM1.5G for most cells.
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The solubility of PyDPPEH(BTH)2 in chloroform, chlorobenzene and
tetrachloroethylene is found to be ~ 7 mg/mL, ~ 5 mg/mL, and ~ 13 mg/mL
respectively. Since the PyDPPEH(BTH). have very low solubility and the spin
coating of active layer in the CHClz solution was done by the hot process at 60 °C.
The total concentration of 20 mg/mL and 10 mg/mL in 1:1 ratio of PyDPPEH(BTH)>
: PC61BM were used for the active layer preparation. The details were summarized in
the Table 3.5. The best efficiency obtained was 0.10 %, and J-V curve and EQE

spectra are given in the Figure 3.10.
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Figure 3.9 (a) J-V curve of PyDPPEH(TPA): : PC¢1:BM in the dark and light. (b)
Logarithmic plot of J-V curve of PyDPPEH(TPA)2 : PCs1BM in the dark and light. (c)
Zoomed portion of J-V curve PyDPPEH(TPA): : PCs1BM in the light. (d) Fill Factor
(FF) Vs Bias V(V) curve.
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The pyridine analog of (DPP(TBFu)2) having benzofuran on both ends of the
pyridine capped DPP with butyloctyl chain coded PyDPPBO(BF)2 were applied in the
bulk heterojunction solar cells.31 The donor PyDPPBO(BF): is higher solubility in
CHCI3 than the PyDPPEH(TPA)2 and PyDPPEH(BTH).. The device optimization of

PyDPPBO(BF): is given in the Table 3.6. The best MPP obtained for PyDPPBO(BF): :

Table 3.5 Characteristics of PyDPPEH(BTH)2:PCe1BM (1:1) devices under
100mW /cm? white light illumination

Spin . J J..
Con.centra Coat Thick s v MPP (mA/ PCE
tion . ness (mA/ oc (mA/ 0
mg,/mL ng (nm) 2 ) FF cmz2) cm?) (%)
(rpm) cm ) (SR)
20 1500 83 0.43 0.49 0.25 0.05 0.39 0.04
10 700 66 0.87 0.49 0.26 0.11 0.84 0.10
a (b) 0.10
( 3' n Acti:/e area = 0.0920 cm? no bias: Jg = 0.90 mA/cm?
E  |lsc=0:87mAlem 0.08 - 530nm : Jg=0.84 mAlcm?
S g |Voc =040V -
E IrF=0.262 0.06. S aome
- 2 °o =
2 sl MPP=0.11 mw/cm =N u® .
® w I
2 G 0.044 s 2 :
T o w =
= —
£ 7 0.02- !
S 8- l'
0.00 r y r oo
300 400 500 600 700 800

2 A1

0
Bias V [

V]

Wavelength (nm)

Figure 3.10 (a) Representative J-V curve for PyYDPPEH(BTH)2 : PCs1BM solar cell in
dark (black) and under simulated A M 1.5G conditions (red). (b) EQE spectra of
PyDPPEH(BTH): : PC¢1BM solar cell under low monochromatic light intensity and
with 1 Sun equivalent light bias illumination. The numbers in the panels represent
the Jsc that is obtained with convoluting the EQE with the solar A M 1.5G spectrum.
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PCs1BM is 0.87 mW/cm? with Jsc 2.18 mA/cm?, Voc 0.85 V and FF 0.46 in the
presence 0.2 % DIO in CHCI3 solution. The J-V characterization of the solar cell

device is given in the Figure 3.11.

The details of the solar cell device optimization of PyDPPBO(bithio), and
PyDPPHD(bithio). are given in the Table 3.7 and 3.8 respectively. The optimized
blend ratio of PyDPPBO(bithio)2 : PCs1BM was 1:1, the active layer spin coated at
1500 rpm in CHCI3 solution, maintained a thickness of 96 nm. In pure CHCI3 solution,
the MPP of 0.64 mW/cm?2 was obtained, with Jsc 3.43 mA/cm?, Voc 0.64 V, and FF
0.27. But the addition of 0.2 % DIO improved the MPP of 1.71 mW/cm? with a Jsc

5.32 mA/cm?, Voc 0of 0.78 V, and FF of 0.41.

4
Active area = 0.090 cm®* |[— dark
Isc = 2.18 mA/cm’ — light
2 {Voc =0.850v
FF = 0.46

MPP= 0.87 mw/cm?

Current density J [mA/cmz]
o

/

-2 -1 Bias V [v] 0 1

Figure 3.11 Representative J-V curve for PyDPPBO(BF)2 : PCs1BM solar cell in dark
(black) and under simulated A M 1.5G conditions (red).

1
H

The PyDPPHD(bithio)2 : PC¢1BM (1:1) blend solution was spin coated at 1800
rpm and the thickness of the active layer was maintained at 92 nm. In CHCl3

solution, MPP was found to be 0.64mW /cm?2. Further optimization using a small
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Table 3.6 Characteristics of PyDPPBO(BF)2 : PCs1BM devices under 100mW /cm?
white light illumination

Material Solvent Annea ]SC(mA Voc FF MPP
ling 2 ) (mW/
/cm) cm?)
CHCl3 rt 0.81 0.63 0.33 0.17
PyDPPBO(BF)Z:PCBM CHCl3 110°C 0.87 0.65 0.37 0.22
(1:1) 0.2% DIO rt 218 085 046 087
Thickness = 101nm 0.2% DIO 110°C 0.98 0.67 0.36 0.24
(1800 rpm) 0.2% 0-DCB rt 098 051 025  0.06
0.2% o-DCB 110°C 1.07 0.63 0.35 0.24
0.2% 1-CN rt 0.39 0.62 0.25 0.06
0.2% 1-CN 110 °C 1.01 0.64 0.37 0.24

Table 3.7 Characteristics of PyDPPBO(bithio)z: PCs1BM devices under 100mW /cm?
white light illumination

Material solvent Annea ]Sc(mA VoC FF MPP
ling 2 (mwW/

jemy (V) cm?)

CHCL, rt 296 0.64 0.29 0.57

CHCl3 110°C 0.83 046 0.29 0.11

PyDPPBO(bithio) :PCBM  0.2% DIO rt 532 0.78 041 1.71

(1:1) 0.2% DIO 110°C 423 0.63 0.37 1.00

Thickness = 96nm 0.2% o-DCB rt 281 067 0.28 0.54

0.2% o-DCB  110°C 097 052 0.28 0.14

0.2% 1-CN rt 281 054 0.28 0.44

0.2% 1-CN 110°C 1.10 0.28 0.28 0.13

amount of additive like DIO, 0-DCB and 1-CN to manipulate the morphology during
the film casting process.3? The addition of 0.2 % DIO and 0.2 % 1-CN increases the

MPP to 1.77 mW/cm? and 1.86 mW/cm? respectively. The ]J-V characterization of the
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best device for PyDPPBO(bithio)2 : PC¢1BM and PyDPPHD(bithio)2 : PC¢1BM are

given in the Figure 3.12.

(a) (b)
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Figure 3.12 Representative |-V curve for (a) PyDPPBO(bithio)z : PCs1BM (1:1) 0.2 %
DIO in CHCI3 solution and (b) PyDPPHD(bithio)2 : PC¢1BM (1:1) 0.2 % 1-CN in CHCI3
solution. Solar cell device in dark (black) and under simulated A M 1.5G conditions
(red).

In order to study the effect of DIO volume fractions in CHCI3 for PyDPPHD(bithio)z> :

PC¢1BM device. We used 0.1, 0.2, 0.3, 0.4, 0.5, 1, 5, 2 % and found that 0.2 % shows
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Figure 3.13 Plot of variation of DIO ratio in CHCI3, PyDPPHD(bithio)z : PCs1BM

(1:1)
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the best performance. The device performance is summarized in Table 3.9, J-V

characterization, and EQE is given in the Figure 3.14.

Table 3.8 Characteristics of PyDPPHD(bithio)2: PCe1BM devices under 100mW/cm?

white light illumination

Material Solvent  Annea ]sc(mA Voc FF MPP

ling /sz) ) (mW/cm?)
CHCl3 rt 343 0.67 0.27 0.64
PyDPPHD(bithio)z: CHCl3 110°C 2,70 0.68 0.38 0.70
PCBM(1:1) 0.2% DIO rt 531 0.88 0.37 1.77
Thickness = 92nm  0.2% DIO  110°C  3.27 0.72 0.38 0.91
0.2% o-DCB rt 3.83 0.80 0.30 0.93
0.2% o-DCB 110°C 340 0.72 0.39 0.97
0.2% 1-CN rt 583 0.88 0.36 1.86
0.2% 1-CN 110°C 3.43 0.67 0.35 0.80

Table 3.9 Variation of DIO ratio in CHCI3 PyDPPHD(bithio);

Percentage sc \% MPP
of DI0 (mA/em V. (v) FF  (mW/
2) cmz?)
0.1% 3.78 0.75 0.29 0.85
0.2% 4.58 0.85 0.38 1.51
0.3% 4.13 0.80 0.38 1.28
0.4% 2.75 0.82 0.39 0.89
0.5% 1.70 0.87 0.42 0.62
1.0 % 0.38 0.72 0.31 0.08
2.0% 0.27 0.63 0.32 0.05

: PC&1BM (1:1)
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Figure 3.14 (a) and (C) Representative ]J-V curve for PyDPPHD(bithio)2: PCs1BM
active layer spin casted in 0.3 % and 0.2 % DIO additive in CHCI3 respectively. Dark
(black) and under simulated A M 1.5G conditions (red). (b) and (d) EQE spectra of
PyDPPEH (bithio)2 : PCs1BM active layer spin casted in 0.3 % and 0.2 % DIO additive
in CHCl3z respectively. (Black) solar cell under low monochromatic light intensity and
(red) with 1 sun equivalent light bias illumination. The numbers in the panels
represent the Jsc that is obtained with convoluting the EQE with the solar AM 1.5G
spectrum.

3.3.5.1. Effect of M0oOs hole transporting layer and total
concentration

The conventional PEDOT: PSS hole transporting layer produces S-shaped J-V
characteristics for the active layer containing aromatic amines such as pyridine and
thiazole.17:33-34 And the use of 10 nm MoOs3 solves this problem. Apart from that it
also has other advantage like increasing the shelf-life of devices. In the device, the

total concentration of donor and acceptor plays an important role in the
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performance of the solar cells. Thus we maintained the thickness of the active layer
between 90-100 nm by varying the total concentration and spin speed. The pyridine
capped DPP molecules PyDPPBO(BF)2, PyDPPBO(bithio);, and PyDPPHD(bithio)
were subjected to study the effect of total concentration on MoOs3 layer. The details
of concentration depended studies of PyDPPBO(BF)2 : PC¢1BM (1:1) solar cell device
from 12 mg/mL to 36 mg/mL is given in the Table 3.10. The best performance
obtained for PyDPPBO(BF); :PC¢1BM solar cell with 20 mg/mL with a Jsc of 0.94
mA/cm?2, Vo of 1.04 V, FF of 0.33 and a PCE of 0.33 %. J-V characterization and
EQE for PyDPPBO(BF)2:PCs1BM solar cell is given in the Figure 3.15. The optimum
concentration for PyDPPBO(bithio); and PyDPPHD(bithio); is 30 mg/mL and 12
mg/mL respectively. The details are given in the Table 3.11 and 3.12. The PCE for
PyDPPBO(bithio)z :PCs1BM solar cell is 1.07 % and J-V curve and EQE is given in the
Figure 3.16. The best efficiency obtained among five small molecules is
PyDPPHD(bithio)2 with a PCE of 1.56 %. J-V curve and EQE is given in the Figure
3.17. More than 1.0% PCE value are obtained for the PyDPPHD(bithio). : PCs1BM
device with a concentration of 12 mg/mL, 16 mg/mL, and 36 mg/mL. Thus we
studied the effect of additives in the device performance; spin coated in CHCI3
solution with a concentration of 12 mg/mL and 36 mg/mL. The results are
summarized in the Table 3.13 and 3.14. The performance of PyDPPHD(bithio): :

PCs1BM solar cell devices was detrimental in the presence of additives.
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Figure 3.15 (a) Representative ]J-V curve for PyDPPBO(BF)2 : PC¢1BM solar cell in
dark (black) and under simulated A M 1.5G conditions (red). (b) EQE spectra of
PyDPPBO(BF)2 : PCs1BM solar cell under low monochromatic light intensity and
with 1 sun equivalent light bias illumination. The numbers in the panels represent
the Jsc that is obtained with convoluting the EQE with the solar A M 1.5G spectrum.

Table 3.10 Characteristics of PyDPPBO(BF)2:PCs1BM devices on MoOsz hole
transporting layer under 100mW /cm?2 white light illumination

Concen Spin Thick Jsc Voc FF MPP Js¢(mA PCE
tration  coating  ness (mA (V) (mW/  /em?) (%)
(mg/mL) (rpm) (nm) /cm?) cm?) (SR)
12 500 90 0.59 091 025 0.13 0.47  0.10
16 1100 92 0.90 099 0.32 0.29 094 0.30
20 1200 97 0.89 1.04 0.33 0.31 094 0.33
24 2200 122 1.01 093 030 0.32 0.64 0.18
30 2900 100 0.69 097 027 0.19 0.63  0.16
36 3550 98 0.73 1.09 030 0.23 0.68  0.22
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Table 3.11 Characteristics of PyDPPBO(bithio)2: PCs1BM devices on MoO3 hole
transporting layer under 100mW /cm?2 white light illumination

Concen Spin Thick Jsc Voc FF MPP Js(mA PCE
tration coating ness (mA/ (V) (mW/ /cm?) (%)
(mg/mL) (rpm) (nm) cm?) cmz)  (SR)
16 1000 100 2.81 0.83 0.30 0.71 2.95 0.74
20 1500 107 3.09 0.89 0.30 0.85 3.21 0.88
24 2000 92 2.94 0.92 0.30 0.82 3.10 0.86
30 4000 97 3.39 095 0.30 0.98 3.70 1.07
36 4300 83 2.37 0.77 0.29 0.54 2.07 0.46
(a)s (b) 10 : , , :
Active area = 0.090 cm’ ® no bias:1.02.. mAlcm’
~§ Isc = 0.890 mA/cm? 8 | ®  530nm/602mA:0.941 .. mA/cm> -
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Figure 3.16 (a) Representative |-V curve for PyDPPBO(bithio); : PCs1BM solar cell in
dark (black) and under simulated A M 1.5G conditions (red). (b) EQE spectra of
PyDPPBO(bithio)z : PCs1BM solar cell under low monochromatic light intensity and
with 1 sun equivalent light bias illumination. The numbers in the panels represent
the Jsc that is obtained with convoluting the EQE with the solar AM 1.5G spectrum.
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Table 3.12 Characteristics of PyDPPHD(bithio)2: PCs1BM devices on MoOs hole
transporting layer under 100 mW/cm? white light illumination

Concen Spin Thick ]SC Voc FF MPP ]sc PCE
tration Coating ness mA (V) (mwW/ (mA/ (%)
(mg/mL) (rpm) (nm) Jem?) ) )
(SR)
12 600 92 416 098 0.33 1.39 4.68 1.56
16 800 95 3.84 095 0.31 1.15 4.07 1.22
20 900 91 2.70 091 0.27 0.68 0.92 0.23
24 1300 100 295 087 0.27 0.71 2.26 0.54
30 3300 95 296 098 0.28 0.82 1.43 0.40
36 6580 97 4.03 092 0.32 1.19 4.24 1.25
(a) w0 Acti 0.090 cm? (b)e e 1o bias: 5.500. mAlcm’
Clive area = . cm no bias: 9. . mMA/cm
o'g‘ Igc = 4.16 mA/cm? 50 B 530nm/686mA: 4.685.. m;AIcmf
S 5{Voc=0.988V A 730nm/540mA: .. mAlcm
E |FF=0.338 40
2 o | 1PP= 1:39 mw/on " o, e
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b 20p = e °
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Figure 3.17 (a) Representative J-V curve for PyDPPHD (bithio): : PC¢1BM solar cell in
dark (black) and under simulated A M 1.5G conditions (red). (b) EQE spectra of
PyDPPHD (bithio)2 : PCs1BM solar cell under low monochromatic light intensity and
with 1 sun equivalent light bias illumination. The numbers in the panels represent

the Jsc that is obtained with convoluting the EQE with the solar AM 1.5G spectrum.

Table 3.13 PyDPPHD(bithio); : PCBM(1:1) conc: 12 mg/mL : Area of the cell

0.0900cm?
Addi Spin  Thick J (mA V_ FF  MPP J.ma PCE
tives Coating  ness 2 v (mw/ cm? (%)
(02%) (rpm) (nm) /cm) V) cm?) / (SR))
DIO 400 80 1.59 093 0.39 0.59 1.55 0.57
o-DCB 550 90 2.84 0.80 0.38 0.88 2.85 0.87
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Table 3.14 PyDPPHD(bithio)2: PCBM(1:1) conc : 36 mg/mL : Area of the cell
0.0900cm?

Additives Spin Thick ]Sc Voc FF MPP ]sc PCE
(0.2%) coating ness (mA ) (mW/ (mA (%)
(rpm) (nm) /cmz) cm?) /cm2)
(SR)
DIO 6500 98 4.59 0.80 0.35 1.30 4.39 1.24
0-DCB 6500 95 3.42 092 0.31 0.98 3.43 0.98
1-CN 6500 95 3.40 0.87 0.31 0.93 3.28 0.90

3.3.6 Morphological studies

We repeated the solar cell device fabrication for understanding the morphology of
the active layer for two pyridine capped DPP derivatives PyDPPEH(TPA). and
PyDPPHD(bithio)2. Organic solar cells were fabricated by sandwiching a bulk
heterojunction of the PyDPPEH(TPA)2 : PC¢1BM (1:1) between ITO/PEDOT:PSS on
bottom and LiF/Al on top contact. The J-V characterization and EQE are given in the
Figure 3.18. The PCE of 0.019 % with a Jsc = 0.12 mA/cm?, Voc = 0.71 V and FF 0.24.
In the case of PyDPPHD(bithio): instead of PEDOT:PSS hole transporting layer MoO3
is used. The details of the solar cell on pattern ITO glass substrate with two different
area having 0.09 cm? (Al and A2) and 0.16 cm? (B1 and B2) is given in the Table

3.15. The best efficiency obtained for PyDPPHD(bithio)z : PCs1BM (1:1) with a total
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Figure 3.18 (a) Representative J-V curve for PyDPPEH(TPA): : PCs1BM solar cell in
dark (black) and under simulated A M 1.5G conditions (red). (b) EQE spectra of
PyDPPEH(TPA): : PC¢1BM solar cell under low monochromatic light intensity and
with 1 Sun equivalent light bias illumination. The numbers in the panels represent
the Jsc that is obtained with convoluting the EQE with the solar AM 1.5G spectrum.

Table 3.15 PyDPPHD (bithio)2: PCBM(1:1) conc : 12 mg/mL : Area of the cell 0.0900
cm? (Al and A2) and (B1 and B2) 0.16 cm?

Cell ]sc(mA VOC(V) FF MPP ]SC(mA PCE
2 (mwW/ 2. (%)

/em) cmz) /cm)

(SR)
Al 4.04 1.010 0.314 1.29 4.32 1.37

B1 394 0891 0317 1.11 4.06 1.14
A2 425 0993 0332 144 448 1.47
B2 409 1.010 0328 1.36 471 1.56

concentration of 12 mg/mL in CHClz is 1.56 %. The J-V characterization and EQE of
PyDPPHD (bithio)2 : PC¢1BM solar cell is given in the Figure 3.19. The TEM image of
the active layer PyDPPEH(TPA)2 : PCs1BM and PyDPPHD(bithio): : PC¢1BM solar

cells are given in the Figure 3.20.
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Figure 3.19 (a) Representative J-V curve for PyDPPHD(bithio)z : PC¢1BM solar cell in
dark (black) and under simulated A M 1.5G conditions (red). (b) EQE spectra of
PyDPPHD (bithio)2 : PCs1BM solar cell under low monochromatic light intensity and
with 1 sun equivalent light bias illumination. The numbers in the panels represent

Figure 3.20 TEM images of active layers comprised of PyDPPEH(TPA)2 : PCs1BM
and good soluble PyDPPHD(bithiohexyl): : PC¢1BM (EH = 2-ethylhexyl, HD = 2-
hexyldecyl).

From these two TEM images, there are no pronounced phase separation and also no
crystallized domains (fringes) were observed. But comparing the morphology of the
active layer of both derivatives, mixing of donor and acceptor was more profound in

the PyDPPEH(TPA) : PCs1BM layer.
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3.4 Conclusion

In the third chapter, we explored the effect of donor substituents in the pyridine
capped DPP in the BH]J solar cell with PCs1BM as an acceptor. A series of five pyridine
capped DPP based small molecules have been synthesized. The 2-ethylhexyl
derivatives of pyridine capped DPP with donor triphenylamine (PyDPPEH(TPA):)
and benzothiophene (PyDPPEH(BTH):) are less soluble and very difficult to get high
quality thin films with the PCs1BM acceptor and the efficiency are only 0.1 %. The
best MPP obtained for solar cell device with the active layer PyDPPBO(BF)2 : PC¢1BM
and PyDPPBO(bithio)2 : PCs1BM spin coated in the presence of 0.2 % DIO in CHCI3
solution is 0.87 mW/cm? and 1.71 mW/cm? respectively. Among the five small
molecules, the solar cell based on PyDPPHD(bithio)2:PC¢1BM blend exhibits the best
PCE. The PCE of 1.25 % with a Voc of 0.85 'V, Jsc of 3.78 mA/cm?, and a FF of 0.38 was
obtained with PEDOT: PSS as a hole transporting layer. At the same time, a PCE of
1.56 % with a Voc of 0.98 V, a Jsc of 4.68 mA/cm? and a FF of 0.33 was achieved by
using MoOsz as the hole transporting layer for the solar cell based on

PyDPPHD (bithio)2:PC¢1BM blend.

3. 5 Experimental section

3.5.1 General methods

4-lodophenol, p-bromoaniline, 5-bromo-2-pyridinecarbonitrile, Bis(pinacolato)

diborane, PdCl;(dppf)2, Pd(PPhz)s , were purchased from Sigma Aldrich and were
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used as such. Solvent used were either HPLC grade or freshly distilled before use. All
the reactions were carried out under nitrogen atmosphere.!H NMR and 13 C NMR
spectra were obtained using a 500 MHz Bruker Avance DPX spectrometer and also
with varian mercury 400MHz spectrometer using the deuterated solvents CDCl3 and
tetramethylsilane (TMS) as the internal standard. DSC was performed using a
PerkinElmer Pyris 6 DSC instrument in sealed aluminum pans under nitrogen flow,
at a heating/cooling rate of 5 °C/min. Absorption spectra were obtained using a
Shimadzu 3101PC UV/Vis-NIR scanning spectrophotometer. Cyclic voltammetry was
performed under an inert atmosphere with a scan rate of 0.1 V /s and 0.1 M
tetrabutylammoniumhexafluorophosphate in dichloromethane as the electrolyte. A
platinum working electrode, a silver counter electrode and a silver wire coated with
silver chloride (Ag/AgCl) quasi-reference electrode were used combined with

Fc/Fc+ as the internal standard.

3.5.2 Fabrication of bulk heterojunction solar cell

Photovoltaic devices with an active area of 0.09 and 0.16 cm? were fabricated by
spin coating poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) at
3000 rpm for 60 sec on pre-cleaned, patterned indium tin oxide (ITO) glass
substrates (14 () per square) (Naranjo Substrates). In case of pyridine capped DPP
the hole transporting layer of Mo0O3 was also used. MoO3 of 10 nm was thermally
evaporated under high vacuum (~3 x 107 mbar). Commercially available
PEDOT:PSS was obtained from Clevios P, VP Al4083 and PC¢:1BM (99 %) was

obtained from Solenne BV. The photoactive layers were deposited by spin coating a
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chloroform solution containing the pyridine capped DPP small molecule (10 mg
/ml), the appropriate amount of PCs1BM and the co-solvent DIO, 0-DCB, or 1-CN. The
Thickness of the photoactive layer was maintained at 90 nm -100 nm by adjusting
the speed (rpm) of spin coating. For layers that were thermally annealed, the glass
substrates with the photoactive layer were placed on a hot plate inside an N»-filled
glovebox (< 1 ppm Oz and < 1 ppm H20) at 110 °C for 10 minutes. For cells that were
thermal annealed, this was done prior to depositing the metal contacts. The back
electrode consisted of LiF (1 nm) with Al (100 nm). LiF and Al were deposited by

evaporation under high vacuum (~3 x 107 mbar).

J-V characteristics were measured with a Keithley 2400 source meter under ~100
mW /cm? white light illumination from a tungsten-halogen lamp filtered by a Schott
GG385 UV filter and a Hoya LB120 daylight filter that provides illumination
conditions within ~10 % of 100 mW cm2 AM1.5G for most cells. The MPP was
estimated from the V., FF, and Jsc obtained from the J-V measurements.

Short-circuit currents under AM1.5G conditions were determined by convoluting the
spectral response with the solar spectrum. Spectral response measurements were
conducted under 1 sun operating conditions by using a 530 nm high power LED
(Thorlabs) for bias illumination. The device was kept in a nitrogen filled box behind
a quartz window and irradiated with modulated monochromatic light, from a 50 W
tungsten-halogen lamp (Philips focusline) and monochromator (Oriel, Cornerstone
130) with the use of a mechanical chopper. The response was recorded as a voltage

over a 50 ( resistor using a lock-in amplifier (Stanford Research Systems SR830). A
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calibrated silicon cell was used as reference. The estimated PCE were determined by
combining Voc and FF from the obtained J-V measurements together with Jsc values
obtained during spectral response measurements. The thicknesses of the active
layers of the photovoltaic devices were measured on a Veecco Dektak 150
profilometer. TEM was performed on a Tecnai G2 Sphera TEM (FEI) operated at 20
kV.

3.5.3 Experimental procedures

[0 M YN

|
17

1-n-Hexyloxy-4-iodobenzene (17)

4-lodophenol (10.0 g, 45.5 mmol), 1-bromohexane (6.45 mL, 46.0 mmol), K2CO3
(18.5 g, 134 mmol), and DMF (100 mL) were placed in a one-neck 300 mL flask
equipped with a reflux condenser and a magnetic stir bar. The mixture was kept
stirring at 110 °C for overnight, and was poured into aqueous NaOH (1 M, 1200 mL).
The resulting suspension was stirred for 30 min and was extracted four times with
n-hexane (100 mLx4). The organic mixture was dried over anhydrous magnesium
sulfate. After filtration, the solvent was removed by rotary evaporation. The residue
was purified by column chromatography using n-hexane as the eluent to afford
compound (17) as a transparent oil (12.45 g, 90 %) 'H NMR (CDClz, 500 MHz) 6

7.55-7.54(d, 2H, ] = 9.00 Hz), 6.69-6.67 (d, 2H, J = 9.00 Hz), 3.93-3.90 (t, 2H, ] = 6.50
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Hz), 1.79-1.76 (m, 2H), 1.45-1.44 (m, 2H), 1.34-1.36(m, 4H), 0.92-0.90 (t, 3H, J = 7.00
Hz). 13C NMR (CDCI3, 125 MHz) § 158.98, 138.09,116.91, 82.36, 68.09, 31.53, 29.09,

25.65, 22.56, 14.00.

(0] O.
CeHq3” \©\ /©/ CeH1z
N

Br
18

N,N-bis(4-hexyloxyphenyl)-4-bromoaniline (18)

To a stirred solution of 1-n-Hexyloxy-4-iodobenzene (5.2 g, 17.23 mmol), p-bromo
aniline (1 g, 5.7 mmol), and 1,10-phenanthroline (0.11 g, 0.57 mmol) in toluene (50
mL) at 100 °C were added potassium hydroxide (5.1 g, 90 mmol) and cuprous
chloride (108 mg, 0.57 mmol) under argon. The reaction mixture was refluxed in
Dean-Stark apparatus for 24 h and then water (100 mL) was added. The crude
product was extracted into dichloromethane, and the organic layer was washed with
water and dried over anhydrous sodium sulfate. After removing solvent under
reduced pressure, the residue was purified by column chromatography using ethyl
acetate/hexane(v/v = 1/50) as eluent to yield as a white powder (1.9 g, 65 %). 1H
NMR (CDCl3, 500 MHz, ppm) 6 7.21-7.17 (m, 2H), 7.08-7.06 (d, ] = 9.00 Hz, 4H), 6.98-
6.97 (d, ] = 8.00 Hz 2H) 6.90-6.83 (m, 4H), 3.97-3.94 (t, ] = 6.50 Hz, 4H), 1.83-1.78

(m, 4H), 1.52-1.49 (m, 4H), 1.40-1.38 (m, 8H), 097-0.94 (t, ] = 6.50 Hz, 6H). 13C NMR
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(CDCls, 125 MHz, ppm) 6 155.21, 148.78, 140.90, 128.83, 126.34, 120.75, 120.35,

115.13, 68.16,31.58, 29.30, 25.74, 22.59, 14.03

(0] O.
CeHq3” \©\ /©/ CeHi3
N

4,4,5,5-tetramethyl-2-{4-[N,N-bis(4-hexyloxyphenyl)amino]phenyl}-1,3,2-
dioxaborolane (19)

A mixture of N,N-bis(4-hexyloxyphenyl)-4-bromoaniline (1.0 g 1.9 mmol),
4,4,4'4'5,5,5,5"-octamethyl-2,2'-bi(1,3,2- dioxaborolane) (0.96 g, 3.8 mmol),
potassium acetate (1.1 g, 11.4 mmol), and Pd(dppf)Cl; (0.139 g, 0.19 mmol) in
anhydrous dioxane (25 mL) was stirred at 85 °C under argon for 48 h and then
water (20 mL) was added. The crude product was extracted into ethyl acetate,
washed with water, and dried over anhydrous sodium sulfate. After removing
solvent under reduced pressure, the residue was purified by column
chromatography using hexane/ dichloromethane (v/v = 2/1) as eluent to obtain as a
white powder (0.65 g, 60 % yield). 1H NMR (CDCl3, 500 MHz, ppm) 6§ 7.72-7.70 (d, ] =
8.50 Hz, 2H), 7.15-7.13 (d, ] = 9.00 Hz, 4H), 6.98-6.96 (d, ] = 8.50 Hz, 2H), 6.91-6.89
(d, ] = 8.50 Hz, 4H), 4.01-3.99 (t, ] = 6.50 Hz, 4H), 1.87-1.84 (m, 4H), 1.57-1.54 (m,

4H), 1.45-1.42 (m, 8H), 1.41 (s, 12H), 1.02-0.99 (t, ] = 7.00 Hz, 6H). 13C NMR (CDCl;,
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125 MHz, ppm) 6 155.69, 151.33, 140.09, 135.66, 126.97, 118.42, 115.14, 83.17,

68.03, 31.51, 29.23, 25.68, 24.75, 22.52, 13.96.

Synthesis of 3,6-bis(5-bromopyridin-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione (12) : In a dry 250 mL round bottom flask, 150 mL of t-amyl alcohol was
added to a mixture of sodium pieces (1.0 g, 43.4 mmol) and 10 mg of FeCls. After
fully dissolving sodium by heating the solution at 90 °C for 3 h, 5-bromo-2-
pyridinecarbonitrile (6 g, 32.7 mmol) and diethyl succinate ( 1.91 g, 11 mmol) were
rapidly added to the solution, and then the solution was refluxed for 1 h. The
solution was then cooled to room temperature, and then the solution was poured
into 200 mL of cold MeOH. After the precipitates were filtered, which is intermediate
of 3,6-bis(5-bromopyridin-2-yl)pyrrolo[3,4- c]pyrrole-1,4-(2H,5H)-dione, the dark
red solid. 4.4 g (Yield 90 %).

General alkylation procedure of DPP cores: In a three-necked, oven-dried 250
mL  round-bottom flask, 3,6-bis(5-bromopyridin-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (3.00 g, 10.0 mmol) and anhydrous K>CO3z (4.15 g, 30.0 mmol)
were dissolved in 100 mL of anhydrous N,N-dimethylformamide (DMF) and heated
to 110 °C under argon for 30 minutes. Branched alkyl chain bromide (25.0 mmol)

was then added dropwise, and the reaction mixture was further stirred and refluxed
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for 2 h. The reaction mixture was allowed to cool down to room temperature; after
that it was poured into 400 mL of distilled water, and the resulting suspension was
stirred at room temperature for 1 h. The solid was collected by vacuum filtration,
washed with several portions of distilled water, washed with methanol, and then
air-dried. Further the crude solid was purified by column chromatography using

dichloromethane as an eluent yielding pure product as a dark red solid.

C,Hs

PyDPPEH(Br),

3,6-bis(5-bromopyridin-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione(PyDPPEH(Br):z) following the general procedure (1.5 g, 32 %
yield). 1TH NMR (500 MHz, CDCl3, §): 8.94 (d, ] =9 Hz, 2H), 8.75 (s, 2H), 8.02 (d, ]=8.5,
2H), 4.33-4.2 (m, 4H), 1.57 (d, ]=9.5Hz, 2H), 1.29-1.20(m, 16H), 0.82(t, ] = 7Hz, 12H)
13C NMR (100 MHz, CDCI3) & 162.5, 150.0, 146.0, 144.9, 139.7, 128.4, 122.6, 111.4,

46.0, 39.7, 30.5, 28.5, 23.8, 23.0, 14.0, 10.7.
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C4Hg
PyDPPBO(BTr),
3,6-bis(5-bromopyridin-2-yl)-2,5-bis(2-butyloctyl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione(PyDPPBO(Br):) following the general procedure (1.9 g, 38 %
yield). TH NMR (400 MHz, CDCl3, 6): 8.91 (d, ] = 8.8 Hz, 2H), 8.74 (d, J=2Hz, 2H), 8.01
(dd, J=8.8, ] = 2.4, 2H), 4.28 (d, ] = 7.6, 4H), 1.58 (broad S ,2H), 1.32-1.19(m, 32H),

0.88-0.82(m, 12H)

PyDPPHD(Br),

3,6-bis(5-bromopyridin-2-yl)-2,5-bis(2-hexyldecyl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione(PyDPPHD(Br):) following the general procedure (2.0 g, 35 %
yield). 1H NMR (400 MHz, CDCl3, 6): 8.91 (d, ] = 8.8 Hz, 2H), 8.74 (d, ]=2 Hz, 2H), 8.01
(dd, J=8.8 Hz, ] = 2.4 Hz, 2H), 4.28 (d, ] = 7.6 Hz, 4H), 1.58 (broad S ,2H), 1.32-1.19(m,

58H), 0.88-0.82(m, 12H) MALDI-TOF calculated- 894.40; found -896.42
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C6H130 OC6H13

OCgH1;3

PyDPPEH(TPA),

3,6-bis(5-(4-(bis(4-(hexyloxy)phenyl)amino)phenyl)pyridin-2-yl)-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (PyDPPEH(TPA):?)

A 50 mL Schlenk tube was filled with 4,4,5,5-tetramethyl-2-{4-[N,N-bis(4-
hexyloxyphenyl)amino]phenyl}-1,3,2dioxaborolane (0.212 g, 0.371 mmol),
PyDPPEH(Br)2 (0.1 g, 0.148 mmol), and K2CO3 (0.081 g, 0.592 mmol), and Pd(PPhs)4
(0.017 g, 10 mol %) catalyst was transferred from Glove box. A mixture of toluene,
ethanol and water in the ratio of 4:1:0.5 was purged with argon gas for 20 minutes
to deoxygenate. Then the solvent was cannulated or transferred to the Schlenk tube.
The tube was sealed and heated at 90 °C for 18 hours. The crude reaction mixture
was allowed to cool to room temperature after which the organic layer was washed
with water and brine, dried over anhydrous MgSO,, filtered, and the solvent
evaporated under reduced pressure. The crude product was preadsorbed onto silica
gel and chromatographed to give PyDPPEH(TPA): as a dark brown solid (yield: 75
%). 1H NMR (400 MHz, CDCl3, 6): 9.05 (d, ] = 8.4 Hz, 2H), 8.9 (s, 2H), 8.04(d, ]=8.4
Hz, 2H), 7.50 (d, J=8.8Hz, 4H), 7.12 (d, ]=8.8Hz, 8Hz), 7.02(d, ]= 8.8Hz, 4H), 6.88(d,

]=8.8, 8Hz) 4.47-4.36 (m, 4H), 3.97 (t,] = 6.4Hz, 8H) 1.84 - 1.77 (m, 8H), 1.53-145 (m,
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8H) 1.38-1.37(m ,18H), 1.31-1.22(m, 18H), 0.94 ( t, ]=6.8Hz, 12H) 0.87-0.83(m, 12H)
13C NMR (100 MHz, CDCl3) 6 206.9, 162.9, 156.0, 149.5, 146.5, 145.4, 145.3, 139.9, 136.9,
133.5,127.7,127.5,127.4,127.1, 119.8, 115.4, 111.0, 68.2, 45.8, 39.6, 31.6, 30.9, 30.5, 29.3,

28.6,25.7,23.9, 23.0, 22.6, 14.1, 10.7. MALDI-TOF calculated- 1400.92; found -1401.92

19,062
19,041
\8,928

1 8,00 -

T T T T T T T T T T
0 75 7.0 65 6.0 5.5 50 45 4.0 3.5
f1 (ppm)

Figure 3.21 NMR Spectrum of PyDPPEH(TPA);
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Figure 3.22 MALDI-TOF spectrum of PyDPPEH(TPA)>

C4H,

PyDPPEH(BTH),

3,6-bis(5-(benzo[b]thiophen-2-yl)pyridin-2-yl)-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (PyDPPEH(BTH):)
(PyDPPEH(BTH)2) was synthesized according to the same procedure as described
above (0.122 g, 70 % yield) but by using 2-(benzo[b]thiophen-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (0.1 g, 0.562 mmol) , PyDPPEH(Br): (0.15 g, 0.225
mmol), and K2C03 (0.077 g, 0.562 mmol), and Pd(PPh3)4(0.025 g, 10 mol%) 'H NMR
(500 MHz, CDCl3, 8): 9.12 (d,] = 8.5 Hz, 2H), 9.06(d, ] = 2 Hz, 2H), 8.17(dd, ] = 8.4 Hz,

J = 2.5Hz, 2H), 7.89 - 7.84 (m, 5H) 7.42 - 7.37 (m, 5H), 4.45-4.36 (m, 4H), 1.66 (t, ] =
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6Hz, 2H) 1.33 - 1.23 (m, 16H), 0.88-0.84 (m, 12H) 13C NMR (125 MHz, CDCl3) § 162.7,

146.8, 146.3, 145.1, 140.3, 140.0, 139.6, 133.8, 131.1, 127.5, 125.4, 125.0, 124.1, 122.4,

121.8, 111.6, 100.0, 46.1, 39.7, 30.5, 28.6, 23.9, 23.0, 14.1, 10.8. MALDI TOF calculated-

778.34; found - 778.35.
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Figure 3.23 NMR spectrum of PyDPPEH(BTH)>
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Figure 3.24 MALDI TOF spectrum of PyDPPEH(BTH):

miz

PyDPPBO(BF),

3,6-bis(5-(benzofuran-2-yl)pyridin-2-yl)-2,5-bis(2-butyloctyl)pyrrolo[3,4-

c]pyrrole-1,4(2H,5H)-dione (PyDPPBO(BF)2)
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(PyDPPBO(BF):) was synthesized according to the same procedure as described
above (0.137 g, 73 % yield), but by using 2-(benzofuran-2-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (0.139 g, 0.573 mmol), PyDPPBO(Br)2 (0.15 g, 0.191 mmol), and
K2CO3 (0.079 g, 0.573 mmol), and Pd(PPhs)4 (0.022 g, 10 mol %) 'H NMR (400 MHz,
CDCl3, 6): 9.19 (dd, ] =2 Hz, ] = 0.4 2H), 9.12(dd, ] = 8.4 Hz, ]= 0.8 Hz, 2H), 8.28 (dd, ]
=84,] =2 Hz, 2H), 7.65 (d J=7.6Hz, 2H) 7.39-7.34 (m, 2H ), 7.30-7.26 (m, 2H),
7.26-7.24 (m, 2H), 4.40 (d, ] = 8Hz, 4H), 1.54 (brs 2H) 1.24 - 1.20 (m, 32H), 0.85-0.80
(m, 12H) 13C NMR (100 MHz, CDCl3) 6 162.7, 155.4, 152.5, 146.9, 145.3, 145.2,
132.2,128.6,127.3, 127.0, 125.6, 123.5, 121.4, 111.7, 111.4, 104.4, 46.4, 38.2, 31.8,

31.4, 31.1, 29.7, 28.6, 26.3, 23.0, 22.6, 14.1. MALDI TOF calculated- 858.51; found -
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Figure 3.25 MALDI TOF spectrum of PyDPPBO(BF):
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Figure 3.26 NMR spectrum of PyDPPBO(BF):

C4Hq
PyDPPBO(bithio),

3,6-bis(5-([2,2'-bithiophen]-5-yl)pyridin-2-yl)-2,5-bis(2-butyloctyl)pyrrolo

[3,4-c]pyrrole-1,4(2H,5H)-dione (PyDPPBO(bithio)2)

(PyDPPBO(bithio)2) was synthesized according to the same procedure as described

above (0.093 g, 77% yield), but by using 2-([2,2'-bithiophen]-5-yl)-4,4,5,5-
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tetramethyl-1,3,2-dioxaborolane (0.11 g, 0.382 mmol), PyDPPBO(Br): (0.10 g, 0.127
mmol), and K2C03 (0.052 mg, 0.382 mmol), and Pd(PPh3)s (0.014 g, 10 mol%) H
NMR (400 MHz, CDCl3, 8): 9.06 (dd, ] =8.4 Hz, ] = 0.8 Hz 2H), 8.94 (dd,] =8.4,] = 0.4
Hz, 2H), 8.03 (dd, ] =8.4 Hz, J= 0.8 Hz, 2H), 7.41 (d ]=3.6Hz, 2H) 7.29-7.26 (m, 2H
), 7.22 (d,] = 4 Hz, 2H), 7.07-7.05 (m, 2H), 4.38 (d, ] = 8Hz, 4H), 1.70 (brs 2H) 1.23 -
1.18 (m, 32H), 0.85-0.81 (m, 12H) 13C NMR (100 MHz, CDCl3) § 162.7, 146.1, 145.4,
145.0, 139.3, 138.4, 136.7, 132.6, 130.7, 128.0, 127.5, 126.0, 125.2, 125.0, 124.4,
111.4, 53.4, 46.3, 38.1, 31.8, 31.5, 31.2, 30.9, 29.7, 28.6, 26.4, 23.0, 22.6, 14.1 MALDI

TOF calculated- 954.41 found -954.42
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Figure 3.27 MALDI TOF spectrum of PyDPPBO(bithio)2
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Figure 3.28 NMR spectrum of PyDPPBO(bithio):

PyDPPHD(bithio),

3,6-bis(5-([2,2'-bithiophen]-5-yl)pyridin-2-yl)-2,5-bis(2-

hexyldecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (PyDPPHD (bithio)2)

(PyDPPHD(bithio)2) was synthesized according to the same procedure as described

above (0.085 g, 72% yield), but by using 2-([2,2'-bithiophen]-5-yl)-4,4,5,5-
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tetramethyl-1,3,2-dioxaborolane (0.098 g, 0.335 mmol), PyDPPHD(Br)2 (0.1 g, 0.11
mmol), K2CO3 (0.046 g, 0.335 mmol), and Pd(PPh3)4 (0.012 g, 10 mol %) H NMR
(400 MHz, CDCl3, 6): 9.06 (dd, ] = 8.4 Hz, ] = 0.8 2H), 8.93 (dd, ] = 2.4 Hz, ]= 0.4 Hz,
2H),8.01 (dd,] =8.4,] = 2.4 Hz, 2H), 7.40 (d ] = 4Hz, 2H) 7.28-7.26 (m, 4H ), 7.21
(d, ] =4Hz, 2H), 4.37 (d, ] = 7.6Hz, 4H), 1.70 (brs 2H) 1.23 - 1.20 (m, 48H), 0.85-0.81
(m, 12H) 13C NMR (100 MHz, CDCl3) 6 162.7, 146.1, 145.4, 145.0, 139.3, 138.3, 136.7,
132.5, 130.7, 128.0, 127.5, 125.9, 125.2, 124.9, 124.4, 111.4, 46.3, 38.2, 31.9, 31.8,
31.5, 30.0, 29.7, 29.6, 29.3, 26.4, 22.6, 14.1, MALDI TOF calculated- 1068.55; found -

1066.59.
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Figure 3.29 NMR Spectrum of PyDPPHD(bithio):
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Figure 3.30 MALDI TOF spectrum of PyDPPHD (bithio):
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Chapter 4

D-A-D and D-A-D-A-D Small Molecules Based on
Pyridine capped Diketopyrrolopyrrole for Bulk
Heterojunction Solar Cell

4.1 Abstract

In the present chapter, we report the design and synthesis of two D-A-D type
molecules (PyDPPBO(bithiohexyl)2, and PyDPPHD (bithiohexyl);) and one D-A-D-A-
D type molecule (DTP(PyDPPHDbithiohexyl)2) for use as active material in BH]J solar
cells. The D-A-D molecules have a pyridine-capped DPP as acceptor core and two
bithiophene units as donors and they differ only in the nature of the alkyl chains on the DPP.
The D-A-D-A-D molecule has a dithienopyrrole (DTP) as central donor core which is
attached to two pyridine-capped DPP carrying bithiophene donor groups. The D-A-D
molecules have optical band gap of 1.76 eV whereas the D-A-D-A-D molecule
displayed a relatively narrow optical band gap of 1.56 eV. The HOMO energy levels
are deeper for both D-A-D (~-5.80 eV) and D-A-D-A-D (-5.44 eV) systems. The
photovoltaic properties of these small molecules blended with PCs1BM as electron
acceptor were investigated in detail. Among these, PyDPPBO(bithiohexyl)2 : PCs1BM
device exhibited the best PCE of 1.36% with Voc = 0.88 V, Jsc = 3.37 mA/cm?2 with

FF =0.43.
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4.2 Introduction

In the area of bulk heterojunction solar cell research, the active layer comprises
donor polymers/small molecules along with acceptor fullerene derivatives. A small
change in the chemical structure of polymers/small molecules like functional group
replacements, variation in length and position of aromatic groups and alkyl chains,
and replacement of elements to a greater extent results in the change in properties
like molecular weight, solubility, photo electrochemical properties, film state
morphology of pristine and blend with acceptor etc. These properties have a
profound influence on the performance of the device, which gives an opportunity for
the researchers to explore different aspects of OPVs. In addition to this, it makes it
difficult to predict the efficiency of organic solar cell.l-¢ This is the reason why
researchers explore small variations in the chemical structure. Thus, analogy of
thiophene in the class of DPP, such as thienothiophene, selenophene, furan, thiazole,
and pyridine were applied as bridges for DPP polymers for the application of organic
solar cell.’”-16 In the case of small molecules, DPP other than thiophene capped DPP
systems are less investigated.l” We designed two mono pyridine capped DPP having
butyloctyl and hexyldecyl chains, with 5-hexyl-2,2’-bithiophene on both sides of the
DPP and bis-pyridine capped DPP with dithieno(3,2-b:2',3'-d]pyrrole as centre core
along with 5-hexyl-2,2'-bithiophene as end group. The chemical structures of the

molecules are given in the Figure 4.1.
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CeHiz™N CeHiz DTP(PyDPPHDbithiohexyl), CeHa
Figure 4.1 Chemical structure of mono and bis pyridine capped DPP molecules
4.3 Results and discussion
4.3.1 Synthesis
The synthesis of starting material PyDPPBO(Br). (14) and PyDPPHD(Br): (15)
were carried out according to a previously reported procedure, using a traditional
pseudo-Stobbe condensation reaction between 5-bromo-2-pyridinecarbonitrile and
diethyl succinate to yield the pyridine DPP core, followed by its alkylation employing
2-butyloctyl bromide and 2-hexyldecyl bromide under basic conditions.18 As shown
in Scheme 4.1, among the three small molecules, PyDPPBO(bithiohexyl); and
PyDPPHD(bithiohexyl), were synthesized using a double Suzuki-Miyaura cross-
coupling reaction between the alkylated dibromo pyridine-DPP derivative and the

2-(5'-hexyl-[2,2'-bithiophen]-5-yl1)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane yielding
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the desired bithiophene attached with pyridine DPP compounds, bearing a hexyl

chains at 5t positions of the end thiophene ring.1°

R
O\ N =

VARYY,

— N N
— /N o
R

(14) R = Butyloctyl, PyDPPBO(Br), R = Butyloctyl, PyDPPBO(bithio),
(15) R = Hexyldecyl,PyDPPHD(Br), R = Hexyldecyl,PyDPPHD(bithio),

Scheme 4.1 Reaction condition (a) 2-(5'-hexyl-[2,2'-bithiophen]-5-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane, Pd(PPhs)4, K2CO3, Toluene : ethanol : H20, 90
°C, 24h

Synthesis of bis pyridine capped DPP having a central core of dithiopyrrole
donor having two pyridine capped DPP with an end group of 5-hexyl-2,2'-
bithiophene, DTP(PyDPPHDbithiohexyl), was successfully carried out by a two-step
Suzuki-Miyaura cross coupling and Stille reactions. PyDPPHD(bithiohexyl):
synthesized from PyDPPHD(Br): and 1 equivalent of 2-(5'-hexyl-[2,2'-bithiophen]-5-
yl1)-4,4,5,5- tetramethyl-1,3,2-dioxaborolane resulted in a mixture of 25 % mono
substituted product PyDPPHD(bithiohexyl)t1 and 10 % di-substituted
PyDPPHD(bithiohexyl).. This was followed by Stille reaction between 4-(2-
ethylhexyl)-2,6-bis(trimethylstannyl)-4Hdithieno|[3,2-b:2',3'-d|pyrrole and PyDPP
HD(bithihexyl);1 in dry toluene using Pd(PPhs)s resulting in 55 % of
DTP(PyDPPHDbithiohexyl)2.20 The details of the reaction are given in the Scheme

4.2 and Scheme 4.3 respectively.
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R = Hexyldecyl, PyDPPHD(bithiohexyl),
Scheme 4.2 Reaction condition (a) 2-(5'-hexyl-[2,2'-bithiophen]-5-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane, Pd(PPhs)4, K2CO3, Toluene : ethanol : H20, 90
°C,24h

CyHs
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N
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(a) CgHq7
PyDPPHD (bithiohexyl),

C,Hs

(

CgHqz

CeHis DTP(PyDPPHDbithiohexyl),

Scheme 4.3 Reaction condition (a) Pd(PPhs)4, K2CO3, Toluene, 90 °C, 24 h
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4.3.2 Optical properties

The UV-visible absorption spectra of three small molecules in CHCl3 solutions and in
thin films are shown in Figure 4.2. The corresponding optical data are summarized
in Table 4.1. In CHCl3 solution the two small molecules having same chromophore
PyDPPBO(bithiohexyl). and PyDPPHD(bithiohexyl); with different alkyl chains
showed similar absorption range. The mono pyridine capped DPP exhibits, two
absorption peaks at (Amax) 350 nm and 573 nm can be assigned to the m-m*
absorption of the molecule and ICT transition from electron-donating units
(thiophene) to electron-accepting unit DPP. Moreover, from Figure 4.2c, it is seen
that third molecule, bis pyridine capped DPP with central core dithieno[3,2-b:2',3'-
d]pyrrole group, resulted in a red shift of (Amax) at 650 nm indicating the effect of
electron donating units in the molecular energy levels. Compared to the absorption
in dilute CHClz solutions, broadening and structured absorption peaks with red
shifted absorption edge in the films (for both PyDPPBO(bithiohexyl)> and
PyDPPHD (bithiohexyl): 55 nm; and (DTP(PyDPPHDbithiohexyl)z, 70 nm), which
may be caused by the existence of m-m stacking of the molecules in the dense solid
state. As the absorption edges of the mono pyridine DPP small molecule at 702 nm,
and that of bis pyridine DPP at 776 nm. The optical band gaps (Eg) are calculated as
1.76 eV for PyDPPBO(bithiohexyl). and PyDPPHD(bithiohexyl); and 1.56 eV for
DTP(PyDPPHDbithiohexyl), respectively. Each small molecule exhibited a broad
absorption range and a relatively low band gap, which would be in favor of light-

harvesting when used as the active-layer materials in OPVs.
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Figure 4.2 Absorption spectra of (a) PyDPPBO(bithiohexyl). (b)PyDPPHD(bithio-
hexyl)2 (c) DTP(PyDPPHDbithiohexyl)

4.3.3 Electrochemical properties

The redox properties of the three molecular materials were determined by cyclic
voltammetry in  CHzClz  solutions of 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPFs) using a three electrode setup equipped with a
platinum disc working electrode, silver counter electrode and a silver electrode

coated with silver chloride (Ag/AgCl) as quasi reference electrode in combination
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with Fc/Fc* as internal standard. The data are summarized in Table 4.1 and shown
in Figure 4.3. Both of the two small molecules PyDPPBO(bithiohexyl)> and
PyDPPHD (bithiohexyl): undergo a quasi-reversible multiple electron oxidation
originating from the successive oxidation of the chromophore. The onset potential of
PyDPPBO(bithiohexyl), and PyDPPHD(bithiohexyl), with respect to Fc/Fc* redox
couple is found to be nearly same value as +0.57/+0.56 V for the oxidation and -
1.35/-1.37 V for reduction. The electron rich central group dithieno[3,2-b:2',3'-
d]pyrrole central unit in the bis pyridine capped DPP is capable of removing
electrons with a first oxidation potential of +0.21 V with respect to Fc/Fc* where as
the reduction potential as nearly same as the mono pyridine capped DPP (-1.37 V).
The HOMO and LUMO energy level were estimated from the onset of the first
oxidation and reduction waves, respectively. Using these redox potentials the HOMO
and LUMO levels were estimated using E = -5.23- qEredox.2122 The presence of
dithieno([3,2-b:2',3'-d|pyrrole in the bis pyridine DPP small molecule is well reflected
in the rise in HOMO energy level of 0.36 eV with respect to mono pyridine capped
DPP. The LUMO energy levels are dominated by the acceptor units in the molecular
structure. The nature of pyridine capped DPP are not much affected by the strength
of donor and LUMO energy level lie between -3.86 eV and -3.88 eV. The difference
between the LUMO of the donors and LUMO of the PC¢1BM, ALUMO = 0.36 eV - 0.34
eV. Comparing the HOMO energy levels of three small molecules, the mono pyridine
DPP PyDPPHD(bithiohexyl). shows a 5.78 eV, where as the HOMO energy level of

bis pyridine DPP DTP(PyDPPHDbithiohexyl). rises to -5.44 eV. Thus the AHOMO,
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Figure 4.3 Cyclic voltametry of (a) PyDPPBO(bithiohexyl). (b) PyDPPHD(bithio-

hexyl)2 (c) DTP(PyDPPHDbithiohexyl)

DPP resulted in the deep HOMO level of -5.80 eV for PyDPPBO(bithiohexyl)2, and -

Table 4.1 Summary of photophysical and electrochemical studies

Absorption Cyclic voltammetry

Compound  A3%0, Aoy ALim Eh,  EN' Ej, HOMO LUMO Eg,

(om) (mm)  (mm) (ev) (V) V) (eV) (eV) (eV)
PyDPPBO
_y_ 573 595,647 702 176 +0.57 -135 -580 -3.87 1.93
(bithiohexyl),
PyDPPHD
.y. 573 596,648 702 176 +056 -136 -5.78 -3.88 1.90
(bithiohexyl),
DTP(PyDPPHD
.(.y 627 652,712 776 159 +0.21 -1.37 -544 -3.86 1.58
bithiohexyl),
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Figure 4.4 Energy level diagram mono and bis pyridine DPP molecules.

the difference between the HOMO of the donor and the HOMO of the PCs1BM for the
mono pyridine DPP is 0.49 eV - 0.51 eV and that of bis pyridine capped DPP is 0.85
eV. This large difference of AHOMO resulted in higher percentage of EQE for the
device fabricated with DTP(PyDPPHDbithiohexyl)z : PCs1BM in the region below 400

nm.”

4.3.4 Photovoltaic properties

Solar cells were fabricated using three small molecule donors each mixing with
PCs1BM as an electron acceptor in the regular configuration of ITO/Mo0O3/active
layer/ LiF/Al Since the small molecules are pyridine capped DPP, instead of the

conventional PEDOT: PSS bottom contact, a 10 nm MoO3 on ITO was used as the hole
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extraction layer to prevent S-shaped |-V characteristics. The observation of S-
shaped ]-V characteristics was reported for solar cells with active layers containing
aromatic amines such as pyridine and thiazole on PEDOT: PSS.1323-24 MoO3 hole
transporting layer solves this problem. The processing conditions of small
molecule/PCs1BM active layers were carefully optimized in terms of total
concentration in 1:1 weight ratio, and layer thickness is maintained between 90-100
nm. The details of influence of donor/acceptor concentration on device performance
for PyDPPBO(bithiohexyl)2: PCs1BM, and PyDPPHD(bithiohexyl)z: PCs1BM are
summarized in the Table 4.2 and Table 4.3. respectively. The solubility of
PyDPPBO(bithiohexyl) ~ 11 mg/mL in CHCI3. When we increase the concentration
of PyDPPBO(bithiohexyl), : PC¢1BM (1:1) from 12 to 36 mg/mL, the PCE varies from
0.21 % to a maximum value of 1.36 %. It is found that at 20 mg/mL devices exhibit
much better photovoltaic performance than other total concentrations, with the
highest PCE of 1.36 % with a Jscof 11.4 mA/cm?, Voc of 0.88 V and FF of 0.43. The ]J-V
characterization and EQE spectra of PyDPPBO(bithiohexyl). : PC¢1BM best device
are shown in the Figure 4.5. But the more soluble PyDPPHD(bithiohexyl). (~13
mg/mL) shows inferior performance in the solar cell devices. The best efficiency
obtained for the total concentration of 36 mg/mL in 1:1 donor-acceptor ratio is 0.52
%. The J-V characterization and EQE spectra of PyDPPHD(bithiohexyl). : PCs1BM

best device is given in the Figure 4.6. The concentration dependence in the
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Table 4.2 Device optimization of PyDPPBO(bithiohexyl)2: PC¢1BM

Concent Spin  Thick ]SC(mA/ Vﬂc FF MPP ]sc(mA / PCE
ration coating ness 2 ) (mwW/ 2 (%)
(mg/mL) (rpm) (nm) cm ) cm?) cm )
(SR)
12 400 107 1.36 0.59 0.30 0.25 1.20 0.21
16 1000 99 147 0.82 0.32 0.47 1.39 0.45
20 1300 90 337 088 043 1.30 3.60 1.36
24 1900 92 1.50 0.83 0.40 0.50 1.36 0.45
30 3100 100 3.10 0.87 0.39 1.08 291 0.98
36 3800 112 232 085 0.38 0.75 2.25 0.72
50
8 y y — —
(a) Active area = 0.090 cm? ——dark (b) ® no bias: 4.5125.. mAlcm
Isc = 3.37 mAlcm’? — light 40 | B 530nm/735mA: 3.603.. mAIcmz_
44{Voc =0.882V A 730nm/540mA: .. mAlcm’
FF = 0.437

30

'

-2 -1 0 1 300 400 500 600 700 800 900
Bias V [V] Wavelength (nm)

MPP= 1.30 mw/cm?

'
A

EQE %
g’
K
ICE g

Current density J [mA/cm?]
o

Figure: 4.5 (a) Representative J-V curves for PyDPPBO(bithiohexyl)z : PC¢1BM solar
cells in dark (black) and under simulated AM 1.5G conditions (red). (b) EQE spectra
of PyDPPBO(bithiohexyl)z : PCs1BM solar cell under low monochromatic light
intensity and with 1 Sun equivalent light bias illumination. The numbers in the
panels represent the Jsc that is obtained with convoluting the EQE with the solar A M
1.5G spectrum.

performance of solar cell devices for PyDPPHD(bithiohexyl), is less pronounced
than the PyDPPBO(bithiohexyl),. The two mono-pyridine capped DPP molecules
possess identical optical absorption bands and energy levels, but their solubility is

very different and hence there is a difference in their photovoltaics properties. The J-

154



Chapter 4

V characterization and the EQE of the best device are given in the Figure 4.6. The
solubility of bis pyridine capped DPP is comparatively lower and the solvent CHCl3
can dissolve only 3.5 mg/mL. Hence hot process at 60 °C is performed for the device
fabrication of the solar cell. Solution and pipettes were heated to 60 °C for hot spin
coating. Due to its low solubility a fixed concentration of 12 mg/mL was used for the
hot process. The optimization of solar cell device and effect of additives and temp-
erature is summarized in the Table 4.4. The best efficiency obtained for
DTP(PyDPPHDbithiohexyl). is 0.67 % with a Jsc of 1.31 mA/cm?, V. of 0.80 V and
FF of 0.59. The J-V characterization and the EQE of the DTP(PyDPPHDDbithiohexyl): :
PCs1BM best device are given in the Figure 4.7. The effect of additives and temp-
erature is detrimental in the performance of the solar cell devices for all three small

molecules discussed in this chapter.

Table 4.3 Device optimization of PyDPPHD (bithiohexyl). : PC¢1BM

Concentr Spin Thick ] \Y% FF MPP Jsc(mA/ PCE
ation coating ness nsch (VO)C (mW/ sz] (%)
(mg/mL) (rpm) (m) m) oy
/cm )

10 400 90 1.67 0.62 0.32 0.34 -

14 600 112 1.90 0.67 0.32 0.42 -

18 1000 96 219 067 0.32 0.40 -

22 1300 93 1.65 0.50 0.33 0.28 -

30 2820 96 2.33 0.52 0.42 0.52 - -

36 3800 95 2.35 0.56 0.38 0.51 2.45 0.52

155



Chapter 4

o)
Y
N

' ' '®  no bias:2.87 .. mAlcm”
(b)

| Active area = 0.090 cm? = 530nm/655mA: 2.29.. mAlcm
Isc = 2.35 mA/lcm’® g 0 1

£

t 2 o _ .
S e® °A  730nm/540mA: .. mA/cm
$ Voc = 0.565 V .
E 2 o® wang S0
}=4 FF =0.386 ° . ! l. °
2 | mMPP=0.513 mwicm® w - %t = =
L~ o w8
2 w iy,
E 10 .. ' - ]
2 [00000g0” ® °
€ .24 . .
£ anEEgm °
4 ..
0 M&Mﬂ
-2 -1 1
Bias V [V] 400 500 600 700 800 900

Wavelength (nm)

Figure 4.6 (a) Representative J-V curve for PyDPPHD(bithiohexyl): : PC¢1BM solar
cell in dark (black) and under simulated A M 1.5G conditions (red). (b) EQE spectra
of PyDPPHD(bithiohexyl)> : PCs1BM solar cell under low monochromatic light
intensity and with 1 Sun equivalent light bias illumination. The numbers in the
panels represent the Jsc that is obtained with convoluting the EQE with the solar A M
1.5G spectrum.

Table 4.4 Device optimization of DTP(PyDPPHDbithiohexyl). : PCs1BM

Spin coating  Thick ]SC(mA Voc FF MPP lsc(m A/ PCE
(rpm) ness ) MW/ cny (%)
(nm) /cm') cmz2) (SR)

800 110 nm 1.31 080 0.59 0.62 1.42 0.67
1000 91 nm’ 1.29 0.75 043 042 1.35 0.44
1000 83 nm 1.34 0.79 0.59 0.63 1.41 0.66
1000 85 nm 153 0.64 045 0.44 1.70 0.49

900 a 1.06 056 0.30 0.18 0.94 0.15

103 nm

1000 ab 235 056 038 051 2.45 0.52
90 nm

1000 99 nm° 0.67 0.70 0.36 0.17 0.63 0.15

o
a=0.2% DIO, b = annealing at 110 Cfor 10 minute
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Figure: 4.7 (a) Representative J-V curve for DTP (PyDPPHDbithiohexyl): : PCs1BM
solar cell in dark (black) and under simulated A M 1.5G conditions (red). (b) EQE
spectra of DTP(PyDPPHDbithiohexyl)2: PC¢1BM solar cell under low monochromatic
light intensity and with 1 sun equivalent light bias illumination. The numbers in the
panels represent the Jsc that is obtained with convoluting the EQE with the solar A M
1.5G spectrum.

4.3.5 Morphological studies

To study the morphology of the active layer of the best performing solar cells, we
fabricated solar cells using the same conditions with the device structure
(ITO)/Mo0O3/PyDPPBO(bithiohexyl)2:PCe1BM/LiF/Al. The ]J-V curve and EQE are
given in Figure 4.8 and the TEM image of the active layer of the solar cell is given in
the Figure 4.9. Losses in the current density Jsc is mainly related to the coarse de-
mixing of the PyDPPBO(bithiohexyl)2:PCs1BM blend as evidenced by TEM. Similarly
the morphology of the active layer for the DTP(PyDPPHDbithiohexyl)2:PC¢1BM solar
cell device was also investigated by TEM. The best fabrication condition is repeated,
and the J-V characterization and EQE of the solar cell is shown in Figure 4.10. The
thin film blends processed, formed large phase separated domains as indicated by

the black circular regions in the image which corresponds to the PCs1BM aggregates.
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These results are quite similar to that found with DPP based polymer/PCs1BM

blends casted from chloroform.25-26

a) 10 b . . . .
( ) Active area = 0.090 cfn Lightl ( )30 L ® no bias: 3.457.. mAlcm’
— - 2 —
€ |'sc =315 mAlcm — dark = 530nm/686mA: 2.837.. mAlcm’
§ Voc =0.874V A 730nm/540mA: .. mAlcm’
E |FF=0447 ®ove,
2 |MPP=1.23 mwicm’ Lo oo*% o* umn %
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Figure 4.8 (a) Representative J-V curve for PyDPPBO(bithiohexyl), : PC¢1BM solar
cell in dark (black) and under simulated A M 1.5G conditions (green). (b) EQE
spectra of PyDPPBO(bithiohexyl)z : PC61BM solar cell under low monochromatic
light intensity and with 1 Sun equivalent light bias illumination. The numbers in the
panels represent the Jsc that is obtained with convoluting the EQE with the solar A M
1.5G spectrum.

20U g

Figure 4.9 TEM images of PyDPPBO(bithiohexyl); : PCs1BM solar cell
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Figure 4.10 (a) Representative J-V curve for DTP(PyDPPHDbithiohexyl). : PCs1BM
solar cell in dark (black) and under simulated A M 1.5G conditions (red). (b) EQE
spectra of DTP(PyDPPHDbithiohexyl)2 : PCs1BM solar cell under low monochromatic
light intensity and with 1 Sun equivalent light bias illumination. The numbers in the
panels represent the Jsc that is obtained with convoluting the EQE with the solar A M
1.5G spectrum.

Figure 4.11 Tem images of DTP(PyDPPHDbithiohexyl): : PCs1BM solar cell
In these coarse phase separated morphologies only a small amount of the photo
generated excitons reach the donor acceptor interface and, hence, the current that

can be extracted is low resulting in poor device performances.
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4.4 Conclusion

Mono and bis pyridine capped DPP with 5’-hexyl-2,2’-bithiophene on end groups
and dithienopyrrole as the central core were synthesized and characterized in detail
PyDPPBO(bithiohexyl). /PyDPPHD(bithiohexyl) and DTP(PyDPPHDbithiohexyl),
have optical band gaps of 1.76 eV and 1.56 eV respectively. The PCE of
PyDPPBO(bithiohexyl) with butyloctyl chain is 1.36 % where as for
PyDPPHD (bithiohexyl): with hexyldecyl chain is 0.52 %. Bis pyridine capped DPP
DTP(PyDPPHDbithiohexyl), showed a PCE up to 0.67 % with Voc = 0.80V, Jsc = 1.42

mA/cm?, and FF of 0.59.

4.5. Experimental section

4.5.1. General methods

5'-Hexyl-2,2’'-bithiophene-5-boronic acid pinacol ester, Pd(PPh3)s, were purchased
from Sigma Aldrich and were used as such. 4-(2-ethylhexyl)-2,6-
bis(trimethylstannyl)-4H-dithieno[3,2-b:2",3'-d]pyrrole =~ was purchased from
SunaTech and used as received. Solvent used were either HPLC grade or freshly
distilled before use. All the reactions were carried out under nitrogen atmosphere.'H
NMR and 13 C NMR spectra were obtained using a 400 MHz Bruker Avance DPX
spectrometer. Absorption spectra were obtained using a Shimadzu 3101PC UV/Vis-
NIR scanning spectrophotometer. Cyclic voltammetry was performed under an inert
atmosphere with a scan rate of 0.1 V/s and 0.1 M tetrabutylammonium
hexafluorophosphate in dichloromethane as the electrolyte. A platinum working

electrode, a silver counter electrode and a silver wire coated with silver chloride
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(Ag/AgCl) quasi-reference electrode were used combined with Fc/Fc+ as the

internal standard.

4.5.2 Fabrication of bulk heterojunction solar cell
The procedure for device fabrication is similar as chapter 3 (page no : 121)

4.5.3. Experimental procedures

PyDPPBO(bithiohexyl),

PyDPPBO(bithiohexyl)z : A 50 mL Schlenk tube was filled with 5'-Hexyl-2,2'-
bithiophene-5-boronic acid pinacol ester (0.24 g, 0.635 mmol), and PyDPPBO(Br)>
(0.20 g, 0.254 mmol) and K2C03 (0.087 g, 0.635 mmol), and Pd(PPh3)4(0.029 g, 10 %
mol) catalyst was transferred from glove box. A mixture of toluene, ethanol and
water in the ratio of 4:1:0.5 was purged with argon gas for 20 minutes to
deoxygenate. Then the solvent was cannulated or transferred to the schlenk tube.
The tube was sealed and heated at 90 °C for 18 h. The crude reaction mixture was
allowed to cool to room temperature after which the organic layer was washed with
water and brine, dried over anhydrous MgSO0yg, filtered, and the solvent evaporated
under reduced pressure. The crude product was preadsorbed onto silica gel and
chromatographed to give PyDPPBO(bithiohexyl)> as a dark brown solid (yield: 70

%). 1H NMR (400 MHz, CDCls, 8): 9.05 (d, ] = 8.4 Hz, 2H), 8.92 (d, ] = 2.4Hz, 2H), 8.01
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(dd, J= 8.4 Hz, J= 2.4 Hz, 2H), 7.39 (d, J= 3.6 Hz, 2H), 7.13 (d, ] = 4Hz, 2H), 7.07 (d, ] =
3.6, 2H), 6.72 (d, ] = 3.6 Hz, 2H), 4.37 (d, J= 6.8 Hz, 4H), 2.81 (t, ]= 7.6 Hz, 4H), 1.73-
1.66 (m, 6H), 1.41 - 1.20 (m, 40H), 0.90 (t, ]= 6.8, 6H ), 0.85 - 0.81 (m, 12H). 13C NMR
(100 MHz, CDCl3) § 162.7, 162.5, 150.0, 146.6, 146.5, 146.2, 145.9, 145.8, 145.7,
145.3, 145.3, 145.0, 144.1, 139.9, 139.6, 137.6, 134.0, 132.4, 131.0, 130.8, 128.3,
127.6, 127.5, 126.0, 125.9, 125.0, 124.1, 122.3, 111.6, 111.3, 111.0,, 46.4, 46.3, 46.2,
38.1, 31.8, 31.5, 31.4, 31.2, 31.1, 30.2, 29.7, 28.7, 28.6, 26.4, 23.0, 22.6, , 22.58 14.1,

14.0, -0.00. MALDI TOF : calculated- 1122.59, found- 1122.60
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Figure 4.12 NMR Spectrum of PyDPPBO(bithiohexyl)2
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PyDPPHD(bithiohexyl),

PyDPPHD(bithiohexyl)z : A 50 mL Schlenk tube was filled with 5'-Hexyl-2,2'-

bithiophene-5-boronic acid pinacol ester (0.157 g, 0.418 mmol), PyDPPHD(Br)>

(0.15 g, 0.167 mmol), K2€O03 (0.057 g, 0.418 mmol), and Pd(PPh3)4(0.02 g, 10 % mol)
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catalyst was transferred from glove box. A mixture of toluene, ethanol and water in
the ratio of 4 : 1: 0.5 was purged with argon gas for 20 minutes to deoxygenate.
Then the solvent was cannulated or transferred to the schlenk tube. The tube was
sealed and heated at 90 °C for 18 h. The crude reaction mixture was allowed to cool
to room temperature after which the organic layer was washed with water and
brine, dried over anhydrous MgSO,, filtered, and the solvent evaporated under
reduced pressure. The crude product was preadsorbed onto silica gel and
chromatographed to give PyDPPHD(bithiohexyl), as a dark brown solid (yield: 70
%).1H NMR (400 MHz, CDCls, 8): 9.05 (d, ] = 8.4 Hz, 2H), 8.92 (d, ] = 2.4Hz, 2H), 8.00
(dd, J=8.4 Hz, J= 2.4 Hz, 2H), 7.38 (d, J]= 3.6 Hz, 2H), 7.13 (d, ] = 3.6Hz, 2H), 7.07 (d, ]
= 3.6Hz, 2H), 6.72 (d, ] = 3.6 Hz, 2H), 4.37 (d, ]= 7.2 Hz, 4H), 2.81 (t, J= 7.6Hz, 4H),
1.73-1.66 (m, 8H), 1.54 (s, 2H), 1.41-1.20 (m, 56H), 0.90 (t,] = 6.8, 6H ),0.85 - 0.81
(m, 12H). 13C NMR (100 MHz, CDCI3) é 162.7, 146.5, 145.9, 145.2, 144.9, 139.9,
137.6, 134.0, 132.3, 130.8, 127.5, 125.9, 125.0, 124.1, 111.3, 46.3, 38.2, 31.9, 31.8,
31.5, 30.2, 29.6, 29.3, 28.7, 26.4, 22.7, 22.5, 14.1. MS (MALDI): calculated: 1234.72

found:1234.74
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Figure 4.14 NMR Spectrum of PyDPPHD (bithiohexyl)>
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Figure 4.15 MALDI TOF spectrum of PyDPPHD (bithiohexyl)
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PyDPPHD(bithiohexyl),

PyDPPHD(bithiohexyl); : A 50 mL schlenk tube was filled with 5'-Hexyl-2,2'-
bithiophene-5-boronic acid pinacol ester (0.062 g, 0.167 mmol), and PyDPPHD(Br)2
(0.15 g, 0.167 mmol) and K>CO3 (0.023 g, 0.167 mmol), Pd(PPh3)4 (0.02 g, 10 % mol)
catalyst was transferred from glove box. A mixture of toluene, ethanol and water in
the ratio of 4 : 1 : 0.5 was purged with argon gas for 20 minutes to deoxygenate.
Then the solvent was cannulated or transferred to the schlenk tube. The tube was
sealed and heated at 90 °C for 18 h. The crude reaction mixture was allowed to cool
to room temperature after which the organic layer was washed with water and
brine, dried over anhydrous MgSO,, filtered, and the solvent evaporated under
reduced pressure. The crude product was preadsorbed onto silica gel and
chromatographed to give PyDPPHD (bithiohexyl): as a dark brown solid (yield: 25
%).1H NMR (400 MHz, CDCl3, 3): 9.04 (d, ] = 8.8 Hz, 1H),8.94-8.92 (m, 2H), 8.73 (d, ]
=2Hz, 1H ) ,8.02-7.98 (m, 2H), 7.39 (d, ] = 3.6 Hz, 1H), 7.13 (d, ] = 4 Hz, 1H), 7.07 (d, ]
= 3.6 Hz, 1H), 6.72 (d, J= 3.6 Hz, 1H), 4.35 (d, ] = 7.2 Hz, 2H), 4.30 (d, ] = 7.2 Hz 2H),
2.81 (t,] =7.6 Hz, 2H ) 1.73-1.66 (m, 4H), 1.41-1.32 (m, 54H), 0.90-0.81 (m,15H). 13C
NMR (101 MHz, CDCl3) 6 162.7, 162.4, 150.0, 146.6, 146.2, 145.8, 145.7, 145.3,

144.1, 140.1, 139.6, 137.5, 134.0, 132.4, 131.1, 128.3, 127.6, 126.0, 125.0, 124.2,
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122.3,111.7,111.0, 46.4, 46.2, 38.2, 38.1, 31.9, 31.9, 31.8, 31.8, 31.5, 31.4, 30.2, 30.0,

29.7, 29.6, 29.5, 29.3, 28.7, 26.4, 22.6, 22.5, 14.1, 14.0. calculated: 1064.56 found:

1066.59
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Comment 2
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Figure 4.17 MALDI TOF Spectrum of PyDPPHD (bithiohexyl)1

(

CgHi7

CeHis  DTP(PyDPPHDbithiohexyl),

DTP(PyDPPHDbithiohexyl): : A 50 mL Schlenk tube was filled with 4-(2-
ethylhexyl)-2,6-bis(trimethylstannyl)-4Hdithieno[3,2-b:2',3'-d]|pyrrole  (0.043 g,

0.068 mmol), and PyDPPHD(bithiohexyl): (0.144 g, 0.135 mmol) Pd(PPh3s)4 (0.0155
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10 % mol) catalyst was transferred from glove box. A mixture of toluene was purged
with argon gas for 20 minutes to deoxygenate. Then the solvent was cannulated or
transferred to the schlenk tube. The tube was sealed and heated at 90 °C for 18 h.
The crude reaction mixture was allowed to cool to room temperature after which
the organic layer was washed with water and brine, dried over anhydrous MgSQ0y4,
filtered, and the solvent evaporated under reduced pressure. The crude product was
preadsorbed onto silica gel and chromatographed to give
DTP(PyDPPHDbithiohexyl)2 as a dark brown solid (yield : 55 %).1H NMR (400 MHz,
CDCl3, 8): 9.06-9.03 (m, 4H), 8.82 (d, ] = 1.2 Hz, 4H) ,7.88 (d, ] =8.4 Hz, 4H ), 7.32 (d,
J=4 Hz, 2H), 7.03 (dd, ] = 12.4 Hz, ] = 3.6Hz, 4H), 6.66 (d, ] = 3.2 Hz, 2H), 4.38 (brs,
8H), 4.22-410 (m, 2H), 2.75 (t, J= 7.6 Hz, 4H), 1.76 (brs, 4H), 1.69-162 (m, 4H ), 1.32-

1.25 (m,117H), 1.00-0.82 (m, 36H). calculated: 2260.38 found: 2262.39.
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