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ABSTRACT OF THE DISSERTATION

Design and Synthesis of Conjugated Polymers and

Small Molecules Based on Novel Electron Deficient Units

by

Eric Thomas Richard
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2014

Professor Yang Yang, Chair

Pi-Conjugated polymers and small molecules are useful for their semiconductor properties in
organic electronic devices such as organic photovoltaics, light emitting diodes, and thin film
transistors. They also find application in chemical detection for their high sensitivity to
fluorescence quenching species. Described herein are the syntheses of two new electron
deficient monomer units for polymers and small molecules. 5-acetyl-1,3-dibromo-4H-
cyclopenta[c]thiophene-4,6(5H)-dione was synthesized for the first time. It can be conveniently
polymerized by Stille coupling to form polymers initially insoluble in common solvents, which can
be rendered soluble by deprotonation with various organic amines. Solutions in methanol are
highly fluorescent and show strong quenching when exposed to Ni?* and Cu?". Additionally,
films can be cast from chloroform or dichlorobenzene solutions with triethylamine. New
polymers and small molecules based on the recently reported thiophene substituted isoindigo
were also synthesized and employed in photovoltaic devices reaching a maximum of 3.75 %

power conversion efficiency, the highest yet reported for this unit. Also discussed is a series of
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low band gap small molecule semiconductors incorporating two diketopyrrolopyrrole units and
their photovoltaic applications. The best power conversion efficiency for a molecule in this series

was 2.22 %.
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Chapter 1

General Introduction

The field of organic electronics has grown rapidly over the past few decades.
Organic light emitting diodes (OLEDs) are already part of consumer electronics products
and other devices including organic photovoltaics (OPV), photodetectors, chemical
sensors, and transistors show considerable promise.® Organic materials can be
employed as conductors and semiconductors in electronic devices. Organic
semiconductors can be processed by vacuum evaporation,® electropolymerization,” and
from solution by a range of printing processes.8 The solution approach is very attractive
for making large area printed electronics such as solar cells and emissive displays. Such
devices could be manufactured on continuous roll-to-roll printing equipment, enabling a
revolution in inexpensive large area electronics.

Applications like these require soluble organic semiconductors with a range of
properties. Organic materials with specific light absorption or emission spectra and
electronic properties such as energy level position and charge carrier mobility are
required for each application. These properties are controlled by chemical structure and
can be adjusted by judicious modification.

The focus of this thesis is the design and application of novel organic
semiconductor materials. It will begin with an introduction to the history of the field and a
discussion of the operating principles of organic photovoltaic devices and the thought
process involved in designing materials for this application. Chapters are dedicated to

individual research projects centered on a particular structural unit.



Chapter 2

Introduction to organic electronics

2.1 History of organic electronics

The electrical conduction properties of organic materials have been investigated
since the early 20th century® with early reports of photoconductivity in anthracene and
it's solutions coming from Pochettino in 1906,'° Byk and Bork in 1910"" and Volmer in
1913"? who measured an increase in conductivity of hexane and benzene solutions of
anthracene upon illumination with an arc lamp, which may have been due to the

photogeneration of mobile ions.

20 .

Anthracene \_NH N=
S S
N N
[>=C1 ot
s s N HN
Tetrathiafulvene (TTF) N7
NC CN
NC>:<Z>:<CN Metal Free Phthalocyanine (PC) Copper Phthalocyanine (CuPC)

Tetracyanoquinodimethne (TCNQ)

Figure 2.1: Structures of early organic semiconductors

By the late forties, these phenomena were being revisited and studied in the context

of semiconductor research. In 1946 D. D. Eley reported perhaps the first conclusive

13
l.

evidence for intrinsic semiconducting properties in an organic material."” Crystals of

phthalocyanine and its copper complexes were shown to exhibit an Arrhenius



relationship between conductivity and temperature analogous to inorganic
semiconductors. Organic charge transfer complexes of tetrathiafulvene(TTF) and
halogens and later tetracyanoquinenmethide (TCNQ) were found to have metal like
conductivities up to 1.47 x 10* S/cm." The m-conjugated polymer polypyrrole, prepared
by pyrolosis was reported in the literature in 1963 and showed conductivity up to 1 S/cm
upon doping with iodine." It was also reported that both p and n-type chemical doping
could be achieved with electron-poor and electron-rich dopants. Research in conductive
polymers accelerated tremendously after Shirakawa, MacDiarmid, and Heegar reported
on the synthesis and conductivity of films of polyacetylene doped with halogen vapors.'®
lodine doped films were initially reported to have a conductivity of 38 S/cm, which was

later improved to over 10° S/cm in stretch-oriented films.

A variety of electronic devices based on organic materials have been developed over
the years. The first organic electroluminescent (EL) device based on the organic dye
acridine orange was reported in 1955," but required high voltages and operated via an
impact ionization mechanism analogous to inorganic EL devices. The first organic light
emitting devices to operate via a charge injection and recombination mechanism were
patented by R.H. Partridge,'® and consisted of poly(vinylcarbazole) (PVK) with emitting
dye molecules added sandwiched between a cesium electrode and a transparent
conductor coated with SbCls doped polyvinylcarbazole as a hole injecting layer. The first
OLED to operate at a voltage < 10V was reported by Tang et. al. at Kodak in 1987

which lead to an explosion of interest in the field of organic electronics.

Organic photovoltaic (OPV) cells, the devices which are the main focus of this thesis,
were first reported by Kearns and Kalvin in 1958.%° They measured a photovoltage of

200 mV when using air-oxidized N,N,N’,N’-tetramethyl-p-phenylenediamine as the



electron accepting material in a bilayer configuration. The power output of these first
devices was only several picowatts. It was not until the work of C.W. Tang which was
patented in 1979%" and published in 19862 that an OPV device with a power conversion
efficiency over 1% was reported. These devices contained a heterojunction of copper
phthalocyanine and an o-phenylenediamine adduct of perylene tertracaboxylate. The
two materials formed a heterojunction with CuPc as the electron donor and the perylene
derivative as the acceptor. Tang attributed the high performance to exciton (bound
electron hole pair) separation at the interface under the influence of an electric field

present at the donor-acceptor interface.?

The field of OPV was advanced further with the development of the bulk
heterojunction, a phase-separated mixture of donor and acceptor that allows more
photogenerated excitons to make it to the interface and be separated. This approach
was first reported by Hiramoto et. al. for evaporation-processed small molecules in 1991
and in solution-processed MEH-PPV:Cg, photodetectors by Yu and Heeger in 1994.%
The approach was later successful in producing 2.9% power conversion efficiency (PCE)
devices.?* Improvements in bulk heterojunction morphology by more controlled
processing methods such as controlling solvent evaporation rate for “solvent annealing”

lead to further improvements.?

Around the same time, there was an increasing emphasis on lower band gap
polymers, which absorb more of the solar spectrum.” Synthesis of new organic
semiconductor materials became a major driver for improvements in power conversion
efficiency. At the time of writing this thesis, the efficiency of organic photovoltaics has
increased to 12%2® overall and 10.6%?’ for a solution processed cell, both from stacked

tandem devices.



2.2 Organic Semiconductors and Conductors

Semiconductors are materials, which have the ability to conduct charge carriers,
mobile electrons and/or holes (empty electron states), but have a lower concentration of
these carriers than a conductor.{Blakemore:ud} This concentration and hence the
conductivity can be altered by introduction of impurities (doping), exposure to light or
other radiation, or electric fields. Conductivity is related to carrier concentration by the
equation:

0 =ne 2.1
Where o is conductivity n is the charge carrier density e is the elementary charge

and U is a material parameter known as charge carrier mobility and is the ratio of the drift

velocity of carriers to the electric field.?® The ability of charge carriers to move depends
on a large system of overlapping orbitals, which is usually a conjugated 1 system
(except for the case of polysilanes).?® T-conjugation results when the p-orbitals in a
chain of atoms overlap, resulting in new molecular orbitals of varying energy depending
on the way in which the p-orbitals interact, as can be seen from the 1,3-butadiene
example in figure 2.2. Depending on the phases of the interacting p-orbitals, the
resulting molecular orbitals have nodes where destructive interference occurs; the more
nodes, the higher the energy. The highest occupied molecular orbital is referred to as
the HOMO level and the lowest energy unoccupied one is referred to as the LUMO.
Organic semiconductors consist of much larger conjugated 1 electron systems which
result in HOMO and LUMO energies close enough that charge carriers are reasonably

stable and excited states can be generated by ultraviolet and visible light.
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Figure 2.2 Molecular orbitals in 1,3-butadiene

Carrier transport

The extended 1r-conjugation leads to a delocalization of the molecular orbitals, which
allows extra electrons and holes to travel within a molecule. In order for a carrier to move
through an organic material, it must hop from one molecule to another. This process
depends on the spatial overlap of orbitals between adjacent molecules and requires
sufficient energy to overcome any differences in energy between the two orbitals, except
in highly ordered materials, which may exhibit band-like transport (as evidenced by the
high mobility and its increase with decreasing temperature).*® Orbital energy differences
may arise from relaxation of molecular structure on the molecule(s) bearing a charge
carrier, and structural or conformational variation due to disorder (known as energetic
disorder). The energy to hop between molecules is provided by quanta of vibrational
energy known as phonons. The process is known as phonon-assisted hopping and
shows a characteristic p o< 7" dependence of mobility on temperature, which is

observed in many, but not all,*

organic semiconductors.
Doping
Conjugated polymers can be rendered conductive by chemical doping, which results

in holes or electrons on the backbone balanced by counter ions of opposite charge. The



simple conjugated polymer polyacetylene, for example, can be doped with iodine vapor,
which leads to the oxidation of the polymer chain giving rise to a cation known as a
polaron.®! In other conducting polymers, which are more complex and consist of
aromatic units, charge carriers may pair up to form bipolarons if the carrier concentration
is high enough.31 This configuration is lower in energy than two separate polarons since
the introduction of a polaron causes a switch in the bond order represented in fig. 2.10
from the aromatic structure to the less stable quinoid structure. There is a driving force in
these polymers to bring the polarons together to reduce the number of repeat units in the

quinoid structure.

N NN NN

Undoped
.t
N~ PN T T P
+
N I3
Polaron from iodine doping Believed to be delocalized over several units

Figure 2.3 lodine doping in polyacetylene

2.3Operating Principles of Organic Electronic Devices

Organic Photovoltaics (OPV)

Photovoltaic cells, organic or otherwise, are devices which produce a voltage upon
illumination with light. If current is allowed to flow, power will be generated based on the
equation P = |V, where P is power, [ is current, and V is voltage. A graph of current or
current density vs. applied potential is known as a J-V or /-V curve of a

device.{Wurfel:tu} This graph is often used to evaluate the performance of photovoltaic



devices and determine the ideal load to extract the maximum power from a device. The
basic features of this graph are shown in fig 2.4. The current at zero voltage applied is
known as the short circuit current or current density if it is expressed on a per-area basis
(Isc or Jsc, respectively). This is the maximum current the device can generate without
external power. The voltage at zero current is known as the open circuit voltage or Voc.
The power output of the device reaches a maximum at one point on the graph. The ratio
of this power to the product Jsc x Voc is a parameter known as the fill factor, and can be

thought of graphically as the ratio of area 1 to area 2 shown on the graph in figure 2.4.

O Syl Tt S s it %% AN AN O L
144 04 07 03 04 5% 0.6 0.7 0.8
— -2
5
- Areal
E -4 ¥ Short Circuit
= "Current (J<2) MaxPower Point
6 T O
Area 2
_8 -
-10 Current Density
- Power
12 =

Figure 2.4 Critical parameters of a photovoltaic cell J-V curve

Organic photovoltaics typically are made from at least two different organic
semiconductors, an electron donor material and an electron acceptor. These materials

form a heterojunction, which is necessary for efficient device operation. Unlike many



inorganic semiconductors, such as silicon, germanium, and gallium arsenide, most
organic semiconductors do not form free electrons and holes upon absorption of a
photon; instead a bound electron-hole pair, or exciton, is formed.**{Wurfel:tu} Because of
their low dielectric constants and molecular reorganization, the binding energies of
excitons in organic semiconductors are larger than in most inorganic ones. Estimates for
this value range from 0.05 — 1.6 eV depending on the material.** The consequence of
this is that a heterojunction is required to separate excitons into free electrons and holes
that can be collected to generate photocurrent. The excitons generated must also reach

an interface before they recombine or they will not contribute to device current.

The basic steps of photocurrent generation are illustrated in fig 2.5. First, an exciton
is generated in the donor (or acceptor) by an incident photon. Second, it diffuses to an
interface in what is thought to be a random walk process. Third, the exciton separates,
with an electron dropping into the LUMO level of the acceptor (or a hole going from the
acceptor to the HOMO level of the donor). The exact way in which this happens is
controversial and may depend on the specific materials used for the device.**** One
possibility is that when an exciton reaches an interface, a bound pair of charge carriers,
an electron in the acceptor and a hole in the donor, results. This charge-transfer state
then dissociates to form free carriers. There is considerable evidence from transient
absorption studies that this occurs in some cases and that recombination of these states
is a limiting factor in the photocurrent generation in some material combinations.*® The
role of non-thermally-relaxed “hot” excitons in charge separation has also been
investigated and also seems to be significant in some materials.*® The extra energy and

delocalization of hot excitons may be responsible for the ultrafast (<1 - 10ps) charge



separation observed by transient absorption and PL.

1)Exciton Generation

8 Exciton 2)Exciton Diffusion
© Electron

3)Charge transfer
O Hole

4)Charge collection

Figure 2.5 Process of photocurrent Generation in organic solar cells

The final step in photocurrent generation is collection of the free electrons and holes.
This is accomplished with carrier-selective contacts, which are typically conductive
materials with Fermi energy levels that are close to the LUMO level of the acceptor for
the negative electrode (cathode) and close to the HOMO level of the donor for the
positive electrode (anode). The carrier motion is driven by the built-in potential in the
devices.

With the typically short exciton diffusion lengths in organic semiconductors (around
20 nm) in a devices with a planar heterojunction, as in the first heterojunction OPV by

Tang et al.,??

excitons generated far from the interface are not collected. To overcome
this problem, an interpenetrating network of donor and acceptor materials can be used

so the generated excitons are close enough to a donor/acceptor interface to diffuse to it
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before recombining. For this to be the case, the size of the domains must be less than

the exciton diffusion length. This concept is shown schematically in fig 2.4.

Bilayer Bulk Heterojunction

Cathode

Excitons unlikely to be Excitons morelikely to
Acceptor [EE:LEICIEY reach heterojunction

Lp Lo

Donor 3G ICE ALY L
separated

Anode

Figure 2.6 Bulk heterojunction and bilayer structures in OPV

To make bulk heterojunction devices like this, the materials may be deposited by
thermally evaporating donor and acceptor materials simultaneously onto the substrate or
by solution processing from a mixed solution of donor and acceptor in one solution, or
sequentially from separate solutions of donor and acceptor. With solution processing,
the two materials phase separate upon evaporation of the
solvent.{Nardes:2012kp}{Ayzner:2012kp} Controlling the scale of this phase segregation
is important to achieving good performance. With many small molecule materials, for
example, their rapid crystallization leads to overly large domains if they are coated from
high boiling point solvents, so for these materials, highly volatile solvents such as

chloroform are used.®"*®
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2.4 Design of materials for OPV

The focus of this thesis is the design and synthesis of novel materials for OPV and
other applications. The material properties that are important for performance in OPV
devices are determined by chemical structure as well as supramolecular ordering on
nanometer to micron length scales. Materials with appropriate properties can be
designed by modifying chemical structure. The structure-property relationships in
organic semiconductors are very complicated and most structural modifications can be
expected to affect all of the relevant material properties to some degree, often in

unexpected ways.

Perhaps the most straightforward aspect of material design is control over the
HOMO and LUMO energy levels. The energy levels can be adjusted via a variety of
design approaches and structural motifs, and there are an abundance of materials
reported in literature with a wide range of both HOMO and LUMO
positions.{Bundgaard:2007ci}{Chen:2009hy} The energy level requirements for donor
materials in OPV are as follows: 1) a HOMO-LUMO gap that achieves a balance of
absorbance of the solar spectrum and open circuit voltage for maximum efficiency 2)a
HOMO level as deep as possible for the highest open circuit voltage and 3) a LUMO

level that is high enough to allow for charge transfer to the acceptor.{Bundgaard:2007ci}
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To satisfy requirement 1, the HOMO-LUMO gap needs to be adjusted to a value of
1.4 — 1.7eV. Using a simple model of OPV performance assuming that the open circuit
voltage will be 0.8 V lower than the bandgap, a typical empirical value, it can be
estimated that the ideal band gap when using sunlight at the earth’s surface is 1.65 eV.
This optimization is shown in fig. 2.7. In practice, the highest performance materials for
single junction cells have had band gaps around 1.6 — 1.7 eV*’. This is higher than the
optimum value of 1.4 derived by Shockley and Queisser*' using thermodynamics and
the detailed balance of carrier concentrations. The various additional losses in organic
solar cells beyond radiative recombination are the reason for this observed discrepancy.

The structural effects on the band gap of an organic semiconductor include:

Conjugation Length. An increase in the length of the conjugated m-system will
reduce the bandgap. This effect tapers off at high molecular weight and is generally only

a factor in oligomers with molecular weights below 5000 g/mol.

Aromatic Stabilization. Since the LUMOs of aromatic conjugated polymers
typically have a quinoid electronic structure and the HOMOs have an aromatic
structure,*? increased aromaticity stabilizes the HOMO level and destabilizes the LUMO
level. This effect is particularly apparent in the difference in band gaps of
polyphenylenes, polythiophenes, and polyselenophenes,’* with a trend of decreasing
band gaps and aromatic character of the rings in the polymer chains. Another approach
is using fused ring systems that favor the quinoid electronic structure over the aromatic
one. This can be demonstrated with a resonance structure argument shown in fig 2.10
where in poly(thieneothiophene), only one of the rings can be drawn with three electron

pairs, and in the quinoid structure, the upper thiophene gains an electron pair.
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Resonance structure argu ment:
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Figure 2.10 The effect of a fused thiophene ring on the quinoid structure stability and

band gap in conjugated polymers. Band gap values are from literature.”
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Intramolecular Charge Transfer. Combining electron-rich and electron-deficient
parts into one conjugated system is a well-established strategy from dye chemistry.
When electron rich an electron deficient units are combined, the orbitals of both units will
combine to form new molecular orbitals, as shown schematically in fig
2.11.{Bundgaard:2007ci} The HOMO level will be above the HOMO of the electron-rich
unit and the LUMO level will be below that of the electron deficient unit. This approach is

used in most of the reported OPV materials to achieve appropriate band gap.’

E

LUMO

| LUMO

—_—

band gap
A
HOMO
HOMO
D D-A A

Figure 2.11 Conceptual illustration of the combination of electron rich “donor” units

(D) and electron poor “acceptor” units (A). Adapted from literature.

Small Molecules Polymers

S S n
D-A-D-A-D D-A
PSBTBT
DTS(PTTh,),
Electron Rich Electron Poor
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Figure 2.12 Examples of donor-acceptor design in OPV donor materials.

DTS(PTTh,),?> and PSBTBT?

Metal-ligand charge transfer
Organometallic complexes like copper phthalocyanine owe their low bandgap to
charge transfer from a metal center to an organic ligand bound to

them.{Carniato:2002cg}

Effect of electron-withdrawing groups

In order to adjust the positions of the energy levels to get better open circuit voltage,
electron-withdrawing groups can be introduced. Fluorine atoms are a commonly
employed electron withdrawing unit that can be substituted for hydrogen to lower the
HOMO level of materials because of their small atomic radius and limited disruption of
molecular packing compared to polyatomic electron withdrawing groups such as

4445 \which are also used. Fluorine

carbonyl, cyano, sulfonyl, and trifluoromethyl groups,
atoms do, however, still significantly affect solubility, usually making molecules less
soluble in organic solvents. There are many examples of fluorine substitution in

literature. 4648

2.5 Solubility of Organic Semiconductors

In addition to control over band gap and energy, another important consideration for
solution-processed materials is solubility. Conjugated polymers have very strong -1
stacking interactions, and ones lacking substitution (or dopant counter ions*®) are,
without exception, highly insoluble materials. In order for them to be soluble, they must
be substituted with alkyl groups or ionic groups. Alkyl groups provide steric repulsion to

prevent strong 1T-17 interactions and have a high entropy in the liquid phase due to their
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flexibility. Alkyl chains with branching enhance solubility more than linear ones, and
groups like 2-ethylhexyl, 2-butyloctyl, 2-hexyldecyl etc. are commonly used since
precursors are commercially available.***' However, alkyl chains are a non-conjugated
part of the material and can reduce charge carrier mobility by inhibiting chain to chain
charge transport and lead to reduced Jsc in polymer solar cells if they are excessive.*?
The positioning of the alkyl chains on a molecule or polymer also has a major influence
on the supramolecular packing. 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

38,53

film packing. If there is steric repulsion between adjacent units in a polymer chain,
the bonds may rotate out of planarity and lead to a breaking of conjugation and often a
drop in mobility and increase in band gap.>**® Alkyl side chains also act as significant
electron donating groups due to hyperconjugation.’® Because of the many effects of alkyl

chains on different properties, the process of molecular design in organic electronics still

requires a great deal of trial and error when it comes to alkyl side chain selection.
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Chapter 3 Thiophene-Substituted Isoindigo Materials

3.1 Introduction
In this chapter, | will discuss the design and synthesis of thiophene-substituted
isoindigo (TII) unit based polymer and small molecule semiconductors. The Tl unit gives
materials with lower band gap than DPP and isoindigo based small molecules with
similar structure.®’ In donor-acceptor-donor small molecules, the energy gaps range
from 1.30eV for bithiophene as the donor to 1.59eV for naphthalene. The highest

efficiency of 3.77% was obtained using benzofuran as the donor unit.

Replace benzene
rings with thiophene

Isoindigo Thiophene Isoindigo (TII)

Figure 3.1 Thiophene substituted isoindigo

Isoindigo is a chromophore due to its low lying LUMO level, which results from
the structure which can be thought of as two donor acceptor chromophores that share a
common ethylene bridge®® which gives rise to many possible charge transfer resonance
structures, as shown in fig. 3.2. This makes it a promising candidate for low band gap

materials, and it indeed has been employed in polymeric and small molecule
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semiconductors that have been used in organic field effect transistors (OFET)**®? and
OPV cells®®*’. Isoindigo, when copolymerized with common donor units, gave band gap
energies ranging from 1.50 — 1.61 eV. This is sufficiently small for efficient collection of
the solar spectrum, but when isoindigo is employed in donor-acceptor-donor type small

molecules, the band gap energy is about 1.67 eV.%’

Figure 3.2 Some charge transfer resonance structures in isoindigo

Reducing the band gap further could lead to improvements in current by improving
light absorption. This would be helpful for making small molecules suited to tandem solar
cell applications. This led us to explore small molecules incorporating the more recently-
developed thiophene-substituted isoindigo unit as a way to explore the properties of
molecules with lower band gaps. Replacing one or both of the benzene rings in the
isoindigo unit with thiophene has been shown to reduce the band gap and reduce the
twisting of the central double bond as well as the twisting between units in the
backbone.®?®* Previously-reported polymers containing thiophene-substituted isoindigo
(TIl) show band gaps of 1.0 — 1.6 eV®?%®% The widest band gap of 1.6 eV reported was

a copolymer with fluorene,?® and the narrowest was with dithienothiophene.®®
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Figure 3.3 Structure of TII-BDTT (P-1) Polymer

In this work, the TII unit was copolymerized with a bis-(2-thienyl)benzodithiophene
donor comonomer to yield a polymer with an optical band gap of 1.24 eV. Device
performance reached a maximum of 2.53% PCE. In order to make materials with
somewhat larger band gaps more appropriate for OPV applications, small molecules
also were prepared as the reduced conjugation length in small molecules should result
in an increased band gap. The thiophene isoindigo unit was coupled to five different
electron donor units of varying electron-donating ability: Alkylbithiophene, 2-
phenylthiophene, benzothiophene, benzofuran, and naphthalene. This gave materials

with varying band gaps and energy levels as shown in table 3.1.
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Donor-acceptor-donor type small molecules were synthesized by Stille coupling of
the dibromoisoindigo with several different trimethylstannylarenes (see experimental
section for details). The thiophene isoindigo unit was coupled to 5 different electron
donor units of varying electron donating ability: 5’-octyl-2,2’-bithiophene, 2-
phenylthiophene, benzothiophene, benzofuran, and naphthalene giving materials T-1
through T5 respectively. The molecular structure of the products were verified by NMR,
and in some cases, matrix-assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometry. All products were soluble in chloroform, but poorly soluble in

most other organic solvents, except for T-5 which dissolves well in toluene.
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3.2 Results and Discussion:

Optical and electrochemical properties

All compounds possess strong visible light absorption in solution and thin films (fig.
3.5). T-2, T-3, and T-4 showed blue shifts of the absorption maximum in films relative to
solution, while T-5 showed a 4-nm red shift and T-1 showed a large red shift from 730 to
854 nm. The blue shift in the absorption maxima is probably due to H-type aggregation
in the solid state.”® This behavior has been previously observed in certain

diketopyrrolopyrrole (DPP) based donor-acceptor-donor small molecules.”
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H-aggregation may also explain the annealing behavior of bulk heterojunction films
of TII(BFu), and PC7/BM. The absorbtion peak shifts from 650 to 625 nm and the
shoulder at 715 nm disappears upon annealing for 10 min at 110°C (fig.). This also
suggests that the H-aggregated structure is thermodynamically favored. Similar behavior

also has been reported with alkylphenyl DPP based D-A-D molecules upon annealing.”

Table 3.1 Photophysical and electrochemical properties of Tll small molecules

Film Amax Aedge Eq.opt Eromo Eiumo Eqec.
Material Solution Amax (hm) (nm) (nm) (eV) (eV) (eV) (eV)
T-1 424,686, 730 418, 854 960 1.29 -5.08| -3.63| 145
T-2 416, 666, 710 432, 666 840 1.48 -5.11 -3.58 | 1.53
T-3 384, 648 396, 644 834 1.49 -5.21 -3.66 | 1.55
T-4 358, 650, 698 379, 651 840 1.48 -519 | -3.74| 145
T-5 374, 630 388, 634 806 1.54 -513 | -3.57| 1.56

TII(BiTh), (T-1) shows clear J-type aggregation in films and likely has a different
structure in the solid state due to its terminal alkyl chains and unbranched dodecyl side
chains on the isoindigo unit. Straight dodecyl side chains might be responsible for the
effect and could be tested with other donors, but solubility is expected to be poor without
terminal side chains.

All of the molecules tested showed photoluminescence in solution, but none was
detected in films in the regions studied (700 — 850 nm and 950 — 1200 nm) at an
excitation wavelength of 650 nm. Photoluminescence spectra in solution are shown in

figure 3.6
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Figure 3.6 Photoluminescence spectra of T-1 through T-4

Frontier orbital energies were estimated by cyclic voltammetry (CV) of thin films on
a platinum disk electrode with a 0.1 M tetrabutylammonium hexafluorophosphate
electrolyte in acetonitrile. Benzofuran and benzothiophene as donors gave the deepest
highest occupied molecular orbital (HOMO) energy levels at -5.19 and -5.21 eV,
respectively based on the onset of the oxidation and reduction waves. The orbital
energy level diagram showing energy levels for one TIl polymer and the five small
molecules discussed are shown in fig 3.7. The CV curves used to create the diagram are

shown in fig. 3.8.
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Fig 3.8 Cyclic voltammetry curves of small molecule films on a Pt disc in 0.1 M Bus;NPF¢

solution in acetonitrile at 21°C. Ag wire quasi-reference electrode was used and Fc* / Fc

redox couple was used as an external standard.
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3.3 Solar cell device performance

The polymer P-1 was tested using a regular device structure
(ITO/PEDOT:PSS/Polymer:PCBM/Ca/Al) and 1,2-dichlorobenzene (DCB) as the solvent
and 3% (v/v) 1,8-diiodooctane (DIO) as an additive to modify morphology. The results of
device testing with and without adding DIO are shown in table 3.2. and figure 3.9. The
addition of DIO caused a moderate increase in power conversion efficiency (PCE).
Based on P-1’s absorption spectrum, a much higher short circuit current (Jsc) would be
expected. High-performance polymers often achieve currents higher than 75% of the
theoretical maximum from solar irradiance (see fig 2.5) and based on this, a material
with an absorbtion edge of 1000 nm should have a maximum current of 33 mA/cm?, and
25 mA/cm? should be practically achievable. The best Jsc of 13 mA/cm? falls far short of

this.

Table 3.2 Device performance of P-1:PCBM solar cell devices made with and

without DIO additive.

Spin DIO (wt. | Jsc Max PCE | Average

Speed %) (mA/cm?) | Voc (V) | FF (%) (%) PCE (%)
3000 13.0 0.40 42.3 2.21 2.13
3000 12.3 0.42 48.8 2.53 2.36
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Figure 3.9: J-V curves for P-1 devices

The small molecules were also tested, each with a range of donor:acceptor blend
ratios, but with the small molecule concentration kept constant at 20 mg/ml, except for T-
3, for which the poor solubility necessitated a lower concentration of 10 mg/ml. The
device structure used for these tests was: ITO/PEDOT/Small molecule:PC71BM/Ca/Al.
The best performance for each of these materials is listed in table 3.3. The expected
increasing open circuit voltage (Voc) trend due to the lowering of HOMO level energy
with decreasing donor strength was observed.

The gas-phase first ionization energies of the parent molecules from which the
donor units were derived are shown in figure 3.10. These values correctly predict the
progression of HOMO energy levels measured by CV except for T-3, and also predict
the Voc in solar cells, except forT-3, which had a lower Vo than T-5. This may, however,
be a result of device conditions being less than optimum for T-3 because of difficulties in
preparing films due to poor solubility. The use of gas-phase ionization energies, which

are available in databases” for a large number of molecules, to predict the effect of a
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structural motif on photophysical properties and device performance could be a powerful

tool for material design.
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Figure 3.10 Gas phase ionization energy of heterocycle systems used as electron

donors.

Table 3.3 Device performance of small molecule materials

Max Spin

Voc | Jsc FF PCE D:A Speed

Material | (V) (mA/cm?) | (%) | (%) Ratio | Annealing (RPM)
T-1 0.55 |4.29 40.2 | 0.94 1:0.8 | 120°C 1 min 1200
T-2 0.55 | 4.98 44.8 | 1.22 2:1 100°C 10 min 3500
T-3 0.61 | 2.67 45.2 1 0.73 2:1 100°C 10 min 3500
T-4 0.72 | 8.67 51 3.18 3:2 100°C 10 min 3500
T-5 0.65 |6.79 42.7 | 1.88 3:2 100°C 10 min 3500

V,0s5 as an alternate anode buffer layer

In the initial device structure, PEDOT:PSS is used to improve the interface

between the device active layer and ITO. PEDOT is a p-doped conductive polymer with
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a work function of 5.1 eV.” It is heavily doped enough to make ohmic contact with ITO
and its energy level position close to the HOMO level of many donor materials allows it
to efficiently collect holes. Transition metal oxides are also often employed as buffer
layers, and have the advantage of greater stability, better chemical compatibility with
some materials due to lack of acidic poly(styrenesulfonic acid) (PSS),? and better energy
level alignment. Vanadium pentoxide (V,0s) is an oxide material commonly used in
organic electronics and has a work function of -5.3 to -5.6 eV depending on processing
conditions.” This interlayer was tried in place of PEDOT with the highest performing
material, T-4, to see if performance could be improved. Switching from PEDOT to V,05
lead to an improvement in power conversion efficiency from 3.18% to 3.73% under the
same processing conditions, mainly due to an increase in Jsc. The work function of V,05
used in these devices should be around -5.3 eV for our processing conditions. The
alignment of the Fermi level with the HOMO of T-4 is still good, but PEDOT should be

acceptable as well.

Table 3.4 Performance of devices with V.05 vs. PEDOT as an Interlayer

Interlayer Voc (V) Jsc (mA/cmZ) Fill Factor (%) | Max PCE (%) | Average
PEDOT 0.719 8.67 51.03 3.18 3.16
V,05 0.717 9.96 52.2 3.73 3.64

Annealing effect

All materials tested showed increases in performance upon annealing. In T-4
devices, performance increased from 10 min of annealing at 100° C and less so at a
higher temperature of 125° C. In order to investigate the origin of this effect, BHJ films of
T-4 with PCBM were investigated with UV-Vis spectroscopy and transmission electron

microscopy (TEM).
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Table 3.5 Annealing effect on T-4 Devices with PEDOT interlayer

Annealing Voc (V) Jsc(mA/cmZ) Fill Factor (%) | Max PCE (%) | Average
None 0.783 2.93 28.18 0.65 0.60
100°C 0.715 9.04 46.66 3.01 2.68
125°C 0.708 7.38 48.52 2.54 2.34
5 =
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Figure 3.11 J-V curves for T-4 devices with annealing
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Figure 3.12 Annealing effect on T-4:PC74BM UV-Vis absorption

A pronounced blue shift of the absorption spectrum and a loss of the long
wavelength absorption shoulder around 750 nm were found upon annealing. This is
unusual, but not unheard of 2 in OPV materials, which more often show a red shift upon
annealing as the process improves molecular packing and increases aggregation.
Chromophores can have either a red-shift upon aggregation or a blue-shift depending on
how they interact with each other. If there is a more favorable interaction energy in the
excited state, then there will be a red-shift and if the interaction energy is unfavorable,
there will be a blue shift. These kinds of aggregates are known as j-aggregates and h-
aggregates respectively. The absorption energies in the excited state of an aggregated
chromophore system often show both red-shifted and blue shifted bands (“j-band” and
“h-band”) relative to the chromophore in dilute solution. Both bands have been seen

together in thin films of diketopyrrolopyrrole (DPP) based small molecules.” It seems
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that a change in the relative intensity of the h and j-bands is responsible for the change
in absorption spectrum of T-4. Its longest wavelength absorption peak in solution lies at
698 nm and its thin film spectrum has a peak at 651 nm (h-band) and shows a shoulder
around 750 nm (possibly the j-band). In h-aggregate forming materials, the j-band
absorption has very low oscillator strength, but this can be increased by disorder. It has
been found computationally that imperfect molecular overlap in h-aggregates of
terphenylene restores some oscillator strength to the j-band.” This may be the reason
for the loss of the 750 nm absorption shoulder upon annealing, the increased order in
the film reduces the residual j-band oscillator strength. H-aggregation is also consistent
with the loss of fluorescence upon casting the molecules into films. H-aggregates
typically lack strong fluorescence because excitons are formed in the h-band where light
absorption is strong and then drop in energy to the j-band where the low oscillator

strength means light emission is slow, and the excitons decay non-radiatively.

3.3 TEM Characterization

i

As Cast

Figure 3.13 Annealing effect on T-4:PCBM films studied by TEM
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In order to gain insight into the effects of annealing on the device bulk
heterojunction morphology, T-2:PCBM and T-4:PCBM blends were examined with TEM.
The results were somewhat surprising as the length scale of the light and dark features
in the films were actually diminished in size upon annealing (fig. 3.13). The reason for
this effect is unclear. The possibility of the film melting and resolidifying upon was
investigated by measuring the melting point of T-4. It was found to be thermally stable
enough to melt into a dark blue liquid and resolidify at 270°C. As a side note, this
suggests the possibility of melt-processing an organic semiconductor. Other possible
explanations for the annealing behavior include increased solid-phase miscibility of the
small molecule and PCBM at high temperatures followed by rapid phase separation
upon cooling, and a phase change at high temperature and a return to the original phase
by rapid nucleation and growth upon cooling.

T-2 films showed more typical behavior upon annealing, as the domain size was

increased after annealing

As Cast Annealed 100 2C, 10 min

Figure 3.14 T-2 annealing effect on T-2:PCBM films studied by TEM

35



3.4 Device Characterization: Ideality Factor under Dark and llluminated

Conditions

In order to gain insight into the diode properties and recombination mechanisms in
the devices, ideality factors were studied using dark current analysis and light intensity —
open circuit voltage measurements. The diode ideality factor of a solar cell can be used
to gain insight into the types of recombination mechanisms at work in the device. A value
close to 1 can be derived for the case where bimolecular recombination is dominant.
When trap-induced recombination becomes prevalent values closer to two are
expected.”®

The values obtained by the dark current and light intensity methods were not in
agreement, as is often the case for organic solar cells.”® The ideality factor n was

obtained from the dark current-voltage data using the equation:

(mamJ)‘
n=|—
qg oV

3.1

The calculated ideality factor varied greatly with voltage, indicating a poor fit to the
one diode model, and the minimum ideality factor at 0.7 V was 3.0 (fig. 3.15)
unexpectedly high values for dark ideality are often encountered in OPV devices and are
not necessarily indicative of the recombination in the device. Using variable light

intensity measurements is generally more reliable.
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Figure 3.15: Ideality factor determined from the dark current voltage

characteristics of a T — 4 device with PEDOT interlayer.

The ideality factor determined from the dark current was not taken to be a reliable

indication of the recombination mechanisms since the series and shunt resistance can

have a major impact on the measurements. In this case series and shunt resistance

were 2.51 Qcm? and 2.53 x 10° Qcm?, respectively. For a more reliable determination,

the ideality factor under illumination was studied by measuring Voc vs. light intensity. A

|deality Factor

PEDOT interlayer T-4 device was tested under a range of light intensities from 0.015 sun

to 1 sun. The ideality factor was determined from the dependence of open circuit voltage

on light intensity using the following equation from reference 61:

_ 9 dVi,.

n=
kt dIn(I) 3.2
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In equation 3.2 / is light intensity, and using a set of neutral density filters the light
intensity of AM 1.5G from a solar simulator was adjusted. The intensities were measured
using a silicon reference photodiode with each combination of filters in order to

The resulting ideality factor was 0.91. Since the value is close to 1, the
recombination seems to be bimolecular in origin, with no indication of a trap-assisted
mechanism. The plot used for the calculation is shown in figure 3.16. The data showed
the expected linear relation of open circuit voltage on the logarithm of light intensity and

are a good fit to equation 3.2

0.74

0.72 4

0.70

Voc

Slope = 0.0230
n=0.91

T T T T T T T T T
4 -3 2 -1 0

In (Intensity (suns))

Figure 3.16 Ideality factor determination by the variable light intensity method

38



3.5 Experimental Details

Small Molecule Device Fabrication:

Solar cells with the structure ITO/PEDOT/Small molecule:PC71BM/Ca/Al were
fabricated. Cells were fabricated on ITO-coated glass substrates, with sheet resistance

of 15Q/[]. The pre-cleaned ITO substrates were treated with UV/ozone prior to the spin-

coating of PEDOT-PSS solution (Baytron Al 4083) at 4000 rpm. Then, in a nitrogen
atmosphere, a solution containing the donor material at a concentration of 15 mg/ml in
chloroform and PCBM in the ratios shown in table 3.3 was dropped onto the already
spinning substrates (“spin-drop casting” technique). Top electrodes were evaporated
through a shadow mask, calcium followed by aluminum. Device areas were determined
by the top electrode overlap with the ITO coated part of the glass, and were

approximately 0.1 cm?.

Synthesis

Dibrominated thiophene isoindigo, (E)-2,2'-dibromo-N,N'-bis(2-ethylhexyl)-[6,6'-

bithieno[3,2-b]pyrrolylidene]-5,5'(4H,4'H)-dione), compound 1 was synthesized via a

route similar to the reported methods,®® but with some differences. The procedure used

is as follows:
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B Cu, Cul ,K3PO, NH
4 \; RNH, 2-dimethylaminoethan>o| F\S
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80°C 12h S
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1)-15°C 45 min S 60°C 2h
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2

N-bromosuccinimide

THF
>

0°Cto R.T.

1a-4a:R = n'C12H25
1b - 4b: R = 2-ethylhexyl 4
1c - 4c: R = 2-butyloctyl

Figure 3.17 Synthesis of dibrominated isoindigo unit

3-(2-ethylhexylamino)thiophene (1b) 3-bromothiophene (3.75 ml, 40 mmol), 2-
ethylhexylamine (9.82 ml, 60 mmol), 200 mesh copper metal powder (0.127 g, 2 mmol),
copper (I) iodide (0.381 g, 2 mmol), and potassium carbonate (16.96 g, 80 mmol) were
mixed with 60 ml of N,N-dimethylethanolamine in a round bottom flask. The atmosphere
was replaced with argon by evacuating and refilling three times. The flask was then
heated to 80 °C in an oil bath and stirred for 12 hours. The product was detected by
GCMS (M/Z = 211 amu). The reaction mixture was poured into 300 ml of water in a
separatory funnel and extracted with two 100 ml portions of ether. The combined
organic washings were washed with water (3 x 50 ml) and then brine (2 x 25 ml) and
then the solvent evaporated in vacuum leaving a red colored oil. This residue was

purified by column chromatography (100 -200 mesh silica, 2” diameter, 8” tall, eluent:
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hexane, then 25% dichloromethane (DCM)) to yield the product as clear oil which rapidly
turns red upon exposure to air. The product was used in the next step immediately

(same day) without further purification. Yield (2.33 g, 27.5%)

4-(2-ethylhexyl)-4H-thieno[3,2-b]pyrrole-5,6-dione (2b). Compound 2a (2.33 g,
11 mmol) was dissolved in 70 ml of diethyl ether and added dropwise to a solution of
oxalyl chloride (4.72 ml, 55 mmol) in 70 ml diethyl ether at -15 °C over 45 min under
argon and then stirred at room temperature for 3 h. The solvent and excess oxalyl
chloride were then evaporated in vacuum and recovered. The residue was purified
immediately by column chromatography (25% DCM in hexane to 60%) The product was
recovered as a red-orange oil that can crystallize upon standing at room temperature.

Yield 1.73 g, 59%.

(E)-4,4'-bis(2-ethylhexyl)-[6,6'-bithieno[3,2-b]pyrrolylidene]-5,5'(4H,4'H)-dione
(3b). Compound 2b (1.73g, 6.52 mmol) was dissolved in o-xylene and Lawesson’s
reagent’’ (1.32g, 3.26 mmol) was added. The flask was flushed with argon and heated
to 60 °C for 2 hours. The solvent was then evaporated in vacuum and the residue was
purified by silica gel column (33% DCM:hexane). The product was a dark purple solid.

The yield was 0.803 g, (49 %).

(E)-2,2'-dibromo-4,4'-bis(2-ethylhexyl)-[6,6'-bithieno[3,2-b]pyrrolylidene]-
5,5'(4H,4'H)-dione 4b. Compound 3b (0.564 g, 1.31 mmol) was dissolved in
tetrahydrofuran (THF) (44 ml) and cooled to 0 °C and protected from light. N-
bromosuccinimide (NBS) (0.490 g, 2.75 mmol) was added in small portions with stirring.
The reaction was stirred at room temperature overnight. The reaction mixture was then

poured into 5% aqueous Na,S,0; solution (100 ml), and then extracted with
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dichloromethane (2 x 50 ml). The DCM was evaporated and the residue was purified by
column chromatography (SiO; 100-200 mesh, 2” diameter x 16” high, 33%
dichloromethane in hexane). The chromatography procedure was repeated once more
to yield product which was pure by thin layer chromatography (TLC) and NMR and
suitable for polymerizations or coupling with donor units for small molecules.

"H NMR (300 MHz, CDCl3) 6 ppm 0.76 - 1.02 (m, 12 H) 1.11 - 1.47 (m, 16 H) 1.68

-1.96 (m, 2 H) 3.62 (d, J=7.32 Hz, 4 H) 6.79 (s, 2H)
1)n-BuLi, -78°C, 2h at -10°C

3)CISnMe, -10 °C S\ /
©\/\S b = | Sn—
0 Ether Z=0

Figure 3.18 Synthesis of 5-trimethylstannyl-benzo[2,3-b]thiophene

Aryltrimethylstannanes (compounds 5-8) of 5'-(2-ethylhexyl)-2,-2’-bithiophene,
benzofuran, benzothiophene, and 2-phenyl thiophene were synthesized by addition of
butyllithium at -78 °C in diethyl ether or THF and warming to -10 °C for 2 h, then cooled
back to -78 °C before addition of trimethyltin chloride solution in THF. The reactions
were then stirred at room temperature for 2 h. Purification was accomplished by pouring
the reaction mixture into water and extracting with ether followed by vacuum distillation

at <1 torr.
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Figure 3.19 Coupling reactions to yield molecules T-1 through T-5

Coupling reactions to yield compounds T-1 through T4 were conducted in 9:1

toluene:DMF using tetrakis-triphenylphosphinepalladium(0) (Phs;P4Pd(0)) as catalyst (fig

3.19). In a typical reaction for T-4, 0.2 mmol of 1, 0.5 mmol of aryltrialkylstannane and

5mg of Ph3P4Pd(0) were put into a flask and the atmosphere was replaced with argon.
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3.6 ml of toluene and 0.4 ml of DMF (both degassed by bubbling with argon for 20+ min)
were injected and the reaction was heated to reflux overnight. After cooling to room
temperature, black crystals formed, which were collected by filtration and washed with
hexanes and methanol. These were dissolved in dichloromethane and evaporated onto
silica gel. This was loaded onto an 18” tall by 2” diameter silica column and eluted with
20% DCM in hexane, which was increased to 30-35% to cause the product to elute. This
chromatography procedure was repeated and then the products were crystallized from
toluene by dissolving in a minimum of toluene at reflux and allowed to slowly cool to
room temperature in a cotton-insulated box. The resulting black crystals with a reddish
luster were collected by filtration and dried in vacuum.

The reaction for compound T-5 was conducted in 9:1 toluene:DMF using tris-
dibenzylidineacetone dipalladium (Pd.dba;) as catalyst(fig. 3.19). In a typical reaction for
T-5, 0.2 mmol of 1, 0.5 mmol of aryltrialkylstannane and 5 mg of Pd,dbas; were put into a
flask and the atmosphere was replaced with argon. 3.6 ml of toluene and 0.4 ml of DMF
(both degassed by bubbling with argon for 20+ min) were injected and the reaction was
heated to reflux overnight. After cooling to room temperature, black crystals formed,
which were collected by filtration and washed with hexanes and methanol. These were
dissolved in dichloromethane and evaporated onto silica gel. This was loaded onto an
18” tall by 2” diameter silica column and eluted with 30% DCM in hexane, which was
increased to 35% to cause the product to elute. The procedure was repeated one more
time and then the product was crystallized from ethyl acetate by dissolving in a minimum
of ethyl acetate at reflux and allowed to slowly cool to room temperature in a cotton-
insulated box. The resulting black crystals with a reddish luster were collected by

filtration and dried in vacuum.
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NMR Spectroscopy Data:

T-1: "H NMR (300MHz, CDCI3): § ppm0.82-0.98(m,21H)1.23-1.39 (m,54H) 1.56

(s,5H) 1.65-1.79 (m,4H) 2.74 (d, J=6.59Hz,4H) 3.78 (s,4H) 6.67 (d, J=3.48Hz,2H)

6.76(s,2H) 6.98 (d, J=3.48Hz,2H) 7.01(d, J=3.84Hz,2H)7.21(s,1H)

T-2: '"H NMR (300MHz,CDCl; )5ppm 0.86-0.99 (m,12H), 1.28-1.44 (m,16H), 1.56
(s,2H), 2.36 (s,2H), 3.68 (s,1H), 3.70(d, J=7.50 Hz, 3 H), 6.80 (s, 2 H), 7.13 - 7.20 (m, 2

H), 7.23 - 7.34 (m, 9 H), 7.36 - 7.42 (m, 4 H), 7.57 - 7.63 (m, 4 H).

T-3: 'H NMR (300 MHz, CDCl3) 6 ppm 0.75 - 1.04 (m, 12 H) 1.20 - 1.50 (m, 16 H)

1.77 - 1.96 (M, 2 H) 3.54 - 3.79 (m, 4 H) 6.87 (s, 2 H) 7.29 - 7.44 (m, 4 H) 7.58 (s, 2 H)

7.67-7.82 (m, 4 H)

T-4: 1H NMR (300 MHz, CDCl5) 6 ppm 0.82 - 1.03 (m, 12 H) 1.21 - 1.51 (m, 16 H)

1.78 -2.00 (m, 2 H) 3.71 (d, J=7.50 Hz, 4 H) 6.95 - 7.08 (m, 4 H) 7.19 - 7.36 (m, 5 H)

7.42 -7.50 (m, 2 H) 7.51 - 7.60 (m, 2 H)

T-5:"H NMR (300 MHz, CDCl5) 6 ppm 0.71 - 1.07 (m, 12 H) 1.19 - 1.54 (m, 16 H)

1.81-1.99 (m, 2 H) 3.52 - 3.85 (m, 4 H) 7.04 (s, 2 H) 7.40 - 7.63 (m, 4 H) 7.68 - 7.97 (m,

8 H) 8.19 (s, 2 H)
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Chapter 4: Development of the 5-acetyl-4H-
cyclopenta[c]thiophene-4,6(5H)-dione (ACT) monomer

unit for conjugated polymers

4.1 Introduction

One of the challenges in application of conjugated polymers to any device is
processing. Conjugated polymers are often difficult to process because of their
limited solubility and inability to melt before decomposition. The lack of solubility

results from strong attractive intermolecular interactions between 7z orbitals. Several

approaches have been used to overcome this. Dissolving the polymer can be
avoided by electropolymerization onto a substrate,”® or by preparing suspensions of
small particles,” or the polymers may be made soluble by adding alkyl side chains
that have favorable interactions with solvents,® or a large counterion may be used to
render a doped polymer soluble as with polyaniline (as partially oxidized emeraldine
base), which can form a salt with p-dodecylbenzenesulfonic acid, which is soluble in

the organic solvent m-cresol.*?

OH
| Toluene:DMF
O O 9.-1
\ / ) »
—Sn—{ Donor Unit —Sn—
/ A\ / \ (PhgP) ,Pd(0)
Br S Br

Figure 4.1 Synthesis of conjugated polymers based on the ACT unit

46



In this chapter | will discuss the synthesis of two copolymers bearing the acidic 5-
acetyl-4H-cyclopenta[c]thiophene-4,6(5H)-dione (ACT) unit, which can be rendered
soluble in organic solvents by polyelectrolyte salt formation with trialkylamine bases.

The resulting solutions are also highly florescent, while the neutral polymer is not. As
little as 1.5 molar equivalents of triethylamine added per acid unit is enough for one
copolymer to be soluble to more than 10 g/l. The salt formation is reversible by
annealing films of the polymer when a volatile amine is used. This gives solvent-resistant
films of semiconducting polymer. The monomer unit, compound 7, is insoluble in water,
but dissolves in 40 g/l sodium bicarbonate solution as a result of salt formation indicating
that the pKa is below 8. Enolized five membered ring triketones investigated in literature

have been found to have pKa as low as 3.1 for aliphatic compounds.®'

Insoluble Soluble

Figure 4.2 Deprotonation of ACT-1 polymer by triethylamine
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Polymers with amine-induced solubility could be useful in fabricating multi-
layered organic electronic devices like tandem solar cells or organic light emitting diodes
because of the resistance of the films to solvents without amines. This will prevent
coating of other polymers from dissolving the layer underneath. This represents a new
type of orthogonal solvent processing approach, where solubility in moderate polarity
solvents like chloroform and dichlorobenzene can be controlled by deprotonation of an
acidic unit in the polymer chain. Conjugated polyelectrolytes typically show solubility in
polar solvents, but combining alkyl chains with the ACT ionic groups leads to good

organic solubility.
4.2 Synthesis

The synthesis for the new monomer was developed based on an alternative way to
prepare 2-acetylindanedione that was reported in 1964.%? . The method was adopted
after attempts to prepare related compounds by Claisen condensations of dimethyl 2,4-
dibromothiophene-3,4-dicarboxylate with ethyl acetate, dimethyl malonate, and

acetylacetone were unsuccessful.
0
)LO/\

NaH
o) o)
Br Br \OMO/ ]\

NaOMe Br S

X -

MeOH

By

Br

Figure 4.3 Attempts to prepare alkyl 5-carboxy-4H-cyclopenta[c]thiophene-4,6(5H)-

dione via Claisen condensation.
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The reaction that was successful in producing the target ACT monomer was based
on acylation of isopropenyl acetate with 2,5-dibromothiophene-3,4-dicarboxylic
anhydride in 1,1,2,2-tetrachloroethane. The reaction likely occurs by initial AICI; -
catalyzed Friedel-Crafts acylation of the alkene in isopropenyl acetate followed by
transfer of the acetate group via intermolecular reaction of an intermediate which can be
viewed as a vinylogous acid anhydride. Another Friedel-Crafts acylation closes the ring

to yield the final product as shown in figure 4.4.

OH O Bry OH O
Ac,0 0
0 OH  AcOH 0 oH " 0 0o
— o
/A 60°C /A Reflux /N
S 48 h Br—>g”7Br X Br— g~ T Br

4,6-dibromo-1H,3 H-thieno[3,4-c]furan-1,3-dione

5 OH
AICI o o

>

1,1,2,2-Tetrachloroethane I\
Br s Br

Figure 4.4 Successful route for preparing ACT monomer.
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Figure 4.5 Abbreviated proposed mechanism for the final step in formation of the
ACT monomer.

4.3 Investigation of Tautomerism in the ACT Monomer

The final product is expected to exist as several tautomer forms with the acidic
proton in various positions on the molecule. The nominal tautomer form convention for 2-
acetyl-1,3-cyclopentadiones is structure 1 (figure 4.6), however, the closest analogue in
literature, 2-aceyl indanedione is expected to exist mainly in a structure similar to 2
based on DFT calculations.* Structure 2 is likely the most stable tautomer, but this has
not been conclusively determined as of this writing. Structure 1 can be ruled out as a

dominant tautomer based on *C NMR and fluorescence data.

Figure 4.6 Tautomer forms of ACT monomer
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The carbon 13 NMR spectrum in deuterated chloroform of the compound shows 9
distinct peaks, one for each carbon atom, which indicates that there are no chemically
equivalent carbons in the structure. Structure 1 should show only 6 peaks due to
symmetry of the carbonyl carbon atoms and the 3 and 4 carbons and 2 and 5 carbons
on the thiophene ring. This is evidence for the predominance of one of the asymmetric
structures 2 or 3.

Some 2-acetyl-1,3-cyclopentanediones are known to exhibit excited state electron
transfer in solution.* This occurs because the energetically-preferred tautomer form is
different in the excited state than in the ground state, and the proton is held in an
intramolecular hydrogen bond, which places it close to the other oxygen atom, facilitating
rapid transfer. A consequence of this is that florescent emission occurs mainly through a
different tautomer than absorbtion. The excited state preferred tautomer has a lower
energy gap and thus emits at a much longer wavelength, leading to a very large Stokes
shift as can be seen in figure 4.7. Thus Stokes shift can be used as an indication of this

kind of tautomerism.

FLUORESCENCE

—

103y fem™

Figure 4.7 2-Acetylindanedione absorbtion and fluorescence in cyclohexane

solution. Adapted from Enchev et. al.*
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Figure 4.8 2-Acetylindanedione energy levels. Differences shown in kcal/mol.

Adapted from Enchev et. al.*

The ACT monomer shows strong evidence for excited state intermolecular proton
transfer similar to 2-acetylindanedione. The fluorescence and absorption spectra in
dilute chloroform solution show a large Stokes shift. This Stokes shift is drastically
reduced when the solvent is changed to dimethylsulfoxide (DMSQO). The DMSO is a
hydrogen bond donor solvent and likely disrupts the intramolecular hydrogen bond and
inhibits the proton transfer.®* The presence of this effect strongly suggests that the
predominate form is one of the structures with an intramolecular hydrogen bond (2 or 3)

thus providing further evidence for one of these structures as the main tautomer.
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Structure number 2 will be used to represent the ACT monomer in this thesis, but it

should be noted that structure 3 cannot be ruled out.

The monomer is clearly an acidic molecule. The material can be dissolved in
diethyl ether and can be extracted from this organic solution into aqueous, half-saturated
sodium bicarbonate solution. Adding HCI to acidify the solution causes the product to
precipitate and it can be filtered of extracted with additional ether. This procedure is a
very convenient way to purify the product, which leaves behind many of the impurities
including a deep green truxenone-like self-condensation product that is non-acidic. The
acidity of tautomers 2 and 3 can be rationalized structurally by thinking of them as
vinylogous carboxylic acids (acids where the the carbonyl group and OH group are
separated by a vinyl group whose conjugation allows for the carbonyl group to still

stabilize the deprotonated form of the OH group).
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proton transfer in chloroform and disruption of hydrogen bonding by DMSO.

4.4 Polymer synthesis

Two polymer materials were prepared from the dibromide monomer via Stille

coupling with two bistrimethylstannyl arenes. The first material, ACT-1, was made by
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copolymerizing with the commonly used dialkoxy benzodithiophene unit. The presence
of the alkyl chains on this unit was not enough to give this polymer solubility in organic
solvents. The polymerization was done at various lengths of time. The first time the
procedure was done, precipitation was observed after 6 hours of polymerization and the
reaction was immediately stopped. Polymer from this batch showed some solubility in
organic solvents such as chloroform without any other additives. In later experiments,
the polymerization time was increased from 6 h to 13 h and then to 20 h. 13 h.and 20 h
batches showed almost no solubility in pure organic solvents, but the 13 h polymerized
material could be rendered soluble by addition of organic amines or slightly soluble

(~0.1% w/v) by the addition of 10% methanol in chloroform.

| OEH Toluene:DMF
0 o N g S,/ 9:1
—Sn / Sn—
Reflux ACT-1 OEH
OH o
| Toluene:DMF 0 | 0
@) 0 7\ 9:1
Sl ey - AYE
7\ / S \
Reflux ACT-2

Figure 4.8 Synthesis of ACT polymer materials.

The second polymer was synthesized in order to see weather a polymer without
alkyl side chains could be rendered soluble by deprotonation of the acidic ACT unit.
Unsubstituted thiophene was chosen as a co-monomer and the reaction was kept at

reflux for 13 hours.
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The resulting polymer precipitated from the toluene:DMF reaction mixture and was
found to be insoluable in DCB, with only a small amount dissolving to form a brownish
solution when up to 2.5 molar equivalents of triethylamine or tributylamine were added
with respect to the repeat unit. It was found to be quite soluble in dimethylsulfoxide
(DMSO) with 1 % v/v triethylamine added and slightly soluble (<1% w/v) in methanol with
1 % triethylamine and has trace solubility in ammonia water (fluorescence observable,

but solution appears colorless)

4.5 Solubility

The effect of addition of organic amines to ACT-1 was studied. 10 mg of the
polymer was found to be mostly insoluble in 1 ml of 1,2-dichlorobenzene (DCB) leading
to only a pale purple solution with black particles suspended. Addition of 10 pl (1% of
solvent volume) of triethylamine lead to complete dissolution of the polymer giving a
deep orange, highly fluorescent solution. This effect was observed in chloroform solution
as well. Other amines, tributylamine and 1-methylpiperidine also showed the same effect.
Solutions prepared from chloroform and dichlorobenzene could be spin coated to give
blue colored films. The resulting flms cannot be washed away by rinsing with chloroform

or DCB.
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Figure 4.9 ACT — Polymer in DCB with and without triethylamine and a film spin-

coated from the solution.

This approach shows promise for coating films for multilayer devices. So far, the
solar cell devices, which were made using PCBM as the acceptor, have poor
performance, with an open circuit voltage of 0.47 V, short circuit photocurrents of 0.61
mA / cm?, and fill factors below 25% due to s-curve shaped |-V curves, which are an
indication of a poor interface.?* The performance of these cells might be improved with
an inverted structure, that does not use a reactive metal cathode. An acceptor material
with similar solubility properties might also be more suitable for fabricating devices with

ACT-1. The initial device data at least shows a proof of concept.
ACT-2 also was tested for solubility; it showed limited solubility in chloroform and

dichlorobenzene solutions with triethylamine. Methanol with 1 % v/v triethylamine can

partially dissolve the polymer when 10 mg/ml polymer is combined with the solvents.
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The only solvent system found to fully dissolve ACT-2 was DMSO with 1% v/v of
triethylamine or tributylamine, which can form 1 % w/v solutions. This solution was not
capable of good making films by spin coating. Only porous brown crusts were formed.
The likely reason for this was that the amine evaporated more quickly than the DMSO,
causing the polymer to precipitate before the solvent dried. This might be overcome in
future work by using an amine with similar vapor pressure to DMSO. The films could be
characterized by cyclic voltammetry by coating onto a platinum disc electrode (fig. 4.10)
the HOMO and LUMO levels were found to be -5.4 eV and -3.8 eV based on the

ferrocenium / ferrocene couple as an external standard.

1.0x10° -
Oxidation Run
Reduction Run
5.0x10™ -
— 0.0 -
<
-5.0x10™ -
-1.0x10° 4
1

T T T T T T ' M 1 v 1 L 1 4 1
-2000 -1500 -1000 -500 0 500 1000 1500 2000
E vs Ag QRE (mV)

Figure 4.10 ACT-2 thin film cyclic voltammetry (CV) in acetonitrile / 0.1M BusNPFg at
21°C. Pt disk working electrode, silver wire quasi-reference electrode. Ferrocenium /

ferrocene couple used as external standard.
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4.6: Fluorescence quenching of ACT-2 polymer by metal ions

Figure 4.11 Fluorescence of ACT-2 polymer solution in methanol with a) No

Ni(OAc) b) 17 pM Ni(OAc), and c) 29 uM Ni(OAc),

Solutions of ACT-2 in methanol with 1 % v/v triethylamine were highly fluorescent
in longwave UV. Since the related molecule 2-acetylindanedione can form complexes
with copper (Il) and zinc (1) ions,?*® the effect of these ions and others on the polymer
were investigated. The fluorescence of the polymers in solution was found to be strongly
quenched by the addition of both ions to methanol solutions of ACT-2 (fig 4.11)

Solutions were prepared by adding 10 mg of each polymer to 1 ml of 1% v/v
triethylamine in methanol, and stirring for 2 h, giving pink and yellow solutions for ACT-1
and ACT-2 respectively. Undissolved polymer was removed by filtering using a 2.7 ym
glass fiber syringe filter. This solution was further diluted with methanol. For
experiments, 60 pl of the polymer solution was diluted with 3 ml of methanol. Portions of
0.1 mM solutions of various metal salts in methanol were added to increase the
concentration. The raw data for nickel () acetate is shown in figure 4.12. Strong
photoluminescence quenching was observed with this salt as well as copper (Il) chloride

and zinc acetate.
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Figure 4.12: Raw fluorescence quenching for nickel (II) acetate

Integrated intensities from 400 to 700 nm were used for Stern-Volmer analysis.

o I
o =7~ A0S 14 kg (0] 4.1

e

Equation 4.1 is the form of the Stern —Volmer equation used for the analysis.
Measurements of steady state fluorescence intensity were used to calculate kg, the
fluorescence lifetime r and quenching constant k, were not measured. The initial over
final intensity (7, /I) was plotted verses quencher concentration [Q] in units of molarity

(M).

Stern-Volmer plots for nickel (I1) acetate, zinc (I) acetate, and copper (ll) chloride
showed fluorescence quenching. The Stern-Volmer constants (Ksy) for the low
concentration linear region of nickel acetate, copper chloride, and cadmium acetate plots

are 3.5x10°M™" and 7.1 x 10° M, and 6.9 x 10* M respectively. The data in the

60



hyperlinear region was excluded from the fit. The quenching by nickel and copper salts
was very strong. No quenching was observed with mercury acetate, and the intensity
was observed to increase slightly when corrected for dilution of the polymer. The PL
quenching by zinc was found to increase rapidly at 5 yM ion concentration and level off
at 15 yM at a value of I, / | = 2. Cadmium (Il) acetate quenching increased linearly and
saturated . The data for nickel (II) acetate and copper chloride showed a linear Stern-
Volmer plot until 10.5 and 16.4 uM respectively, after which the quenching increased in a

hyperlinear manner.

The likely reason for the hyperlinear behavior may be aggregation-induced
fluorescence quenching. 2-Acetylindanedione (2-AID) is known to form M(2-AID),
complexes with divalent ions of zinc, copper, cadmium, and lead.®® The attachment of
two binding groups to one metal ion would be expected to lead to coiling or aggregation
of the polymer chains, which may be responsible for the observed behavior. As the
concentration of the metal ion increases, the probability of double binding increases and
eventually causes aggregation. It may also explain the saturation behavior in the zinc
acetate data. Zinc may be a poor quencher on its own, but leads to aggregation that

causes some quenching.

61



b)

2.4
22
2.0
1.8 -

o 16-
1.4 -
1.2

1.0 S

T T
5.0x10°

T [
1.0x10° 1.5x10°
[Ni(OACc) 2] (M)

I
2.0x10°

T
25x10°

T
3.0x10°

|
3.5x10°

[Zn(OAc).] (M)

62

| | | |
50x10° 1.0x10° 1.5x10° 2.0x10°

|
2.5x10°

|
3.0x10°



7 n

6 -

5 n
ol
—O -

34 -

. ] - L .

24 //l—*/////

///I//
. m
e
14 =
[ ' I ' [ T [ T I ' I T [ !
00 50x10° 1.0x10° 1.5x10° 2.0x10° 25x10° 3.0x10°
[CuCL] (M)
1.05
d)

i n
1004 m .

- . .
0.95 -

:D i .
= 0904 .
0.85 -
| |
o8O0 +—FFFF7
00 50x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10°
[Hg(OAc) ]

63



26 —
24 —
22 —
2o ] .

1.8 S ]

lo/1

1.6
1.4
1.2 e

104 w

0.8 I Ll I T I L) l T I L) l T I 1
00 50x10° 1.0x10° 1.5x10° 2.0x10° 25x10° 3.0x10°

[CdOAC2]

Figure 4.13 Stern-Volmer plots of quenching of ACT-2 fluorescence by a) zinc
acetate b) nickel (ll) acetate c) copper (Il) chloride d) mercury (ll) acetate and e)

cadmium (Il) acetate. Fitting lines for low concentration linear data are shown in red.

4.6 Summary

The 5-acetyl-4H-cyclopenta[c]thiophene-4,6(5H)-dione (ACT) monomer unit was
prepared from commercially available thiophene 3,4-dicarboxylic acid in three steps. The
yield for the critical step to form the final monomer was moderate at 35%, but the overall
yield of ~20% was very high compared to most acceptor units reported in literature due

to its short synthetic route.
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The monomer exists mainly in one of two enol tautomer forms and not in the
nominal 5-acetyl-4,6-cyclopentadione form as evidenced by the asymmetry of the
molecule inferred by *C NMR spectroscopy as well as the stokes shift measurements,
which suggest an intramolecular hydrogen bond that facilitates excited-state proton

transfer.

The monomer can be successfully polymerized via Stille coupling with bis-
triemthylstannylarenes despite the resulting polymers’ poor solubility in the Toluene:DMF
solvent system. Purification is accomplished by simply precipitating in hexane and

washing with toluene.

Polymers based on this novel unit are acidic and are vastly more soluble in organic
solvents in their deprotonated forms. This allows them to be dissolved in volatile amine
containing solutions coated into films that cannot be washed away with pure organic
solvents. This shows great promise for orthogonal solvent processing, and a solar cell

based on ACT-1 showed some performance as a proof of concept.

ACT-2 shows some solubility in methanol and DMSO and shows strong
photoluminescence in solution that is quenched by a variety of metal ions, with
particularly high sensitivity for nickel and copper. The ACT unit could be used as a
building block for polymers that are sensitive to these ions by photoluminescence

qguenching or potentially changes in electrical properties.
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4.7 Synthesis Procedures

2,5-dibromo-3,4-thiophenedicarboxylic acid (5): 3,4-thiophenedicarboxylic acid
(10 g, 58 mmol) was dissolved in 150 ml of glacial acetic acid in a flask equipped with a
reflux condenser and an addition funnel. Liquid bromine (14 ml, 290 mmol) was added
dropwise at room temperature over approximately 20 min. The reaction flask was heated
to 60 °C in an oil bath and stirred for 48 h and monitored by thin layer chromatography
(TLC) with 10% acetic acid in ethyl acetate as eluent. The reaction mixture was slowly
poured into a mixture of ice about 200 g of ice, 200ml of water and 15 g of Na,SOs;. The
liquid was evaporated to dryness leaving a mixture of product and salts. This was
washed with about 100 ml of water to remove the salts and leave the majority of the
product behind. Boiling water was added to the remaining solid until it was fully
dissolved. The solution was then filtered while hot to remove a brown residue and then

left to cool forming tan colored needle shaped crystals.

2,5-dibromothiophene-3,4-dicarboxylic anhydride (6): Compound 5 (2 g) was
added to 10 ml of acetic anhydride and heated to reflux for 2 hours. The acetic
anhydride and acetic acid byproduct were evaporated thoroughly in vacuum. The

product was used without further purification.

5-acetyl-1,3-dibromo-6-hydroxy-4H-cyclopenta[c]thiophen-4-one (7):
Compound 6 (7.76 g, 24.9 mmol) and 1,1,2,2-tetrachloroethane (25 ml) were put into a
flask fitted with a condenser and drying tube. Aluminum chloride (13.45 g, 99.6 mmol)
was added in small portions with stirring causing compound 6 to dissolve. Isopropenyl
acetate (5.42 ml, 49.8 mmol) was added dropwise and then the temperature was raised

to 80 °C for 3 hours. Then the reaction mixture was cooled to room temperature and
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poured into 200 ml of 2 M HCI. The product was then extracted by repeated washings
until no product was found in the washings by TLC (6 portions of 100 ml of diethyl ether).
The ether solution was dark red. The combined ether washings were then extracted with
6 portions of 100 ml of 1:1 saturated aqueous NaHCO; : DI water. The remaining ether
was dark green in color. The aqueous washings were light red at this point. HCI was
slowly added to the aqueous solutions until a pH of < 2 was reached. Then the product
was extracted with two washings with 100 ml of ether. The ether phase was evaporated
and the residue was recrystallized from 100 ml of ethanol. 3.1 g of 7 were collected (35
% yield).

'H NMR (300MHz, CDCI3): 6 ppm 2.539 (s)

3C NMR (300MHz, CDCI3): & ppm 19.71 (s) 111.95 (s) 112.88 (s) 116.23 (s)

140.80 (s) 142.79 (s) 179.42 (s) 187.25 (s) 188.03 (s)

GCMS: m/z =352

ACT -1 Polymer: Compound 7 (0.088 g, 0.25 mmol), and (4,8-bis((2-
ethylhexyl)oxy)benzo[1,2-b:4,5-b'|dithiophene-2,6-diyl)bis(trimethylstannane) were put in
a two necked flask fitted with a condenser with a flushing adaptor, a balloon, and a
septum. 11.3 ml of toluene and 1.3 ml of DMF was added and ultra high purity argon
(obtained from Air Liquide) was bubbled through the mixture for 20 min, before addition
of tetrakis-triphenylphosphinepalladium(0) (12.5 mg). The mixture was bubbled with
argon five more minutes before the reaction mixture was heated to reflux for 6, 13, or 20
hours. The reaction mix was then poured into 60 ml of hexanes and centrifuged. The
supernatant liquid was poured off and replaced with additional hexanes before

centrifuging again. This washing procedure was repeated once more with hexanes and
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then 3 more times with 12 ml portions of toluene.

ACT -2 Polymer: Compound 7 (0.088 g, 0.25 mmol), and 2,5-bis-trimethylstannyl
thiophene (0.102 g, 0.25 mmol) were put in a two-necked flask fitted with a condenser
with flushing adaptor and balloon and a septum. 11.3 ml of toluene and 1.3 ml of DMF
was added and ultra high purity argon (obtained from Air Liquide) was bubbled through
the mixture for 20 min, before addition of tetrakis-triphenylphosphinepalladium(0) (12.5
mg). The mixture was bubbled with argon five more minutes before the reaction mixture
was heated to reflux for 15 hours. The reaction mix was then diluted with 20ml of toluene
and centrifuged. The supernatant liquid was poured off and replaced with additional
toluene before centrifuging again. This washing procedure was repeated once more with

20 ml portions of toluene.
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Chapter 5: Systematic Investigation of Small Molecule
Electron Donor Materials With Two

Diketopyrrolopyrrole Units

5.1 Introduction

Diketopyrrolopyrrole (DPP) is an electron deficient monomer unit, which has
applications in commercially useful fluorescent dye molecules,® dye laser media,®” and
sensitizers for dye-sensitized solar cells.® The thiophene bearing DPP unit structure is

shown in fig. 5.1.

Figure 5.1 3,6-Dithien-2-yl-2,5-dibutylpyrrolo[3,4-c]pyrrole-1,4-dione (DPP) unit

8991 and small molecule based’?%%% OPV

The unit also finds application in polymer
devices. Its planar but non-aromatic core gives rise to narrow band gaps in these
materials from about 1.5 eV®' to as low as 1.1 eV for polymers and around 1.7 eV in

small molecules with one DPP unit.”?

By incorporating two DPP units in the same
molecule, the energy gap can be further reduced to around 1.5 eV**® to take advantage
of more of the solar spectrum (see fig 2.6). This decrease in band gap, however, leads

to a decrease in the open circuit voltage because the HOMO level is increased. The

material “DTTDPP” reported in reference 68 uses a dithienothiophene (DTT) unit
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between the two DPP units. The strongly electron donating DTT unit would be expected
to increase the HOMO level, so in an effort to make materials with a good combination of
light absorption and open circuit voltage, a series of small molecules were synthesized

with different core units with weaker electron donating and, electron deficient properties.

Core Unit

Figure 5.2 General structure of DPP based small molecules investigated

The core units we used were: bis-2-thienyl benzodithiophene (TBDT), di(2-thienyl)
benzodithiophene, diphenyl benzodithiophene (PhBDT), nothing (homocoupling),
thiophene, 2,2’-bithiophene, and thienopyrrolidione (TPD). All of these units are used as
electron-rich donor units in OPV materials with the exception of TPD, which is strongly
electron deficient. TPD copolymers, for example, have some of the best open circuit
voltages in the literature.®® The materials were prepared by first making the
heterobifunctional DPP unit with one bromine and one 5-alkylthiophene-2-yl group
(compound 5-7) as shown in the synthesis section in fig 5.12. With this material in hand,
a wide variety of molecules can be prepared by Pd-catalyzed cross coupling reactions.
The synthesis of the TPD material was somewhat more difficult since it required
converting the bromide of DPP into a pinacolborate ester (compound 5-8) for a Suzuki

coupling.
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Figure 5.3 structures of core units used in the small molecule series

5.2 Energy Levels

The HOMO levels of all molecules in the series were as expected deeper than
DTTDPP from reference 68. They ranged from -5.03 eV for D-7 (2,2’-bithiophene core)
to -5.3 eV for D-3 (TPD core). The cyclic voltammetry data for D-1 through D-4 is shown
in figure 5.4. D-3 was designed to have a lower lying HOMO energy level by switching a
donor unit for an acceptor and this lead to devices with the highest open circuit voltage

in the series of 0.76 V.
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Figure 5.4 Cyclic voltammetry (CV) Curves and energy levels for molecules D-1 through
D-4 in acetonitrile / 0.1 M BusNPFg at 21 °C. Pt disk working electrode, silver wire quasi-
reference electrode. Ferrocenium / ferrocene couple was used as an external standard
for energy level calculations and assumed to lie at - 4.8 eV compared to the vacuum

level.

5.3 Device performance and Characterization

OPV Devices were fabricated from the small molecules in the series. Cg and Cyg
PCBM were used as acceptor materials; Cgg for initial tests and C; with the most
promising materials. PEDOT on ITO glass was used as the anode and evaporated
lithium fluoride / aluminum was used as the cathode. For initial testing to compare the
molecules, pure chloroform was used as the solvent and no post treatment was used.
Under these conditions, the best performers were D-4 and D-7. D-3 was notable for

showing the highest Voc of 0.76 V, but suffered from poor short-circuit current. Fill
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factors were generally decent, with 66% being the highest. The currents were quite poor

for all materials though, no higher than 3.53 mA/cm?,
LiF/Al

D-X: PCBM
Blend

PEDOT:PSS

Indium Tin
Oxide /’

Glass

Figure 5.5 General OPV device structure used for materials testing
Table 5.1 Initial testing data for molecules D-1 through D-7. Conditions: D-X:PCBM ratio

of 1:0.75, 0.8 wt %, Spin coated films at 2200 rpm from chloroform. No annealing.

HOMO LUMO | E, Device | Jsc(mA/ | FF PCE

Molecule | Core Unit (eV) (eV) (eV) Voc cmz) (%) | (%)

D-1 PhBDT -5.28 -3.55 1.56 0.71 1.06 | 484 0.36
D-2 None -5.17 -3.60 -- -- -- -- --
D-3 TPD -5.30 | *-3.86 1.44 0.76 149 | 50.4 0.57
D-4 Thiophene -5.13 -3.53 1.44 0.66 3.20 | 66.0 1.38
D-5 Thiophenet -- - | 1.38 0.60 1.32 | 59.1 | **0.47
D-6 TBDT -5.13 -3.50 1.46 0.72 2.67 | 30.7 0.59
D-7 Bithiophene -5.03 -3.75 1.43 0.64 3.53 | 61.9 | *1.40

* Calculated from HOMO and Eg **PC74BM used in device test 1 n-octyl chain on DPP

Since the short circuit current was the parameter most lacking for these initial
devices, efforts were made to improve it. Low current can have a variety of causes
including incomplete light absorption, parasitic absorbance, geminate recombination
(exciton recombination before reaching D-A interface), and non-geminate (free carrier)
recombination. Incomplete light absorption was considered, but devices made at lower

spin speeds and larger film thickness also showed poor current.
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Since small molecules are known to often form oversized domains due to their
ease of crystallization,'® the surface microstructure of the blend films of D-4 was
characterized by atomic force microscopy (AFM) and the photoluminescence quenching
was measured in the solid state for pure films and D-4:PCBM 1:1 ratio films. The height
images from AFM had features approximately 100 nm in size. Phase images measure
phase lag between the driving signal and the vibration of the AFM cantilever and give
contrast based on mechanical storage and loss moduli.’' Features in these images

usually correspond better to actual D:A domain size.” These images showed smaller

domain sizes around 50 nm.

No CN 0.5% CN

000um 020 040 060 080

Height

Phase

Figure 5.6 AFM images of D-4:PCs1BM blend films showing little discernable
change in surface morphology as a result of CN solvent additive.
The domain size is larger than the commonly cited 20nm for an ideal bulk

heterojunction, so it was suspected that charge separation was incomplete in these
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devices. It would account for the low current. Photoluminescence quenching was
performed to assess the effectiveness of charge separation in the devices.
Photoluminescence in blend films at the same wavelength as the neat polymer can be
assumed to result from geminate recombination if separated charge carriers do not emit
in that region of the spectrum. Neat films of D-4 and D-4:PCBM were excited at 710 nm
and a PL peak around 820 nm was observed. The data is shown in figure 5.7. Intensities
were normalized using the film absorbance at the excitation wavelength, 710 nm. In the
blend films, the PL intensity was reduced to 63 % of the neat film value. This was a

strong indication that exciton separation was not occurring effectively.
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Figure 5.7 Photoluminescence quenching of D-4 by PCBM in thin films. Excited at

710 nm. Intensities were normalized from film absorbance at 710 nm.

With this knowledge, efforts were made to modify the bulk heterojunction

morphology in the devices. High boiling-point solvent additives are often used with small
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molecules and polymers to change morphology.?*"'® Since they are the last solvent to
evaporate during the coating process, they can exert a very strong influence on the
growth of the donor and acceptor phases. 1,8-diiodooctane (DIO) and 1-

chloronapthalene (CN) were employed as solvent additives.

Table 5.2 Effects of solvent additives and annealing on D-4: PC7,BM devices

Conditions Device Voc Jsc (mA / cm?) Fill Factor (%) | PCE (%)
No additives 0.66 3.20 66.0 1.38
0.3 % DIO* 0.66 4.21 54.0 1.50
DIO + 95 °C Anneal* 0.67 3.80 58.6 1.49
0.5 % CN 0.62 5.27 67.7 2.22
1.0 % CN 0.70 1.90 34.6 0.46

*spin speed increased to 2600 rpm to compensate for increased solution viscosity

Adding 0.3% DIO to the processing solvent had a small effect on the device
parameters; current was increased, but at the cost of decreased fill factor. The best
results were achieved using CN at a concentration of 0.5% by volume. The device
performance was increased to 2.22 % PCE as a result of improvements in both current
and fill factor.

The effects of CN on device active layer microstructure were studied by AFM, but
no noticeable changes in morphology were apparent except for a very slight decrease in
surface roughness. As can be seen in figure 5.6, the lateral length scale of the surface
features visible in both height and phase images were unchanged.

The PL quenching results tell another story. The PL in films cast from chloroform
with 0.5 % v/v CN was clearly more strongly quenched, with the intensity falling to 49%
of the value of the neat polymer. Clearly the CN is having an effect based on the device
performance and photoluminescence data, but it does not seem from the AFM data that

it is related to the domain size. The mechanism for the effect of CN is still unclear. In
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future work, TEM images might be able to give a more accurate picture of the

subsurface morphology.

Another approach to changing the morphology of the bulk heterojunction is to
change the alkyl chains on the donor material. Changing the alkyl chain structure would
be expected to effect both the material’s tendency to crystallize'® and its interaction with

'% Molecule D-5 was prepared in order to study the effect of changing the

the acceptor
alkyl chain on the DPP unit from a branched 2-ethylhexyl chain to a linear n-octyl chain,

thus keeping the number of carbon atoms the same.

Figure 5.8 Structural modification of D-4 by replacing branched alkyl chains with
linear ones

The change was expected to lead to better molecular packing because of the
reduced steric hindrance and thus affecting the bulk heterojunction morphology. Blend
films were prepared with 1:1 D-5:PCBM ratio with and without added CN. In both cases
the feature sizes were in excess of 300 nm, much too large for a good bulk

heterojunction. The best results from D-4 and D-5 were obtained with PC71BM, and J - V
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curves are shown in figure 5.10. The device performance of D-5 was worse than D-4
and a maximum efficiency of 0.71 % was obtained when using CN as an additive at
0.3% v/v. The fill factor was somewhat reduced as well. The lower current makes sense

in light of the overly large domains observed in the AFM images.
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Figure 5.9 AFM images of 1:1 blends of D-5 with PCBM
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Figure 5.10 J — V curves for D-4 and D-5 in their optimized conditions

Table 5.3 Device data comparison of D-4 and D-5

Materials Conditions Voc(V) Jsc(mA/cm?2)FF(pct) Eff(pct)
D-4:C70 no CN 2000rpm 0.66 1.95 62.7 0.81
D-5:C70 no CN 2000rpm 0.60 1.32 59.1 0.47
D-4:C70 0.5%CN 2000rpm 0.62 5.27 67.7 2.22
D-5:C70 0.3%CN 2000rpm 0.62 2.18 52.9 0.71

An attempt was made to study the PL quenching behavior of D-4 PCBM films. The
weaker PL of D-5 relative to D-4 made accurate determination of the quenching ratio
difficult, but a decrease was observed, with a decrease in PL intensity for blends relative
to pure D-5, but similar intensity when CN is used as a processing additive. The results

can be seen in figure 5.11.
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Figure 5.11 Photoluminescence quenching data for D-5 and D-5:PCBM films. Excited at

710 nm. Normalized by film absorption at 710 nm excitation wavelength.

It seems that the exchange of branched alkyl chains for linear ones increased the
tendency of the material to crystallize leading to larger domains and decreased, device
performance. The photoluminescence intensity was also decreased which makes sense
when considering that the steric hindrance is reduced and the molecular packing is
expected to be closer. The result is stronger aggregation-induced fluorescence

quenching.
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5.4 Conclusions

Seven small molecules with two DPP units were designed and synthesized.
Changing the core unit between the DPP arms modified frontier orbital energy levels.
The highest performing material D-4 had a PCE of 2.2 % after some optimization of
processing conditions. The performance of all materials in the series were limited mainly
by low short-circuit currents. Open-circuit voltages are improved compared to small
molecules with dithienothiophene as the core unit, and molecule D-3 with a
thienopyrrolidione core unit showed the highest open circuit voltage of 0.76 V, but its low
current lead to low power conversion efficiency. Part of the reason for the low currents
appears to be incomplete exciton separation. The significant photoluminescence still
present in PCBM blend films of D-4 is evidence for this. 1-chloronapthalene (CN) was
effective in increasing the performance of D-4 and D-5 small molecules and reducing,
but not eliminating the photoluminescence. The domain sizes in D-4 were found to be
larger than ideal at around 50 nm. Changing the alkyl chains on the DPP units from
branched to linear made matters worse by increasing the domain sizes further to over
300 nm.

Going forward, in order to improve the performance of materials with this basic
structure, something must be done in order to reduce the domain size and or improve
exciton diffusion and lifetime. Other processing additives such as 1,8-octanedithiol or N-
methylpyrrolidone might be effective in this regard. Another approach would be to
increase the size and branching of the alkyl chains in order to reduce the tendency of the
materials to crystallize. The energy gaps of these materials are in a good range for use
in either single junction or tandem solar cells and the Voc and fill factor are decent for
low band gap small molecules. Two DPP unit small molecules would make excellent

OPV materials if something can be done about their short circuit current.
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5.5 Synthesis Procedures
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Figure 5.12 Synthetic route to DPP part of small molecule series synthesis
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2-(2-Ethylhexyl) thiophene (5-1) Thiophene (15.17 ml, 194 mmol) and THF
(300ml) were injected into a flask protected by an argon atmosphere and then were
cooled to -78° C. 1.6 M n-butyllithium solution in hexanes (40 ml, 101 mmol) was added
dropwise with stirring. The flask was warmed to room temperature and stirred for 2
hours. Then the flask was cooled back to -78° C and 1-bromo-2-ethylhexane (15.4 ml,
86.4 mmol) was added in one portion and the flask was allowed to warm to room
temperature naturally and stirred for 48 h. The reaction mixture was then quenched by
slow addition of 10 ml of isopropanol and poured into approximately 500 ml of water.
The resulting mixture was extracted three times with 50 ml of diethyl ether. The
combined ether washings were dried using MgSO, and filtered before evaporation in
vacuum. The resulting oily residue was purified by vacuum distillation with the product
fraction boiling at 110 °C.

GC/MS: M/Z = 196

2-Trimethylstannyl-5-(2-ethylhexyl)thiophene (5-2) 2-(2-Ethylhexyl) thiophene
(5-1) (5.0 g, 25.5 mmol) and THF (65 ml) were injected into a flask protected by an
argon atmosphere and then were cooled to -78° C. 2.5 M n-butyllithium solution in
hexanes (12.2 ml, 30 mmol) was added dropwise with stirring. The flask was warmed to
room temperature and stirred for 2 hours. Then the flask was cooled back to -78° C and
1 M trimethyltin chloride in THF (33.2 ml, 33.2 mmol) was added in one portion and the
flask was allowed to warm to room temperature naturally and stirred for 12 h. The
reaction mixture was poured into approximately 100 ml of water. The resulting mixture
was extracted three times with 30 ml of diethyl ether. The combined ether washings
were dried using MgSO, and filtered before evaporation in vacuum. The product was

recovered as a light yellow oil.
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3,6-Dithien-2-yl-[3,4-c]pyrrole-1,4-dione (5-3) Potassium tert-butoxide (24 .4 g,
220 mmol) was added to a flask followed Thiophene-2-carbonitrile (17 ml, 183 mmol)
was added followed by tert-amyl alcohol (140 ml). The mixture was heated to 140° C
and stirred while dimethyl succinate (7.99 ml, 61 mmol) dissolved in tert-amyl alcohol (50
ml) was added dropwise. The resulting mixture was stirred for 4 hours, then a distillation
condenser head was attached to the reaction vessel and the reaction mixture was
decreased in volume by Y. The reaction was stirred an additional 4h before cooling to
room temperature, dilution with methanol (200 ml) and filtering to collect the solid red

product which was washed with methanol and used without further purification.

2,5-bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (5-4) Compound 5-3 (8 g, 26.6 mmol) was added to DMF (150 ml) and K,CO4
(14.72 g, 107 mmol). The mixture was heated to 145 °C under argon and 1-bromo-2-
ethylhexane (21.8 ml, 123 mmol) was added slowly. After 20 h at 145 °C, the reaction
mix was poured into ice water (400 ml). The red solid that precipitated was collected by
filtration and washed with water and then methanol. The filtrate was mixed with
dichloromethane and washed with brine to remove the water. The material was purified
by column chromatography on silica gel with 75% dichloromethane (DCM):hexane as

eluent. The title compound was collected as a dark red solid.

3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (5-5) Compound 5-4 (2.8 g, 5.34 mmol) was
dissolved in chloroform (150 ml), protected from light and cooled to 0 °C. N-
bromosuccinimide (NBS) (0.951 g, 5.34 mmol) solution in 75 ml of chloroform was
added in dropwise over 6h with stirring, then stirred at room temperature overnight. The

reaction mixture was washed with water and dried over MgSO,4 and evaporated. The
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residue was purified by column chromatography on silica gel with 60 % DCM : hexanes

as eluent. The product was recovered as a reddish solid (1.81 g, 56 % yield)

3-(thiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(5'-(2-ethylhexyl)-[2,2'-bithiophen]-5-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (5-6) Compound 5-5 (1.81 g, 3.00 mmol) and
compound 5-2 were added to a flask followed by 30 ml of 9:1 v/v Toluene:DMF mixture. The
resulting solution was bubbled with argon for 20 min, then the catalyst tetrakis-
triphenylphosphinepalladium(0) ((PhsP),Pd(0)) (104 mg, 0.09 mmol) was added. After 5 more
minutes of bubbling with argon, the flask was heated to reflux in an oil bath. After 12 h of
reaction, the reaction mixture was evaporated in vacuum and the residue purified by column
chromatography on silica gel with 60 % DCM : hexanes as eluent. The product was

recovered as a dark purple solid in 76% vyield.

3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(5'-(2-ethylhexyl)-[2,2'-bithiophen]-5-
yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (5-7) Compound 5-6 (1.65 g, 2.29 mmol) was
dissolved in chloroform (50ml), protected from light and cooled to 0 °C. N-
bromosuccinimide (NBS) (0.951 g, 5.34 mmol) was added in small portions over 20 min
with stirring, then stirred at room temperature overnight. The reaction mixture was
washed with 5 % w/v sodium sulfite solution and brine, and then dried over MgSO,4 and
evaporated. The residue was purified by column chromatography on silica gel with 50 %
DCM : hexanes as eluent. The product was recovered as a purple-black solid (1.62 g, 78
% yield).

'H NMR (400 MHz, CDCls) 6 ppm 0.886 — 0.926 (m) 1.27 - 1.63 (m) 1.62 - 1.64
(m, 2H) 1.89 - 1.92 (b, 4H) 2.74-2.76 (d, 2H) 3.91 — 4.03 (b, 4H) 6.71 - 6.72 (d, H) 7.12

—7.26 (m, 3H) 8.59 — 8.6 (d, H), 8.92 — 8.95 (d, H)
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2,5-bis(2-ethylhexyl)-3-(5'-(2-ethylhexyl)-[2,2'-bithiophen]-5-yl)-6-(5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione (5-8) Compound 5-7 (0.355 g, 0.412 mmol) , bis-pinacolatodiboron (B,Pin,) (0.102 g, 0.403
mmol), potassium acetate (0.108 g, 1.10 mmol) and bis-(diphenylphosphino)ferrocene
palladium(ll) chloride were put in a flask which was then flushed with argon several times. Then
argon-degassed 1,4-dioxane (2ml) was injected and the mixture was heated to 85 °C for 2 hours.
A large amount of black precipitate formed. The solids were collected by filtration and washed
with hexane. The remaining solid was dissolved in 5 ml of chloroform and dropped into 50 ml of
methanol. Water (20 ml) was added to precipitate the desired product while leaving the B,Pin, in
solution. Product was collected by filtration and purified by column chromatography on silica gel
with 10 % v/v methanol in chloroform as eluent. 0.122 g (35 % yield) of product were recovered
as a purple solid.

'H NMR (400 MHz, CDCl3) 6 ppm 0.886 — 0.922 (m) 1.25 - 1.37 (m) 1.58 - 1.61

(b, 2H) 1.90 - 1.92 (b, 4H) 2.73-2.75 (d, 2H) 3.96 — 4.15 (b, 4H) 6.70 — 6.71 (d, H) 7.12 —

7.22 (m) 7.96 — 7.97 (d H), 8.92 — 9.00 (m)

(PhgP)4Pd(0)

h . / D-1,D-2
en —Sn~|Core Unit|-sn- > D-4,D-6
9:1 Toluene: DMF D-7

Reflux

CeHi7 Pd,dbag
N P(t-Bu);BF
(0] (e} 3bFy
> D-3
THF:H,0
5 /\ KsPO,
r— g7 TBr 60 °C

5-8

Figure 5.13 Coupling reactions to yield two-DPP unit small molecules.
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General coupling reaction to yield compounds D-1, D-, D-4, D-6 and D-7
Compound 3-7 (0.200 g, 0.250 mmol) and the bistrimethylstannyl core unit materials
(0.125 mmol) (purchased from Sigma Aldrich and used as received or prepared
according to literature”") and (PhsP)4Pd(0) (0.05 g) were put in a flask and flushed with
argon. 4.5 ml of toluene and 0.5 mol of DMF (degassed with Ar) were injected. The
reaction mixtures were then heated to reflux for 3 — 6 h or until the starting material is
undetectable by TLC. The reaction mixtures are then washed with water, evaporated in
vacuum and purified by column chromatography using slurry-pack dry-load on silica and
an 18 tall, 2” wide column. A gradient method was used starting with pure hexane and
increasing the DCM concentration until the dark blue-green products move. This

procedure is repeated until there are no impurities visible by TLC or NMR.

Chapter 6: Overall Conclusions

A wide variety of novel organic semiconductor materials were described in this
thesis. One series of small molecules was based on the recently developed thiophene-
substituted isoindigo TIl unit, and a strong trend correlating gas-phase ionization
energies of the donor units used with the energy levels of the resulting small molecules
(and in turn the open circuit voltages of the devices). The power conversion efficiency of
3.75% attained with T-4 represents the highest performance for an OPV material based

on the TIl structural building block.
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An entirely new electron deficient unit was developed for conjugated polymers,
and its acidic characteristics lead to interesting properties, including controllable
solubility and complexion with metal ions leading to photoluminescence quenching at
micromolar concentrations. The synthesis of this material will be reported in a
forthcoming paper and it is hoped that additional applications for this unique building
block will be discovered in future work.

The work on small molecules with two DPP units lead to materials with
performance that is, so far, modest at 2.22 %, but similar materials continue to attract
interest in OPV research due in part to their ideal band gaps for tandem solar cell
applications. The reason for the low currents obtained in some of these materials
appears to be overly large domain size relative to the exciton diffusion length. The
incompletely quenched photoluminescence in device films is an indication that some

geminate recombination is taking place.
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