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ABSTRACT

The utility of conjugated polymers stems from their wide uses in organic photovoltaics,
organic field-effect transistors, and organic light-emitting diodes. One of the advantages of
conjugated polymers over traditional silicon-based electronics is their chemical tunability.
Conjugated polymers can be customized to have desirable properties based on their intended
application. These polymers have been studied to understand how changes to their structure affect
electronic properties, including analysis of their glass transition and melting transition; however,
these models have not been extensively studied. In this study, two polymers, Poly-((2,5dihexylphenylene)-1,4-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3-benzothiadiazole]-2’,2"-diyl)
(PPTBT)

and

Poly-((9,9-bis(2-octyl)-fluorene-2,7-diyl)-alt-(4,7-di(thiophene-2-yl)-2,1,3-

benzothiadiazole)-5′,5″-diyl) (PFTBT) were synthesized with varying concentrations of 4,7-bis(5bromo-4-hexylthiophen-2-yl)-2,1,3-benzothiadiazole (T6BT). This was done to analyze how the
random addition of T6BT affects the physical macroscopic properties of the polymers including
crystallinity and the phase transition temperatures. Addition of T6BT was expected to improve the
solubility of the polymer during processing with minimal impact on thermal properties. Thermal
analysis was conducted using Differential Scanning Calorimetry. Poly-((2,5-dihexylphenylene)1,4-diyl-alt-[4,7-bis(3-hexylthiophen-5-yl)-2,1,3-benzothiadiazole]-2′,2′′-diyl)

or

PPT6BT

demonstrated a liquid crystallinity with a nematic to isotropic transition at 146C while no other
polymers demonstrated substantial crystallinity or liquid crystalline properties.
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Chapter 1
Introduction

1.1 Background and Motivation
As the energy requirements of the world continue to grow with a growing population, the
drain on our finite energy resources continues to rise at an unsustainable rate. This had led to an
increased interest in renewable energy as a means to deliver our energy requirements. In addition
to the ever-increasing energy needs of the world, there is also a necessity for clean energy sources
as our use of fossil fuels continue to release harmful emissions into our atmosphere, contributing
to climate change. Solar energy is one clean energy source that is renewable and shows great
promise in contributing to the energy needs of the world. Therefore, the study of solar cells is a
key step in helping to reduce the use of fossil fuels to meet our energy needs. The drive towards
clean energy that is sustainable is critical to the continued growth of our population and the health
of our planet.
Currently, the standard technology meant to capture solar energy is non-organic
photovoltaic devices which utilize silicon-based cells that serve as a semiconductor to absorb the
solar energy and produce electricity.1 The initial absorption of solar energy excites electrons,
allowing for them to ‘flow’ in the solar cell. This excited electron state is taken advantage of by
doping the silicon structures to create an electric field. The n-type silicon has extra electrons which
are drawn towards the p-type silicon, which is electron deficient, creating the electric field in the
cell.1 This general process produces the electrical power created by non-organic photovoltaics.
These are the most prevalent types of photovoltaics currently available and are primarily utilized
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due to their high conversion efficiency of solar energy relative to organic photovoltaics. However,
they are much more expensive to produce due to the high purities required for the cells and require
thicker more rigid absorbing layers compared to organic photovoltaics.1
The high cost of producing inorganic solar cells and their rigid structural nature are the
primary driving forces behind research on organic-photovoltaics.1 Typically, organicphotovoltaics have much thinner and more flexible absorption layers and are much cheaper to
manufacture. The first organic solar cells produced utilized one material in its active layer which
had to produce electron-hole pairs but were extremely inefficient.1 The next generation of OPVs
was bilayer solar cells, first studied in the eighties. The primary difference is that these materials
can be considered donor-acceptor mixtures with the active layer being a bulk heterojunction (BHJ)
of the two polymers.1 The general structure of an organic photovoltaic is shown in figure 1 which
shows the active layer which in this case is a bilayer with donor and acceptor polymers present.

Figure 1. Schematic of Organic Photovoltaic Cell
www-ssrl.slac.stanford.edu
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The heterojunction between electron acceptor and electron donor polymers serves as the
location for the electron exchange between the acceptor and donor polymers. In this layer,
electrons are excited using photons to form exciton-hole pairs and these pairs then travel to the
interface between the acceptor and donor polymers. This allows the electric charge to separate into
two opposite charges on different polymers and travel to their respective electrodes and produce
an electric field.1
Some of these donor and acceptor polymers utilize electron deficient and electron rich
monomers in order to facilitate electron transfer via a push-pull mechanism between monomers.2
Current research focuses on both donor-acceptor polymer blends and on block copolymers in
which the donor and acceptor polymers are covalently linked instead of a blend of the two.
Furthermore, many polymers studied with the push-pull architecture can be utilized as either donor
or acceptor polymers depending on the polymer they are paired with in the active layer.2
The primary advantages of organic solar cells include the expectation that they will be
much cheaper to produce than inorganic photovoltaics. 1 This is in part because the chemical
industry is already extremely large and would be able to mass produce the necessary chemicals. In
addition to that, these solar cells are much easier to produce than silicon-based photovoltaics which
require very precise manufacturing conditions.1 Unfortunately, while production of organic
photovoltaics is much cheaper than inorganic photovoltaics on a cell by cell basis, they still must
achieve power conversion efficiencies and lifetimes closer to that of inorganic-photovoltaic cells
to be competitive.
While organic materials can be considered efficient at the absorption of solar energy, their
utilization of this energy is much more difficult to control than silicon-based semiconductors. Once
electron-hole pairs have been generated, organic photovoltaics are relatively ineffective at
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preventing the pair from

recombining.1

In contrast, silicon-based solar cells use highly ordered

crystalline structures of the two differently doped materials in order to efficiently extract the charge
produced via excitation of the semiconductor electrons. Generation of these charges is also
difficult because organic cells may simply convert the energy into heat instead of producing a
charge.1 An additional issue is that polymers utilized in organic photovoltaics will chemically
degrade at a much faster rate than silicon-based photovoltaics.
While organic photovoltaics face many challenges to be a feasible alternative to inorganic
solar cells and ultimately fossil fuels, the potential molecular structures available for use in organic
photovoltaics is almost infinite.1 Other key advantages to organic-photovoltaics include simpler
manufacturing methods, low weight and flexibility, semitransparency, and easy integration into
other products.1 They have the potential to drastically change the solar energy industry and the
energy industry overall.

1.2 Overview of Conjugated Polymers
There are organic semiconductors that are utilized in organic-photovoltaics active layer.
Conjugated polymers are studied due to their electrical properties as semiconductors and their
chemical adaptability. This enables easy manipulation of the material’s macroscopic properties
through adjustments to the chemical structure. The utility of these polymers ranges from use in
organic-photovoltaics, organic light-emitting diodes (OLEDs), and organic field-effect transistors.
Their structure and thermodynamic properties can have a large effect on their success in a given
application. It is important that they are designed in such a way that they have properties
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appropriate for their uses. Research on organic photovoltaics (OPV) has been primarily driven to
improve cell efficiency and stability along with achieving overall scaling of the technology.3
Specifically, OPVs are made using multiple layers with the conjugated polymers being a
part of the bulk heterojunction (BHJ), which as mentioned previously, serves as the location for
the electron exchange between the acceptor and donor polymers. The morphology of this layer is
one of the most important aspects of the BHJ. The arrangement and packing, as well as the
crystallite size, must be optimized for efficient electron diffusion between the donor and acceptor
polymers.4
With that in mind, it is important to note that conjugated polymers vary greatly in their
degree of crystallinity based on their structure, and this plays a critical role in the structure of the
BHJ.3 It is important to note that an increase in crystallinity shows an improvement in the
performance of OPV cells by enhancing charge mobility.5 However, more crystalline structures
typically have reduced solubility. This could hinder industrial scaling of organic solar cell
manufacturing since soluble polymers are much better candidates for continuous processing
techniques, such as roll-to-roll processing where polymers are ‘printed onto rolling sheets.3
While crystallinity is good for OPV cell efficiencies and charge mobilities, most
conjugated polymers are either amorphous or semi-crystalline, leading to a glass transition as well.
This glass transition temperature, or Tg, can influence the OPV cell’s stability and must be
considered during selection of polymers. A blend of two polymers has a Tg value that can be
attributed to the individual Tg values of the two polymers. This phase transition ultimately leads to
degradation of the solar cell and decreases its lifetime.6 Therefore, analyzing the Tg of polymers in
the BHJ is a key way to investigate the long-term stability of a cell. For OPVs, the typical operating
temperature of a cell is between 25C and 60C.7 It was shown that the higher the value is relative
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to the operating range, the more stable a photovoltaics bulk heterojunction phase will be. However,
this is accompanied by the fact that a Tg value lower than the operating and processing temperatures
would improve ductility.6 Therefore, a balance between solubility for processing, crystallinity for
efficiency, and Tg values must be found to optimize an OPV cell in such a way to make it a useful
technology in the future.
Polymer side chains can drastically affect their solubility, crystallinity, and glass
transitions.8 Altering the side chains of polymers used in OPV cells can also affect efficiency,
stability, and scalability. By investigating how small additions of alkyl side chains affect these
properties on a polymer via random copolymerization without changing the polymer’s backbone,
we can determine how we might utilize random side chain addition to improve solubility without
drastically reducing crystallinity or stability via the glass transition temperature.

1.3 Literature Review

1.3.1 Polymer Synthesis Techniques
A recent review article by Aplan et al compared the different types of techniques used to
synthesize conjugated polymers and the latest developments in the field. It focused on control of
the degree of polymerization during synthesis. If a living or controlled chain-growth
polymerization as described in the paper follows the kinetics required for it to be dominated by the
rate of propagation during polymerization, you can accurately describe the molecular weight of
the polymer using a Poisson distribution.9 This can be proven experimentally, showing that the
molecular weight varies linearly with the ratio of monomer to initiator. The utility of this is that
specific control over the molecular weight, dispersity, and end groups can be accomplished using
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a controlled chain growth polymerization

technique. 9

And while strides in the different synthetic

techniques have had varying success in creating controlled chain growth reactions, their utility
cannot be understated for future conjugated polymer research. The Suzuki reaction, or Suzuki
Catalyst Transfer Polymerization (CTP) was shown to be less controlled than the Kumada CTP
reaction discussed in the paper when using a Palladium catalyst.9 An important development
discussed in the paper was the demonstration by the Kiriy group that showed successful chaingrowth polymerization of an alternating monomers synthesis. 10 This is important due to the use of
alternating acceptor-donor polymers were found to have high performances and functionality as
conjugated copolymers.9
A different study utilized random copolymerization to introduce 2,5-difluorobenzene into
the backbone of the polymer PPDTBT. This is similar to the polymer PPTBT studied in this thesis
but has alkoxy side chains instead of the alkyl side chains of PPTBT. In this study, they varied the
concentration of 2,5-difluorobenzene from 0% to 7%. This resulted in an increase in the polymer’s
planar structure and crystallinity but also decreased their solubility due to less side chains present
on the polymer.11 This manipulation showed that small amounts of 2,5-difluorobenzene was able
to increase power conversion efficiency (PCE) of solar cells at a concentration of 5%. However,
it decreased when more 2,5-difluorobenzene was added. The hole mobility of these polymers also
increased then decreased in a similar trend with the PCE. This shows a distinct utility for random
polymerization as a technique to manipulate conjugated polymers to improve traits such as PCE
and crystallinity with minimal loss to solubility.11
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1.3.2 Glass Transition and Solar Cell Functionality
As previously discussed, the performance of an OPV cell also revolves around the glass
transition temperature. It plays a critical role in polymer solidification and operating stability.
Typically, for polymers to find an optimal conformation, slow cooling is required to avoid fully
amorphous structures. However, conjugated polymers are typically not fully crystalline but have
semi-crystalline properties leading to a glass transition as well as a melting transition. One paper
focused on how the glass transition effects the stability of the BHJ of OPV cells. Specifically, it
showed that a Tg higher than the operating and processing temperatures typically improves the
thermal stability of the BHJ layer.6 However, it was also shown that the ductility of the polymer is
improved when the Tg is below the operating and processing temperatures. Ultimately, a higher
glass transition temperature is preferred due to the improved stability of the OPVs, leading to an
increase in a device’s lifetime.6

1.3.3 Polymer Side Chain Effects
The desire to manipulate the side chains of conjugated polymer primary stems from the
desire to have polymers with high solubility without a substantial effect on their efficiency or
stability in a solar cell. A study on the effects of side chain length showed a strong relationship
between the side chain length of the polymers studied and their performance as part of an OPV.
The study demonstrated that longer side chains will drastically reduce the electrical properties of
a polymer, including the charge transport loss and a BHJ morphology that has phase separation
occur.12 In contrast, the use of side chains that were too short showed a drastic reduction in
solubility and molecular weight, also reducing the OPV’s potential. This study clearly

9

demonstrates how the length of a side chain can be manipulated to optimize OPV

performance.12

Another study discussed earlier demonstrated that the molecular structure of side chains can also
influence polymer properties. In the study, they demonstrated that alkoxy side chains typically
yielded more planar structures than alkyl side chains. 13 This was done with a polymer like the
PPTBT with the primary difference being alkoxy side chains on the benzene. Unfortunately, they
did not study PPTBT in this paper and their performances relative to each other cannot be
compared.
Another study showed control over thermal and optoelectronic properties of Poly(3alkylthiophenes) or P3ATs via manipulation of their side chains. This was accomplished using
random polymerization of 3HT and 3EHT monomers to produce copolymers of P3HT and P3EHT
with varying ratios each monomer. This was done to analyze how the thermal properties of the
polymer would change relative to overall side chain structure of the copolymers. Ultimately, the
study demonstrated an ability to control the crystallinity and melting transition temperature of the
copolymers in a linear fashion between the two homopolymers. 14 This demonstrates another way
to utilize random polymerization to manipulate properties of a donor polymer similar to how the
random addition of 2,5-difluorobenzene helped to facilitate a slight modification to the thermal
and electrical properties of a polymer.

1.4 Suzuki Polycondensation Reaction
The Suzuki Polycondensation reaction utilizes a mechanism that takes advantage of a
Palladium catalyst, Tetrakis(triphemylphosphine)palladium, to couple organic aryl halides and
arylboronic acid species under basic conditions.15 The generic reaction is shown below in equation
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1. In the case of conjugated polymer polymerization, each monomer has either two boronic esters
or two bromine functional groups.
(𝐴𝑟)𝐵𝑌 2

+

(𝐴𝑟 ′ )𝑋

𝑃𝑑 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡
𝐵𝑎𝑠𝑒

→

𝐴𝑟 − 𝐴𝑟′ (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1)

This reaction can be further understood by looking at the Palladium catalyst mechanism
which utilizes oxidative addition, transmetalation, then reductive elimination. The major steps in
the mechanism are shown below in equations 2 through 7 and demonstrates how a single coupling
reaction occurs.
𝑃𝑑 0 + 𝐴𝑟′(𝐵𝑟) → 𝐴𝑟′(𝑃𝑑 𝐼𝐼 )𝐵𝑟 (2)
𝐴𝑟′(𝑃𝑑 𝐼𝐼 )𝐵𝑟 + 𝑁(𝐶2 𝐻5 )4(𝑂𝐻) → 𝑁(𝐶2 𝐻5 )4 (𝐵𝑟) + 𝐴𝑟′(𝑃𝑑 𝐼𝐼 )𝑂𝐻 (3)
2
−
𝐴𝑟(𝐵𝑌 2 ) + 𝑁(𝐶2 𝐻5 )4(𝑂𝐻) → 𝑁(𝐶2 𝐻5 )+
4 + 𝐴𝑟(𝐵𝑌 𝑂𝐻) (4)

𝐴𝑟′(𝑃𝑑 𝐼𝐼 )𝑂𝐻 + (𝐴𝑟(𝐵𝑌 2 )𝑂𝐻)− + 𝑁(𝐶2 𝐻5 )+
4
2
2 −
→ 𝐴𝑟′(𝑃𝐼𝐼 )𝐴𝑟 + 𝑁(𝐶2 𝐻5 )+
4 + (𝐵𝑌 (𝑂𝐻) ) (5)
𝐼𝐼

𝐴𝑟 ′(𝑃𝑑 ) 𝐴𝑟 → 𝐴𝑟(𝐴𝑟 ′ ) + 𝑃𝑑 0 (6)
In the first step, oxidative addition occurs to the arylhalide and Palladium catalyst.
Subsequent transmetalation with the arylboronic acid occurs after the arylboronic acid reacts with
the base, tetraethylammonium hydroxide (TEA-OH). After the transmetalation, the cycle
completes itself via reductive elimination which couples the aryl compounds, which in the case of
conjugated polymers is the monomers.16

1.5 Research Goals
The overall goal of this research is to investigate how random copolymerization can be
utilized to manipulate the thermal properties of acceptor polymers via the random introduction of
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T6BT into PPTBT or Poly((2,5-dihexylphenylene)-1,4-diyl-alt-[4,7-bis(thiophen-5-yl)-2,1,3benzothiadiazole]-2’,2"-diyl) and PFTBT or Poly((9,9-bis(2-octyl)fluorene-2,7-diyl)-alt-(4,7di(thiophene-2-yl)-2,1,3-benzothiadiazole)-5′,5″-diyl) polymers. Previous work has been done on
PFTBT and demonstrated that PFTBT is a semi-crystalline polymer that also has a liquidcrystalline phase while in contrast, PFT6BT is an amorphous polymer with no crystallinity. PPTBT
is a polymer not previously studied extensively but is predicted to have crystallinity present. A
structure of each homopolymer is shown in figure 2 below.

Figure 2. Molecular Structure of homopolymers: PPTBT (a), PPT6BT (b), PFTBT
(c), and PFT6BT (d). Monomer units used in polymerization are indicated with brackets
This addition of these side chains is meant to improve solubility without significantly
depressing the crystallinity of the acceptor polymer and to observe how the melting point and glass
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transition of these polymers vary with an increased number of side chains. This will be done via a
series of Suzuki Polycondensation reactions with varying amounts of T6BT present in a
stoichiometric ratio to have the same theoretical yield as the homopolymers. Characterization will
be completed via 1H Nuclear Magnetic Resonance (1H NMR) spectroscopy. Subsequent analysis
of polymer length and thermal properties will be conducted using Gel Permeation Chromatography
(GPC) and Differential Scanning Calorimetry (DSC).
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Chapter 2
Materials and Methods
A series of PPTBT and PFTBT polymers were synthesized using a Suzuki
polycondensation reaction. These syntheses were done under both under equimolar conditions in
order to maximize degree of polymerization and with a ratio of monomer reagents in order to target
a specific polymer length. This was done based on the theory used in Carothers’s equation which
uses the ratio of reagents and the extent of reaction to predict polymer length at the end of the
polymerization reaction and is shown below as equation 7 where r is the ratio of initial monomer
reactants and p is the extent of polymerization. 17 This equation simplifies down into the form for
equimolar conditions if ratio is set to one or the form for monomers in ratio with the assumption
that the extent of polymerization is one.
𝑋𝑛 =

1+𝑟
(7)
1 + 𝑟 − 2𝑟𝑝

All syntheses of PPTBT and its derivatives were completed under equimolar monomer
conditions in order to maximize the degree of polymerization. In contrast, some of the PFTBT
polymers were synthesized under an equimolar basis while other were synthesized with a monomer
ratio to attempt to control the polymerization length. Molecular weight was calculated using gel
permeation chromatography using a polystyrene calibration standard while analysis and
characterization of the polymer was done using 1H NMR spectroscopy. Following synthesis of
polymers, thermal properties were analyzed using differential scanning calorimetry (DSC) via a
TA Instruments Q2000.
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2.1 Synthesis of PPTBT derivatives

2.1.1 PPTBT Synthesis
A PPTBT polymer was synthesized using a Suzuki polycondensation reaction under
equimolar monomer reagent conditions. This was done using synthetic techniques developed in a
study by Gomez group on tuning synthesis parameters for block copolymers. 18 2,2'-(2,5-Dihexyl1,4-phenylene) Bis(4,4,5,5-tetramethyl-1,3,2- dioxaborolane) (P) (250mg, 0.5 mmol) and 4,7bis(2-bromo-5-thienly)-2,1,3-benzothiadiazole (TBT) (230mg, 0.5 mmol) were dissolved in 15 ml
of anhydrous toluene in a 100 ml Schlenk flask equipped with a stir bar and the solution was stirred
and purged with Argon gas for 20 minutes. Then 2.6 ml of a 35% weight tetraethylammonium
hydroxide solution was mixed with 1.9 ml of DI water before being added to the reaction solution
with a few drops of Aliquat 336 and the catalyst, Tetrakis(triphenylphosphine)palladium(0)
(Pd(PPh3)4) (30 mg, 0.026 mmol). After the addition of the base, Aliquat 336, and the catalyst, the
reaction mixture was purged with Argon for 10 minutes. The reaction was subsequently degassed
by three “freeze-pump-thaw” cycles then backfilled with Argon in order to create an inert
environment for the reaction. The reaction flask was placed in an oil bath and stirred at 85C
(5C) for 24 hours. Then 3 ml of bromobenzene was introduced to the reaction to quench the
reaction. An hour after introducing the bromobenzene, the reaction was cooled, and the aqueous
phase was removed using a separatory funnel and discarded. The remaining toluene solution
containing the raw product was put into a methanol bath to precipitate the product out of solution.
This product was then isolated using gravity filtration. The isolated raw product was then purified
using a Soxhlet extractor by washing it was methanol, acetone, and hexanes overnight over the

15

course of 3 days. The purified product was then dried using a vacuum oven for 24 hours. The yield
was 92.5% (252.2mg, Mn 11.6 kg/mol, Mw 18.3 kg/mol, Đ 1.58).

2.1.2 PPTBT:PPT6BT-5 Synthesis
PPTBT with 5% T6BT was synthesized in a similar procedure to PPTBT but was done
with 0.025 mmol of T6BT and 0.475 mmol of TBT relative to 0.5 mmol of P. This was done under
an assumption that TBT and T6BT had relatively similar reactivities and would react and
polymerize on a stoichiometric basis relative to each other. Therefore, 2,2'-(2,5-Dihexyl-1,4phenylene) Bis(4,4,5,5-tetramethyl-1,3,2- dioxaborolane) (P) (250mg, 0.5 mmol), 4,7-bis(2bromo-5-thienly)-2,1,3-benzothiadiazole (TBT) (218mg, 0.475 mmol), and 4,7-bis(5-bromo-4hexylthiophen-2-yl)-2,1,3-benzothiadiazole (T6BT) (16 mg, 0.025 mmol) were combined in a
100ml Schlenk flask along with the other necessary reagents in an inert environment and left to
react for 24 hours. After quenching the reaction, working up the raw product, and subsequent
purification and drying, the reaction yield was calculated. This reaction had a yield of 95.0%
(264mg, Mn 15.2 kg/mol, Mw 29.5 kg/mol, Đ 1.94).

2.1.3 PPT6BT Synthesis
PPT6BT was synthesized using the above reaction parameters described for PPTBT. 2,2'(2,5-Dihexyl-1,4-phenylene) Bis(4,4,5,5-tetramethyl-1,3,2- dioxaborolane) (P) (250mg, 0.5
mmol) and 4,7-bis(5-bromo-4-hexylthiophen-2-yl)-2,1,3-benzothiadiazole (T6BT) (315 mg, 0.5
mmol) were combined in a 100 ml Schlenk flask along with the other necessary reagents in an
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inert environment and left to react for 24 hours. After quenching the reaction, working up the raw
product, and subsequent purification and drying, the reaction yield was calculated. The reaction
had a yield of 82.7% (295mg, Mn 24.4 kg/mol, Mw 34.1 kg/mol, Đ 1.40).

2.2 Initial Synthesis of PFTBT
PFTBT was synthesized using a molar ratio of F:TBT monomer in order to target a
molecular weight or Mn of 15 kg/mol using Carothers’ equation with FTBT as the repeat unit
assuming the extent of polymerization reached one. 9,9-dioctylfluorene-2,7-diboronic acid
bis(1,3-propanediol) ester (F) (308mg, 0.548 mmol) and 4,7-bis(2-bromo-5-thienly)-2,1,3benzothiadiazole (TBT) (231mg, 0.5mmol) were combined in a 100 ml Schlenk flask along with
Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) (31 mg, 0.026 mmol), 4.8ml of 20%
tetraethylammonium hydroxide (TEA-OH), 2 drops of Aliquat 336, and 16ml of toluene. The
mixture was degassed via three freeze-pump-thaw cycles before being placed under an inert
environment of Argon and left to react for 24 hours at 85C (5C). Afterwards, 3.5 ml of
bromobenzene were used to quench the reaction. After quenching the reaction, the raw product
was worked up using the same procedure as the PPTBT methods and then purified via Soxhlet
extractor with methanol, acetone, and hexanes overnight over 3 days. Subsequent drying using a
vacuum oven was completed. The reaction had an initial yield of 89.8% (308 mg, , Mn 5.3
kg/mol, Mw 9.0 kg/mol, Đ 1.70). Subsequent purification had a yield of 283 mg (95.7% of
remaining sample) with Mn 6.1 kg/mol, Mw 10.8 kg/mol, Đ 1.78.
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2.3 Synthesis of PFT6BT
PFT6BT was synthesized using a molar ratio of F:TBT monomer in order to target a
molecular weight or Mn of 15 kg/mol using Carothers’ equation with FT6BT as the repeat unit
assuming the extent of polymerization reached one. 9,9-dioctylfluorene-2,7-diboronic acid
bis(1,3-propanediol) ester (F) (313mg, 0.561 mmol) and 4,7-bis(5-bromo-4-hexylthiophen-2-yl)2,1,3-benzothiadiazole (T6BT) (314 mg, 0.5mmol) were combined with 16 ml of toluene with 4.8
ml of 20% TEA-OH, 2 drops of Aliquat 336, and 32 mg of Pd(PPh3)4. The reaction was run at
85C in a 100 ml Schlenk flask prior to quenching with 3.5 ml of bromobenzene. Workup and
purification followed the same steps as the initial PFTBT synthesis. The reaction had a yield of
10.7% (46 mg, , Mn 8.7 kg/mol, Mw 14.0 kg/mol, Đ 1.62).

2.4 Synthesis of PFTBT Derivatives Under Equimolar Monomer Conditions
Subsequent PFTBT polymers were synthesized using reaction parameters described in
paper by the Gomez Group that was studying glass transition changes.8

2.4.1 PFTBT Synthesis
PFTBT was synthesized under equimolar concentrations of 9,9-dioctylfluorene-2,7diboronic acid bis(1,3-propanediol) ester (F) (168 mg, 0.3 mmol) and 4,7-bis(2-bromo-5-thienly)2,1,3-benzothiadiazole (TBT) (138mg, 0.3 mmol) in 12 ml of toluene with 3.6 ml of TEA-OH, 2
drops of Aliquat 336, and 26 mg of Pd(PPh3)4. The reaction was run at 80C in a 100 ml Schlenk
flask for 24 hours prior to quenching with 4ml of bromobenzene. Workup and purification
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followed the same steps as the initial PFTBT synthesis. The reaction had a yield of 70.4% (145
mg, , Mn 4.7 kg/mol, Mw 11.7 kg/mol, Đ 2.50).

2.4.2 PFTBT:PFT6BT-5 Synthesis
PFTBT:PFT6BT-5

was

synthesized

under

equimolar

concentrations

of

9,9-

dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (F) (168 mg, 0.3 mmol) relative to
4,7-bis(2-bromo-5-thienly)-2,1,3-benzothiadiazole (TBT) (131mg, 0.285 mmol) and 4,7-bis(5bromo-4-hexylthiophen-2-yl)-2,1,3-benzothiadiazole (T6BT) (9.5 mg, 0.015 mmol) in 12 ml of
toluene with 3.6 ml of TEA-OH, 2 drops of Aliquat 336, and 26 mg of Pd(PPh3)4. The reaction
was run at 80C in a 100 ml Schlenk flask for 24 hours prior to quenching with 4ml of
bromobenzene. Workup and purification followed the same steps as the initial PFTBT synthesis.
The reaction had a yield of 83.3% (174 mg, , Mn 3.8 kg/mol, Mw 9.7 kg/mol, Đ 2.56).

2.4.3 PFTBT:PFT6BT-10 Synthesis
PFTBT:PFT6BT-10

was

synthesized

under

equimolar

concentrations

of 9,9-

dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (F) (168 mg, 0.3 mmol) relative to
4,7-bis(2-bromo-5-thienly)-2,1,3-benzothiadiazole (TBT) (124 mg, 0.27 mmol) and 4,7-bis(5bromo-4-hexylthiophen-2-yl)-2,1,3-benzothiadiazole (T6BT) ( 19 mg, 0.03 mmol) in 12 ml of
toluene with 3.6 ml of TEA-OH, 2 drops of Aliquat 336, and 26 mg of Pd(PPh3)4. The reaction
was run at 80C in a 100 ml Schlenk flask for 24 hours prior to quenching with 4ml of
bromobenzene. Workup and purification followed the same steps as the initial PFTBT synthesis.
The reaction had a yield of 93.6% (180 mg, , Mn 6.0 kg/mol, Mw 12.7 kg/mol, Đ 2.12).
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2.4 Differential Scanning Calorimetry Procedure
Differential Scanning Calorimetry (DSC) was conducted to investigate the thermal
properties of the various polymers synthesized. Sample prep was completed by measuring the
relative weight of the aluminum hermetic reference pan, sample pan, and sample amount. The pans
were then placed under vacuum before being introduced to a nitrogen environment and then sealed
to help prevent degradation during DSC. After the samples were prepared, the Differential
Scanning Calorimeter was run using a procedure with 3 cycles from 25C to 320C at 10C/min
with an isothermal hold at 195C for 30 minutes during the cooling cycle which was meant to
thermally anneal the PFTBT polymers below anticipated melting point via cold crystallization. 8
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Chapter 3
Results and Discussion

3.1 Polymer Syntheses
Each polymerization reaction had varying degrees of success in terms of yield, purity, and
molecular weight. Difficulty purifying the initial PFTBT polymer lead to secondary purification
steps via isolation using evaporation of solvents and subsequent Soxhlet cycles with hexanes to
remove oligomers, monomers, and other residual impurities in an effort to increase molecular
weight. However, even with these difficulties, each reaction was considered successful due to the
successful synthesis of polymers of varying design and molecular weight. Below is a table
summarizing the polymers synthesized, whether synthesis was done using a ratio of monomers or
equimolar monomer concentrations, and their respectful yields.
Table 1. Polymer synthesis table of reaction yields and monomer relations

The polymers typically demonstrated a decrease in yield as the amount of side chains of
the polymers increased. As the amount of side chains increased, this likely lead to an increase in
solubility in the purification solvents, leading to an increased loss of polymer during purification.
However, extending the purification step also lead to an increased molecular weight according to
GPC for the initial PFTBT synthesis, increasing from 5.2 kg/mol to 6.1 kg/mol. This is likely due
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to a recovery of monomers, oligomers, and other impurities in the polymer product not retrieved
during the first 3 cycles of Soxhlet purification.

3.2 NMR Spectroscopy
Analysis of the NMR spectrum results were primarily completed to discern successful
synthesis and observe any impurity peaks not expected in the solvent. Each synthesized polymer
was characterized by 1H NMR Spectroscopy using a 400 or 500 MHz NMR Spectrometer. To
confirm a successful synthesis, the relative signal of conjugated hydrogens to side chain hydrogens
was analyzed to determine if it accurately represented the ratio present in a single repeat unit.
Table 2. NMR Signal Comparison relative to polymer repeat unit

The expected repeat ratios of the random copolymers were calculated on a molar average
relative to their expected presence in the polymer. These samples were run in concentrations
between 20 and 30 mg/ml in deuterated chloroform of CDCl3. The solvent shows signals of
chloroform at 7.26 ppm and water at 1.56 ppm as well as Tetramethylsilane (TMS) as the 0 ppm
marker. Otherwise, due to the nature of polymers, the signals are very broad and overlap
throughout the alkane portion of the spectra as well as where the conjugated hydrogens appear in
the spectra. The polymer’s low solubility also leads to very large chloroform and water impurity
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peaks. There is also the consideration that the end cap groups which are benzenes attached to F
monomers connecting them to the rest of the polymer and the subsequent repeat units cannot be
discerned from the rest of the conjugated hydrogens’ signals. However, aside from these
impurities, the integrations of the conjugated hydrogens relative to the side chain hydrogen
integration is substantially close to the base structure to elicit a confirmation that the polymers
were successful synthesized. The only polymers varying significantly from the ratios of the repeat
unit hydrogen structure are the copolymers randomly synthesized with two types of repeat units in
various concentrations.

3.3 Gel Permeation Chromatography
The molecular weight and the dispersity of the polymers were determined via GPC with the
polymers dissolved in chlorobenzene at a concentration of 1 mg/ml. Using a polystyrene standard,
the molecular weights of these polymers were determined and are tabulated below.
Table 3. Results of GPC for various polymers

The molecular weights listed above are for the final polymer samples, so for samples
purified twice, these are the results of the second analysis via GPC. This table also demonstrates
how the molecular weight of the polymer can change relative to purity level and the extent of
reaction. The extent of reaction of these polymers can be considered a function of time as well as
solubility. This is because for most synthesized polymers, the polymer came out of solution prior
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to the end of the reaction, making further reactions very difficult. In the case of PPTBT and
PPT6BT polymers, the PPT6BT stayed in solution until precipitating it out of solution via a
methanol bath while the PPTBT had visible insoluble polymer in the reactor after quenching it.
Another important observation is that the GPC data for the polymers with initial monomers in a
ratio calculated via the Carothers equation do not match the predicted molecular weight used by
Carothers equation.

3.3 Differential Scanning Calorimetry

3.3.1 PPTBT-PPT6BT DSC
PPTBT polymer derivatives were originally investigated on the basis that PPTBT was
expected to be a semi-crystalline polymer. However, after multiple DSC analysis attempts with
various parameters, it was determined that the PPTBT polymer synthesized did not have any
crystallinity that would form upon thermal annealing. Below is the DSC curve of the second
heating cycle of the polymer following the DSC protocol described in the second chapter.
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Figure 3. PPTBT Second Heating Cycle
The DSC data shows a Tg value calculated at 74.6C but demonstrated not crystallinity or
liquid crystallinity in the heating or third heating cycles. Similarly, the PPTBT:PPT6BT-5 sample
had no crystallinity or liquid crystallinity in the DSC data. The Tg value was calculated as 72.05C
for the 5% T6BT polymer. This decrease is expected as side chains typically decrease the Tg value
of polymers. Some variation in this analysis is expected since Tg is also a function of molecular
weight but this result is consistent with expectations of the polymer structure.
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Figure 4. PPTBT:PPT6BT-5 Second Heating Cycle
While PPTBT and PPTBT:PPT6BT-5 demonstrated no crystallinity or liquid crystallinity,
the polymer PPT6BT synthesized did demonstrate liquid crystallinity with a nematic to isotropic
transition, or TIN, at a temperature of 145.85C during the second and third heating cycles and is
shown below in figure 5. This is a particularly interesting result since we would expect additional
side chains to disrupt crystallinity, including liquid crystallinity. PPT6BT also had a Tg value of
59.56C which is also lower than the PPTBT Tg as expected.
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Figure 5. PPT6BT Second Heating Cycle

3.3.2 PFTBT-PFT6BT Ratio Monomer DSC
According to GPC results, both PFTBT and PFT6BT synthesized were at lower molecular
weights than predicted using Carothers equation. The initial PFTBT synthesized demonstrated
only slight crystallinity and liquid crystallinity peaks similar to those in the paper that the PFTBT
equimolar synthesis parameters were replicated from in order to achieve a crystalline polymer. 8
The PFTBT DSC results for the second heating cycle are shown below with the Tg, Tm, and TIN
notated in that order.
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Figure 6. Initial PFTBT Second Heating Cycle
The Tg of the polymer was determined to be 126.06C while the Tm was 262.18C and a
liquid crystallinity peak is shown at 280.51C. These results indicate that the polymer is not
sufficiently crystalline, likely due to the low molecular weight of the polymer. Due to sample pan
failure in multiple DSC runs and limited materials, no accurate DSC data on PFT6BT was
obtained.

3.3.3 PFTBT Equimolar Synthesis DSC
Due to the lack of crystallinity in the PPTBT polymer and the PFTBT polymer previously
synthesized, the synthesis was adjusted to use synthesis parameters previous used in an analysis
of the Tg values of polymers by Gomez group. The initial polymer demonstrated a Tg at 128.67C
and what is expected to be a liquid crystalline based on its location at 292.50C but no melting
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transition is observed in the sample. The subsequent purification was done meant to increase
molecular weight and while the molecular weight was increased, there was no signals for
crystallinity during any cycle, potentially meaning that the sample degraded during the extended
exposure to solvents used to isolate and purify the sample.

Figure 7. PFTBT Equimolar Second Heating Cycle

PFTBT:PFT6BT-5 was analyzed using DSC and showed a Tg value of 115.47C during
the second heating cycle which is consistent with the increase in side chains on the polymer.
Interestingly, the liquid crystallinity originally present in the PFTBT synthesized using the same
conditions is no longer present, meaning that the additional side chains disrupted the crystallinity.
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Figure 8. PFTBT:PFT6BT-5 Second Heating Cycle
The PFTBT:PFT6BT-10 synthesis produced a polymer that demonstrated a Tg of 124.45C
and no other significant signals in DSC including crystallinity or liquid crystallinity. This Tg
actually falls between the Tg of PFTBT and PFTBT:PFT6BT-5. While typically the Tg is expected
to decrease as the amount of side chains increase, the molecular weight also plays a role and is
likely the reason why this polymer has a Tg higher than PFTBT:PFT6BT-5.
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Figure 9. PFTBT:PFT6BT-10 Second Heating Cycle
Overall, the thermal analysis of the polymers demonstrates interesting results, that were mostly
consistent with our expectations of side chain manipulation and the effects of polymer molecular weight.
Below is a table summarizing the Tg, Tm, and TIN values of the various polymers as calculated by
differential scanning calorimetry. The most significant result being PPT6BT demonstrating liquid

crystallinity with a nematic to isotropic transition. Otherwise, the addition of side chains
typically reduces the Tg values of the polymers with the only exception being PFTBT:PFT6BT10 which is likely due to a difference in molecular weight compared to other
Table 4. Summary of DSC Results
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Chapter 4
Conclusions and Future Work
Synthesis of conjugated polymers is a tedious task that requires careful oversight of all
parameters involved in order to successfully create the desired polymer. Further insight into
manipulating the thermal properties is difficult but is likely a function of length, dispersity, and
purity. The lack of crystallinity in the PFTBT synthesized is likely attributed to low molecular
weight and a high dispersity indicating multiple polymer lengths, making thermal annealing and
crystallization difficult.
The lack of crystallinity in PPTBT was not predicted but could be explained from the
molecular weight as well. The necessity for the right molecular weight is demonstrated in the paper
from Gomez group, showing an optimal length for PFTBT crystallinity with longer and shorter
polymers demonstrating reduced crystallinity.8 The liquid crystallinity found in the PPT6BT is an
interesting development and should be the topic of future work. Specifically, a similar
methodology could be employed where TBT is introduced to PPT6BT instead of T6BT being
introduced into PPTBT to see if the removal of side chains affects the liquid crystallinity of the
polymer. Other potential future work includes investigation into how to control molecular weight
during random copolymerization, determining relative reactivity of the monomers (TBT vs.
T6BT), and investigating why liquid crystallinity was not demonstrated in the PPTBT polymer.

Appendix A
Raw NMR Data

Figure 10. PPTBT NMR Spectrum
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Figure 11. PPTBT:PPT6BT-5 NMR Spectrum

Figure 12. PPT6BT NMR Spectrum
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Figure 13. PFTBT (Initial) NMR Spectrum

Figure 14. PFT6BT NMR Spectrum
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Figure 15. PFTBT (Equimolar) NMR Spectrum

Figure 16. PFTBT:PFT6BT-5 NMR Spectrum
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Figure 17. PFTBT:PFT6BT-10 NMR Spectrum
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Appendix B
Raw GPC Data

Figure 18. PPTBT GPC Data

Figure 19. PPTBT:PPT6BT-5 GPC Data
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Figure 20. PPT6BT GPC Data

Figure 21. PFTBT Initial Synthesis GPC Data
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Figure 22. PFTBT Initial Synthesis GPC Data after second purification

Figure 23. PFT6BT GPC Data
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Figure 24. PFTBT Equimolar Synthesis GPC Data

Figure 25. PFTBT:PFT6BT-5 Equimolar Synthesis GPC Data
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Figure 26. PFTBT:PFT6BT-10 Equimolar Synthesis GPC Data
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Appendix C
Raw DSC Data

Figure 27. PPTBT Raw DSC Data
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Figure 28. PPTBT:PPT6BT-5 Raw DSC Data

Figure 29. PPT6BT Raw DSC Data
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Figure 30. Initial PFTBT Raw DSC Data

Figure 31. Equimolar PFTBT Raw DSC Data
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Figure 32. Repurified Equimolar PFTBT Raw DSC Data

Figure 33. PFTBT:PFT6BT-5 Raw DSC Data
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Figure 34. PFTBT:PFT6BT-10 Raw DSC Data
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