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ABSTRACT

FLUORINATED CONJUGATED POLYMERS FOR ORGANIC PHOTOVOLTAICS:
SYNTHESIS BY DIRECT ARYLATION AND STRUCTURE-PROPERTY RELATIONSHIPS
SEPTEMBER 2016
PATRICK D. HOMYAK
B.S., WINONA STATE UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor E. Bryan Coughlin
Organic photovoltaics are a promising low-cost alternative to traditional monocrystalline silicon
photovoltaics. The active layer materials are conjugated organic materials, typically polymers.
We describe several new series of p-type (donor) conjugated polymers, which we have used to
evaluate structure-property relationships in an effort to improve OPV efficiencies. Specifically,
our interest was directed towards the effect of fluorination on various conjugated polymers, as
this has recently become a valuable tool for modifying polymer electrochemical properties and
improving performance. In an effort to reduce the synthetic complexity of such conjugated
polymers, decrease cost, and to embrace more environmentally friendly protocols, we have
synthesized our materials using newer Direct Arylation Polymerization (DArP) techniques. With
DArP,

we

have

synthesized

poly(thieno[3,4-b]thiophene-co-benzodithiophene),

poly(diketopyrrolopyrrole)s and P(3HT-co-3H4FT)s with high molecular weight, with low
percentages of structural defects. Furthermore, we have demonstrated that these materials
perform equally to those synthesized by mainstream coupling methods such as GRIM, Stille or
Suzuki coupling.
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CHAPTER 1
INTRODUCTION

1.1

Motivation and Broader Aspects
In this first chapter, the ultimate motivation for this research - global climate change and

the need for renewable energy resources – will briefly be covered. From there, a discussion of
solar energy and the specific advantages of organic photovoltaics (OPVs) will be given. Then
discussion will be directed towards (1) important considerations for OPVs, (2) history and
development of OPVs, (3) fluorinated conjugated polymers, (4) direct arylation polymerization,
and lastly (5) an outline of the remaining sections to be discussed in this dissertation.

1.1.1

The Need for Renewable Energy
Right now, there are two motivating elements that in combination are driving an

unprecedented requirement for the development of renewable energy technologies. First, the
global population is projected to exceed 11 billion by the end of this century, with much growth
specifically in developing nations.1 Second, anthropogenic events have pushed atmospheric
greenhouse gas concentrations alarmingly high, leading to rapid global warming and threats of
climate instability.2 The unique challenge now facing scientists and engineers is to develop
energy infrastructure to satisfy ever increasing energy demands of the world’s growing
population, without relying on traditional fossil fuel sources that are not only limited in supply,
but also are one of the principle contributors of greenhouse gas emissions driving global climate
change.3 Rapid development and implementation of renewable energy technologies is the most
promising solution to this dilemma.
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1.1.2

The Advantage of Solar Energy
Renewable energy can be obtained from various sources: wind, hydro, solar, geothermal,

biomass… These various renewable energy sources tend to be most-suited to their particular
environment, climate and situation, and a total energy solution will require contributions from
each of these sources. Overall, solar energy is the most readily accessible and most abundant
resource available on the planet, and installation of solar energy harvesting facilities has the
smallest environmental impact. Unlike wind or hydro power, solar power can easily be deployed
in residential areas, and additionally the best locations for building large-scale solar energy
facilities are often the most underutilized land areas (e.g. deserts), which will prevent
competition over land use. Furthermore, estimates have determined that if ~0.6% of the total
land area in the United States was covered with 13.5% efficient solar energy modules, our entire
nations’ energy needs could be satisfied.4 For perspective, this is less than 2% of the land
currently dedicated towards cropland and grazing in the United States.
The first silicon solar cell was developed by Bell Laboratories in 1954, igniting the
realization of the ultimate goal for renewable energy – “the harnessing of the almost limitless
energy of the sun for the uses of civilization.” 5 Since this initial discovery, research efforts have
led to steadily rising solar cell efficiencies over time. Figure 1.1, a constantly updated plot of
record efficiencies published by National Renewable Energy Laboratories (NREL), shows the rise
of various solar panel technology efficiencies over time.6 Current state-of-the-art silicon
photovoltaics utilize sophisticated multi-junction concentrator designs, which have led to
remarkable efficiencies of 44.4% on a laboratory scale. These achievements highlight what is
possible with continued research and development in solar energy harvesting.
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Figure 1.1: Record Efficiencies of Various Photovoltaics (1975-2015)6
Commercially available large-area (1 m x 2 m) monocrystalline silicon solar cells, or
photovoltaics (PV), for residential use have reached efficiencies of >21%.7 These PV arrays are
comprised of 128 individual mono-crystalline silicon devices linked together to create a single
rigid panel weighing 25.4 kg. Mono-crystalline silicon is produced via the Czochralski process,
requiring extremely high temperatures (>1400 °C).8 These panels are an excellent opportunity
for large scale solar energy harvesting on homes and businesses in areas of the nation that
receive an adequate number of sunny days annually and high solar flux to offset their initial high
cost. The panels are permanent fixtures with long operating lifetimes greater than 25 years.
Ultimately, despite their relatively good performance, monocrystalline silicon
photovoltaics are still prohibitively expensive for large scale implementation. This has spurred a
large effort devoted to exploring alternative, new thin-film photovoltaic devices that can be
produced at a much lower cost. Some of these emerging technologies include dye sensitized
solar cells, inorganic solar cells, quantum dot solar cells, organic solar cells and more recently
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Perovskite solar cells.9–11 This dissertation will focus on the development of new polymeric
materials for organic solar cells.

1.2

Organic Photovoltaics (OPVs)
OPVs have been a popular topic in academic and industrial research for the last 30 years,

with the number of publications growing exponentially over the last 5-10 years.12 OPV device
configurations consist of a transparent substrate, top and bottom electrodes, with a lightabsorbing active layer sandwiched in between. There is one distinguishing advantage that
separates OPVs from traditional monocrystalline silicon solar technologies; the active lightabsorbing layers consist of organic carbon-based conjugated polymers or small molecules, rather
than silicon. Furthermore, these carbon based materials are solution processable.
This enables OPVs fabrication by roll-to-roll printing technologies.13 These printing
techniques allow for the use of light weight, flexible, plastic substrates. Moreover, roll-to-roll
manufacturing techniques allows for large-area devices to be fabricated in a rapid, highthroughput cost-reducing manner. In order to consider the impact of this processing advantage,
we can compare the levelised cost of electricity (LCOE). This metric considers the ratio of total
electrical energy production cost relative to the total electrical energy output, a relative breakeven statistic.14 For conventional monocrystalline solar, the LCOE is $0.16-0.19 kWh, which is
modestly higher than for traditional non-renewable sources (coal/gas/nuclear) $0.09-0.25 kWh.
Now, if we consider an OPV with 5% efficiency and a 3 year lifetime, the LCOE is $0.15. 14
Furthermore, with more aggressive efficiency and lifetime goals, 10% and 10 years, the LCOE is
$0.09.14
In addition to the cost benefits, since OPVs are more flexible and lightweight compared
to traditional modules, they will find many more uses due to their portability and ease of
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installation. This would increase applicability in more niche areas, serving as power sources in
remote or third-world locations, emergency response, camping/recreation and in some building
integrated photovoltaics (BIPV) (i.e. solar windows).15 A printed, large-area OPV with a power
conversion efficiency (PCE) of 10% is the current standard goal, and with further technological
advancement OPVs will have unique scalable advantages for large-scale power generation. The
current efficiency record for a laboratory scale device is currently around 11.5 %.6

1.2.1

General OPV Configuration and Working Principles
A standard, single-layer OPV device configuration is shown in Figure 1.2. An OPV module

consists of a transparent substrate (either glass or plastic), with several layers deposited on top.
First, the transparent substrate is coated with a transparent conducting electrode. Indium tin
oxide (ITO) is the most commonly used material for this purpose. The next layer is a holetransport

layer,

most

typically

a

water

soluble

blend

of

poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). The active layer, typically a
blend of two materials, is then deposited. This is the most important layer in the device as this is
where photons are absorbed, generating charges that are separated and used to create current.
The work described in this dissertation is primarily concerned with developing new materials for
the active layer. To finish off the device, an electron-transport layer is added, followed by a top
electrode, which can be a variety of metals (Ag, Al). Overall the entire device thickness from the
substrate upwards is a few hundred nanometers.
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Figure 1.2: Standard Organic Photovoltaic (OPV) Configuration
The photovoltaic process, or the conversion of photons to electrical current, is generally
described as a four step process as shown in Figure 1.3. (1) Light is absorbed by the active layer
material; exciting an electron from the HOMO energy level (EHOMO) to the LUMO energy level
(ELUMO) forming a bound electron-hole pair known as an exciton. (2) The exciton can then diffuse
through the material until it reaches a donor/acceptor interface in the bulk-heterojunction blend.
(3) Charge separation can now occur as the electron is transferred to the lower energy ELUMO of
the acceptor material. (4) The separated hole and electron can travel to their respective
electrodes and out through an external circuit, creating current. The efficiencies of each
individual step in this overall process dictates the efficiency of the device.
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Figure 1.3: Photovoltaic Effect in Donor-Acceptor Systems
For the purposes of this dissertation, a bulk-heterojunction (BHJ) blend, containing the
donor and acceptor materials, is used as the active layer of the device. The donor material in this
work, will be a polymer that we have ourselves synthesized, keeping the acceptor material
(PC71BM) as a constant throughout. Utilizing the BHJ blend architecture allows for the donor and
acceptor materials to be simultaneously deposited into a thin-film, while also forming a
bicontinuous interpenetrating network with feature sizes on the order of 20-100 nm. These
length scales achieved in the BHJ are essential to device performance as exciton diffusion length
scales are on the order of 10 nm, and in order to separate charges, excitons must be able to reach
a donor-acceptor boundary. If feature sizes are much greater than exciton diffusion lengths, the
excitons will simply undergo recombination and the absorbed photonic energy will be wasted.

1.2.2

The Active Layer – Definitions and Considerations
As it has been previously discussed, there are typically two components in the device

active layer, the donor material and the acceptor material, which throughout this dissertation
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will be a polymer donor and PCBM acceptor. To allow efficient photon absorption and charge
separation, several factors must be considered. In particular, the relative EHOMO and ELUMO of the
two components must be commensurately aligned, as depicted in Figure 1.4. The bandgap (Eg)
of a conjugated polymer is defined as the energy difference between the EHOMO and ELUMO, and
these materials behave much like a much like a traditional inorganic semiconducting material
with valence and conduction bands. The Eg represents the minimum energy required to excite
an electron from the EHOMO to the ELUMO, and thus the lowest energy wavelength of radiation that
may be absorbed by the material. Given the relationship between energy and wavelength (E = hc
/ λ), we can see that with lower Eg, longer wavelengths can be absorbed, contributing to a greater
amount of solar flux absorbed overall. Much developmental work has worked towards
minimizing the Eg for maximum photon absorption.16

Figure 1.4: Energy Level Alignment in Donor-Acceptor Systems

The difference between the EHOMO of the donor and the ELUMO of the acceptor, labeled as
∆E1 must be maximized as this relates to the achievable voltage of the device. Larger ∆E1,
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corresponds to higher voltage outputs and higher overall efficiencies as discussed in the next
section. Lastly, the difference between the ELUMO of the donor and acceptor (∆E2) must be no less
than 0.3 eV. This boundary has been set to ensure there is sufficient energetic driving force for
charge separation at the donor-acceptor interface. With this, these three variables must be
delicately balanced in order to minimize Eg¸ maximize ∆E1, while maintaining an adequate ∆E2¸to
facilitate charge transfer. Tuning these energy levels is possible through structural changes in
the polymer, as will be demonstrated throughout this dissertation.

1.2.3

OPV Efficiency and Testing
When discussing the efficiency of OPVs, generally the power conversion efficiency (PCE)

is used. The ratio of power-in to max-power-out is used to calculate PCE as shown by the
equation in Figure 1.5. The power-max is the product of the open-circuit voltage (VOC), shortcircuit current (JSC) and the fill factor (FF). These are the three critical parameters for evaluating
the PCE of OPVs, increases or losses for any of these parameters will individually influence the
overall PCE. The power-in is a fixed term related to the simulated light source.

Figure 1.5: Measuring Power Conversion Efficiency
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Since PCE is directly proportional to VOC, JSC, and FF, all three must be maximized to
create an efficient device. VOC is the maximum achievable potential in the device, and has
generally been observed to be closely related to the difference between the EHOMODONOR and
ELUMOACCEPTOR (∆E1). Although many other factors are known to influence Voc as well.17
Furthermore, if the EHOMODONOR and ELUMOACCEPTOR difference can be tuned by material choice, VOC
can be maximized.
The efficiencies of each step of the photovoltaic process, photon absorption, exciton
diffusion, charge separation, and charge transport influence the JSC. Therefore, there are a
number of methods, namely by increasing light absorption of a material, or by increasing its
charge transport capability (mobility) for increasing JSC. The FF is an ambiguous measure of the
efficiency of the charge extraction process in the device. Several factors can improve FF: (1)
balanced charge transport in both the donor and acceptor, (2) low shunt-resistance (RSH), (3) low
series-resistance (RS). RSH indicates current leakage, the result of trap states and film defects. RS
accounts for resistance through each layer, and through each interface – where most defects
occur. These resistances can be decreased by control over device fabrication procedures,
increased material purity, and advances in interface engineering.
OPVs are tested using a calibrated simulated solar spectrum. The OPV test device is
connected to a potentiometer, placed under the solar simulator, and the current is measured as
the applied potential is varied. The result is a current-voltage (J-V) curve, as shown in Figure 1.5,
where the VOC, JSC, and FF can be measured, and the PCE quantified.

1.2.4

Improvements in Device Efficiency
There have been hundreds of small breakthroughs contributing to the remarkable

increase in OPV efficiencies of <1% in the 1990’s to 11.5% in 2016. Two historical examples in
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particular, the first from 1985, and the second from 1995, have contributed heavily towards OPVs
as they are today. Of course, these examples were pre-empted by fundamental works
establishing the electrical conductivity of conjugated polymers from Heeger, MacDiarmid and
Shirakawa, on poly(acetylene)s and poly(aniline)s (Figure 1.6) in the late 1980s and 1990s, for
which they were awarded the Nobel Prize in Chemistry in 2000.18 Conjugated polymers are
semiconducting due to the extended networks of π-electrons in the conjugated double bonds
along the polymer backbone.

Figure 1.6: First Examples of Semiconducting Polymers

In 1985, Tang was the first to explore the idea of donor-acceptor OPVs, then called a
‘two-layer’ OPV.19 In this work, Tang fabricated a bilayer OPV with copper phthalocyanine (CuPc)
and perylene tetracarboxylic (PC), n-type and p-type materials, respectively (Figure 1.7). With
this architecture, a p-n junction was generated at the bilayer interface. This was found to greatly
improve device performance, providing a means of thermodynamic driving force for charge
separation. Prior to this point, OPV devices had relied on an external bias applied to the cell for
charge separation. With this implementation of the donor-acceptor bilayer system, PCEs of ~1%
were achieved.
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Figure 1.7: Two-layer OPV Schematic and J-V Curve and Donor/Acceptor (CuPC/PV) Small
Molecules19

In 1995, Heeger et al. made another device structure discovery while working with MEHPPV (poly(2-methoxy-5-(2'-ethyl-hexyloxy)- 1,4-phenylene vinylene)) / PC61BM blends, as shown
in Figure 1.8.

20

At this time, the MEH-PPV/PCBM system was already popularized in bilayer

devices, establishing the donor/acceptor nature of the two materials, respectively. However, in
this bilayer system only one D/A interface was then available for charge separation. Excitons
generated far away from the interface would recombine before there was enough time to diffuse
to the interface for charge separation.

Figure 1.8: MEH-PPV-C60 blends, Device Morphology and Configuration20
In order to solve this issue researchers blended the MEH-PPV/PCBM materials in
solution, and cast a single film. During film casting the two materials phase separated, forming a
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bicontinuous interpenetrating network with numerous smaller D/A junctions throughout the
active layer. This device structure allowed for vastly improved charge separation, given both the
increased interfacial surface area between the D/A materials, and the distribution of the junctions
throughout the film, which reduced the required exciton diffusion lengths. We now typically call
this morphology, the bulk-heterojunction (BHJ). With this improved morphology, device PCEs
were increased to 2.9%.
In the time since this development, continual improvements have produced steadily
rising efficiencies over the last 15 years (Figure 1.9).6 This is due to diversified research efforts
improving each component of OPV modules, from enhanced control over the active layer
assembly and morphology, to interface engineering and alternative device architectures
(inverted, tandem and triple junction), better understandings of underlying photophysics, and
lastly better active layer materials design.

Figure 1.9: Record Efficiencies of OPVs (2000-2015), from the NREL Efficiency Chart6
As shown in Figure 1.9, continuing improvements in efficiency were accompanied by new
‘benchmark’ donor materials at each stage. The use of P3HT in place of MEH-PPVs led to PCEs
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in the 3-5% range. Next, implementation of a low bandgap material (PCPDTBT) that has greater
absorption over the solar spectrum and higher mobility led to PCEs in the 5-7% range. Lastly,
PTB7 and similar materials have pushed PCEs near 10% for single layer devices.

1.2.5

Large Scale Feasibility
If OPVs are to be used for large scale power generation, methods and procedures need

to be established for printing and assembling large arrays of OPV films. In a recent study, Krebs
et al. demonstrated the feasibility of large area printed OPV arrays.13 The active layer materials
used in this case were P3HT:PCBM (poly(3-hexylthiophene):phenyl-C61-butyric acid methyl
ester). Large area OPVs were constructed using specialized roll-to-roll printing techniques on
flexible substrates, shown in Figure 1.10.

Figure 1.10: Large-Scale Implementation of Printed OPVs13
The resulting solar foils were each 0.3 m x 100 m. Six solar foils were mounted on each
scaffold and inter-connected. The resulting high voltage (>10 kV) OPV array had an overall PCE
of 1.53% over 3000 hours and were determined to have an energy payback time of 180 days in a
southern European climate with a minimum expected lifetime of one year. For reference, the
energy payback time for monocrystalline silicon photovoltaics is 1.65-4.14 years, depending on
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the climate. This study demonstrated that OPVs can be fabricated on flexible substrates, in a
high-throughput roll-to-roll method with high technical yield, and also that the cells can
importantly be encapsulated to sufficiently withstand harsh environmental conditions. Since
these are key barriers for the entry of OPVs into the market, the importance of this study cannot
be overstated.

1.3

Dissertation Themes
There are few reoccurring elements that will appear throughout the chapters of this

dissertation. (i) Low-bandgap polymers, (ii) fluorinated conjugated polymers, and (iii) direct
arylation polymerization (DArP). A brief introduction of each will be given in the following
sections.

1.3.1

Low Bandgap Polymers
The bandgap (Eg) is the energy difference between the EHOMO and ELUMO energy levels.

The lower the bandgap, the lower the energy of the light (i.e. longer wavelength) required to
excite electrons in the material. If longer wavelengths of light can be absorbed, a greater portion
of the entire solar spectrum can be utilized, increasing photon absorption. Greater numbers of
excitons can then be produced, leading to enhanced device efficiencies. Shown in Figure 1.11 is
the absorbance of P3HT versus the solar spectrum. With a bandgap of 1.9 eV, only ~20% of the
entire solar flux is absorbed. With bandgaps below 1.5 eV, low bandgap materials take advantage
of the breadth of the solar spectrum, nearly doubling the number of total photons absorbed (i.e.
solar flux) and increasing JSC.
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Figure 1.11: Solar Spectrum Reference, P3HT:PCBM Absorption and Percent of Solar Flux21
Low bandgap polymers are achieved by choosing an appropriate pairing of a more
electron-rich donor unit and a more electron-poor acceptor unit. As shown in Figure 1.12, the
EHOMO of the resulting copolymer is mainly dictated by the EHOMO of the electron-rich donor
segment, while the ELUMO is determined by the ELUMO of the electron-poor acceptor segment. By
wisely choosing the segments the energy levels can be tailored towards the ‘ideal’ energy levels,
both minimizing Eg while maintaining the correct EHOMO and ELUMO for efficient charge separation
to the acceptor material (PCBM).16,22 Efforts in this area have generated a library of donoracceptor parings, leading to improved understandings of strong and weak electron donating and
accepting units, and conjugated polymer design.16,22 Shown as an example is PTB7, a low
bandgap copolymer with a benzodithiophene donor unit that has been paired with a thieno[3,4b]thiophene unit. This is a current benchmark material that is also fluorinated, the implications
of which will be discussed in the next section.
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Figure 1.12: Donor-Acceptor Low Bandgap Polymer Energy Level Alignment, Structure of
PTB7
1.3.2

Fluorinated Conjugated Materials
As previously discussed, the alignment of the molecular orbital energy levels in

conjugated polymers is extremely important for their function in photovoltaics. Many strategies
exist for tuning the electronic character of aromatic units, electron-donating or electronwithdrawing substituents can be added, hetero-atoms can be varied from S, to
O, Se, or Te, or the side-chains can be exchanged from typical linear alkyl chains (for solubility)
to branched alkyl chains, ethylene glycols, etc.22–24 In this dissertation, the effect of fluorine as an
electron-withdrawing group will be investigated.
Fluorination of conjugated polymers was first investigated in 2009 by Yu, et al.25–27 While
attempting to fine-tune the properties of thieno[3,4-b]thiophene benzodithiophene copolymers,
they explored the idea of fluorine as an electron-withdrawing group (Figure 1.13). The use of
fluorine is advantageous because (i) fluorine has the highest electronegativity on the periodic
table (3.98 on the Pauling scale), (ii) the size of the fluorine atom is relatively small compared to
many electron-withdrawing groups, and therefore will not induce significant steric affects that
could create twisted dihedral angles along the polymer backbone, and (iii) many fluorinated
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polymers exhibit enhanced thermal, oxidative and chemical resistance, which would be
beneficial for a conjugated polymer that is designed to endure long operational lifetimes under
the sun.

Figure 1.13: Structures of PTB9 and PTB7, Table of OPV Performances25–27
Comparing PTB9 and PTB7, structurally the two materials only differ by the substitution
of one fluorine atom, however the electronic properties of the materials were vastly different,
resulting in the improved PCE for PTB7 (Figure 1.13). Mainly, fluorine substitution lowered the
EHOMO, increasing the VOC by ~0.15 V. This was accompanied by minor improvements in the JSC
and FF, due to improved hole-mobilities, overall resulting in a 34% improvement in device
performance from 5.5% to 7.4%. Given the simplicity of this structural change and the sizeable
increase in PCE, fluorine substitution has become an important tool for polymer design.
With this initial development, many publications have investigated the properties of
fluorinated conjugated polymers, and now there are a few reviews that have collected the
findings of these greater efforts. 28,29 Performance increases, as a result of fluorine substitution
have been attributed to (i) the lower EHOMO (and ELUMO) resulting from the electronegativity of
fluorine, leading to higher VOC, (ii) changes in the polymer crystallite orientation from edge-on to
face-on, relative to the substrate and vice versa, which can have implications on charge mobility,
(iii) increased planarity in the polymer backbone and tighter π-π stacking (due to C-H…F
interactions), leading to higher charge mobility and thus higher JSC and FF and (iv) greater
domain purity in the donor-acceptor phases, promoting better charge separation and transport.
18

Additionally, there have been some suggestions that there is strong correlation between
the calculated change in ground-to-excited state dipole moment (∆μge) in fluorinated polymers,
leading to improved charge separation capabilities, decreased recombination and furthermore,
improved PCE.30,31 In a systematic study of eight different polymers, Yu et al. were able to
demonstrate a linear correlation between ∆μge and PCE. Given the numerous changes that have
been observed, the effect of fluorine is still somewhat ambiguous. In this research we have
explored several novel fluorinated materials in an effort to develop structure property
relationships that can be used to exploit the advantages of fluorinated conjugated polymers for
future materials development.

1.3.3

Direct Arylation Polymerization
One of the most crucial barriers to the commercialization of conjugated polymers and

OPVs is the cost and synthetic complexity of the materials. Each synthetic step makes scalability
more difficult and increases the cost of the final polymer. A promising new polycondensation
method for the product of conjugated polymers, direct arylation polymerization (DArP), has
recently emerged as an advantageous method for forming Csp2-Csp2 bonds in conjugated
materials in fewer steps.32–36 Several methods for synthesizing conjugated polymers exist,
including Stille polycondensation, Suzuki polycondensation, Grignard metathesis (GRIM) and
direct arylation polymerization, to name a few (Figure 1.14). The advantage of DArP is that fewer
steps are required for the monomer precursors. Direct arylation forms new C-C bonds from
activated Csp2-H bonds and aromatic halides (bromides and iodides). Compared to Stille, Suzuki
coupling, or GRIM, this eliminates the extra step to form the intermediate organostannane,
organoborane or Grignard monomer, respectively. Additionally, these intermediates cannot be
purified easily by column chromatography or distillation, which can make it more difficult to form
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high molecular weight polymers by step-growth polymerization mechanisms. Additionally, with
DArP, the use of highly toxic organostannanes required for Stille coupling, another potential
issue for the safety and cost of scale-up, can be avoided all together.

Figure 1.14: Comparison of Strategies for Csp2-Csp2 Bond Formation
Several studies have demonstrated that DArP can synthesize high-molecular weight,
high quality conjugated polymers. We have extended DArP techniques to novel polymeric
designs in an effort to expand the library of compatible monomers with DArP, demonstrating the
robust nature of this chemistry, and to also synthesize new materials by a relatively-more
environmentally friendly synthetic method. The catalytic cycle for DArP proceeds in a similar
manner to other Pd catalyzed cycles such as Heck, Stille, or Suzuki coupling, as shown in Figure
1.15. The first step of the cycle is oxidative addition of the Ar-Br group, raising the oxidation state
of Pd to +2. Next, the carboxylate salt displaces the Br, and coordinates to the Pd center. This
facilitates the concerted metalation and deprotonation of the activated sp2 C-H bond to the Pd
center. At this point both aromatic groups are coordinated to the Pd center, the carboxylate salt
is regenerated by the excess of cesium carbonate present. The final step is reductive elimination,
yielding the desired Ar-Ar bond, and regenerating the Pd0 source.
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Figure 1.15: DArP Mechanism
1.4

Dissertation Sections
The contents of this dissertation are divided into four major sections, based on each class

of polymers under investigation (Figure 1.16), while maintaining emphasis on developing
structure-property relationships associated with fluorination, and synthesis of these materials by
DArP. Three polymer architectures will be discussed: (i) Poly(thieno[3,4-b]thiophene-cobenzodithiophene)s [PTBs] with systematic variation of the pendant functionalities from nonfluoro to perfluoro, (ii) Poly(diketopyrrolopyrrole)s [PDPPs] with varying difluoro alternating
units in the polymer backbone, (iii) Poly(3-hexylthiophene-co-3-hexyl-4-fluorothiophene)s
[P(3HT-co-3H4FT)s] where the percent of fluorination in the backbone is systematically varied.
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Figure 1.16: Breakdown of Dissertation Sections by Materials Selection
With this, Chapter 2 will detail the synthesis and characterization of the PTB materials,
and how the pendant functionalities influence device performance in OPVs. Chapter 3 discusses
the synthesis, characterization and device performances for the PDPP materials, now
investigating the effect of backbone fluorination. Chapter 4 details the synthesis,
characterization and device performance for the P3HT-co-3H4FT materials, where the
percentage of fluorination in the backbone was systematically varied. In Chapter 5, a set of P3HT
materials made by different synthetic methods, GRIM vs DArP, are compared to determine any
differences in performance. Lastly, in Chapter 6 this work will be summarized and future avenues
of research will be proposed.
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EFFECT OF PENDANT FUNCTIONALITY IN PTBs: SYNTHESIS, CHARACTERIZATION
AND DEVICE PERFORMANCEA

2.1

Introduction
The goals of this chapter were two-fold. First, to investigate structure property

relationships as perfluorinated pendant functionalities are introduced onto the thieno[3,4b]thiophene unit.37,38 Second, to synthesize poly(thieno[3,4-b]thiophene-co-benzodithiophene)s
(PTBs) by newer DArP techniques. The targeted polymeric structures are shown in Figure 2.1.
While the backbone of the polymers is kept constant, pendant functionalities on the thieno[3,4b]thiophene unit are varied from octyl (T8), to phenyl (TP), to perfluoroctyl (TF8), to perfluoroaryl
(TFP), and these differences are reflected in the polymer nomenclature.

Figure 2.1: Structures of PTB Materials
The poly(thieno[3,4-b]thiophene-co-benzodithiophene) (PTB) system was first
popularized by Yu et al. in 2009, using an ester-functionalized thieno[3,4-b]thiophene.25,27,39

A

This chapter is based upon published manuscripts:
P. D.; Tinkham, J.; Lahti, P. M.; Coughlin, E. B. “Thieno[3,4‑b]thiophene Acceptors with Alkyl, Aryl,
Perfluoroalkyl, and Perfluorophenyl Pendants for Donor−Acceptor Low Bandgap Polymers” Macromolecules 2013,
46, 8873–8881. 38Homyak, P. D.; Liu, Y.; Ferdous, S.; Liu, F.; Russell, T. P.; Coughlin, E. B. “Effect of pendant
functionality in thieno[3,4-b]thiophene-alt-benzodithiophene polymers for OPVs” Chem. Mater. 2015, 27, 443–449.
37Homyak,
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These materials produced record PCEs at that time of ~5%. By fine-tuning the side-chains and
then adding an electron withdrawing group (fluorine) on the thieno[3,4-b]thiophene, the PCEs
were further improved to a record ~7.4% for PTB7 in 2010.25 A direct comparison of the OPV
device performance for PTB9 and PTB7, which are structurally identical except for the addition
of one fluorine atom on PTB7, are provided in Chapter 1 (Figure 1.13). This was one of the first
instances where fluorination was shown to significantly improve device performance. Additional
studies by Yu et al. then looked into the effect of further fluorination, utilizing a difluorinated
benzodithiophene that could be paired with either a thienothiophene or fluorinated
thienothiophene monomer to achieve polymers with 0,1,2, or 3 fluorine atoms in the repeat unit
(PTBF0, PTBF1, PTBF2, and PTBF3, respectively).40 Increased fluorination did not lead to further
improved device efficiencies for these materials, which was mainly attributed to increased phase
separation in PTBF2 and PTBF3. It was later suggested that the decreased PCEs were due to a
smaller change in ground-to-excited state dipole moment (∆μge) in these more highly fluorinated
materials.30 The ∆μge is a computational factor representing the shift in the electronic dipole
moment in the conjugated polymeric repeat unit upon excitation of the material. Generally, a
greater dipole can be induced by incorporating a strongly electron withdrawing moiety on the
acceptor portion of donor-acceptor copolymers. In a subsequent study of the impact of ∆μge Yu
et al. found a seemingly clear linear relationship between greater ∆μge and higher PCE.31 This
observation inspired the materials design in this chapter, where perfluorinated pendants were
placed on the acceptor-unit to generate polymers with even higher ∆μge, and enhanced
electrochemical properties.
The second point of emphasis in this chapter, synthesis by DArP is equally important.
The previously mentioned examples of PTBs were all synthesized by Stille polycondensation.
While Stille polycondensation is an effective synthetic methodology, it requires extra synthetic
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steps for the preparation of organostannane monomers, which are difficult to purify and use toxic
tin reagents. These issues can be circumvented using DArP. Many monomers, including
thiophenes, bithiophenes, cyclopentadithiophenes, thieno[3,4-d]thiazoles and thienopyrrole4,6-diones have been polymerized by DArP, suggesting that under the appropriate conditions
thieno[3,4-b]thiophenes and benzodithiophenes could also be polymerized by DArP (Figure
2.2).34,35,41–44

With these monomers, DArP will proceed much like an A2 + B2 step-growth

polymerization. The thieno[3,4-b]thiophene, with similar or enhanced reactivity compared to an
unsubstituted thiophene, will serve as a difunctional source of activated sp2 hybridized C-H
bonds, while the benzodithiophene can be dibrominated, providing a second difunctional
monomer with two Aryl-Br bonds.

Figure 2.2: Various Monomers Reactive Under DArP Conditions
The design of the PTB materials in this section allows for a systematic comparison of
nonfluorinated versus perfluorinated pendants, PT8B versus PTF8B and PTPB versus PTFPB. In
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this chapter, the synthesis of the thieno[3,4-b]thiophene monomers and subsequent polymers
will be discussed. Additionally, density functional theory (DFT) calculations were used to
estimate the EHOMO, and determine the ∆μge. The physical and electrochemical properties of the
PTB materials were thoroughly evaluated using UV-Vis absorption, cyclic voltammetry (CV), and
ultraviolet photoelectron spectroscopy (UPS). The active layer morphology was studied by
atomic force microscopy (AFM) and transmission electron microscopy (TEM) techniques, and
GIWAXS/GISAXS measurements were used to investigate polymer crystallinity and phase
separation. Devices, OPVs and hole-only devices, were fabricated to evaluate effects on PCE and
to estimate hole-mobility (μh) by space-charge-limited-current (SCLC) methods.

2.2
2.2.1

Experimental
Materials
All reagents and chemicals were purchased from commercial sources (Matrix Scientific,

Sigma-Aldrich, Acros Organics, Alfa Aesar) and used without further purification unless stated
otherwise. 4,6-Dihydrothieno[3,4-b]thiophene (3),45 potassium penta- fluorobenzoate,46 and
4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo- [1,2-b;4,5-b′]dithiophene (7)47 were all synthesized
using previously reported methods. All reactions were performed under an inert (N 2)
atmosphere. Tetrahydrofuran (THF) was distilled over sodium prior to use. Reference material
PTB7 was purchased from 1-material (Lot #YY6216), PC71BM was purchased from American Dye
Source (Lot #13F017E1). Both materials were used as received.

2.2.2

Characterization
1

H and 19F NMR spectra were collected with a 300 MHz Bruker Spectrospin or a 400 MHz

(282 MHz
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F probe) Agilent Technologies Varian instrument with variable temperature
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capability. 13C NMR spectra were collected on a 100 MHz Bruker Spectrospin instrument. UV-Vis
absorption measurements of polymer solutions and films were performed on a PerkinElmer
Lamba 25 UV-Vis spectrometer. Films for absorption spectra were spin-coated from 10 mg/mL
polymer solutions in CHCl3 at 1500 rpm for 60 s. Film thicknesses was determined using KLA
Tencor Alpha Step IQ Surface Profiler. Polymer molecular weight and dispersity (Đ) analyses
were completed via gel-permeation chromatography (GPC) in 1,2,4-trichlorobenzene at 135 °C
using a Polymer Laboratories PL-220 high temperature GPC instrument calibrated against
polystyrene standards. MALDI-TOF experiments were performed on a Bruker microflex™
instrument, using terthiophene as the ionizing matrix (1:1000 to 1:5000 w/w polymer to matrix).
Cyclic voltammetry (CV) measurements of the polymer films were done with a Bioanalytical
Systems Inc. (BASi) EC Epsilon Potentiostat using a three-electrode configuration consisting of
a glassy carbon working electrode, a Ag/AgNO3 (0.01M in acetonitrile) reference electrode and a
Pt wire counter electrode in tetrabutylammonium hexafluorophosphate electrolyte solution (0.1
M) in acetonitrile. Measurements were calibrated to the ferrocene/ferrocenium redox couple
(Fc/Fc+) as an external reference. Films for CV were drop-cast directly onto the glassy carbon
working electrode from 2.5 mg/mL polymer solutions in CHCl3. Active layer films for AFM were
spin-coated using the same conditions as described for OPV devices. Bright-field TEM was
conducted using a JEOL 2000 FX TEM instrument operating at an accelerating voltage of 200 kV.
Active layer films for TEM were spin-coated in the same manner as for OPV devices on
PEDOT:PSS. The films were then floated onto copper TEM grids in water.
Grazing incidence wide angle X-ray scattering (GIWAXS) characterization of active layer
was performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-3. The
scattering intensity was recorded on a 2 D image plate (MAR-345) with a pixel size of 150 μm
(2300 × 2300 pixels). The samples were ~10 mm long in the direction of the beam path, and the
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detector was located at a distance of 400 mm from the sample center (distance calibrated by
LaB6 reference). The incidence angle was chosen to be 0.10–0.12° to optimize the signal-tobackground ratio. The beam size was 50 μm × 150 μm, which resulted in a beam exposure on the
sample 150 μm wide over the entire length of the 10 mm long sample. The data was distortioncorrected (θ dependent image distortion introduced by planar detector surface) before
performing quantitative analysis on the images. The overall resolution in the GIWAXS
experiments, dominated by the sample size, is ~0.01 Å−1. Samples were prepared on PEDOT: PSS
covered Si wafers in a similar manner to the OPV devices.
Grazing incidence small angle X-ray scattering (GISAXS) measurements were performed
on beamline 7.3.3 of the Advanced Light Source (ALS) at the Lawrence Berkeley National
Laboratory. An X-ray beam was impinged onto the sample at a grazing angle above the critical
angle of the polymer film (αc = 0.14) but below the critical angle of the silicon substrate (αc =
0.22). The wavelength of X-rays used was 1.240 Å, and the scattered photon was detected by
PILATUS 1M detector. Samples were prepared on PEDOT: PSS covered Si wafers in a similar
manner to the OPV devices.

2.2.3

OPV Fabrication
Standard device architecture (ITO/PEDOT:PSS/Active Layer/LiF/Al) was used. Beginning

with ITO coated glass, the substrates were ultrasonicated in detergent, water, acetone and
isopropanol (20 minutes each), dried in an oven overnight and then treated with UV-ozone (15
minutes). PEDOT:PSS (Baytron P VP A1 4083) was then immediately spin-coated in air (3500
rpm, 40 s) and annealed (150 °C, 20 m). The remainder of the fabrication and testing were
performed in a glove box under inert atmosphere. PT8B, PTPB, PTFPB and PTB7 were spincoated from dichlorobenzene solutions (10 mg/mL polymer, 1000 rpm, 90 s). PTF8B was spin-
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coated from chloroform (5 mg/mL, 2000 rpm, 60 s). No solvent additives were used. In each case
the optimized polymer:PC71BM ratio for each of the materials was found to be 1:1.5 w/w. The
active layer blends were measured to be ~100 nm via surface profiler (KLA-TENCOR Alpha-Step
IQ). LiF (1.5 nm) and Al (100 nm) were then thermally deposited (<10-6 mbar) to complete the
devices. Devices were tested using a photomask with a defined active area of 0.04 cm2. All
current-voltage (J-V) measurements were performed under simulated AM1.5G irradiation (100
mW/cm2) using a Xe lamp (Newport 91160 300-W solar simulator). A NREL-calibrated Si
reference solar cell and KG-5 filter was used to adjust the light intensity. Device performances
are reported as an average of 10 devices ± the corresponding standard deviation. Hole mobilities
were extracted by fitting the current density–voltage curves using the Mott–Gurney relationship
(space charge limited current) (SCLC) with a device structure of ITO/PEDOT:PSS/Active
layer/MoO3/Ag.

2.2.4

Synthesis
Compound 1. Into a clean, dry 250 mL 2-neck flask with condenser was added

Pd(PPh3)Cl2 (2.176 g, 3.10 mmol), CuI (0.590 g, 3.10 mmol) followed by N2 purging. Then 3,4dibromothiophene (15 g, 62.00 mmol), decyne (8.697 g, 62.00 mmol), diisopropylamine (60 mL)
and methanol (60 mL) were added sequentially. The reaction was heated to 85° C for 48 h. After
cooling to room temperature, the reaction mixture was diluted with ether, washed with H2O and
brine, dried with MgSO4 and concentrated. Purification by column chromatography (hexanes)
yielded 1 (8.090 g, 44 %) as viscous yellow liquid. 1H NMR (300 MHz, CDCl3): δ 7.35 (1 H, d, J = 3
Hz), 7.22 (1 H, d, J = 3 Hz), 2.46 (2 H, t, 7 Hz), 1.67 (2 H, m), 1.52 (2 H, m), 1.33 (8 H, m), 0.930 (3 H,
t, J = 6 Hz) ppm. 13C NMR (75 MHz, CDCl3): δ 125.75, 125.28, 122.56, 113.96, 93.65, 74.09, 31.95,
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29.32, 29.21, 28.94, 28.68, 22.77, 19.51, 14.22 ppm. GC-MS (m/z): Found 300, (Calc. 298.04,
300.04 for [C14H19BrS]).
Compound 2. Into a clean, dry 250 mL 2-neck flask with condenser was added
Pd(PPh3)Cl2 (2.176 g, 3.10 mmol), CuI (0.590 g, 3.10 mmol) followed by N2 purging. Then 3,4dibromothiophene (15 g, 62.00 mmol), phenylacetylene (6.759 g, 62.00 mmol), diisopropylamine
(60 mL) and methanol (60 mL) were added sequentially. The reaction was heated to 85° C for 48
h. After cooling to room temperature, the reaction mixture was diluted with ether, washed with
H2O and brine, dried with MgSO4 and concentrated. Purification by column chromatography
(hexanes) yielded a white solid 2 (6.940 g, 43 %). 1H NMR (400 MHz, CD2Cl2): δ 7.61-7.58 (3 H, m),
7.43-7.38 (4 H, m) ppm. 13C NMR (100 MHz, CD2Cl2): δ 149.74, 147.92, 138.10, 134.67, 128.90,
128.54, 126.05, 112.42, 112.25, 110.82 ppm. GC-MS (m/z): Found 264, (Calc. 261.95, 263.94 for
[C12H7BrS]).
Compound T8. Into a 1 L flask with condenser was added sodium sulfide nonahydrate
(12.99 g, 54.07 mmol), copper oxide nanoparticles (0.1075 g, 1.35 mmol), 1 (8.090 g, 27.032 mmol)
and NMP (500 mL, 0.05 M). The reaction was heated to 190° C for 24 h and then cooled to room
temperature. The reaction mixture was poured into water, extracted with ethyl acetate, washed
with water and brine, dried with MgSO4 and concentrated under reduced pressure. Purification
by column chromatography (hexanes) yielded an orange-yellow viscous liquid T8 (2.98 g, 44%).
1

H NMR (300 MHz, CDCl3): δ 7.19 (2 H, s), 6.66 (1 H, s), 2.79 (2 H, t, J = 7 Hz), 1.70 (2 H, m), 1.35 (10

H, m), 0.92 (3 H, m), 0.93 (3 H, t, J = 6 Hz) ppm. 13C NMR (75 MHz, CDCl3): δ 125.75, 125.28, 122.56,
113.96, 93.65, 74.09, 31.95, 29.32, 29.21, 28.94, 28.68, 22.77, 19.51, 14.22 ppm. MS (EI+, m/z):
Found 252.101, (Calc. 252.100 for [C14H20S2].
Compound TP. Into a 1 L flask with condenser was added sodium sulfide nonahydrate
(12.99 g, 54.07 mmol), copper oxide nanopowder (0.1075 g, 1.35 mmol, <50 nm), 2 (6.940 g, 52.75
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mmol) and N-methylpyrrolidinone (NMP, 500 mL, 0.05 M). The reaction was heated to 190° C for
24 h and then cooled to room temperature. The reaction mixture was poured into water,
extracted with ethyl acetate, washed with water and brine, dried with MgSO4 and concentrated
under reduced pressure. Purification by column chromatography (hexanes) yielded a white solid
which was recrystallized in ethanol to yield a white crystalline solid TP (1.25 g, 22%). 1H NMR
(300 MHz, CDCl3): δ 7.66 (2 H, d), 7.54-7.28 (5 H, m) ppm. 13C NMR (75 MHz, CDCl3): δ 149.72,
147.92, 138.16, 134.68, 128.90, 128.54, 126.05, 112.42, 112.23, 110.82 ppm. MS (EI+, m/z): Found
216.007, Calc. 216.0067 for [C12H8S2].
Compound 4. Into a 250 mL 2-neck flask was added 3 (2.00 g, 14.09 mmol) and
CHCl3:AcOH (1:1 ratio, 140 mL, 0.1M) while the reaction flask was shielded from light. The
reaction flask was then degassed with N2 for 15 m followed by addition of solid Nbromosuccinimide (2.63 g, 14.79 mmol) and stirring for 3 h. H2O (100 mL) was then added and
the mixture extracted with dichloromethane (DCM). The organic layer was separated and
washed with H2O, dried with MgSO4 and concentrated under reduced pressure yielding 4 (quant.
yield) as a dark orange-brown oily solid, which was relatively unstable under ambient conditions
and used immediately. 1H NMR (300 MHz, CD2Cl2): δ 6.85 (1 H, s), 4.15 (2 H, s), 4.06 (2 H, s) ppm.
13

C NMR (75 MHz, CD2Cl2): δ 142.50, 139.20, 124.86, 113.75, 33.90, 33.80 ppm. GC-MS (m/z):

Found 221 g/mol, (Calc. 219.90, 221.90 for [C6H5BrS2]).
Compound 5. Into a clean, dry 250 mL 2-neck flask with condenser was added coppertin alloy (1.978 g, 10.85 mmol) and anhydrous dimethylsulfoxide (DMSO, 28 mL, 0.4 M), which
was stirred at 125° C for 15 m. Perfluorooctyl iodide (2.96 g, 5.43 mmol) was added then in one
portion and the mixture stirred for 30 min. Compound 4 (1 g, 4.52 mmol) in DMSO (28 mL, 0.15
M) was added dropwise and the mixture stirred for 24 h. After completion, the reaction was
cooled to room temperature, quenched with H2O (60 mL). Ether was added and the mixture
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filtered through Celite. The ether layer was separated, and the aqueous layer extracted with
more ether. The combined ether layers were washed with H2O, dried over anhydrous MgSO4 and
concentrated under reduced pressure. The product was purified via column chromatography
(hexane/DCM), yielding orange solid 5 (290 mg, 11 %). 1H NMR (300 MHz, CD2Cl2): δ 7.19 (1 H, s),
4.25 (2 H, s), 4.11 (2 H, s) ppm. 19F NMR (300 MHz, CD2Cl2): δ 81.42 (3 F, t), 102.10 (2 F, t), 121.58122.25 (8 F, m), 123.09 (2 F, s), 126.54 (2 F, t) ppm.
Compound TF8. Compound 5 (266 mg, 0.474 mmol) was placed in a 20 mL vial with
septa and purged with N2. DCM (6 mL, 0.08 M) was added and the reaction mixture was cooled
to 0° C. 2,3-Dichloro-5,6-dicyanobenzoquinone (DDQ, 215 mg, 0.948 mmol) was added as a solid
under a stream of N2. After 1.5 h the solvent was removed and the product purified by column
chromatography (hexanes/DCM) yielding white solid TF8 (153 mg, 56 %). 1H NMR (300 MHz,
CD2Cl2): δ 7.68 (1 H, d), 7.44 (1 H, d), 7.41 (1 H, s) ppm. 19F NMR (300 MHz, CD2Cl2): δ 81.42 (3 F, t),
104.03 (2 F, m), 121.46-122.90 (8 F, m), 122.90 (2 F, s), 126.32 (2 F, t) ppm. MS (FAB+, m/z):
557.941, Calc. 557.9405 for [C14H3F17S2] .
Compound 6. Into a clean, dry 10 mL Schlenk tube were added 4 (0.528 g, 2.394 mmol),
potassium pentafluorobenzoate (0.8981 g, 3.590 mmol), CuI (0.0912 g, 0.479 mmol),
phenanthroline ligand (0.0863 g, 0.479 mmol). After three freeze-pump-thaw cycles, degassed
diglyme (2.4 mL) was added via syringe, and the reaction was stirred for 10 min. The reaction was
then heated to 130° C for 40 h. After completion, the reaction was cooled to RT, diluted with DCM
(to a volume of 10 mL) and passed through a silica plug. The product was purified via column
chromatography (hexane/DCM), yielding orange crystalline solid 6 (318 mg, 43 %). 1H NMR (300
MHz, CD2Cl2): δ 6.79 (1 H, s), 4.27 (2 H, s), 4.14 (2 H, s) ppm. 19F NMR (300 MHz, CD2Cl2): δ 140.70
(2 F, m), 156.57 (2 F, m), 162.88 (2 F, m) ppm. GC-MS (m/z): Found 308, (Calc. 307.98 for
[C12H5F5S2]).
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Compound TFP. 6 (290 mg, 308.29 mmol) was placed in a 20 mL vial with septa and
purged with N2. DCM (12 mL, 0.08 M) was added and the reaction mixture was cooled to 0° C.
DDQ (426 mg, 227.00 mmol) was added as a solid under a stream of N2 and stirred for 30 m.
Solvent was then removed and the product purified by column chromatography (hexanes, 0-7%
DCM) yielding a white solid TFP (152 mg, 53 %). 1H NMR (300 MHz, CD2Cl2): δ 7.57 (1 H, d, J = 4
Hz), 7.37 (1 H, d, J = 4 Hz), 7.35 (1 H, s) ppm. 19F NMR (300 MHz, CD2Cl2): δ 139.35 (2 F, m), 154.63
(1 F, m), 162.50 (2 F, m) ppm. MS (EI+, m/z) Found 305.957, Calc. 305.9596 for [C12H3F5S2].
Compound M5. Compound 7 (1.01 g, 1.84 mmol) and anhydrous THF (1.84 mL, 0.01 M)
were added to 500 mL flask equipped with addition funnel and cooled to -78° C. n-BuLi in hexanes
([2.5] M, 1.84 mL, 4.60 mmol) was added dropwise and the reaction stirred for 1 h. The reaction
went from yellow to light green to a blue-green fluorescent color. CBr4 (1.52 g, 4.60 mmol) was
added dropwise in dry THF (30 mL), then the reaction became light brown as it was warmed to
room temperature. Solvent was then removed under reduced pressure, and the product was
diluted in ether, washed with H2O, dried over anhydrous MgSO4 and concentrated under
vacuum. Purification by column chromatography (hexanes) and recrystallization from
isopropanol yielded M5 (1.09 g, 84 %) as a yellow-orange solid. 1H NMR (400 MHz, CD2Cl2): δ
7.66 (2 H, s), 7.21 (2 H, d), 6.92 (2 H, d), 2.90 (4 H, d), 1.78-1.73 (2 H, m), 1.54-1.42 (16 H, m), 1.071.00 (12 H, m) ppm. 13C NMR (100 MHz, CD2Cl2): δ 146.44, 140.14, 135.95, 135.88, 128.00, 126.18,
125.65, 122.48, 116.76, 41.55, 33.86, 31.72, 28.97, 25.79, 23.15, 14.12, 10.81 ppm. MS (FAB+, m/z):
Found 736.035, Calc. 736.080 for [C18H6Br2S4].
Polymer Syntheses: PT8B. Into a Schlenk tube was added T8 (0.252 g, 1 mmol), M5
(0.7368 g, 1 mmol), Pd2(dba)3.CHCl3 (52 mg, 0.05 mmol), tris(2-methoxyphenyl)phosphine (70.5
mg, 0.2 mmol), pivalic acid (0.102 g, 1 mmol) and Cs2CO3 (0.9775 g, 3 mmol). The flask was then
placed three times under vacuum and backfilled with N2 gas after each evacuation. THF (10 mL,
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0.1 M) was then added under a stream of N2. The reaction mixture was stirred at room
temperature for 30 min and then heated for 1 h. The flask was cooled to toom temperature, then
CHCl3 was added to fully dissolve the polymer and the reaction solution was precipitated
dropwise into cold, vigorously stirred methanol. The polymer was collected by filtration and
subjected to sequential Sohxlet extraction with methanol, acetone and hexanes. The polymer
was then extracted with CHCl3 and precipitated into methanol and isolated by filteration. The
polymer solid was then dried under reduced pressure, yielding a shiny blue-black solid (716 mg,
86%). 1H NMR (400 MHz, C6D5Cl, 110 °C): δ 7.88, 7.63, 7.47, 7.34, 2.88, 1.52, 1.32, 0.91 ppm. GPC:
Mw 77.1 x 103 g/mol, Đ 2.1.
PTPB, PTF8B, and PTFPB were synthesized according to the same procedure as
described for PT8B. PTPB and PTFPB were also subjected to Soxhlet extraction with
chlorobenzene to dissolve relatively higher molecular weight fractions. 1H and 19F NMR and gel
permeation chromatography (GPC) data of the polymers are listed below. MALDI-TOF
characterization of the polymer molecular weight and repeat unit weight is available in the
appendix.
PTPB. CHCl3 soluble portion (171 mg, 22%). 1H NMR (400 MHz, C6D5Cl, 110 °C): δ 7.94,
7.71, 7.56, 7.34, 3.07, 2.17, 1.46, 1.32, 0.91 ppm. GPC: Mw 18.7 x 103 g/mol, Đ 1.5. C6H5Cl soluble
portion (180 mg, 23%). GPC: Mw 32.0 x 103 g/mol, Đ 1.5.
PTF8B. CHCl3 soluble portion (155 mg, 68%). 1H NMR (400 MHz, C6D5Cl, 110 °C): δ 7.90,
7.74, 7.55, 7.34, 3.10, 2.05, 1.54, 1.32, 0.91 ppm. 19F NMR (300 MHz, CDCl3, 22 °C): δ -80.83, 119.97, -121.88, -123.03, -126.34 ppm. GPC: Mw 22.6 x 103 g/mol, Đ 1.3.
PTFPB. CHCl3 soluble portion (91 mg, 52%). 1H NMR (400 MHz, C6D5Cl, 110 °C): δ 7.95,
7.62, 7.52, 7.34, 3.01, 1.89, 1.43, 1.32, 0.91 ppm. 19F NMR (300 MHz, CDCl3, 22 °C): δ -153.26 - -
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185.37 (b) ppm. GPC: Mw 22.7 x 103 g/mol, Đ 1.9. C6H5Cl soluble portion (43 mg, 25%). GPC: Mw
36.8 x 103 g/mol, Đ 1.9.

2.3
2.3.1

Results and Discussion
Synthesis
The corresponding thieno[3,4-b]thiophene and benzodithiophene monomers, five in

total (T8, TP, TF8, TFP, M5) were synthesized as shown in Schemes 2.1-2.3. The two alkyl
pendant (i.e. nonfluoro) thieno[3,4-b]thiophenes can be synthesized in a convenient two step
procedure beginning from 3,4-dibromothiophene (Scheme 2.1).48,49 A selective Sonogashira
coupling in the 3-position installs the alkyl group, yielding 1 and 2. Cyclization of these
intermediates with sodium sulfide in the presence of CuO at elevated temperatures affords T8
and TP. The route to these monomers is considerably shorter relative to previous examples of
thienothiophenes with ester or ketone side chain functionalities.50

Scheme 2.1: Synthesis of T8 and TP Monomers
Synthesis of the TF8 and TFP monomers was non-trivial since the intermediate
precursor (3) is not commercially available. Initial attempts to perform chloromethylation of
thiophene, which could then be followed by a ring closing step to form the
dihydrothienothiophene intermediate (3) were unsuccessful, primarily since chloromethylation
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is unselective in this case, forming a distribution of products.50 A second approach for the
synthesis of 3 was previously demonstrated by Sotzing et al., starting from 2thiophenecarboxylic acid.45 This five step procedure was found to be reproducible for the
synthesis of 3. With this intermediate in hand, it was found that electrophilic bromination in
acidic conditions with NBS, formed product 4 in quantitative yield (Scheme 2.2). However, this
intermediate compound was found to be unstable over long periods of time and was best if used
immediately after preparation. The perfluorinated pendant groups were installed using various
copper-catalyzed coupling chemistries that had been previously demonstrated to work well for
thiophenes.46,51 This yielded intermediates 5 and 6, which could then be oxidized with DDQ to
achieve the final TF8 and TFP monomers.

Scheme 2.2: Synthesis of TF8 and TFP Monomers
The dibromobenzodithiophene monomer could be synthesized starting from the known
precursor 4, selective bromination was achieved by a two-step method.47 First, 4 was lithiated
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with two equivalents of n-BuLi, followed by the addition of CBr4, forming the monomer M5 as a
single product. This procedure had been previously demonstrated for other benzodithiophenes
with varying side chain functionalities.52 Initial attempts to brominate this monomer by more
conventional approaches, such as with NBS were found to be unselective, forming a mixture of
products due to the similar reactivity of the 2 and 3 positions on benzodithiophenes. Each of
these monomers were fully characterized using 1H, 19F, 13C NMR, and high-resolution mass
spectrometry, this information is provided in the experimental portion and spectra are available
in the appendix.

Scheme 2.3: Synthesis of M5 Monomer
Next, with the five required monomers for the targeted polymers in hand, various
conditions for DArP were evaluated and optimized. The synthesis of PT8B, using the T8 and M5
monomers, was preferentially selected as the optimization system (Scheme 2.4), given the
relative ease of synthesizing T8, and the fact that this system should have the greatest solubility.
As a starting point for polymerization conditions, two Palladium catalyst sources (Pd(OAc) 2 and
Herrman’s catalyst) were evaluated, given their success in similar systems, while varying the
reaction time and temperature.34,41–44,53 The ligand (P(o-MeOPh)3), carboxylic acid additive
(PivOH - pivelic acid), and insoluble heterogeneous base for generating carboxylates (Cs2CO3)
were kept constant.
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Scheme 2.4: Synthesis of PTBs by DArP

With these first catalyst sources, no significant polymerization occurred. Reports of a
different catalyst source (Pd2(dba)3.CHCl3) with THF as the reaction solvent demonstrated
increased reaction rates and high molecular weights.53 When this Pd source was used,
polymerization occurred rapidly, as evidenced by a quick change of the reaction mixture color to
a dark blue-black – the color of the final polymer in solution. At longer reaction times (~20 h), or
at higher temperatures (100 °C), the isolated polymer yields were quite low (< 30%). This was due
to a large portion of insoluble material, attributed to cross-linked or branched structures from
side reactions at the vacant β-thiophene C-H bonds available in the polymer structure. Reaction
times and temperatures were then decreased, to lessen the extent of these side reactions. With
decreasing reaction times, yields improved, and finally with a reaction time of only 1 h at 80 °C,
high molecular weight polymer was isolated in high yield (86%) (Table 2.1).
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Table 2.1: PTBs Molecular Weight Analysis
Mnb [kg/mol]

Mwb [kg/mol]

Ð

Yield [%]

PT8B

37.4

77.1

2.1

86d

PTPB

12.8

18.7

1.5

22d

PTPB

21.4

32.0

1.5

23e

PTF8B

17.9c

22.6c

1.3

68d

PTFPB

12.0

22.7

1.9

52d

PTFPB

18.9

36.8

1.9

25e

aReactions

were performed at 80 °C for 1 h in THF (0.1 M), Pd2(dba)3 CHCl3 (5 mol%),
P(o-MeOPh)3 (20 mol%), pivalic acid (1 equiv), Cs2CO3 (3 equiv)
bCalculated by GPC in 1,2,4-trichlorobenzene at 135 °C using PS standards
cCalculated by GPC in THF using PS standards
dCalculated from CHCl3 soluble portion
eCalculated from chlorobenzene soluble portion

With these optimized reaction conditions, the remaining three PTBs (PTPB, PTF8B, and
PTFPB) were synthesized in moderately high molecular weights (18 – 77 kg/mol). These polymers
were found to be reasonably soluble in chlorinated solvents (CHCl3, chlorobenzene, 1,2dichlorobenzene, 1,2,4-trichlorobenzene). The structures of these materials were evaluated by
NMR and MALDI-TOF mass spectrometry techniques to ensure the correct structure and
repeating nature of the polymer backbone. These spectra can be found in the appendix.
Furthermore, the polymerization of thieno[3,4-b]thiophenes and benzodithiophenes by DArP
methods was demonstrated, indicating the capability of DArP to be adapted to particular
monomer substrates.

2.3.2

Density Functional Theory (DFT) Calculations
Modeling studies were performed alongside the physical characterization of the newly

synthesized PTBs. DFT calculations can model the EHOMO, ELUMO and Eg, as well as the ∆μge, which
can be helpful for understanding the effect of the pendant functionalities and their influence on
the electronic character of the polymer. Polymers were modeled as dimers, with shortened sidechains to decrease computational time. In Figure 2.3 optimized models for each of the polymers
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in their lowest energy geometries are shown, with the overlaid electron densities in the HOMO
and LUMO states. In these models there is complete electron delocalization across the
backbone, as expected given the conjugated network. The phenyl and fluorophenyl pendants in
PTPB and PTFPB lie planar to the backbone and extend the conjugation of the π-electron
network. When the pendants are perfluorinated, the electron density in the thienothiophene
unit of the dimer is increased, which is particularly pronounced in the LUMO, due to the strong
electron withdrawing nature of the perfluorinated groups. The electron withdrawing effect of
the perfluoro pendants is also manifested in the calculated EHOMO (Table 2.2).

Figure 2.3: HOMO and LUMO Electron Density Maps for Dimer Models (n=2)
From the computed results it is clear that the perfluoro pendants significantly reduce the
EHOMO, by ~0.2-0.3 eV. The perfluoro pendants seem to have a larger effect on the E HOMO than a
single fluorine substitution, where a shift of 0.1-0.2 eV is typically observed.25,27 The ability of the
pendant unit to be conjugated with the backbone influences the Eg, lowering the bandgap by
0.05-0.07 eV, as is seen when comparing PT8B to PTPB, and PTF8B to PTFPB. The ∆μge spans
a wide range for these materials, from 2 to 18 D. It appears that having both a conjugated
aromatic pendant unit versus an alkyl side chain, or adding strong electron withdrawing perfluoro
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groups can independently increase ∆μge. Furthermore, the large range of ∆μge values observed
for these materials will be sufficient to comment on any observed trends between PCE and ∆μge.
Table 2.2: DFT Calculated EHOMO and ∆μge
EHOMOa

E ga

∆μgeb

PT8B

[eV]
- 4.60

[eV]
2.50

[D]
2.34

PTPB

- 4.66

2.45

8.24

PTF8B

- 4.95

2.46

11.18

PTFPB

- 4.81

2.38

18.15

acomputed

using dimer structure (n=2)

Call computations done with

2.3.3

bmonomer

structure (n=1).
B3LYP/6-31G(d,p)

UV-Vis Absorption and Cyclic Voltammetry
Using UV-Vis absorption spectroscopy, the absorption was measured for polymer thin

films (Figure 2.4). The absorption coefficient was calculated by dividing the film absorbance by
the thickness of the polymer film. Each of the PTB materials displays low bandgap absorption
with absorption onsets around 750-800 nm. Additionally, these materials absorb broadly over
the majority of the spectrum, which is favorable for increasing JSC. Lower bandgaps (i.e. broader
absorption) is observed for the PTPB and PTFPB due to the extended conjugation in the
pendants. High absorption coefficients on the order of ~105 cm-1 are observed for the nonfluoro
materials, and slightly decreased absorption coefficients are observed for the perfluoro pendant
materials
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Figure 2.4: UV-Vis Absorption of the PTBs in Thin-Films

The electrochemical properties were evaluated by cyclic voltammetry (CV), where thinfilms of each polymer were directly drop-casted onto the working electrode. With CV, the onset
of electrochemical oxidation can be measured, which can then be translated into the EHOMO using
an external ferrocene reference (
Figure 2.5). The oxidation onsets for PT8B and PTPB are similar, with EHOMO levels of 5.13 and -5.10 eV, respectively. The effect of the perfluoro pendants on PTF8B and PTFPB is
quite clear as the oxidation onset is shifted to higher potential by ~0.2 V, resulting in lower EHOMO
levels of -5.35 and -5.24 eV, respectively. From this, it appears the pendant functionalities on the
thienothiophene units display the following trend for the least to most electron withdrawing T8
≈ TP < TFP < TF8. These results mirror previous trends found in the DFT calculations.
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Figure 2.5: Cyclic Voltammetry Scans for PTB films

UPS measurements were performed in order to confirm observations made by CV. With
UPS, the kinetic energy of photoelectrons is measured, which can be used to determine the
ionization potential (EIP ~ EHOMO) for semiconducting materials. The UPS spectra can be found in
the appendix, while the measured EHOMO values are provided in Table 2.3. The EHOMO measured
by UPS follows similar trends, PT8B and PTPB have similar EIP, and the perfluoro pendants on
PTF8B and PTFPB lower the EIP by 0.2-0.3 eV. Thus, the UPS results provide a second
confirmation of the trends observed by CV.
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Table 2.3: PTBs Optical Absorption and Electrochemical Properties
Solution
λ

onset

Eg

opt

Film
λ

onset

Eg

opt

Absorption Coefficient
-1

[nm]

[eV]

[nm]

[eV]

[cm ]

PT8B

700

1.77

725

1.71

1.09 x 10

PTPB

733

1.69

760

1.63

1.01 x 10

PTF8B

733

1.69

740

1.68

8.0 x 10

PTFPB

783

1.58

795

1.56

7.4 x 10

5

5

4

4

c

CV a

EHOMO

UPS b

EIP

[eV]

[eV]

-5.13

-4.75

-5.10

-4.76

-5.35

-5.09

-5.24

-4.99

aVs Fc/Fc+ external reference
bMeasured

on ITO coated substrate
using polymer films

cCalculated

The EHOMO/ELUMO and bandgap alignment for each polymer may be visualized in a bar
chart as shown in Figure 2.6. Also shown is the ‘ideal’ alignment, where the EHOMO and Eg are
chosen to maximize VOC and JSC, respectively, while maintaining the 0.3 eV difference in ELUMO
from donor to acceptor (PCBM) required for efficient charge separation.22 The energy levels for
PTB7 are also included for comparison. Each of the four materials display a low-lying EHOMO,
mainly the result of the benzodithiophene donor unit in the polymer structure, which should be
beneficial for oxidative stability. Additionally, the energy level alignments are similar to those
observed for PTB7, and so these materials should function comparably when paired with a PCBM
acceptor in OPV devices. The effect of the perfluoro pendants is more noticeable in this chart,
where there is a shift of 0.22 eV between PT8B and PTF8B, and a shift of 0.14 eV between PTPB
and PTFPB. This should enhance the VOC for these materials. These empirical measurements
from CV and UPS closely resemble the changes noted in the previously discussed DFT results.
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Figure 2.6: PTB Bandgap Alignment Diagram

2.3.4

Active Layer Blend Morphology
In this portion of the chapter, the discussion will now shift to the analysis of these

polymers in blends with PCBM. Understanding the properties of the active layer blends and the
morphology of the BHJ is crucial for evaluating the observed device performances. Blend
morphology was analyzed by AFM and TEM, as shown in Figure 2.7. The active layer blend films
for these analyses were prepared in an identical manner to those for the OPV devices discussed
later on. AFM phase images can identify differences in surface morphology. When the perfluoro
pendants are added, phase separation can clearly be observed, where features sizes appear to be
on the order of 100-200 nm. This is in contrast to PT8B and PTPB where the films seem to be
homogeneous on the surface. This observation was further evaluated by TEM, which can probe
the interior of the films since it is a transmission imaging technique.
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Figure 2.7: AFM (left) and TEM (right) Images of Polymer:PCBM Active Layer Blend Films
The TEM images resemble the AFM images. Homogenous BHJ morphologies are formed
with the PT8B and PTPB, whereas phase separated morphologies are formed with PTF8B and
PTFPB. The perfluorinated pendants induce a PCBM fluorophobicity effect, driving the polymer
and PCBM into phase separated domains with feature sizes >100 nm. This may reduce JSC in
devices, as exciton diffusion lengths are ~10 nm in conjugated polymers.

2.3.5

Analysis of Polymer Crystallinity and Domain Sizes
The polymer crystallinity and phase separation was further investigated by X-ray

scattering techniques. GIWAXS is used to measure the crystal lattice d-spacings, and also to
determine the relative orientation of the crystallites relative to the substrate. The GIWAXS linecut plots (Figure 2.8) show scattering in both the qxy and qz directions. For each material there is
an intense broad scattering peak around ~1.4 Å, due to amorphous PCBM regions. The (100)
reflection, due to the interchain separation distance, can be seen around 0.3 Å-1. The (100) peak
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is closely related to the length of the solubilizing side-chains extending out from the polymer
backbone. Since each of these materials have the 2-ethylhexyl (C2, C6) side chains on the
benzodithiophene unit, the (100) peak corresponding to a distance of ~20 Å is quite similar for
each of the polymers. The π-π stacking between polymer chains, the (010) reflection, is seen at
~1.7 Å-1, corresponding to a distance of ~3.7 Å. The π-π stacking distance does not appear to be
influenced by the pendant functionality. By comparing the intensity of both the in-plane and outof-plane (010) peaks to the PCBM peak it is seen that the intensity of the (010) in the out-of-plane
direction is greater than in the in-plane direction, indicating a slightly greater amount of face-on
orientation in the polymer crystalline domains. Face-on orientation is typically observed in PTB
type polymers.54–56

Figure 2.8: Polymer:PCBM Active Layer Film Crystallinity and Morphology - GIWAXS (left,
center) and GISAXS (right)
GISAXS can detect scattering in lower q regions, allowing larger feature sizes, 10-100 nm
to be quantified (Figure 2.8). For PTF8B and PTFPB there is scattering intensity in the very low q
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range of <0.01 Å-1. Although the peak intensity of this scattering extends to lower q range than
what is accessible by GISAXS, it is evident that strong phase segregation exists in these blends,
leading to domains that are much larger than 100 nm (indicated by vertical dotted line). These
GISAXS observations confirm prior observations from the TEM and AFM analyses.

2.3.6

Device Performance
To test the performance of these materials in devices OPVs were fabricated using a

standard device architecture (ITO/PEDOT:PSS/Active Layer/LiF/Al) was used, where the active
layers were a 1:1.5 w/w ratio of polymer:PC71BM. Current-voltage (J-V) curves and external
quantum efficiency (EQE) measurements for representative devices under AM1.5G illumination
are provided in Figure 2.9. The device parameters, JSC, VOC, FF and PCE are shown in Figure 2.10.
The VOC is significantly enhanced (by ~0.2 V) for PTF8B and PTFPB versus the nonfluorinated
materials, which is a result of the reduced EHOMO levels. Each of the materials have relatively
high JSC around 11-13 mA/cm2, except for PTF8B which has a much lower JSC (~5.5 mA/cm2). The
high JSC, with the exception of PTF8B, is the result of the relatively low bandgaps of the polymers
along with the strong absorption over the majority of the visible spectrum. The low JSC for PTF8B
limits the achievable PCE in this material, which may be a result of the relatively weaker
absorption as evidenced by the decreased EQE. The lower JSC for PTF8B could also be a sideeffect of the large phase separated domains in the BHJ blend, which can stifle efficient charge
separation. The PTB materials display moderate FF values around 50%, with the lowest observed
for PTFPB (< 40%). It is not fully understood why lower FF is only observed in the PTFPB.
Overall, the efficiencies of the PTB materials are modest, 2.5-3%. PT8B and PTFPB have
comparable efficiencies just over 3%, PTPB and PTF8B has slightly lower performance due to
the lower VOC and lower JSC, respectively. While modest device efficiencies were obtained, this
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marks a success for the development of DArP techniques, as high quality polymers were
obtained, and PCEs are similar to initial less-optimized PTB systems.27 With more optimization
of the device fabrication procedures and interfaces, higher PCEs could likely be achieved. In
regard to ∆μge, this work did not indicate any correlation with PCE. Since many factors can affect
PCE, directly correlating with ∆μge is, perhaps, an oversimplification which does not take into
account differences in morphology, polymer molecular weight, or electrochemical properties

Figure 2.9: Current-Voltage Curves for OPVs (left), External Quantum Efficiency Device
Measurements (right)
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Figure 2.10: Average OPV Device Measurements (10 devices)

As one further method for evaluating these novel materials, hole-only devices were
fabricated in order to measure μh by SCLC techniques (Figure 2.11). Each of the materials have
reasonably high hole-mobilities, on the order of 10-5 cm2V-1s-1. PTFPB had the highest mobility,
followed by PTPB, PT8B and PTF8B. The lower μh for PTF8B could also be a reason for the lower
JSC in this material. The high μh in PTFPB could offer an explanation for the high JSC observed for
this material, despite the phase separated morphology. Overall, hole-mobilities observed here
are comparable to previously reported SCLC measurements of other thienothiophenebenzodithiophene copolymers.25,27
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Figure 2.11: Dark J-V Device Measurements for PTB:PCBM Blends
2.4

Conclusions
In this chapter, the synthesis of a new series of PTBs with varying pendant functionalities

was described. DArP techniques were optimized, eventually allowing for high molecular weight
polymers to be obtained in reasonable yields. This was the first demonstration of
thienothiophene monomers polymerized by DArP. The effect of the pendant functionalities,
particularly the perfluoro pendants was thoroughly analyzed. With the perfluorinated pendants,
the EHOMO of the polymers was reduced (by 0.1-0.2 eV), which was observed by DFT calculations,
CV measurements, and UPS measurements. The calculated ∆μge was greatly increased due to
the strong electron withdrawing nature of these groups. In blends with PCBM, as in OPV active
layers, the perfluoro pendants induce stronger phase separation, creating domains with length
scales >100 nm. Modest PCEs were achieved with these materials, >3% in PT8B and PTFPB with
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minimal optimization. No obvious correlations between ∆μge and PCE were observed. With more
optimization, it is likely that even higher PCEs could be achieved with these materials given their
favorable bandgaps and energy level alignment.
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SYSTEMATIC VARIATION OF FLUORINATED POLY(DIKETOPYRROLOPYRROLE)S:
SYNTHESIS, CHARACTERIZATION AND PERFORMANCE IN ORGANIC ELECTRONIC
DEVICESB

3.1

Introduction
A new series of systematically varied fluorinated polymers based on the

diketopyrrolopyrrole (DPP) unit are investigated.57 There are two primary goals to this research,
(i) to investigate the effects of introducing fluorinated units directly into the polymer backbone
(i.e. backbone fluorination), (ii) to synthesize the poly(diketopyrrolopyrrole)s (PDPPs) by newer
DArP techniques. The targeted polymeric structures are shown in Figure 3.1, where the
thiophene-flanked diketopyrrolopyrrole unit is kept constant and the alternating unit is varied,
from thiophene (TTT) to 3,4-difluorothiophene (TTfT), and from phenyl (TPT) to 2,5difluorophenyl (TPfT). With this design, there are two sets of materials for examining structureproperty-performance relationships associated with fluorination, TTT versus TTfT, and TPT
versus TPfT. The nomenclature in this work is abbreviated to leave out the commonality in the
prefix (PDPP), emphasizing the structural differences in the alternating unit.

B

This chapter is based upon a published manuscript:
P.; Liu, Y.; Liu, F.; Russell, T. P.; Coughlin, E. B. “Systematic Variation of Fluorinated Diketopyrrolopyrrole
Low Bandgap Conjugated Polymers: Synthesis by Direct Arylation Polymerization and Characterization and
Performance in Organic Photovoltaics and Organic Field-Effect Transistors” Macromolecules 2015, 48, 6978–3986.
57 Homyak,
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Figure 3.1: Structures of PDPP Materials
Diketopyrrolopyrroles were first popularized for use as pigments due to their intense
coloration. Given their relative ease of synthesis and favorable electrochemical properties, they
have since become a popular building block for conjugated small-molecules and polymers for
organic electronic applications such as OPVs and OFETs (organic field-effect transistors).58–60
The DPP unit is an electron deficient ‘acceptor’ unit, and when it is alternating with ‘donor’
thiophene or phenyl units, as in TTT or TPT, low bandgap polymers (with Eg <1.5) can be
achieved. Furthermore, the DPP monomer can be synthesized in 2-3 steps, making these low
bandgap polymers more accessible compared to the PTBs in Chapter 2.
In 2009, Leclerc et al. first documented the synthesis of TTT by Stille polycondensation,
yielding low molecular weight materials (Mn ~ 3 kg/mol) with broad absorption across the visible
spectrum out to 900 nm (Eg ~1.3 eV).61 Janssen et al. then built on this work, synthesizing the
same TTT (PDPP3T) by Suzuki polycondensation, yielding much higher molecular weight
materials (54 kg/mol).62 They then fabricated organic electronic devices, reaching PCEs of 4.7%
in OPVs and high hole mobilities on the order of 10-2 cm2V-1s-1in OFETs. These promising results
led to the investigation of the related TPT system (PDPPTPT), which was also synthesized by
Suzuki polycondensation in high molecular weight (Mn ~65 kg/mol).63 This material had a slightly
lower EHOMO level, -5.35 eV compared to -5.17 for TTT, and larger Eg of 1.53 eV. The lower EHOMO
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led to higher VOC and increased PCEs of 5.5% with this material, and again, high hole mobilities
on the order of 10-2 cm2V-1s-1.
For this work, it was reasoned that fluorinated derivatives TTfT and TPfT would have
lower EHOMO levels relative to TTT and TPT, which would be beneficial for material stability
towards oxidation and could increase VOC. Fluorinated units in the backbone have also been
shown to increase planarity in the polymer backbone, increasing crystallinity and decreasing ππ stacking distances, which can further improve hole mobility (μh) in OFET applications.
Additionally, this series of materials allows us to more broadly continue our studies of structure
property relationships associated with fluorination.
The second emphasis in this work, is to use DArP to synthesize these materials. Through
this strategy, we can synthesize the previously reported TTT and TPT in fewer synthetic steps,
reducing the cost of these materials, and the synthetic complexity, while embracing more
environmentally friendly techniques. Previous reports of these materials have focused on Suzuki
polycondensation for their preparation, which can serve as a comparison for the materials
synthesized here by DArP. As mentioned in Chapter 2, many thiophene-based monomers have
been shown to have sufficiently activated sp2 C-H bonds for effective DArP. In this case it is then
reasoned that the sp2 C-H bonds on the electron deficient thiophene-flanked DPP unit will be
suitable for DArP when paired with appropriate dibromoaromatic monomers (Figure 3.2).
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Figure 3.2: DPP and Dibromoaromatic Units as Monomers for DArP
While this work was in progress, direct arylation using DPP units for the synthesis of
various small molecule dyes, oligomers, and many different polymeric structures were
reported.64–69 These reports further supported our motivation to use DArP for this work,
particularly since the properties and performance of the TTT and TPT materials could be
compared to previous reports that utilized other traditional cross-coupling polycondensation
techniques for the preparation of the same polymers.

3.2
3.2.1

Experimental
Materials
All reagents and chemicals were purchased from commercial sources (Matrix Scientific,

Sigma-Aldrich, Acros Organics, Alfa Aesar) and used without further purification unless stated
otherwise. The (2-hexyl)decyl substituted DPP core unit was synthesized in a similar manner to
previous reports.70 M3 (2,5-dibromo-3,4-difluorothiophene) was synthesized as reported.71 All
reactions were performed under inert (N2) atmosphere.

3.2.2

Characterization
1

H and 19F NMR spectra were collected with a 500 MHz Agilent Technologies instrument

with variable temperature capability. UV−vis absorption measurements of polymer solutions and
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films were performed on a PerkinElmer Lamba 25 UV−vis spectrometer. Solution spectra were
measured from dilute polymer solutions in CHCl3 at RT. Films for absorption spectra were spincoated from 10 mg/mL polymer solutions in CHCl3 at 1500 rpm for 60 s. Polymer molecular
weight and dispersity (Đ) analysis was completed via gel-permeation chromatography (GPC) in
1,2,4- trichlorobenzene at 135 °C using a Polymer Laboratories PL-220 high- temperature GPC
instrument calibrated against polystyrene standards. MALDI-TOF experiments were performed
on a Bruker microflex instrument, using either terthiophene or DCTB (trans-2-[3-(4-tertButylphenyl)-2-methyl-2-propenylidene]malononitrile) as the ionizing matrix (1:1000 w/w
polymer to matrix). Cyclic voltammetry (CV) measurements of the polymer films were done with
a Bioanalytical Systems Inc. (BASi) EC Epsilon potentiostat using a three-electrode configuration
consisting of a glassy carbon working electrode, a Ag/AgNO3 (0.01 M in acetonitrile) reference
electrode, and a Pt wire counter electrode in tetrabutylammonium hexafluorophosphate
electrolyte solution (0.1 M) in acetonitrile. Measurements were calibrated to the
ferrocene/ferrocenium redox couple (Fc/Fc+) external reference. Films for CV were drop-cast
directly onto the glassy carbon working electrode from polymer solutions in CHCl3. Bright-field
TEM was conducted using a JEOL 2000 FX TEM instrument operating at an accelerating voltage
of 200 kV. Active layer films for TEM were spin-coated in the same manner as for OPV devices
on PEDOT:PSS. The films were then floated onto copper TEM grids in water.

3.2.3

Polymerization Procedure
All polymers were synthesized using the same optimized DArP procedure. A typical

polymerization procedure was completed as described. Into a 20 mL reaction vial with septa was
added 0.5 mmol DPP core (374.6 mg), 0.5 mmol M1-M4, 15.5 mg Pd2dba3CHCl3 (3 mol%), 21.1 mg
P(o-MePh)3 (12 mol%), 51.1 mg PivOH (1 equiv), and 488.7 mg Cs2CO3 (3 equiv). The vial was then
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sealed and purged with N2 for 20 m. Toluene:DMF (10:1 v/v, 11 mL, 0.05 M) was then added as
solvent and the mixture degassed with N2 for 20 m. The reaction mixture was stirred at RT for 20
m then heated to 115 °C for 20 h. After completion of the reaction time, the contents of the
reaction vessel were then cooled and precipitated into stirring methanol. CHCl3 was used to
dissolve any solid material prior to precipitation. All precipitated solids were then collected by
filtration and subjected to sequential Soxhlet extraction with methanol, acetone, hexanes and
CHCl3. Polymers were then precipitated from CHCl3 and subjected to one more round of Soxhlet
extraction following the same sequential procedure. The CHCl3 extracted materials were then
used for the remainder of the polymer characterization. 1H and 19F NMR, and MALDI-TOF were
used to characterize the structures of the resulting polymers, these spectra are included in the
appendix.

3.2.4

OPV Fabrication
Standard device architecture (ITO/PEDOT:PSS/Active Layer/Ca/Al) was used. Indium tin

oxide (ITO)-coated glass substrates (20 ± 5 ohms/square) were purchased from Thin Film Devices
Inc. Substrates were cleaned through ultrasonic treatment in detergent, water (2X), acetone, and
isopropyl alcohol and dried in an oven overnight. The ITO substrates were then cleaned by
ultraviolet ozone treatment (15 min) and PEDOT:PSS (Clevios P VP A1 4083) was spin-coated in
air (3500 rpm, 40 s) forming ~35 nm films. After annealing the PEDOT:PSS at 150℃ for 30 min in
air, the substrates were transferred into a glove box under an inert atmosphere. Polymer/PC71BM
(1:2 w/w) solutions were then spin-coated on top of the PEDOT:PSS layer at 2000 rpm for 60 s.
The thickness of the active layer polymer/PC71BM films were ~80-100 nm (KLA-TENCOR AlphaStep IQ Surface Profiler). Finally, 15 nm of calcium and 100 nm of aluminum were thermally
evaporated on the active layer under high vacuum
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(2×10-4 Pa) to complete the devices. The areas of the devices were 6 mm2, as defined by the
evaporator shadow mask area. Current-voltage (J-V) characteristics of the devices were
measured under simulated AM1.5G irradiation (100 mWcm-2) using a Xe lamp-based Newport
91160 300-W solar simulator. The light intensity was adjusted with an NREL-calibrated Si solar
cell with a KG-5 filter. Device characteristics are reported as an average of at least 6 devices ± the
standard deviation of those measurements.

3.2.5

OFET Fabrication
Organic field effect transistors (OFETs) were fabricated in a bottom gate, bottom

contact configuration. Highly n-doped silicon and thermally grown silicon dioxide (300 nm) were
used as the back gate and gate dielectric, respectively. Source and drain electrodes (5 nm Cr /
45nm Au), having a channel width (W = 140 µm) / channel length (L = 5 µm) = 28, were prepared
using standard photolithographic procedures. The substrates were then cleaned with pure water,
hot concentrated sulfuric acid/hydrogen peroxide solution (2:1 v/v), water, and then isopropyl
alcohol. Then vaporized trichloro(octadecyl)silane (OTS) was used for the surface modification
of the gate dielectric layer. The characterization was completed using a Keithley 4200 SCS probe
station under ambient atmosphere. Then field effect mobilities were calculated using the
standard equation for the saturation region in metal-dioxide-semiconductor field effect
transistors: Id = µ (W/2L) Ci (Vg - Vt)2, where Id is drain-source current, µ is field effect mobility, W
and L are the channel width and length, Ci is the capacitance per unit area of the gate insulter (Ci
= 10 nF/cm2), Vg is the gate voltage and Vt is the threshold voltage. OFET mobilities are reported
as an average of 5 devices ± the standard deviation of those measurements.
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3.2.6

GISAXS/RSoXS Measurements
Grazing incidence wide angle X-ray scattering (GIWAXS) characterization of active layer

was performed at beamline 7.3.3, Advanced Light Source (ALS), Lawrence Berkeley National Lab
(LBNL). X-ray energy was 10 keV and operated in top off mode. The scattering intensity was
recorded on a 2 D image plate (Pilatus 2M) with a pixel size of 172 μm (1475 × 1679 pixels). The
samples were ~15 mm long in the direction of the beam path, and the detector was located at a
distance of 300 mm from the sample center (distance calibrated by AgB reference). The
incidence angle was chosen to be 0.16° to optimize the signal-to-background ratio. Thin-film
samples were prepared on PEDOT: PSS covered Si wafers in a similar manner to the OPV devices
and pure polymer samples were prepared on Si wafers with a 2 nm natural oxide layer.
Resonant Soft X-ray Scattering (RsoXS) experiments were performed on beamline
11.0.1.2, ALS, LBNL. Experiments were done in transmission geometry. BHJ thin films were
floated on water and transferred onto Silicon Nitride windows from Norcada Inc. Samples were
loaded into a high vacuum chamber (~10-7 torr) to avoid carbon contaminations in ambient
environment. A photon energy of 284.2 eV was used in runing the experiments, which gave best
contrast at carbon K-edge. 300 nm polystyrene spheres were used as standard to calibrate
sample-to-detecter distance. Recorded data were processed using beamline developed macros
that were embeded in Igor software package.

3.3
3.3.1

Results and Discussion
Synthesis
For the targeted polymeric structures, five monomers were required, as shown in

Scheme 3.3. The thiophene-flanked DPP unit can be synthesized in a relatively straightforward
two-step method from 2-cyanothiophene (Scheme 3.1), as has been previously reported.70 The
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longer branched 2-hexyldecyl solubilizing side-chains were required in this case to afford
reasonable solubility of the polymers.

Scheme 3.1: Synthesis of thiophene-flanked DPP Monomer (2)

Conveniently, three of the four dibromoaromatic monomers could be purchased
commercially, with the exception of M3. This monomer was synthesized (Scheme 3.2) in high
yield following a previously reported 3-step protocol beginning from 3,4-dibromothiophene.71

Scheme 3.2: Synthesis of M3
With each of the required monomers in hand, the four targeted polymer structures could
be achieved by pairing the thiophene-flanked DPP monomer with M1-M4 in an A2 + B2 type step
growth under DArP conditions (Scheme 3.3).
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Scheme 3.3: Synthesis of TTT, TPT, TTfT and TPfT by DArP

Unfortunately, under these conditions, only low molecular weight oligomeric residues
were formed. This was mainly attributed to the poor solubility of the growing oligomeric chains
in the polymerization solvent THF. Fortunately, the synthesis of very high molecular weight
PDPPs by Suzuki coupling was reported utilizing a mixed toluene:DMF solvent system at higher
temperatures and reaction times (~115 °C and >20 h).72 Since toluene and DMF are also suitable
solvents for DArP, these conditions were implemented for further optimization attempts. With
this, higher molecular weight materials were formed. It was also found that similar or higher
molecular weight materials could be formed using reduced catalyst and ligand loadings, 3 mol%
and 12 mol%, respectively. These DArP conditions were then used for the synthesis of TPT, TTfT,
and TPfT, with the molecular weights shown in Table 3.1.
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TTT
TPT
TTfT
TPfT
aDetermined

Table 3.1: PDPPs Molecular Weight Analysis
Yield
M pa
Mna
Mwa
[%]
[kg/mol]
[kg/mol]
[kg/mol]
45
46.4
29.0
110.9
29
15.5
13.5
24.2
25
10.9
10.2
17.2
35
13.2
10.3
19.3

Đ
3.8
1.8
1.7
1.9

from GPC in 1,2,4-trichlorobenzene at 135 °C, 1 mg/mL, using PS standards

Molecular weight analysis for these materials by GPC was non-trivial, as it was found that
the retention times were highly dependent on the sample concentration. Decreased retention
times (i.e. higher molecular weight) were observed for more concentrated samples, and vice
versa. These experiments are documented in a table that can be found in the appendix. This
behavior has been previously noted for PDPPs and is attributed to their enhanced crystallinity
and tendency to aggregate in solution.63,73 Ultimately, GPC analysis for each polymer was
performed at a concentration of 1 mg/mL, at 135 °C in 1,2,4-trichlorobenzene to provide
consistent results. The highest molecular weight material was TTT (Mw > 100 kg/mol), while
moderate molecular weights (~20 kg/mol) were achieved for TPT, TTfT, and TPfT. The
differences in molecular weight can be attributed to differences in solubility, and perhaps due to
reduced reactivity of the fluorinated M3 and M4 monomers. Moderate yields were observed due
to some low molecular weight oligomeric residues removed by Soxhlet extraction, and some
insoluble materials that are presumably very high molecular weight, or cross-linked materials
that formed at high reaction conversion as has been noted in other DArP studies.74 The targeted
polymeric structures were confirmed using NMR (1H and 19F) and MALDI-TOF, and these spectra
are included in the appendix. Due to the observed solution aggregation behavior of these
polymers, it was difficult to assign all proton and fluorine resonances in the NMR spectra.
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Verification of structure was easier to accomplish by analyzing the MALDI-TOF spectra, where
the repeat unit molecular weight and end-groups (H/H) for each of the polymers was determined.

3.3.2

UV-Vis Absorption and Cyclic Voltammetry
The optical absorption of the four polymers, in solution and thin-films, was analyzed

using UV-Vis spectroscopy, as shown in Figure 3.3. All four of the polymers display low bandgap
behavior, as evidenced by the broad absorption out to ~800 for TPT and TPfT, and ~900 for TTT
and TTfT, which translates to optical bandgaps of 1.48 and 1.38 eV, respectively. Normally a
pronounced red-shift is observed in comparing the solution to film absorption due to polymer
aggregation in the solid state, however, in this case the spectra are nearly the same. This is due
to aggregation of the polymers in solution. TTT and TTfT have nearly identical absorption in both
solution and films, as do TPT and TPfT, which suggests that backbone fluorination does not
greatly impact the optical properties in this case. The overall absorption for TTT and TPT closely
resemble those previously reported by Janssen et al.62,63

Figure 3.3: UV-Vis Absorption of PDPPs in solution (left) and as thin-films (right)
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Low-energy (i.e. red-shifted) shoulders in the absorption profile of TPT has recently
been shown by Janssen et al. to be a signature of homo-couplings in the polymer backbone, due
to slight differences in the electrochemical nature of the alternating copolymer backbone.75
Applying this analysis to our TPT material as a direct comparison, a slight low-energy shoulder is
observed compared to the reported spectra, indicating the presence of some homo-couplings,
although they are minimal (< 5%). Due to the similar reactivities of the other monomers (M2M4), this suggests that there may be some homo-couplings in TTT, TTfT, and TPfT as well.
Electrochemical properties were measured by cyclic voltammetry, as shown in Figure
3.4. Here it can be seen that the onset of oxidation for the PDPPs is increased for the fluorinated
materials, by 0.1-0.2 V, which is consistent with previous studies of polymers with backbone
fluorination. Shifts of 0.1-0.2 eV are typically observed depending on the electronic nature of the
polymer backbone.27,40,76–78 Previous reports of PDPPs found that changing the alternating
thiophene unit (in TTT) for a phenyl unit (TPT) lowers the EHOMO level by >0.1 eV, although the
CV here suggests a more moderate reduction of the EHOMO (~0.5 eV ).63,72
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Figure 3.4: Cyclic Voltammetry Scans for PDPP films

The onset of oxidation can then be used to calculate the EHOMO by using an external
ferrocene reference with a known redox couple. The EHOMO and Egopt can be plotted to visualize
the bandgap alignment, as shown in Figure 3.5. In an OPV, these materials are designed to
function with a PCBM type acceptor, and so these energy levels are also shown. When the
backbone is fluorinated the EHOMO level is reduced by 0.17 eV for TTfT compared to TTT, and 0.13
eV for TPfT compared to TPT. Overall, the EHOMO levels range from -5.27 eV to -5.45 eV, which is
nearly the ‘ideal’ level for maximizing VOC in low bandgap systems. Examining the ELUMO levels,
it can be seen that the lowered EHOMO levels in TTfT and TPfT results in a reduced ELUMODONORELUMOPCBM offset (referred to as ∆E2 in the introduction), which decreases the efficiency of charge
separation, and thus the overall PCE.
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Figure 3.5: PDPP Bandgap Alignment Diagram
The absorption and the EHOMO levels of these PDPPs is consistent with previous reports,
suggesting that these materials should also perform well in both OPV and OFET applications.62,63
In the next sections, the morphology of the active layer blends, and the performance of these
materials in OPVs and OFETs is investigated.

3.3.3

Active Layer Blend Morphology
The morphology of the polymer:PCBM bulk-heterojunction blends was first evaluated by

TEM, as shown in Figure 3.6. Thin films were produced in an identical manner to the active layer
blends used for OPVs. Polymers based on DPP are known to be highly crystalline, producing
fibrillar type morphological features in blends with PCBM when spin-coated from optimized
solvent systems.79–81 Fibrillar features were seen for each of the polymers here, resulting in
favorable BHJ morphologies with seemingly interconnected networks throughout the film.
Backbone fluorination in TTfT and TPfT did not induce phase separated behavior as was the case
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with the PTB materials in Chapter 2. However, the final morphology of these blends did depend
heavily on the solvent used for spin-coating. When processed from a binary mixture of 4:1
CHCl3:DCB (1,2-dichlorobenzene) TPT and TPfT formed the BHJ networks as shown. When this
solvent system was used for TTT and TTfT severe phase separation was observed, with domain
sizings on the order of ~500 nm (images in the appendix). When these same materials were
processed from CB with 3% DIO (chlorobenzene, 1,8-diiodooctane), the BHJ networks shown in
Figure 3.6 were formed. Since a more defined fibrillar polymer morphology allows for more
efficient charge separation and transport, these same conditions were then applied for OPV
device fabrication.62,63,80–82 For TTfT, large contrast variations in the TEM images are the result of
film thickness variations.

Figure 3.6: TEM Images of Polymer:PCBM Active Layer Blend Films (scale bar = 500 nm)
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3.3.4

Analysis of Polymer Crystallinity and Domain Sizes
X-ray scattering techniques, GIWAXS and Resonant Soft X-ray Scattering (RSoXS) were

used to understand the effect of fluorination on the polymer crystallinity in pure polymer films
and domain sizing in blends with PCBM, respectively (Figure 3.7). Out-of-plane (qz) and in-plane
(qxy) line cuts from GIWAXS are provided. In the qz the (100) peak at ~0.36 A-1 corresponds to an
interchain d-spacing of 1.74 nm. This peak position does not shift as the structures are varied
since this spacing is controlled by the length of the solubilizing side-chains, which are the same
for each of the polymers. In both the qz and qxy, TPT and TTT displayed a (010) reflection at ~1.7
A-1, which corresponds to a π-π stacking distance of 3.7 Å. For TTfT and TPfT, the (010) peak was
slightly shifted to higher q region (~1.75 A-1), indicating a smaller π-π stacking distance of 3.59 Å.
For TTfT and TPfT, fluorination in the backbone seems to promote closer interchain stacking.
Backbone fluorination has been suggested to promote greater backbone planarity by reducing
steric hindrance between adjacent units, in turn enabling closer π-π stacking.83,84 This effect has
a favorable effect on charge transport properties for TTfT and TPfT as will be discussed with the
OFET performance results.
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Figure 3.7: GIWAXS for Polymer Films (left, center) and RSoXS of Active Layer Blends (right)

Larger sized features (50-500 nm), such as the mesh-size of the fibrillar blend networks
can be identified by RSoXS (Figure 3.7). TPT showed a broad peak located at ~0.008 Å-1,
corresponding to the mesh-size ~78 nm. With TPfT, enhanced scattering intensity with an
increase in the mesh size (161 nm) was observed compared to TPT. A more intense scattering
peak at 0.0034 Å-1 (185 nm) was observed for TTT. The TTfT scattering peak was shifted to 0.0025
Å-1, giving a larger domain sizing of 251 nm. While each polymer forms an intermixed blend, it
seems the mesh-size, or domain sizing, is increased when the polymers are fluorinated on the
backbone. This can have negative effects on device performance, as larger domains typically
reduce charge separation efficiency.
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3.3.5

Device Performance (OPVs and OFETs)
Two series of devices were fabricated for investigating structure-property-performance

relationships in these materials. With OPVs, differences in the obtained JSC, VOC, and FF can be
seen as a result of polymer properties, either due to differences in absorption, crystallinity, or
EHOMO/ELUMO alignment. With OFETs, differences in charge mobility can be correlated to polymer
crystallinity.

The

OPVs

were

fabricated

using

the

standard

device

architecture

(ITO/PEDOT:PSS/Active Layer/Ca/Al), and representative J-V curves are provided in Figure 3.8.
As previously mentioned in the discussion of the blend morphologies, different solvent systems
were required to achieve optimal BHJ structures in the active layer blends. For TTT and TTfT, CB
with 3% DIO was used for spin-coating, while for TPT and TPfT a mixture of CHCl3:DCB (4:1) was
used.
For the VOC, values of 0.7-0.8 V were obtained for each of the materials (Table 3.2). The
fluorinated TPfT exhibited an increase of ~0.07 V in the Voc compared to TPT due to the lower
EHOMO level. TPT shows a slightly higher VOC in comparison to TTT, which also corresponds to
differences in their EHOMO levels. Although fluorination was found to lower the EHOMO for TTfT,
there was no improvement in the VOC compared to TTT. This could be due to increased surface
roughness, or issues with interfacial contacts.
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Figure 3.8: Current-Voltage Curves for OPVs

Now examining JSC, values of 10-12 mA/cm2 were obtained for TTT and TPT, which is
characteristic of low bandgap polymers and DPP-based materials in general. With the fluorinated
comparisons, JSC values for TTfT and TPfT were quite lower, 3.17 mA/cm2 and 6.14 mA/cm2,
respectively. Typically JSC is most influenced by absorption (bandgap and absorption coefficient)
and charge mobility. However, the fluorinated materials have similar absorption compared to
the non-fluorinated, and relatively good charge mobility as will be discussed later. With this, the
reduction in JSC for these materials most likely related to the crucial ∆E2 parameter, the ELUMO
energy offset, which should be > 0.3 eV for efficient charge separation. For TTfT and TPfT, the
∆E2 are 0.14 eV and 0.22 eV, below the 0.3 eV threshold design criteria for donor-acceptor blend
systems. Furthermore, the ∆E2 scales with the observed Jsc, as TTfT has the smallest ∆E2 of 0.14
eV and the lowest Jsc of 3.17 mA/cm2, and TPfT has a slightly higher ∆E2 of 0.22 eV and slightly
higher Jsc of 6.14 mA/cm2. The correlation between ∆E2 and JSC can also be seen in comparing
TTT and TPT. It is well known that ∆E2 > 0.3 eV promotes charge separation, and reduces charge
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recombination, and so in the fluorinated materials this is believed to be the cause of the lower JSC
and subsequently, the lower PCEs.
Table 3.2: Photovoltaic Characteristics for Polymer:PC71BM Devices
PCE

PCEbest

[%]

[%]

54.79 ± 1.4

3.85 ± 0.13

4.01

12.86 ± 0.40

39.89 ± 1.6

3.91 ± 0.32

4.37

0.70 ± 0.01

3.17 ± 0.09

53.00 ± 0.70

1.17 ± 0.05

1.25

0.83 ± 0.02

6.14 ± 0.28

44.87 ± 0.57

2.29 ± 0.08

2.40

Voc

Jsc

[V]

[mA/cm2]

TTTb

0.70 ± 0.01

10.05 ± 0.29

TPTc

0.76 ± 0.01

TTfTb
TPfTc

FF

aMeasurements represent
bProcessed

average ± standard deviation for >6 devices
from CB with 3% DIO cProcessed from CHCl3: DCB (4:1)

With minimal device optimization, average device PCEs of 3.85% and 3.91% were
achieved for TTT and TPT, respectively. When compared to previous reports of polymers with
the same structure, the PCEs here are slightly lower relative those previously achieved by Janssen
et al. (4.7 % for TTT, and 5.5 % TPT), which likely involved greater efforts towards
optmization.62,63 Nonetheless, our results suggest that DArP can be a viable alternative to Stille
and Suzuki polycondensation methods for the synthesis of high-quality conjugated polymeric
materials. The materials synthesized here by DArP have comparable performance to previous
reports. Furthermore, we note that by using DArP, TTT and TPT can be synthesized in three total
synthetic steps. This work represents the most direct synthetic approach to low bandgap
polymers, which also have reasonable PCEs when used in OPVs.
Bottom-gate, bottom-contact configuration OFETs were fabricated with an n-doped
silicon gate and a silicon dioxide dielectric and were characterized under ambient conditions.
Averaged mobility measurements for each of the materials are shown in Figure 3.9, additional
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device characteristics (output and transfer curves) are in the appendix. Each of the PDPPs had
excellent hole transport (μh) properties, with mobilities ranging from 0.01 to 0.06 cm2V-1s-1, which
is similar to previous reports. For TTfT and TPfT hole mobilities were increased, approximately
2-3 times greater, than their non-fluorinated comparisons TTT and TPT. Higher mobilites are the
result of the more planar polymer backbone confirmation in TTfT and TPfT, enabled by the
backbone fluorination, which then allows for slightly closer π-π stacking, as evidenced by
GIWAXS. In addition to this improvement, TTfT and TPfT also demonstrated air-stable electron
transport (μe ~10-5 cm2V-1s-1), indicating ambipolar charge transport. Air-stability is increased by
the lower EHOMO in these materials, which increases the barrier to oxidation. The high charge
mobilities observed confirm that PDPPs synthesized here by DArP perform comparably to
previous reports, and that fluorination can enhance hole and electron mobility, as well as material
stability in air.

Figure 3.9: OFET Hole (μh) and Electron (μe) Mobilities
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3.4

Conclusions
In this chapter, four DPP-based polymers (TTT, TPT, TTfT and TPfT) were synthesized

by DArP in order to study structure-property-performance relationships. High molecular weights
were achieved, with Mw ranging from 17 to 110 kg/mol. The physical and electrochemical
properties of these materials are nearly identical to those previously synthesized by Stille or
Suzuki polycondensation methods. With TTfT and TPfT, the backbone fluorination lowered the
EHOMO by 0.1-0.2 eV. Each polymer formed fibrillar-like bulk heterojunction blends with PCBM as
verified by TEM and RSoXS. In OPVs, promising device PCEs of 3.8-3.9 % were achieved for TTT
and TPT. Although for TTfT and TPfT, lower OPV efficiencies were observed as a result of
mismatched ELUMO alignment with the PCBM acceptor. In OFETs, high hole-mobilities, ~10-2
cm2V-1s-1, were observed. Additionally, in TTfT and TPfT hole-mobilites were enhanced by 2-3
times due to better π- π stacking, and these materials exhibited greater stability in air. The
promising performance of these materials in OPVs and OFETs demonstrates that DArP produces
materials that perform comparably to those made by Stille or Suzuki coupling methods. Lastly,
the effect of fluorine substitution on the polymer backbone for tuning conjugated polymer
electrochemical properties has been demonstrated.
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SYSTEMATIC FLUORINATION OF P3HT; SYNTHESIS OF P(3HT-CO-3H4FT)s,
CHARACTERIZATION, AND DEVICE PERFORMANCE IN OPVsC

4.1

Introduction
Discussed in this chapter is the synthesis of a series of P(3HT-co-3H4FT)s, where the

percentage of fluorination in the polymer backbone is systematically varied from 0 to 100%.85
Five polymers with 0%, 25%, 50%, 75%, and 100% fluorinated repeat units along the polymer
backbone (P0, P25, P50, P75, P100) were synthesized via DArP, and subsequent characterization
of their physical and electrochemical properties was used to evaluate structure-property trends
(Figure 4.1). This is the first example of tunable fluorination over the entire range from 0 to 100%
in P3HT based materials. The nomenclature indicates the percent of fluorinated repeat units in
the polymer.

Figure 4.1: Design of P(3HT-co-3H4FT) Materials
Poly(3-hexylthiophene) (P3HT = P0) is perhaps the most well-known and widely studied
conjugated polymer due to commercial availability and good overall semiconducting
properties.86 In OPVs, when P3HT:PCBM is used as the active layer PCEs of 3-5% are typically
observed, depending on processing conditions, device architecture, and more importantly

C

This work is based upon a published manuscript:
P. D.; Liu, Y.; Harris, J. D.; Liu, F.; Carter, K. R.; Russell, T. P.; Coughlin, E. B. “Systematic Fluorination of
P3HT ; Synthesis of P(3HT-co-3H4FT )s by Direct Arylation Polymerization , Characterization , and Device
Performance in OPVs” Macromolecules 2016. DOI: 10.1021/acs.macromol.6b00386.
85Homyak,
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polymer molecular weight and dispersity.86,87 Many reports have detailed the synthesis of
modified P3HT materials, incorporating various heteroatoms (O, Se, Te), functional side-chains,
or most recently fluorine atoms, which can be substituted in the 4-position of the 3hexylthiophene (3HT) repeat unit. Using fluorine as an electron withdrawing substituent is
favorable compared to other electron withdrawing groups due to its small van der Waals radius
and high electronegativity, which enables tuning of physical and chemical properties without
creating a large steric hindrance that would induce twisting in the P3HT backbone.28,29
Fluorinated polythiophenes have been explored in a few recent studies. Gohier et al.
approached this synthetic challenge using a monomer-modification route where a fluorinated
terthiophene monomer was synthesized in five steps from 3-hexylthiophene (Scheme 4.1).88
Electropolymerization of this terthiophene resulted in insoluble polythiophene films with ~33%
fluorination along the polymer backbone. Next, Koo et al. established a direct two-step postpolymerization modification strategy, where P3HT was first brominated with an electrophilic
brominating reagent (NBS).89 The 3H4BrT repeat units could then be lithiated with n-BuLi, and
quenched with an electrophilic fluorinating reagent (N-fluorobenzenesulfonamide), yielding
fluorinated 3H4FT units along the backbone (Scheme 4.1). With this approach up to a maximum
of 67% fluorination was achieved.

Scheme 4.1: Previous Synthetic Routes to Fluorinated Polythiophenes
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Recently, Fei et al. demonstrated the synthesis of 100% fluorinated P3HT, enabled by a
monomer-modification

approach

where

2,5-dibromo-3-fluoro-4-hexylthiophene

was

polymerized by the Grignard metathesis (GRIM) technique.90 Fluorination of P3HT in these
preliminary studies was demonstrated to (i) lower the EHOMO (increase ionization potential - IP),
which should improve stability and theoretically should increase open-circuit voltage (Voc), (ii)
planarize the polymer backbone in the transoid configuration, while reducing long-range
crystallinity and (iii) improve hole mobility in field-effect transistors. In this chapter, we will
systematically look at these properties as a function of percent backbone fluorination (%F).
The P(3HT-co-3H4FT)s copolymers, ranging from 0% to 100% fluorination, will be
synthesized using a monomer-modification approach, along with direct arylation polymerization
(DArP) techniques. We demonstrate that the percent of fluorination in the copolymers can be
precisely tuned by the monomer feed ratio of 2Br3HT to 2Br3H4FT (Scheme 4.2).

Scheme 4.2: P(3HT-co-3H4FT)s by DArP
A few studies have had success with this approach towards P3HT statistical copolymers,
incorporating thiophene monomers with modified side-chains or functional groups.91–94
Furthermore, this approach has been successful for tuning fluorination in low bandgap donoracceptor type conjugated copolymers as well.95–97 In this case DArP is enabled by the use of a
single A-B type monomer, which has both an activated sp2 C-H bond and an aryl bromide, as
opposed to previous A2 + B2 systems. Synthesis of P3HT by DArP has been thoroughly
documented, providing motivation that this should be a feasible approach for fluorinated P(3HT-
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3H4FT) copolymers.33,35,36,41,93,98–103 The properties of the materials prepared in this work were
extensively evaluated to determine how fluorination influences light absorption, electrochemical
properties, crystalline orientation and lattice spacing dimensions, morphology in blended films
with PCBM, and overall performance in OPVs.

4.2
4.2.1

Experimental
Materials
All chemical reagents were purchased from commercial sources (Matrix Scientific,

Sigma-Aldrich, Acros Organics, Alfa Aesar) and used without further purification unless stated
otherwise. 2-bromo-3-hexylthiophene (2Br3HT) and 3-hexylthiophene were purchased from
Sigma Aldrich. The precursor to 2-bromo-3-hexyl-4-fluorothiophene (2Br3H4FT), 2,5-dibromo3-hexyl-4-fluorothiophene

was

synthesized

by

previously

demonstrated

synthetic

procedures.71,88,90 All reactions were performed under inert (N2) atmosphere.

4.2.2

Characterization
1

H and 19F NMR spectra were collected with a Bruker Ascend instrument with variable

temperature capability operating at 500 and 470.385 MHz, respectively. UV−vis absorption
measurements of polymer solutions and films were performed on a PerkinElmer Lamba 25
UV−vis spectrometer. Solution spectra were measured from dilute polymer solutions in CHCl3 at
elevated temperatures to reduce aggregation. Films for absorption spectra were spin-coated
from 10 mg/mL polymer solutions in CHCl3 at 1500 rpm for 60 s. Polymer molecular weight and
dispersity (Đ) analysis was completed via gel-permeation chromatography (GPC) in 1,2,4trichlorobenzene at 135 °C using a Polymer Laboratories PL-220 high- temperature GPC
instrument calibrated against polystyrene standards. MALDI-TOF experiments were performed
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on a Bruker microflex instrument, using DCTB (trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2propenylidene] malononitrile) as the ionizing matrix (1:1000 w/w polymer to matrix). Cyclic
voltammetry (CV) measurements of the polymer films were performed with a Bioanalytical
Systems Inc. (BASi) EC Epsilon potentiostat using a three-electrode configuration consisting of
a glassy carbon working electrode, a Ag/AgNO3 (0.01 M in acetonitrile) reference electrode, and
a Pt wire counter electrode with tetrabutylammonium hexafluorophosphate (0.1 M) in
acetonitrile

as

the

electrolyte

solution.

Measurements

were

calibrated

to

the

ferrocene/ferrocenium redox couple (Fc/Fc+) with an external reference. Films for CV were dropcast directly onto the glassy carbon working electrode from polymer solutions in CHCl3. Brightfield TEM was conducted using a JEOL 2000 FX TEM instrument operating at an accelerating
voltage of 200 kV. Active layer films for TEM were spin-coated in the same manner as for OPV
devices on PEDOT:PSS. The sample films were then floated onto copper TEM grids in water.
Molecular modeling was performed using the Gaussian 09 suite of programs.104

4.2.3

Synthesis of 2-bromo-3-hexyl-4-fluorothiophene (2Br3H4FT)
Into a dry 1 L round-bottom flask was added 2,5-dibromo-3-hexyl-4-fluorothiophene

(13.75 g, 39.96 mmol) and 400 mL anhydrous THF (0.1 M) under the protection of dry N2 (g) . The
mixture was cooled to -78 °C in a dry-ice/acetone bath. N-BuLi (16.3 mL, 2.5 M, 1.02 equiv) was
added dropwise over 30 minutes, during this time the color changed from clear and colorless, to
dark blue-green before ultimately turning orange, indicating the formation of the lithiated
intermediate. The reaction was stirred at -78 °C for 30 minutes. Water (12 mL) was then added
dropwise to quench the lithiated intermediate, and the mixture became yellow with formation
of a white precipitate. After warming to RT overnight, the reaction mixture was washed with
water, extracted with ether, washed with brine, dried with MgSO4 and concentrated yielding an
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orange oil. The crude product was then purified by column chromatography on SiO2 (hexanes),
vacuum distillation and finally by reverse phase (C18) column chromatography (hexanes) to
isolate the pure product 2Br3H4FT as a clear oil (6.25 g, 23.57 mmol, 59%). Only one isomer was
observed, indicating a selective reaction. 1H NMR (500 MHz, CDCl3): δ 6.62 (1 H, d, J = 1.5 Hz),
2.51 (2 H, t, J = 7.5 Hz), 1.53 (2 H, m), 1.30 (6 H, m), 0.88 (3 H, m) ppm. 19F NMR (470.385 MHz,
CD2Cl2): δ -126.22 ppm. GC-MS (m/z): Found: 264, 266 g/mol (Calcd: 263.998, 265.996 for
[C10H14BrFS]).

4.2.4

Typical polymerization procedure
All polymers were synthesized using the same optimized DArP procedure. Provided is a

typical polymerization procedure used in this work. Into 10 mL Schlenk tube was added 2Br3HT
and 2Br3H4FT in the appropriate molar feed ratio at 3 mmol total monomer scale, 62.1 mg
Pd2(dba)3CHCl3 (0.06 mmol, 0.02 equiv), 84.57 mg P(o-MePh)3 (0.24 mmol, 0.08 equiv), 306 mg
PivOH (3 mmol,1 equiv), and 2.932 g Cs2CO3 (9 mmol, 3 equiv), followed by purging with N2. THF
(6 mL, 0.5 M) was then added as solvent, and air was removed via three freeze-pump-thaw
cycles. The Schlenk tube was then securely sealed with a Teflon stopper, enabling super-heated
temperatures. The reaction mixture was then stirred at RT for 20 m then heated to 115 °C for 40
h. After completion of the desired reaction time, the contents of the reaction vessel were then
cooled and precipitated into methanol with stirring. CHCl3 was used to dissolve any solid material
prior to precipitation. All precipitated solids were then collected by filtration and subjected to
two rounds of sequential Soxhlet extraction with methanol, acetone, hexanes, and CHCl3. CHCl3
extracted fractions were then used for the remainder of the experimental work. To ensure
thorough removal of Pd from the samples, each of the polymers were redissolved in CHCl3,
stirred with diethylammonium diethyldithiocarbamate for 6 h, and reprecipitated into MeOH. 1H
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and 19F NMR spectra, along with MALDI-TOF mass spectra are provided for each of the polymers
in the supporting information.

4.2.5

OPV Device Preparation
A standard device architecture (ITO/PEDOT:PSS/Active Layer/Ca/Al) was used. Indium

tin oxide (ITO)-coated glass substrates (20 ± 5 ohms/square) were purchased from Thin Film
Devices Inc. Substrates were cleaned through ultrasonic treatment in detergent, water (2X),
acetone, and isopropyl alcohol and dried in an oven overnight. The ITO substrates were then
cleaned by ultraviolet ozone treatment (15 min) and PEDOT:PSS (Clevios P VP A1 4083) was then
spin-coated in air (3500 rpm, 40 s) forming ~35 nm films. After annealing the PEDOT:PSS at 150
℃ for 30 min in air, the substrates were transferred into a glove box under inert atmosphere.
Polymer/PC71BM (1:1 w/w in o-DCB) solutions were then spin-coated on top of the PEDOT:PSS
layer at 2000 rpm for 60 s. The thickness of the active layer polymer/PC71BM films were ~80-100
nm (KLA-TENCOR Alpha-Step IQ Surface Profiler). Finally, 15 nm of calcium and 100 nm of
aluminum were thermally evaporated on the active layer under high vacuum (2×10-4 Pa) to
complete the device fabrication procedure. The areas of the devices were 6 mm2, as defined by
the evaporator shadow mask area. Current-voltage (J-V) characteristics of the devices were
measured under simulated AM1.5G irradiation (100 mWcm-2) using a Xe lamp-based Newport
91160 300-W solar simulator. The light intensity was adjusted with an NREL-calibrated Si solar
cell with a KG-5 filter. Device characteristics are reported as an average of at least 4 devices ± one
standard deviation. Hole mobilities were extracted by fitting the current density−voltage curves
using the Mott−Gurney relationship (space charge limited current) (SCLC) with a device structure
of ITO/PEDOT:PSS/Active layer/MoO3/Ag.
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4.2.6

GIWAXS Measurements
Grazing incidence wide angle x-ray scattering (GIWAXS) characterization was performed

at beamline 7.3.3 at the Advanced Light Source (ALS) of the Lawrence Berkeley National
Laboratory (LBNL). X-ray energy was 10 keV and operated in top off mode. The scattering
intensity was recorded on a 2D image plate (Pilatus 2M) with a pixel size of 172 μm (1475 × 1679
pixels). The samples were ~15 mm long in the direction of the beam path, and the detector was
located at a distance of 300 mm from the sample center (distance calibrated by AgB reference).
The incidence angle was chosen to be 0.16° to optimize the signal-to-background ratio. Thinfilm active layer blend samples were prepared on PEDOT: PSS covered Si wafers in a similar
manner to the OPV devices and pure polymer samples were prepared on Si wafers with a 2 nm
natural oxide layer.

4.3
4.3.1

Results and Discussion
DFT Calculations
Density functional theory modeling experiments were undertaken to study the influence

of fluorination on (i) the dihedral angle (twisting) between adjacent thiophene units in the
polymer backbone and (ii) the EHOMO and Eg. To address each of these two areas, two separate
small molecule models were designed and analyzed. A dimer thiophene model with an ethyl side
chain (for reduced computational time versus a hexyl side chain) was used to calculate the
relative energy of different conformational states (Figure 4.2), while the dihedral angle was
varied in 15° increments from 0 to ±180°. Four models were examined, varying the substitution
of the 4-position (H or F) in the first (X1) and second (X2) units. With this model it seems that when
X1 = F, the rotational energy barrier around 180° (completely cisoid) is greatly increased
compared to models where X1 = H. This is likely the result of increased steric repulsion due to the
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slightly greater length of the aromatic C-F bond (1.35 Å) compared to a typical aromatic C-H bond
(1.08 A), or electrostatic repulsion from the increased electron density of fluorine. The
asymmetry of the plot is ascribed to the asymmetry of the dimer model, which is a result of the
ethyl side chain. The ethyl group extends out of plane from the thiophene unit, which leads to
additional interactions with the adjacent thiophene unit. This is not typically observed in models
that utilize methyl side chains.

Figure 4.2: Change in Relative Energy as a Function of Dihedral Angle (Θ=0°, transoid/anti)
The dimer models have two local energy minima, one in a relatively transoid
conformation (Θ ~ 35°), and a second local energy minima in a relatively cisoid conformation (Θ
~ -135°). This phenomenon has been documented previously in the literature, and most studies
assume a favorable transoid conformation is predominant in the backbone.105–107 Interestingly,
the global energy minima when X1=F is at -135°, whereas the global energy minima when X1=H is
at 35°, as is more commonly seen for polythiophenes. Although the difference in relative energy
between these two conformations is quite small, it could have implications on polymer
crystallinity. Additionally, from these calculations, no enhanced planarity or a shifting of the
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global energy minima towards 0° is indicated when the dimers are fluorinated. Although this
observation may be somewhat limited by the use of a dimer model (n=2), which can
underestimate rotational torsion energy barriers compared to oligothiophenes (n=10).108
In the second modeling experiment, tetramers were built to understand the effect of
systematic increases in percent fluorination on the EHOMO and Eg (Figure 4.3). Optimized
tetramers were constructed using the lowest relative energy dihedral angles in Figure 4.2 for
geometric optimizations. Five tetramer models were considered, where the number of fluorine
atoms in the 4-position (X1, X2, X3, X4) of the tetramers was varied from 0 to 4, yielding 0F, 1F, 2F,
3F and 4F. In the 1F model, there is one fluorine substitution on the tetramer. In the 2F model,
there are two fluorine substitutions, and so forth. These tetramers can be compared to the
copolymers synthesized later on (1F ≈ P25, 2F ≈ P50 … 4F ≈ P100). Multiple isomeric sequences
exist for 1F, 2F, and 3F (4, 6, and 4 isomers, respectively). Thus, calculations were performed for
each of the possibilities (smaller symbols) and these values were then averaged (larger symbols),
as shown in Figure 4.3, respectively. Specific results for each tetramer isomer possibility are
tabulated in the appendix, as are geometry optimized models.
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Figure 4.3: EHOMO and Eg Calculated by DFT for 3-ethylthiophene-tetramers
The average EHOMO values for the tetramers were -5.16, -5.24, -5.34, -5.42 and -5.49 eV
with increasing fluorination in the 0F, 1F, 2F, 3F and 4F models, respectively. The EHOMO is
incrementally lowered (by ~0.1 eV) with increasing fluorine content. Since the ELUMO was equally
lowered compared to the EHOMO, the Eg for the tetramers (Eg=ELUMO-EHOMO) was mainly
unchanged. These theoretical results demonstrated that by systematically adjusting the
percentage of fluorine in P(3HT-co-3H4FT)s, the molecular orbital energy levels may be precisely
tuned.

4.3.2

Synthesis
As discussed earlier, DArP was used to synthesize the targeted P(3HT-co-3H4FT)s with

systematically varied amounts of backbone fluorination. Two monomers are required to
accomplish this, 2Br3HT, which is commercially available, and 2Br3H4FT, which required a
synthetic effort to attain (Scheme 4.3). The overall synthetic strategy for this monomer follows
that previously demonstrated for the synthesis of 2,5-dibromo-3,4-difluorothiophene,71 except
the initial starting material in this case is 3-hexylthiophene rather than thiophene. From 2,5dibromo-3-hexyl-4-fluorothiophene, the target monomer can be synthesized by lithiation of the
86

5-position, followed by quenching with water. This selectively yields 2Br3H4FT as a single
product. The fluorine in the 4-position has a directing effect for the metalation reaction, which
has been observed previously with the formation of Grignard reagents.90

Scheme 4.3: Synthesis of 2Br3H4FT Monomer

Statistical copolymers were then synthesized by varying the 2Br3H4FT : 2Br3HT feed
ratio to achieve the desired amount of fluorination (Scheme 4.4). Five copolymer compositions
with 0, 25, 50, 75, and 100 mol% of 3H4FT units were synthesized, corresponding to the sample
nomenclature P0, P25, P50, P75 and P100, respectively. Conditions for DArP were optimized for
the synthesis of P0 as the monomer precursor was readily available, and then applied to the rest
of the targeted copolymers (Table 4.1). As done previously, the following DArP conditions were
applied: Pd2(dba)3.CHCl3 and tris(o-methoxylphenyl)phosphine were selected as the Pd0 source
and ligand, Cs2CO3 (3 equiv) was used as a base to generate cesium pivalate in-situ from pivalic
acid (1 equiv). For this system, THF was found to be the most effective solvent, both for reactivity
and solubility.
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Scheme 4.4: Synthesis of P(3HT-co-3H4FT)s by DArP

Reasonably similar molecular weights were obtained (12-16 kg/mol), with the exception
of P100 (~5.6 kg/mol), which is likely to due to the reduced solubility of this material evidenced
by qualitative observations. Dispersity of the materials was within reason, given that the
polymerization was step-growth.

P0
P25
P50
P75
P100

Table 4.1: P(3HT-co-3H4FT)s Molecular Weight, RR, %F Analysis
Mna
Mwa
Đ
RRb
[kg/mol]
[kg/mol]
[%]
13.0
18.2
1.4
95
12.9
17.8
1.4
89
16.4
32.5
2.0
85
12.4
20.2
1.6
81
5.6
6.9
1.2
76

%F c
[%]
0
27
50
75
100

aMeasured

by GPC versus polystyrene standards in 1,2,4-trichlorobenzene at 135 °C (1 mg/mL)
bRegioregularity (RR) estimated by 1H NMR
cCorresponds to percent of 3H4FT repeat units in final polymer, measured by 1H NMR

By 1H NMR, the composition of the polymers can be clearly verified. Full NMR (1H and
19

F) spectra are provided in the appendix. In the portion of the spectra from δ 2.5-3.0 ppm (Figure

4.4), the α-CH2 peak for the 3HT repeat units ( ) can be observed at δ 2.83 ppm and the α-CH2
peak for the 3H4FT repeat units (

) is at δ 2.76 ppm. Although fluorine is an inductive electron

withdrawing group, it is also resonance (mesomeric) donating, leading to an up-field shift of the
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α-CH2 peak observed in NMR. The δ 2.76 ppm peak increases with higher percentages of 3H4FT
in the polymer, accompanied by equal decreases in the 3HT peak at δ 2.83 ppm. Following the
recent report by Koo et al., the copolymer composition (%F) was estimated by comparing the
integration value of the aromatic thiophene 4-H peak at δ ~7.0 ppm and the sum of the
integration values for the α-CH2 peaks over the range of δ ~2.5-2.9 ppm (Table 1).89 From this
analysis, it appears that the final polymer composition was quite comparable to the targeted
compositions determined by the monomer feed ratio. Furthermore, 19F NMR (in the appendix)
suggests the formation of statistical copolymers, as opposed to blocky or alternating structures,
since a distribution of many peaks of similar intensity are observed in the P50 case, which
resembles previous observations in P3HT-based copolymers.109,110

Figure 4.4: 1H NMR for P0-P100, Expanded to Show Region for α-CH2 on the –C6H13

The RR could be calculated by integrating the area of the peak at δ 2.63 ppm, which is
the result of head-to-head couplings, both from 3HT and 3H4FT units, in the polymer
backbone.111 The ratio of this peak, versus the area of the head-to-tail coupling peaks at δ 2.76

89

and 2.83 ppm yields the RR. It seems that there is a systematic decrease in RR with increasing
fluorination. For P0, the RR is 95%, whereas in P100 it is 76%. The decreased RR is likely due to
differences in monomer reactivity, resulting from the altered electronic character of the
2Br3H4FT monomer versus the 2Br3HT monomer. Typically head-to-head homocouplings in
DArP can be suppressed by the use of optimized polymerization conditions, bulky carboxylate
sources, and phosphine ligands.102,112 Phosphine ligands create a larger coordination sphere
around the Pd center, inhibiting Pd dimer formation and the subsequent disproportionation that
leads to homocouplings. In this case it not clear what the reason is for the reduced RR, since each
polymer was synthesized under identical polymerization conditions.
As a second method for structure verification, MALDI-TOF mass spectroscopy was used
(Figure 4.5). For P0 and P100, periodic peaks are observed where the spacing correlates to the
repeat unit molecular weights (166 amu for P3HT, and 184 amu for P3H4FT), as is typical for
homopolymers analyzed by this method. Both of these polymers were found to be exclusively
H/H terminated. Smaller intensity peaks are the result of loss of C5H11 fragments during
ionization.113
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Figure 4.5: MALDI-TOF Spectra for P(3HT-co-3H4FT)s (left) Full (right) Expanded

As the composition is varied from pure homopolymers, to P25 and P75, the narrow
periodic peaks are broadened into several peaks in a normal distribution. This phenomenon is
the result of the different statistical distributions that are possible in individual polymer chains.
While the accumulated average may be 25% or 75% 3H4FT repeat units, the actual amount in
each polymer chain may vary by a few units above or below this average, giving rise to the
observed broadening. In P50, this effect is further amplified as there are even more possible
statistical variations in the chain composition, and so the mass spectrum for this material appears
to be a nearly flat distribution with peaks separated by 19 amu (i.e. the mass of fluorine). The
MALDI-TOF results here provide confirmation of the desired polymeric structures and give some
indication of the end-groups present.

4.3.3

UV-Vis Absorption and Cyclic Voltammetry
The optical and electrochemical properties of the copolymers were studied by UV-Vis

spectroscopy and cyclic voltammetry. In the solution absorption spectra, P0 has a maximum
absorption at ~460 nm, and with increasing fluorination, the λmax is steadily blue-shifted to ~410
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nm for P100. A slight low energy shoulder in the solution absorption (~550 nm) indicates the
aggregation of the fluorinated materials in solution. Aromatic fluorines are known to induce CH…C-F interactions that can promote aggregation in solution and reduced solubility.27,90,95
In thin-film absorption, the absorption is red-shifted to longer wavelengths, due to
greater π-π orbital overlap as the copolymers crystallize into films. The onset of absorption for
P0 is ~650 nm, corresponding to an Eg of 1.91 eV. With increasing fluorination, the absorption
onset shifts to shorter wavelengths, leading to slightly increased bandgaps of 1.93, 1.96, 1.96,
and 1.99 eV in P25, P50, P75, and P100, respectively. Blue-shifted absorption in similar
thiophene materials has been observed,88–90 as well as in other fluorinated conjugated
polymers.28,29

Figure 4.6: UV-Vis Absorption of P(3HT-co-3H4FT)s in solution (left) and thin-films (right)
The onset of oxidation (i.e. EHOMO) was measured by cyclic voltammetry as shown in
Figure 4.7. Considering the results from the computational experiments, it could be expected
that with systematic increases in the amount of fluorination, the onset of oxidation should
increase in a linear manner. However, the actual behavior is slightly different. The onset of
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oxidation is increased from 0.28 V for P0, to 0.54 V for P25, from there the onset of oxidation is
further increased 0.67 V for P50. With higher degrees of fluorination in P75 and P100, the onset
of oxidation levels off at ~0.69 V and does not increase any further. This observation indicates
that this system resembles the classic donor-acceptor copolymer paradigm, where the ‘donor’
unit is the major contributor to the overall EHOMO and the ‘acceptor’ is the major contributor to
the ELUMO.22 Once the copolymer ratio is 50% as with P50, the polymer can be thought of as
quasi-alternating, and so the EHOMO level is ‘pinned’ at that level. This is why the EHOMO remains
unchanged in P75 and P100. To verify the cyclic voltammetry results, ultraviolet photoelectron
spectroscopy (UPS) was performed, and comparable results were found for the EHOMO
measurement, as listed in the appendix.

Figure 4.7: (left) Cyclic Voltammetry Scans for P(3HT-co-3H4FT) films (right) Bandgap
Alignment Diagram
Over this range of backbone fluorination, the EHOMO for the copolymers varies from -5.08
eV in P0 to -5.49 eV in P100 (Figure 4.7). It is seen here that fluorine substitution can lower the
EHOMO by ~0.4 eV, which is greater than what typically observed previously for backbone
fluorination in other conjugated polymers.28,76 This provides a larger range for tuning the EHOMO,
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which can be helpful for ensuring optimum energy level alignment, improved Voc, and better
charge separation.

4.3.4

Polymer Crystallinity

The crystallinity of the P(3HT-co-3H4FT)s was investigated in both pure polymer films, and in
polymer:PCBM blend films (Figure 4.8), similar to those used in OPV device active layers. In the
pure films, interchain lammelar spacings (100, 200, 300) are observed in the out-of-plane (qz)
scattering. The presence of these peaks only in the qz indicates edge-on orientation. The position
of the (100) remains at ~0.4 Å-1 for each material regardless of fluorination, which is expected
since the interchain d-spacing is dictated by the length of the solublizing side-chains (-C6H13). In
the in-plane scattering, the (010) peak at ~1.6 Å-1 due to the π-π stacking distance (~3.8 Å) is also
an indication of the edge-on orientation.

Figure 4.8: GIWAXS for Pure P(3HT-co-3H4FT) Films (left) and Blend Films (right)
In the polymer:PCBM blend films, there are more notable differences in the crystallinity.
The intensity and shape of the (100) reflection broadens for P50, compared to the sharper and
more distinct peaks in P0 and P100. This indicates less crystallinity in this material, which seems
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reasonable as it is statistically ‘more random’, which would decrease periodic crystalline order.
Additionally, in the qxy the intensity of the (010) peak grows with increasing fluorination, with the
same d-spacing. This indicates that increasing fluorination drives edge-on crystallite orientation
in blends. Charge transport is the slowest in the interchain lamellae direction, and for this reason
edge-on orientation is disadvantageous for OPVs, where charge transport is primary
perpendicular to the substrate. However, in transistor applications, edge-on orientation is more
favorable since charge transport is parallel to the substrate.

4.3.5

Device Performance in OPVs
The P(3HT-co-3H4FT) materials were then used to fabricate OPV devices to evaluate

trends in VOC and determine if fluorination offers any distinct performance advantage. The
standard device architecture (ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al) was used, with the active
layer materials spin-coated from o-DCB (polymer:PCBM 1:1 w/w). Current-voltage curves for
representative devices are provided in Figure 4.9, and tabulated device data is listed in Table 4.2.
It was found that reliable devices could not be fabricated with P100 due to reduced solubility and
subsequently poor film formation. Enhancement of the VOC was observed for P25 and P50
relative to P0, corresponding to the lower EHOMO for these materials. However, this behavior did
not continue as P75 produced a lower VOC closer to that for P0. While VOC typically scales with
∆E1, VOC can also be decreased if there is more recombination at the interfaces, as may be the
case for P75, due to slightly reduced solubility (i.e. rougher films).114
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Figure 4.9: Current-Voltage Curves for OPVs

With increasing fluorination the JSC and FF are systematically reduced as seen in Table
4.2. This could be due to the increasing amount of edge-on orientation that was observed by
GIWAXS. Decreased JSC has also been correlated to decreasing RR in polythiophenes, which was
observed by NMR spectroscopy previously with increasing fluorination. Decreased FF can
suggest a number of issues in the device: greater surface roughness of the active layer films,
poorer interlayer/electrode contact, or imbalanced charge transport between the
donor/acceptor materials. Despite this, for P0 a PCE of 3.6% was achieved, which matches
published reports for the P3HT:PC71BM system. 86 This observation indicates that the P3HT (P0)
synthesized by DArP is a high quality material that can perform comparably to P3HT synthesized
by other methods. We have expanded upon this further in Chapter 5, with a direct comparison of
materials synthesized by Grignard methathesis (GRIM) and DArP.
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Table 4.2: Photovoltaic Characteristics for OPV Devices
VOC
JSC
FF
PCE

μh c

[V]

[mA/cm2]

[%]

[%]

[cm2 V-1 s-1]

P0

0.57 ± 0.01

10.42 ± 0.07

60.55 ± 1.72

3.60 + 0.10

9.7 x 10-4

P25

0.67 ± 0.01

7.20 ± 0.05

50.94 ± 2.49

2.44 ± 0.12

1.9 x 10-4

P50

0.70 ± 0.01

4.72 ± 0.20

36.85 ± 0.45

1.21 ± 0.04

3.9 x 10-5

P75

0.61 ± 0.00

4.80 ± 1.15

28.11 ± 0.96

0.82 ± 0.18

2.2 x 10-5

aMeasurements represent

average ± standard deviation for >4 devices
films processed from DCB
cHole-mobility measured by SCLC methods
bAll active layer

In addition to OPV measurements, the hole-mobilities for each material were estimated
by SCLC methods. The obtained values are in Table 4.2, while the dark J-V curves are in the
appendix.

These results confirm observations from the JSC measurements in OPVs, as

fluorination is increased, hole-mobility steadily decreases. Since these polymers are similar in
molecular weight, the different in mobility is likely related to lower regioregularity in the more
fluorinated materials, as well as the increasing amount of edge-on orientation. The SCLC holemobility for P0 (9.7 x 104 cm2V-1s-1) is similar to measurements reported previously.93,99,115

4.3.6

Active Layer Blend Morphology
It has been shown previously that fluorination can greatly influence the morphology of

the BHJ active layer, mainly because fluorination can change the solubility of the polymer, or
induce a fluorophobicity effect with PCBM inducing phase separation.27,76 Issues such as this
typically require optimized binary or ternary solvent mixtures for spin-coating to achieve
appropriate BHJs. The P(3HT-co-3H4FT):PCBM active layer morphologies were investigated by
TEM, where the sample films were prepared in an identical manner to the OPV devices (Figure
4.10).

97

It seems that each of the copolymers form well mixed bulk-heterojunction
morphologies, indicating that large scale phase separation is not the reason for lower holemobilities or JSC as fluorination is increased. It does seem that with increasing fluorination there
is contrast enhancement in the images, which could be due to relatively more pure domains, or
very slight size variations. Film thickness can be observed in P100 due to the poor solubility of
this material, which leads to aggregation and precipitation during spin-coating. The TEM images
in this case indicate that morphology is not the limiting factor for device performance, and that
perhaps regioregularity and crystallinity might be the origin of issues with reduced device
performance as fluorination is increased.
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Figure 4.10: TEM Images for P(3HT-co-3H4FT):PCBM Blend Films
4.4

Conclusions
The synthesis, characterization and device performance for a series of P(3HT-co-3H4FT)s

with systematically varied percentages of backbone fluorination was described. These
copolymers were achieved by tuning the amount of the 2Br3HT and 2Br3H4FT monomers in the
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feed ratio used for DArP. The percent fluorination could be tuned from 0 to 100%, and the actual
polymer composition closely resembled the initial monomer feed ratio as verified by NMR. Lower
RR was observed as fluorination was increased, most likely due to the different reactivity of the
2Br3H4FT monomer. The electrochemical properties (EHOMO) could be tuned over a large range
(0.4 eV), depending on the percentage of fluorination, which was also observed in DFT
calculations. Experimental evidence suggested that only 50% fluorination was required to lower
the EHOMO to the lowest attainable level with this system. Analysis of the crystallinity was
accomplished by GIWAXS, showing that with increasing fluorination the copolymers had an
increased preference for edge-on orientation, while the crystalline lattice spacings remained the
same. The bulk-heterojunction morphologies were found to be mainly unaltered by TEM, with
each forming a well distributed network. The performance of these materials was evaluated in
devices where P0 (P3HT) had a PCE of 3.6% in OPVs, and the highest SCLC hole-mobility of 9.7
x 10-4 cm2 V-1 s-1. Both of these results are consistent with previous reports for P3HT, indicating
the high quality of our material synthesized by DArP. Generally, as fluorination was increased,
the performance of devices suffered, with decreases in the Jsc, FF and mobility. Overall, we have
reported a potential DArP approach for tuning the properties of P3HT-based copolymers. While
copolymer modifications did not enhance device performance, this route has potential for other
synthetic modifications aimed at improving the properties of P3HT or other conjugated
polymers.
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GRIM VERSUS DArP: SYNTHESIS AND PROPERTIES OF P3HT AND f-P3HTD
In this section, our focus is shifted from structure-property relationships related to
fluorination, to instead structure-property relationships and differences that arise due to the
synthetic methods used for polymer preparation. Two polymers, P3HT and f-P3HT that have
been synthesized previously by DArP (D) methods in Chapter 4, will now be compared with P3HT
and f-P3HT that has been prepared by Grignard Metathesis (GRIM = G) methods. In this line of
investigation, four materials in total will be studied, P3HT and f-P3HT, each synthesized either
by GRIM or DArP, as indicated by the suffix in the nomenclature (Figure 5.1)

Figure 5.1: Four P3HT-based Materials for Comparison
It is well understood that bulk semiconducting properties of conjugated polymers
depends on several properties, such as molecular weight (MW) and polymer crystallinity.
Polymer crystallinity is heavily influenced by the polymer regioregularity (RR), which is unique to
polymer structures with asymmetric repeat units, such as P3HT. Due to its accessibility, P3HT has
been extensively used to elucidate trends, varying the MW, RR and Đ and determining their
influence on OPV performance and charge mobility. As discussed below there are several

D
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Investigating the influence of the synthetic method on the properties of polythiophenes.” ACS Macro Letters 2016.
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different methods for the preparation of P3HT, which can produce materials with high or low MW
and varying levels of RR.
In order to properly frame the work in this chapter, effects of MW and RR on the
properties of P3HT will be briefly summarized. For P3HT, it has been noted that charge mobility
is heavily dependent on MW. Hole-mobilities for pristine films of low MW P3HT (<6 kg/mol) are
on the order of 10-5-10-7 cm2V-1s-1. Dramatic improvement in the hole mobility is observed, twoorders of magnitude higher (10-3 cm2V-1s-1), when the MW is increased above 10 kg/mol.116 Further
increasing molecular weight to ~19 kg/mol yields a two-fold improvement in hole-mobility.
Similarly, in OPVs, low MW P3HT yielded poor PCEs (< 0.25%), and MWs greater than 10 kg/mol
led to improved PCEs (> 2.5%).116 The correlation between higher PCE and higher MW is
attributed to better long-range charge transport, as longer chains can bridge between smaller
crystalline domains, creating longer charge conduction pathways. Due to thermodynamic and
kinetic restrictions of crystallization, it seems that the highest device performance is obtained
using P3HT with moderately high MWs of ~25 kg/mol.117
Regioregularity (RR) is defined as the ratio of head-to-tail (HT) couplings versus head-tohead (HH) couplings in the polymer backbone. The difference in these couplings is illustrated in
Figure 5.2. Materials with low RR have a larger ratio of undesirable HH couplings, whereas high
RR materials have predominately HT couplings.
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Figure 5.2: Head-to-Head versus Head-to-Tail Coupling
Due to the bulkiness of the solubilizing side-chains (R), the HH configuration increases
steric congestion along the polymer backbone. This disrupts both the planarity of the polymer
backbone by inducing twisting, as well as the subsequent long-range crystallinity and ordering.
With this, decreases are typically observed in both thin-film absorption and charge mobility,
which is detrimental to performance in OPVs and OFETs. Therefore, much effort has focused on
developing new synthetic methods for producing P3HT with higher degrees of RR (> 90%).
P3HT can be synthesized by various methods including: electropolymerization, oxidative
coupling with FeCl3, Nickel-catalyzed coupling techniques including McCullough’s GRIM method,
or the use of Reike metal, Palladium-catalyzed cross coupling techniques such as Stille, or Suzuki
methodologies, and more recently Direct Arylation.118 Each of these methods have synthetic
advantages and disadvantages, with varying control over MW, RR and Đ. Nickel-catalyzed
techniques, GRIM in particular, has become the synthetic method of choice for P3HT-based
materials as it has been demonstrated to reliably synthesize high Mn polymers (20-35 kg/mol, Đ
= 1.4-1.9), in large quantities with high RR (> 99%).118 Additionally, this polymerization method
has ‘living’ characteristics, which allows for good control over MW and enables the synthesis of
block copolymers. Since materials synthesized by GRIM are well understood, we can then use
these materials to investigate differences in our materials synthesized by DArP.
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This is particularly important given some concerns associated with DArP, such as C-H
selectivity (homocouplings and branching) and residual metal content. Synthesis of P3HT by
DArP has already been thoroughly investigated, and materials with high molecular weights (Mn
~ 30 kg/mol, Đ = 1.6) and high RR (~98%) have been reported.

33,35,36,41,93,98–102,118

The high RR

exhibited in these cases resolves the issue of C-H selectivity and homocouplings. Branching sidereactions (β-defects) can also occur in thiophene monomers. Thiophene-based monomers
typically have two sp2 C-H bonds (Hα and Hβ) that can be reactive towards C-H insertion (Figure
5.3). Typically α-hydrogens (Hα) are substantially more reactive than β-hydrogens (Hβ), leading
to the formation of linear polymers. However, at the later stages of the polymerization, most of
the Hαs have reacted and there are significantly more Hβs present, which can potentially be
activated leading to β-defects (branching). While branching in DArP can be limited through
optimized reaction conditions, it is important to understand how structural variations can affect
properties. This can be investigated by comparing P3HT-D to P3HT-G, which has a perfectly
linear polymer backbone.

Figure 5.3: Activated C-H Bonds and β-Defect Formation
Residual metal content is always a lingering concern in conjugated polymers for
organoelectronic applications. Trace metals, such as Ni, Sn, Mg, Pd, remaining from the
polymerization catalyst can create short circuits in the device active layer, ruining devices,
reducing overall performance and reliability.119,120 Recent work by Reynolds et al. has shown that
DArP produces propylenedioxythiophene-based polymers with low residual metal content, as
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verified by inductively coupled plasma mass spectrometry (ICP-MS) techniques.121 In this work,
we will use similar methods to measure residual metal content in P3HT-based polymers, and
compare differences as a result of the polymerization method.
Overall, four materials will be analyzed, as shown in Figure 5.1. P3HT-G and f-P3HT-G
were recently reported by Heeney et al., and materials provided from this research group will be
used for this collaborative study.90 P3HT-D and f-P3HT-D were synthesized as reported in
Chapter 4, previously referred to by another nomenclature as P0 and P100, respectively.85
Structural differences (RR and β-defects) will be investigated by 1H and 19F NMR, as well as
MALDI-TOF mass spectroscopy. Photo-physical and electrochemical properties will be
evaluated by UV-Vis, CV and UPS. Polymer crystallinity is investigated using GIWAXS techniques
Residual metal content (Ni, Mg and Pd) will be analyzed by ICP-MS. Finally, performance will be
evaluated in standard configuration OPVs (ITO/PEDOT:PSS/Active Layer/Ca/Al), where the
active layer blend is a 1:1 w/w mixture of polymer:PC71BM.

5.1
5.1.1

Experimental
Materials
All reagents and chemicals were purchased from commercial sources (Matrix Scientific,

Sigma-Aldrich, Acros Organics, Alfa Aesar) and used without further purification unless stated
otherwise. P3HT-G and f-P3HT-G were synthesized and purified as previously reported by
Heeney et al.90 P3HT-D and f-P3HT-D were synthesized as previously reported in Chapter 4.85

5.1.2

Characterization
1

H and 19F NMR spectra were collected with a 500 MHz Bruker Ascend instrument with

variable temperature capability. UV−vis absorption measurements of polymer solutions and
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films were performed on a PerkinElmer Lamba 25 UV−vis spectrometer. Solution spectra were
measured from dilute polymer solutions in CHCl3 at elevated temperatures to reduce
aggregation. Films for absorption spectra were spin-coated from 10 mg/mL polymer solutions in
CHCl3 at 1500 rpm for 60 s. Polymer molecular weight and dispersity (Đ) analysis was completed
via gel-permeation chromatography (GPC) in 1,2,4-trichlorobenzene at 135 °C using a Polymer
Laboratories PL-220 high- temperature GPC instrument calibrated against polystyrene
standards. MALDI-TOF experiments were performed on a Bruker microflex instrument, using
DCTB (trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile) as the ionizing
matrix (1:1000 w/w polymer to matrix). Cyclic voltammetry (CV) measurements of the polymer
films were performed with a Bioanalytical Systems Inc. (BASi) EC Epsilon potentiostat using a
three-electrode configuration consisting of a glassy carbon working electrode, a Ag/AgNO3 (0.01
M in acetonitrile) reference electrode, and a Pt wire counter electrode with tetrabutylammonium
hexafluorophosphate (0.1 M) in acetonitrile as the electrolyte solution. Measurements were
calibrated to the ferrocene/ferrocenium redox couple (Fc/Fc+) with an external reference. Films
for CV were drop-cast directly onto the glassy carbon working electrode from polymer solutions
in CHCl3.

5.1.3

Polymer Synthesis
P3HT-G.90 To a solution of 2,5-dibromo-3-hexylthiophene (1.00 g, 3.07 mmol) in

anhydrous THF (20 mL) under argon was added isopropylmagnesium chloride lithium chloride
complex (2.28 mL, 1.3 M solution in THF) at room temperature. The reaction was stirred for 1 h
after which a suspension of Ni(dppp)Cl2 (50 mg, 0.092 mmol) in anhydrous THF (2 mL) was added
and the solution was further stirred at RT for 1 h. The reaction was then quenched with 5M HCl
and poured into methanol. The precipitate was filtered and purified by Soxhlet extraction,
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washing successively with methanol, acetone and hexane. The polymer was then extracted with
chloroform and reprecipitated in methanol, filtered and dried (295 mg, 58 %).
f-P3HT-G.90 To a solution of 2,5-dibromo-3-fluoro-4- hexylthiophene (351 mg, 1.02
mmol) in anhydrous THF (5 mL) under argon was added isopropylmagnesium chloride lithium
chloride complex (0.76 mL, 1.3 M solution in THF) at room temperature. The reaction was stirred
for 30 min after which it was transferred via syringe to a sealed microwave vial containing
Ni(dppp)Cl2 (27 mg, 0.051 mmol). The resulting solution was immediately heated to 70 °C for 2
h, the purple precipitate was then cooled to room temperature and quenched with ca. 2M HCl in
methanol. The precipitate was filtered and purified by Soxhlet extraction, washing successively
with methanol, acetone and hexane. The polymer was then extracted with chloroform and
reprecipitated in methanol, filtered and dried (87 mg, 40 %).
P3HT-D.85 Into 10 mL Schlenk tube was added 2Br3HT (978 mg, 3 mmol), Pd2dba3CHCl3
(62.1 mg, 0.06 mmol, 0.02 equiv), P(o-MePh)3 (84.57 mg, 0.24 mmol, 0.08 equiv), PivOH (306 mg,
3 mmol,1 equiv), and Cs2CO3 (2.932 g, 9 mmol, 3 equiv), followed by purging with N2. THF (6 mL,
0.5 M) was then added as solvent, and air was removed via three freeze-pump-thaw cycles. The
schlenk tube was then securely sealed with a Teflon stopper, enabling super-heated
temperatures. The reaction mixture was stirred at RT for 20 min then heated to 115 °C for 40 h.
After completion of the reaction time, the contents of the reaction vessel were then cooled and
precipitated into stirring methanol. CHCl3 was used to dissolve any solid material prior to
precipitation. All precipitated solids were then purified by Soxhlet extraction, washing
successively with methanol, acetone, hexanes. The polymer was then extracted with chloroform
and reprecipitated in methanol, filtered and dried. To ensure thorough removal of Pd, the
polymer was redissolved in CHCl3, stirred with diethylammonium diethyldithiocarbamate for 6
h, and reprecipitated into MeOH, filtered and dried (390 mg, 78 %).
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f-P3HT-D.85 Into 10 mL Schlenk tube was added 2Br3H4FT (271 mg, 1.02 mmol),
Pd2dba3CHCl3 (20.7 mg, 0.02 mmol, 0.02 equiv), P(o-MePh)3 (28.2 mg, 0.08 mmol, 0.08 equiv),
PivOH (102 mg, 1 mmol, 1 equiv), and Cs2CO3 (977 mg, 3 mmol, 3 equiv), followed by purging with
N2. THF (4 mL, 0.25 M) was then added as solvent, and air was removed via three freeze-pumpthaw cycles. The schlenk tube was then securely sealed with a Teflon stopper, enabling superheated temperatures. The reaction mixture was stirred at RT for 20 min then heated to 115 °C for
40 h. After completion of the reaction time, the contents of the reaction vessel were then cooled
and precipitated into stirring methanol. CHCl3 was used to dissolve any solid material prior to
precipitation. All precipitated solids were then purified by Soxhlet extraction, washing
successively with methanol, acetone, hexanes. The polymer was then extracted with chloroform
and reprecipitated in methanol, filtered and dried. To ensure thorough removal of Pd, the
polymer was redissolved in CHCl3, stirred with diethylammonium diethyldithiocarbamate for 6
h, and reprecipitated into MeOH, filtered and dried (86 mg, 46 %).

5.1.4

GIWAXS Measurements
Grazing incidence wide angle X-ray scattering (GIWAXS) characterization was

performed at beamline 7.3.3, Advanced Light Source (ALS), Lawrence Berkeley National Lab
(LBNL). X-ray energy was 10 keV and operated in top off mode. The scattering intensity was
recorded on a 2D image plate (Pilatus 2M) with a pixel size of 172 μm (1475 × 1679 pixels). The
samples were ~15 mm long in the direction of the beam path, and the detector was located at a
distance of 300 mm from the sample center (distance calibrated by AgB reference). The
incidence angle was chosen to be 0.16° to optimize the signal-to-background ratio. Thin-film
active layer blend samples were prepared on PEDOT: PSS covered Si wafers in a similar manner
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to the OPV devices and pure polymer samples were prepared on Si wafers with a 2 nm natural
oxide layer.

5.1.5

ICP-MS Procedure
Samples for ICP-MS were prepared by the following method. Solids were digested in a 1

mg/mL solution of Aqua Regia overnight at ambient temperature with magnetic stirring to
provide sufficient agitation. The Aqua Regia solutions were heated to 60 °C for 2 h, to fully digest
the samples. Each polymer solution was then filtered (0.45 μm pore size) and diluted (x 5) with
5% HNO3, yielding the final ICP-MS solutions. Ni, Mg, and Pd standards were used to quantify
the amount of each metal in the samples. The samples and metal standards were measured on a
Perkin Elmer NexION 300X. The instrument was operated with 1,600 W radiofrequency power,
and the nebulizer argon flow rate was optimized to 0.93 L min-1.

5.1.6

OPV Device Fabrication
Standard device architecture (ITO/PEDOT:PSS/Active Layer/Ca/Al) was used. Indium tin

oxide (ITO)-coated glass substrates (20 ± 5 ohms/square) were purchased from Thin Film Devices
Inc. Substrates were cleaned through ultrasonic treatment in detergent, water (2X), acetone, and
isopropyl alcohol and dried in an oven overnight. The ITO substrates were then cleaned by
ultraviolet ozone treatment (15 min) and PEDOT:PSS (Clevios P VP A1 4083) was then spincoated in air (3500 rpm, 40 s) forming ~35 nm films. After annealing the PEDOT:PSS at 150 ℃ for
30 min in air, the substrates were transferred into a glove box under inert atmosphere.
Polymer/PC71BM (1:0.8 w/w in o-DCB) solutions (30 mg/mL) were then spin-coated on top of the
PEDOT:PSS layer at 1000 rpm for 60 s. Immediately after spin-coating, substrates were covered
with a petri-dish in the dark and allowed to sit for 40 min. The devices were then annealed at 110
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°C for 10 min. The thickness of the active layer polymer/PC71BM films were ~150 nm (KLATENCOR Alpha-Step IQ Surface Profiler). Finally, 15 nm of calcium and 100 nm of aluminum were
thermally evaporated on the active layer under high vacuum (2×10-4 Pa) to complete the devices.
The areas of the devices were 6 mm2, as defined by the evaporator shadow mask area. Currentvoltage (J-V) characteristics of the devices were measured under simulated AM1.5G irradiation
(100 mWcm-2) using a Xe lamp-based Newport 91160 300-W solar simulator. The light intensity
was adjusted with an NREL-calibrated Si solar cell with a KG-5 filter. Device characteristics are
reported as an average of at least 4 devices ± one standard deviation.

5.2
5.2.1

Results and Discussion
Synthesis
The materials for this study were prepared as shown in Scheme 5.1. P3HT-D and f-P3HT-

D were previously synthesized by DArP from the 2-bromo-3-hexylthiophene and 2-bromo-3hexyl-4-fluorothiophene monomers, respectively.85 Direct arylation polymerization requires a
Pd0 catalytic system, where Pd2(dba)3.CHCl3 is the catalyst, P(o-MeOPh)3 is the ligand, with
PivOH and Cs2CO3, reacted in THF at superheated temperatures. P3HT-G and f-P3HT-G were
synthesized by GRIM techniques, where 2,5-dibromo-3-hexylthiophene and 2,5-dibromo-3hexyl-4-fluorothiophene were the starting materials, respectively. The Grignard monomer is
generated using iPrMgCl in-situ, which is then polymerized with a NiII catalyst in THF at moderate
temperatures.90 Reaction conditions for GRIM were intentionally modified to target polymer
molecular weights similar to the previously synthesized DArP materials. All materials were
purified by similar Soxhlet extraction procedures. P3HT-D and f-P3HT-D were also treated with
a Pd scavenger to remove excess Palladium, as this is a standard procedure.121 Using similar
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purification treatments for each material ensures a fair comparison when residual metal content
was measured.

Scheme 5.1: Synthesis of GRIM and DArP Materials

As molecular weight is known to influence the performance of conjugated polymers, the
materials in this study were tailored to have similar molecular weights to enable a fair
comparison. Molecular weight analysis was performed using GPC, with the GPC traces shown in
Figure 5.4, and the molecular weights listed in Table 5.1. In the GPC traces, the polymer signals
can be seen in the 24-28 min range. P3HT-G has a slightly bimodal distribution, with a narrow
low molecular weight peak, and a higher molecular weight shoulder. The peak for P3HT-D
overlaps the peak for P3HT-G, and is broader, indicating similar molecular weights but slightly
larger dispersity. f-P3HT-G has a narrow dispersity monomodal peak, while f-P3HT-D has a
broader dispersity with a larger fraction of high molecular weight materials.
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Figure 5.4: High-temperature GPC Traces of Polymers (135 °C, 1,2,4-trichlorobenzene)
Molecular weights were calculated using narrow molecular weight polystyrene
standards, as shown in Table 5.1. P3HT-G and P3HT-D have similar number average molecular
weights of 11.28 and 13.01 kg/mol, respectively, while P3HT-D has a slightly larger dispersity of
1.4. f-P3HT-D has a slightly higher Mn relative to f-P3HT-G, 8.10 versus 5.17 kg/mol, and slightly
larger dispersity of 1.22. With this, the GRIM and DArP materials have similar molecular weights,
which should ensure a fair comparison between the synthetic methodologies in regards to
polymer and device characteristics.
Table 5.1: Polymer Molecular Weights
Mp

Mn
-1

Mw
-1

Đ
-1

RR

B

[%]

[%]

[kg mol ]

[kg mol ]

[kg mol ]

P3HT-G

9.01

11.28

14.27

1.27

89

-

f-P3HT-G

5.12

5.17

5.57

1.08

88

-

P3HT-D

14.40

13.01

18.23

1.40

95

0.5

f-P3HT-D

6.03

8.10

1.22

76

-

9.91

aMolecular

weights determined by high-temperature (135 °C) in 1,2,4,trichlorobenzene with a sample concentration of 1 mg/mL
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The structure of P3HT-G and P3HT-D were compared using 1H NMR, shown in Figure
5.5. In the full spectra, the two materials have nearly identical resonances. The aromatic region
shows one singlet, corresponding to the β-proton on the thiophene backbone. The resonance at
 2.81 ppm corresponds to the α-CH2 on HT units, while the resonance at  2.58 ppm corresponds
to the α-CH2 on HH units. The integrated ratio of these two peaks is used to calculate the RR of
the two respective materials, which is provided in Table 5.1. The remaining portion of the alkyl
peaks from  1.45-0.92 ppm corresponds to the remaining protons on the alkyl side chain.

Figure 5.5: 1H NMR Spectra Comparing P3HT-G and P3HT-D
If the region from 2.95-2.20 ppm is further inspected (Figure 5.6), differences in the RR
and β-defects can clearly be observed. The RR for these two materials is different, with P3HT-G
clearly exhibiting a greater amount of HH coupling as evidenced by the larger peak at  2.64 ppm.
The RR for P3HT-G and P3HT-D was calculated to be 89 and 95%, respectively. With GRIM, RR
is known to increase with higher molecular weights, and so this is not particularly concerning
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given the relatively low molecular weight of the materials used here. For DArP, it has also been
previously demonstrated that the use of lower catalyst loadings and bulky phosphine ligands
with greater coordinating ability can lead to highly RR materials, as observed here.102 The
presence of an additional peak in the P3HT-D spectrum at  2.24 ppm has previously been shown
to indicate β-defects.99,122 The integration of this peak indicates that very few branching defects
are formed (~0.5%). Previous demonstrations have shown that small percentages of β-defects
(<0.75%) do not have a large influence on OPV device performance. 99

Figure 5.6: 1H NMR Expanded Spectra Comparing P3HT-G and P3HT-D
The 1H NMR spectra of f-P3HT-G and f-P3HT-D were also examined to determine if any
structural irregularities were present (Figure 5.7). Similar features are noted here with these
exceptions: (i) there are no aromatic peaks since the 4-position is now substituted by fluorine, (ii)
there is no peak  ~2.20 ppm since β-defects are not possible in these structures, and (iii) the RR
for f-P3HT-D (76%) is significantly lower than that for P3HT-D (95%), while the RR for f-P3HT-G
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(88%) is similar to what was observed for f-P3HT-G (89%). The difference in RR indicates that
the monomer reactivity for DArP is more heavily influenced by the electronegative fluorine than
that for GRIM. Lower RR is a sign of more homocouplings in f-P3HT-D, which was also previously
discussed in Chapter 4.

Figure 5.7: 1H NMR Spectra Comparing f-P3HT-G and f-P3HT-D
Due to the fluorine on f-P3HT-G and f-P3HT-D, these materials can also be examined by
19

F NMR, as shown in Figure 5.8. Many of the peaks in the spectra overlap, as expected given the

very similar structures of these two polymers. However, there are some notable differences in
the f-P3HT-G spectra, such as the peaks at  122.19, 123.16 and 125.03 ppm, which are not
present in f-P3HT-D. The peaks at  122.19 and 123.16 ppm for f-P3HT-G represent the fluorine
atoms on the last repeat unit and second to last repeat unit, respectively, on a bromine
terminated chain-end. The peak at  125.03 ppm is due to the fluorine on the second to last unit
that is head-to-head coupled on a hydrogen terminated chain end. This head-to-head coupling
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at the chain-end is a unique feature to the GRIM polymerization mechanism, which is why it is
not observed in f-P3HT-D.123

Figure 5.8: 19F NMR Spectra Comparing f-P3HT-G and f-P3HT-D
The structural nature of the polymers, as well as their end-group composition was
verified by MALDI-TOF mass spectroscopy as shown in Figure 5.9. The full spectra show normal
distributions, with periodic repeating peaks, as is expected for homopolymers. P3HT-D and fP3HT-D have noticeably broader distributions, which resembles the results obtained by GPC.
Both P3HTs and f-P3HTs have similar molecular weights, confirming the results obtained by
GPC. Absolute molecular weights measured by MALDI-TOF are typically lower than those
estimated by GPC, as molecular weights measured by GPC are overestimated when using
polystyrene standards as a calibration for rigid rod conjugated polymers. The expanded spectra
on the right side of Figure 5.9 were used to calculate the number of repeat units corresponding
to the molecular weights observed, and also to identify the end-groups. From these spectra, it
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appears that the P3HT-G and f-P3HT-G have H/Br end groups, while P3HT-D and f-P3HT-D both
have H/H end groups. Smaller peaks in P3HT-D and P3HT-G are due to the loss of ionizable –
C5H11 side chain fragments.113 Additional smaller peaks in f-P3HT-D are due to a small portion of
H/Br terminated chains, and also ionized –C5H11 fragments. Besides the difference in end-groups,
the DArP and GRIM materials appear very similar by MALDI-TOF analysis.

Figure 5.9: MALDI-TOF Spectra (left) Full Spectra (right) Zoomed Spectra
5.2.2

UV-Vis Absorption and Cyclic Voltammetry
The absorption of the materials, both in solution and thin-films, were compared to study

any differences that may be result a result of the synthetic method (Figure 5.10). The solution
absorbance for P3HT-G and P3HT-D are identical, as are those for f-P3HT-G and f-P3HT-D. The
blue-shifted absorbance of the f-P3HTs compared to P3HTs has been observed previously.85,90
Furthermore, the thin-film absorbance is nearly identical as well, despite the small differences in
RR and β-defects observed previously by NMR. The onset of absorption of the thin films is
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identical to previous measurements, and the optical Eg for each material (1.9-2.0 eV) are listed in
Table 5.2.

Figure 5.10: (left) UV-Vis Absorption of Polymer Solutions and Films, (right) Cyclic
Voltammetry Scans of Polymer Thin-Films
The electrochemical properties of the materials were evaluated by cyclic voltammetry,
as shown in Figure 5.10. Since it has been shown that the structure of both P3HTs and f-P3HTs
are similar, despite the different preparative methods, it is expected that they have similar onsets
of oxidation. There is a characteristic shift of ~0.4 eV to higher oxidation potential with the
fluorinated materials (Table 5.2). Both P3HT-G and P3HT-D have nearly identical onsets of
oxidation, and the resulting EHOMO levels are -5.13 and -5.08 eV, respectively. Similarly, f-P3HTG and f-P3HT-D have similar onsets, and EHOMO values of -5.42 and -5.47 eV, respectively. Since
the difference between these measurements is near the level of uncertainty in CV measurements
(<0.1 eV), the EHOMO values were also confirmed by UPS (Figure 5.11).
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Table 5.2: EHOMO Measured by CV and UPS
CV

P3HT-G
f-P3HT-G
P3HT-D
f-P3HT-D

UPS

EHOMO

EHOMO

[eV]
-5.13
-5.42
-5.08
-5.47

[eV]
-4.5
-4.8
-4.5
-4.8

Eg

opt

[eV]
1.92
1.99
1.91
2.00

While the resolution limit of UPS is ~0.1 eV, these measurements show that P3HT-G and
P3HT-D have identical secondary electron cutoffs and onset energies, indicating identical EHOMO
values (Table 5.2). The same is true for f-P3HT-G and f-P3HT-D, verifying the previous results
obtained by cyclic voltammetry. With this, it is clear that the electrochemical and absorption
properties of the polymers are unaltered by the preparative method.
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Figure 5.11: UPS Secondary-electron Cutoff (left) and Low Energy Onset (right)
5.2.3

Polymer Crystallinity
P3HT is known to be a highly crystalline polymer, where the crystallinity is heavily

influenced by structure defects such as low regioregularity or branching. Pure polymer thin-films
and polymer:PCBM blend films (1:1 w/w) were analyzed by GIWAXS, without annealing (Figure
5.12). In the pure films, P3HT-G displays very good crystallinity, as observed by the appearance
of the (100), (200) and (300) scattering reflections in the out-of-plane direction (qz), which are due
to the lamellar inter-chain spacing. In comparison, P3HT-D displays these reflections as well, but
with lower intensity, suggesting less overall crystallinity in this material. This is interesting, as
P3HT-G has reduced RR compared to P3HT-D, the difference in crystallinity must then be due to
the very small amount (<0.5%) of β-defects (branching) in P3HT-D. The d-spacing of the (100)
reflection in the qz at ~0.4 Å is representative of the interchain lamellar spacing, while the dspacing of the (010) reflection in the qxy at ~1.6 Å is representative of the π-π stacking distance.
These spacings are the same for both materials indicating that the crystal lattices have the same
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dimensions. The scattering profiles for f-P3HT-G and f-P3HT-D are nearly identical, and any
differences are attributed to film thickness variations.

Figure 5.12: GIWAXS for Pure Polymer Films (left) and Blend Films (right)

In the polymer:PCBM blend scattering, the (100) and (200) reflections can again be seen
in the qz direction for both P3HT-G and P3HT-D. In this case the crystallinity is already somewhat
disrupted by the PCBM, and so there is less of a difference between the two profiles indicating
that the small amount of β-defects in P3HT-D have minimal impact on the crystallinity of the
blend system. The f-P3HT materials both show nearly identical scattering profiles, with a
predominantly edge-on orientation relative to the substrate. There are no changes in the dspacings as a result of the preparative method for either P3HTs or f-P3HTs, indicating that the
crystal structure is unaltered. Overall in the blend films, these materials have similar crystallinity,
which should then lead to similar results in an OPV BHJ type system.
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5.2.4

Residual Metal Content
The residual metal content for each of the materials was quantified using ICP-MS, with

calibration standards for Ni, Mg, and Pd. Similar analysis was used previously to investigate
propylenedioxythiophene-based polymers.121 These metals were specifically selected since Ni
and Mg are expected to be contaminants from GRIM, while Pd is expected to be a contaminant
from DArP. With this analytical technique, the metals could be quantified down to ppb levels
(Table 5.1). From this analysis, each of the materials appear to have similar levels (within the
same order of magnitude) of trace metals, indicating that the purification procedures employed
(Soxhlet extraction, Pd scavenging) are sufficient for removing much of the metal contaminants.

Table 5.3: ICP-MS Trace Metal Analysis
Ni
Mg
Pd
[ppb]

[ppb]

[ppb]

P3HT-G

17

374

11

f-P3HT-G

28

516

18

P3HT-D

15

258

72

f-P3HT-D

33

364

12

With this, it appears that the synthetic method does not greatly influence the metal
content in this case. P3HT-G and f-P3HT-G have similar Ni and Mg content versus P3HT-D and
f-P3HT-D. Additionally, P3HT-D and f-P3HT-D have similar levels of Pd compared to the GRIM
materials. This further suggests that total metal content is consistent across this set of materials
and should not be a significant contributing factor when evaluating the comparative
performance of these materials in OPVs.
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5.2.5

Device Performance in OPVs
Lastly, in order to determine whether any of the previously noted differences will

influence the performance of these materials in actual devices, OPVs were fabricated and tested.
Devices were fabricated for P3HT-G and P3HT-D using a standard device configuration
(ITO/PEDOT:PSS/Polymer:PC71BM/Ca/Al) where the polymer:PCBM ratio was 1:1 w/w. Reliable
devices were not able to be fabricated using f-P3HT-G and f-P3HT-D due to their reduced
solubility and poor film forming ability. Representative J-V curves are provided in Figure 5.13,
with device parameters listed in Table 5.1.

Figure 5.13: Current-Voltage Curves for OPVs
The VOC for the two materials was nearly identical, 0.60 V for P3HT-G and 0.57 V for
P3HT-D, as is expected given their identical EHOMO levels. P3HT-D has a slightly larger JSC of ~10.5
mA/cm2, compared to ~9.7 mA/cm2 for P3HT-G. These measurements are not significantly
different, as they are within ±1 standard deviation. The FF is quite similar for both materials, 57%
and 55% for P3HT-G and P3HT-D, respectively. Overall, this leads to remarkably identical PCEs
of 3.36% and 3.26% for P3HT-G and P3HT-D, respectively, which is in accord with previous
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measurements for P3HT.86 These PCE measurements are certainly within the limits of 1 standard
deviation relative to one another, indicating that these materials produce equally efficient OPV
devices.
Table 5.4: Photovoltaic Characteristics for OPV Devices
VOC

JSC
2

FF

PCE

[V]

[mA/cm ]

[%]

[%]

P3HT-G

0.60 ± 0.01

9.67 ± 0.20

57.1 ± 4.1

3.36 ± 0.28

P3HT-D

0.57 ± 0.00

9.64 ± 1.77

55.3 ± 5.2

3.26 ± 0.23

aMeasurements averaged

over 6 devices, ± standard deviation

The collection of results presented now provides definitive evidence, as least for P3HTbased materials, that DArP is an effective and robust synthetic technique, which yields
structurally well-defined polymers that perform comparably to those synthesized by GRIM. This
head-to-head comparison of polymers provides valuable insight into structure-property
relationships and their implications on device performance.

5.3

Conclusions
In this chapter, a detailed direct comparison of four P3HT-based materials (P3HT-G, f-

P3HT-G, P3HT-D, and f-P3HT-D) is provided, with emphasis on determining structure-propertyperformance variations that are the result of different synthetic preparative methods. Two
synthetic methods were used, GRIM, which has seen wide-spread use for the synthesis of P3HT,
and DArP, which is a relatively newer method. Structural analysis of the polymers by NMR and
MALDI-TOF indicated minimal differences between the materials: (i) GRIM polymers were H/Br
terminated, (ii) P3HT-D has slightly higher RR and MW compared to P3HT-G, and (iii) P3HT-D
displayed some β-defects (branching), which is a known side-reaction in DArP. Absorption and
electrochemical properties, measured by UV-Vis, CV and UPS, were identical, illustrating that
these properties are not influenced by the synthetic method. P3HT-G showed higher crystallinity
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compared to P3HT-D, a possible side-effect of the small amount of β-defects, as evidenced by
GIWAXS. Concerns of trace metal content were addressed by ICP-MS, which showed that each
of the materials had comparable, low levels of residual metals. As a final comparison method,
OPV devices were fabricated to test polymer performance. P3HT-D had equal, PCE compared to
P3HT-G. The equal performance of P3HT-G and P3HT-D demonstrates that materials
synthesized by DArP can perform equally to those synthesized by more established methods, as
definitively evidenced in this direct comparison.
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SUMMARY AND PERSPECTIVE

6.1

Introduction
In this final dissertation section, the research conducted in Chapters 2-5, and the major

findings from these investigations will be succinctly summarized. Given our expanded
knowledge of conjugated polymers for OPVs, perspective on this research field will be offered,
as well as research ideas for the immediate future. Future avenues of investigation will be broken
into three areas: (i) new synthetic designs, (ii) photo-physical characterization and (iii) device
characterization.

6.2

Summary
As discussed in Chapter 1, the sections of this thesis can be broken up into four major

sections (Figure 6.1). In Chapter 2, we synthesized a series of PTB materials, where the pendant
functionality on thieno[3,4-b]thiophene was varied between octyl, perfluorooctyl, phenyl, and
perfluorophenyl. With this, we were able to study the effect of pendant fluorination on the
electrochemical properties, the ∆μge, active layer morphology and crystallinity, and OPV device
performance. In Chapter 3, we then synthesized a series of PDPP materials, where the
alternating unit was now varied between thiophene, 3,4-difluorothiophene, phenyl, and 2,5difluorophenyl, allowing us to study the effect of direct backbone fluorination on the
electrochemical properties, polymer crystallinity, and performance in OPVs and OFETs. Next, in
Chapter 4, we synthesized a series of P3HT copolymers, where the percent of fluorinated repeat
units in the polymer backbone was systematically tuned from 0 to 100%. Lastly, in Chapter 5, we
shifted our focus from looking at structure-property relationships associated with fluorination,
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to now, the influence of the polymer synthetic method on polymer properties. We analyzed two
sets of identical polymers synthesized by GRIM and DArP, providing a direct head-to-head
analysis of polymer properties and performance. Each section provided new understandings of
how polymer structure relates to polymer properties, and how properties then influenced
material performance in organic electronic devices.

Figure 6.1: Breakdown of Dissertation Sections
With the PTB materials, the electron withdrawing nature of the perfluoropendants was
found to be effective for tuning the EHOMO level, which could be reduced by 0.1-0.2 eV, without
greatly altering the optical bandgap. The perfluoropendants also created a very high calculated
∆μge, although this was not found to be influential on OPV device performance. The
perfluoropendants led to a slightly enhanced face-on crystal orientation, while also inducing
large scale phase separation in polymer:PCBM blends. Overall, while the perfluoropendants were
effective for tuning electrochemical properties, they did not significantly enhance OPV
performance, although PCEs (~3%) were on par with similar published results. Furthermore, we
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demonstrated the first use of DArP techniques for the polymerization of thieno[3,4-b]thiophene
monomers, expanding the library of compatible monomers for this technique.
For the PDPPs, it was found that direct backbone fluorination was also an effective tool
for tuning electrochemical properties, lowering the EHOMO by 0.1-0.2 eV without altering the
optical absorption. In this case, fluorination on the backbone reduced the π-π stacking distance
in polymer crystallites, without influencing the primarily edge-on crystal orientation or inducing
phase separation in polymer:PCBM blends. The fluorinated materials exhibited enhanced airstability, as evidenced by air-stable electron transport, and also improved hole mobilites. These
materials were also synthesized by DArP methods and compared to previous reports of identical
materials synthesized by other methods. The observed PCEs were quite similar (3-4%),
confirming the robust nature of DArP.
With the P(3HT-co-3H4FT) system, we demonstrated that the percent of fluorinated
repeat units could be systematically varied from 0-100% by changing the DArP monomer feed
ratio. As fluorination was increased, the EHOMO was again lowered, although this time it could be
tuned over a larger range of 0.4 eV. Increasing the fluorine content did not disrupt the polymer
crystallinity or blend morphology with PCBM, but did increase the proportion of edge-on
orientation. With smaller amounts of fluorination, some increase in VOC was observed in OPV
devices, but overall fluorination did not increase device performance, which we believe was due
to lower RR, increased edge-on orientation and lower hole mobility as a result. The approach
used in this section, to incorporate a functional monomer into P3HT was quite successful and
could be implemented with other monomers using DArP techniques.
Lastly, in the GRIM versus DArP comparison, we systematically studied differences in
polymer structure and how the resulting properties were influenced. With all other properties
nearly identical, we found the P3HT synthesized by DArP has a small amount of β-defects
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(branching), which disrupted crystallinity in pure polymer films, but not in polymer:PCBM blends.
Thus, our P3HT synthesized by DArP performed equally to that synthesized by GRIM. This direct
head-to-head comparison provides evidence that eliminates some major concerns associated
with DArP such as homocoupling, branching, and residual metal content, overall proving the
viability of DArP as a robust synthetic method for the preparation of conjugated polymers
moving forward.

6.3

Perspective/Future Works
Given our experience with the materials developed in this thesis, there are a few possible

areas for immediate future exploration. First, now that we have extensively, and systematically,
investigated the effect of fluorination on p-type/donor polymers for BHJ type OPVs, it seems that
fluorination may be more beneficial for n-type/accepter materials. With this said, a few sets of
materials are suggested for studying the effect of fluorination on n-type materials. Second, with
the PTB materials in Chapter 2, we were unable to verify the effect of ∆μge in BHJ films, due to
the complexity of the blend system. New characterization methods are proposed in order to
evaluate ∆μge in these materials. Finally, it would be interesting to study blends of the nonfluorinated and fluorinated materials, and the effect on performance in organic electronics. The
motivation and suggestions for blends will be discussed below.

6.3.1

Synthesis of Fluorinated N-Type Materials
For the investigation of fluorinated n-type materials, two sets of materials are suggested.

Both series of polymers were selected with DArP in mind as the primary polymerization method.
The first series is based on the naphthalenediimide (NDI) monomer, paired with three different
terthiophene alternating units: (i) terthiophene, (ii) difluoroterthiophene, and (iii)
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difluoroterthiophene with solubilizing side-chains to circumvent anticipated solubility problems
(Scheme 6.1). Furthermore, all monomers can be conveniently synthesized, particularly the
fluorinated terthiophenes, since they are based on the previously synthesized 2,5-dibromo-3,4,difluorothiophene. Polymerization of NDI and bithiophene monomers by DArP has recently been
reported.124 With these reported DArP results and previous DArP experience gained from this
dissertation, the synthesis of this first set of NDI polymers should be relatively straightforward.
Basic characterization of these materials, and device results (OPV and OFET) would yield
valuable structure property correlations for n-type materials.

Scheme 6.1: Proposed Fluorinated NDI Materials
The second set of materials is proposed with similar goals, although in this case a
perylenediimide (PDI) unit is selected (Scheme 6.2). PDI has shown promise as an n-type building
block for quite some time.125 However, DArP with this monomer has not yet been demonstrated,
and would thus provide an opportunity for the development of some new chemistry and
optimized conditions. It is expected that the reactivity of PDI will resemble that for NDI, and so
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experience gained in the first set of NDI materials will be applicable here. The PDI materials will
use the same library of terthiophene monomers used for the NDI materials, which will be
convenient for synthesis. Basic characterization of the material properties, and device
characteristics will provide structure property relationships related to fluorination, and also to
differences between NDI and PDI.126

Scheme 6.2: Proposed Fluorinated PDI Materials
6.3.2

Characterization of ∆μge
Several studies have reported that ultrafast transient absorption phenomena can

provide information about pseudo-charge-transfer, charge-separated, and exciton dynamics in
solutions of conjugated polymer solutions, which are influenced of ∆μge.30,127,128 Given the large
range of calculated ∆μge observed for our PTB materials, it would be interesting to use transient
absorption spectroscopy to probe the dynamics in these materials and investigate any
differences that arise. Since these polymers are already been prepared, and equipment for
performing transient absorption analysis is available, this study is accessible for photo-physics
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oriented scientists. This would provide greater insight into the effect of ∆μge than was observed
by our limited studies of OPV device performance. Given the success of initial studies with the
PTB materials, this work could be further expanded to study all of the fluorinated materials
presented in this dissertation.

6.3.3

Device Characteristics of Blends
It is known that fluorinated groups on aromatic moieties promote Ar-F…Ar-H

interactions. This effect has previously been exploited in the design of small molecules for
transistor applications, where perfluorophenyl groups were used to facilitate greater interactions
with phenyl groups, creating tighter π-π stacking and improving hole mobility.129 This concept
can loosely be extended to the materials synthesized in this dissertation. For example, 1:1 blends
of PTPB:PTFPB, TTT:TTfT, TPT:TPfT, or P0:P100,

could lead to improved interchain

interactions, facilitated by the fluorine atoms, leading to improved crystal packing and
orientation, and ultimately improved hole-mobility in OFET applications. This hypothesis could
readily be investigated by solution blending these various polymer combinations, spin-coating
thin-films and investigating the crystallinity by GIWAXS. Films could be subjected to various
annealing treatments, solution or thermal, to facilitate the formation of improved crystalline
domains. Fabrication of OFETs could then readily determine if this is a possible method for
enhancing of hole-mobility, or improving greater oxidative stability, as would be indicated airstable electron transport.

6.4

Outlook
The work presented in this dissertation was conceptualized with two primary goals: (i)

increasing the efficiency of organic photovoltaics through conjugated polymer design, and (ii)
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improving the feasibility of mass produced organic photovoltaics by truncating the number of
steps for polymer synthesis and using more environmentally friendly protocols. The systematic
approaches documented here provide a model for future work developing structure-property
relationships in conjugated polymers. In this work we also implemented the use of basic statistics
to verify the significance and reproducibility of our device results. Statistical verification of PCE
results is crucial for unbiased reporting of data, as this is the best way to systematically verify the
significance of new results and create continual improvements in conjugated polymer design.12
Together with better polymer design, greater understandings of device physics and innovative
improvements in device design will continue to lead to higher OPV device efficiencies and a
bright future for solar energy generation.
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APPENDIX A
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Figure 7.1: 1H NMR spectrum of compound 1

Figure 7.2: 1H NMR spectrum of compound 2.
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Figure 7.3: 1H NMR spectrum of compound M1

Figure 7.4: 1H NMR spectrum of compound M2
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Figure 7.5: 1H NMR spectrum of compound 3

Figure 7.6: 13C NMR spectrum of compound 3
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Figure 7.7: 1H NMR spectrum of compound 4

Figure 7.8: 13C NMR Spectrum of compound 4
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Figure 7.9: 1H NMR spectrum of compound 5

Figure 7.10: 19F NMR spectrum of compound 5
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Figure 7.11: 1H NMR spectrum of compound M3

Figure 7.12: 19F NMR spectrum of compound M3
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Figure 7.13: 1H NMR spectrum of compound 6

Figure 7.14: 19F NMR spectrum of compound 6
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Figure 7.15: 1H NMR spectrum of compound M4

Figure 7.16: 19F NMR spectrum of compound M4
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Figure 7.17: 1H NMR spectrum of compound 7

Figure 7.18: 1H NMR spectrum of compound M5
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Figure 7.19: 13C NMR spectrum of compound M5
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Figure 7.20: 1H NMR (at 110 °C) spectrum of compound PT8B

Figure 7.21: 1H NMR (at 110 °C) spectrum of compound PTPB
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Figure 7.22: 1H NMR (at 110 °C) spectrum of compound PTF8B

Figure 7.23: 19F NMR spectrum of compound PTF8B
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Figure 7.24: 1H NMR (at 110 °C) spectrum of compound PTFPB

Figure 7.25: 19F NMR spectrum of compound PTFPB
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Figure 7.26: (top) PT8B MALDI-TOF full spectra, (bottom) expanded PT8B MALDI-TOF
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Figure 7.27: (top) PTPB MALDI-TOF full spectra, (bottom) expanded PTPB MALDI-TOF
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Figure 7.28: (top) PTF8B MALDI-TOF full spectra, (bottom) expanded PTF8B MALDI-TOF
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Figure 7.29: (top) PTFPB MALDI-TOF full spectra, (bottom) expanded PTFPB MALDI-TOF
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Figure 7.30: (left) PT8B UPS spectra, (right) PTPB UPS spectra

Figure 7.31: (left) PTF8B UPS spectra, (right) PTFPB UPS spectra

Figure 7.32: (left) secondary electron cutoff region , (right) low binding energy region

151
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Figure 7.33: 1H NMR spectrum for TTT (CDCl3, 52° C)

Figure 7.34: 19F NMR spectrum for TTT (CDCl3, 52° C)
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Figure 7.35: 1H NMR spectrum for TPT (CDCl3, 52° C)

Figure 7.36: 19F NMR spectrum for TPT (CDCl3, 52° C)
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Figure 7.37: 1H NMR spectrum for TTfT (CDCl3, 52° C)

Figure 7.38: 19F NMR spectrum for TTfT (CDCl3, 52° C)
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Figure 7.39: 1H NMR spectrum for TPfT (CDCl3, 52° C)

Figure 7.40: 19F NMR spectrum for TPfT (CDCl3, 52° C)
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Figure 7.41: (top) MALDI-TOF mass spectrum for TTT (bottom) expanded spectra
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Figure 7.42: (top) MALDI-TOF mass spectrum for TPT (bottom) expanded spectra
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Figure 7.43: (top) MALDI-TOF mass spectrum for TTfT (bottom) expanded spectra
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Figure 7.44: (top) MALDI-TOF mass spectrum for TPfT (bottom) expanded spectra
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Table 7.1: GPC as a Function of Sample Concentration
Sample

M pa

Mna

Mwa

[mg/mL]

[kg/mol]

[kg/mol]

[kg/mol]

1.9

101.5

39.1

150.2

3.8

1.0

46.4

29.0

110.9

3.8

0.60

25.3

13.2

51.6

3.9

1.6

22.6

23.9

37.7

1.6

0.90

15.5

13.5

24.2

1.9

0.60

12.8

8.5

19.5

2.3

1.5

10.7

10.5

18.4

1.8

0.90

10.9

10.2

17.2

1.7

0.40

9.7

7.9

18.9

2.4

1.5

34.4

23.9

64.2

2.7

1.0

13.2

10.3

19.3

1.9

0.50

3.6

3.3

15.7

4.8

Concentration

TTT

TPT

TTfT

TPfT

a

Đ

Measured by GPC in 1,2,4-trichlorobenzene at 135 °C using polystyrene
standards

Figure 7.45: GPC Traces for PDPPs
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Figure 7.46: GIWAXS for PDPP pure polymer films (top) and PDPP:PCBM blend films (bottom)
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Figure 7.47: (left) Output and (right) Transfer Curves for PDPP OFET Devices
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Figure 7.48: TEM Images for TTT and TTfT Blends Under Different Solvent Casting Conditions

Figure 7.49: (left, center) GIWAXS for TTT and TTfT blends, (right) RSoXS for TTT and TTfT
blends.
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Scheme 7.1: Tetramer Model for DFT Calculations

Table 7.2: DFT Results for Thiophene Tetramer Models
Model

EHOMO

ELUMO

Eg

Θ1a

Θ2a

Θ3a

[eV]

[eV]

[eV]

[°]

[°]

[°]

-5.16
-5.24
-5.27
-5.28
-5.18
-5.24
-5.35
-5.38
-5.39
-5.29
-5.32
-5.28
-5.34
-5.41
-5.42
-5.38
-5.47
-5.42

-1.42
-1.56
-1.52
-1.44
-1.45
-1.49
-1.63
-1.54
-1.52
-1.55
-1.44
-1.57
-1.54
-1.54
-1.54
-1.65
-1.63
-1.59

3.74
3.68
3.75
3.84
3.73
3.75
3.72
3.84
3.86
3.74
3.88
3.71
3.79
3.86
3.88
3.73
3.84
3.83

42
41
43
40
229
43
40
40
229
228
229
228
227
229
40
-

33
32
32
225
32
32
226
227
31
226
32
224
226
32
224
-

41
39
228
42
41
227
40
229
228
42
40
229
41
227
228
-

-5.49
-1.67
3.82 224 223
Θx=0 corresponds to the planar anti-configuration.
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0F
1F
1F
1F
1F
1F
2F
2F
2F
2F
2F
2F
2F
3F
3F
3F
3F
3F

Sequence
[X1 X2 X3
X4]
HHHH
HHHF
HHFH
HFHH
FHHH
average
HHFF
HFHF
HFFH
FHFH
FFHH
FHHF
average
FFFH
FFHF
FHFF
HFFF
average

4F

FFFF

a
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Figure 7.50: Representative DFT model for 0F, with optimized geometry. (left) planar view,
(right) view down tetramer axis
’

Figure 7.51: Representative DFT model for 1F, with optimized geometry. (left) planar view,
(right) view down tetramer axis
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Figure 7.52: Representative DFT model for 2F, with optimized geometry. (left) planar view,
(right) view down tetramer axis

Figure 7.53: Representative DFT model for 3F, with optimized geometry. (left) planar view,
(right) view down tetramer axis

Figure 7.524: Representative DFT model for 4F, with optimized geometry. (left) planar view,
(right) view down tetramer axis
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Figure 7.53: 1H NMR (500 MHz, CDCl3) spectra for the 2Br3H4FT monomer

Figure 7.54: 19F NMR (500 MHz, CD2Cl2) spectra for the 2Br3H4FT monomer
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Figure 7.55: Overlaid 1H NMR spectra for P(3HT-co-3H4FT)s, measured at 52°C.

Figure 7.56: Overlaid 19F NMR spectra for P(3HT-co-3H4FT)s, measured at 52°C
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Figure 7.57: Overlaid 1H NMR spectra for P(3HT-co-3H4FT)s, measured at 52°C.
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Figure 7.60: 1H NMR (500 MHz, CDCl3) spectra for P0, measured at 52°C

Figure 7.58: 19F NMR (500 MHz, CDCl3) spectra for P0, measured at 52°C
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Figure 7.59: 1H NMR (500 MHz, CDCl3) spectra for P25, measured at 52°C

Figure 7.60: 19F NMR (500 MHz, CDCl3) spectra for P25, measured at 52°C
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Figure 7.61: 1H NMR (500 MHz, CDCl3) spectra for P50, measured at 52°C

Figure 7.62: 19F NMR (500 MHz, CDCl3) spectra for P50, measured at 52°C
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Figure 7.63: 1H NMR (500 MHz, CDCl3) spectra for P75, measured at 52°C

Figure 7.64: 19F NMR (500 MHz, CDCl3) spectra for P75, measured at 52°C
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Figure 7.65: 1H NMR (500 MHz, CDCl3) spectra for P100, measured at 52°C

Figure 7.66: 19F NMR (500 MHz, CDCl3) spectra for P100, measured at 52°C
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Intens. [a.u.]

164.24
165.02

165.04

2000

61.62
106.26
72.54

4653.618

4488.580

4159.317

4323.556

1500

4594.839

4581.082

4415.609
4426.956

4262.965

500

4098.588

1000

0
4100

4200

4300

4400

4500

4600

4700
m/z

Figure 7.70: (top) MALDI-TOF spectra for P0 (bottom) reflection mode high resolution spectra
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Figure 7.67: (top) MALDI-TOF spectra for P25 (bottom) reflection mode high resolution spectra
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Figure 7.68: (top) MALDI-TOF spectra for P50 (bottom) reflection mode high resolution
spectra
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Figure 7.69: (top) MALDI-TOF spectra for P75 (bottom) reflection mode high resolution spectra
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Figure 7.70: (top) MALDI-TOF spectra for P100 (bottom) reflection mode high resolution
spectra
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Table 7.3: UPS Measurements for P(3HT-co-3H4FT)s
EHOMO
P0

4.5

P25

4.6

P50

4.8

P75

4.8

P100

4.8

Figure 7.71: UPS spectra for the P(3HT-co-3H4FT) materials (left) secondary electron cutoff
(right) low energy binding region
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Figure 7.72: 2D GIWAXS images for P(3HT-co-3H4FT)s (left) pure polymer films (right)
polymer/PC71BM (1:2 w/w) blend films
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Figure 7.73: Dark J-V device measurements of P(3HT-co-3H4FT)/PC71BM blends used for SCLC
measurements.

Figure 7.74: TGA (left) and DSC (right) for P(3HT-co-3H4FT)s
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Figure 7.75: 1H NMR (500 MHz, CDCl3) spectra for P3HT-G and P3HT-D, measured at 52°C
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Figure 7.80: Expanded 1H NMR (500 MHz, CDCl3) spectra for P3HT-G and P3HT-D

Figure 7.76: 1H NMR (500 MHz, CDCl3) spectra for f-P3HT-G and f-P3HT-D, measured at 52°C
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Figure 7.77:19F NMR (470.385 MHz, CDCl3) spectra for f-P3HT-G and f-P3HT-D, at 52°C
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Figure 7.78: GPC Traces for Polymers in 1,2,4-trichlorobenzene at 135 °C

Table 7.4: Polymer Molecular Weights
Mp

Mn

Mw

Đ

[kg mol-1]

[kg mol-1]

[kg mol-1]

P3HT-G

9.01

11.28

14.27

1.27

f-P3HT-G

5.12

5.17

5.57

1.08

P3HT-D

14.40

13.01

18.23

1.40

f-P3HT-D

6.03

8.10

9.91

1.22

Molecular weights determined by high-temperature (135 °C) in1,2,4,trichlorobenzene with a sample concentration of 1 mg/mL
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Figure 7.79: (top) MALDI-TOF spectra for P3HT-G (bottom) reflection mode high-resolution
spectra
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Figure 7.80: (top) MALDI-TOF spectra for f-P3HT-G (bottom) reflection mode high-resolution
spectra
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Figure 7.81: (top) MALDI-TOF spectra for P3HT-D (bottom) reflection mode high-resolution
spectra
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Figure 7.82: (top) MALDI-TOF spectra for f-P3HT-D (bottom) reflection mode high-resolution
spectra
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Figure 7.83: GIWAXS 2-D Detector Images
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