University of Kentucky

UKnowledge
University of Kentucky Doctoral Dissertations

Graduate School

2009

IMIDE-FUNCTIONALIZED CONJUGATED POLYMERS: SYNTHESIS,
STRUCTURE-PROPERTY AND DEVICE STUDIES
Xugang Guo
University of Kentucky, xugangguo@hotmail.com

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Guo, Xugang, "IMIDE-FUNCTIONALIZED CONJUGATED POLYMERS: SYNTHESIS, STRUCTURE-PROPERTY
AND DEVICE STUDIES" (2009). University of Kentucky Doctoral Dissertations. 748.
https://uknowledge.uky.edu/gradschool_diss/748

This Dissertation is brought to you for free and open access by the Graduate School at UKnowledge. It has been
accepted for inclusion in University of Kentucky Doctoral Dissertations by an authorized administrator of
UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu.

ABSTRACT OF DISSERTATION

Xugang Guo

The Graduate School
University of Kentucky
2009

IMIDE-FUNCTIONALIZED CONJUGATED POLYMERS: SYNTHESIS,
STRUCTURE-PROPERTY AND DEVICE STUDIES

ABSTRACT OF DISSERTATION
A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the
College of Arts and Science
at the University of Kentucky

By
Xugang Guo
Lexington, Kentucky
Director: Dr. Mark D. Watson, Professor of Chemistry
Lexington, Kentucky
2009
Copyright © Xugang Guo 2009

ABSTRACT OF DISSERTATION

IMIDE-FUNCTIONALIZED CONJUGATED POLYMERS: SYNTHESIS,
STRUCTURE-PROPERTY AND DEVICE STUDIES
Organic semiconductors are widely studied as potential active components for
consumer electronics due largely to their easily tuned properties and the promise of
lower-cost solution-based processing technology. Imide-functionalized organic small
molecule compounds have been one of the more important and studied organic
semiconductors. However, very few imide-functionalized conjugated polymers have been
reported in the literature. The body of this dissertation focuses on the synthesis, structureproperty and device studies of imide-functionalized conjugated polymers. Reasons for
choosing arylene imides as polymer building blocks include: a) they impart low-lying
LUMOs to polymers, allowing band-gap engineering through choice of comonomers
with variable electron-donating ability; b) imide-nitrogens provide points to attach side
chains to manipulate solubility and solid-state packing; c) they are easily prepared.
Structure-property studies include electrochemical measurements, UV-Vis absorption
spectroscopy, differential scanning calorimetry (DSC), x-ray diffraction, and in some
cases evaluation as active components in field-effect transistors (OFETs) and
photovoltaic devices (PVDs).
The published method to synthesize 3,6-dibromo-pyromellitic bisimides (PMBI) was
streamlined and poly(phenylene ethynylene)s (PPEs) with variable band gaps were
prepared from them (Chapter 2). As noted in all the chapters, electrochemical and optical
measurements reveal that the LUMO of the polymers is indeed dictated by the arylene
imide, while the HOMO, and therefore the optical energy gap is controlled through
varying the electron donor monomer. Intramolecular hydrogen bonding was employed
for increasing backbone coplanarity and therefore the polymer could have higher
conjugation. One of these polymers demonstrated the narrowest band gap (1.50 eV) for
any published PPE.
Chapter 3 describes the first published conjugated copolymers from naphthalene
bisimides (NBI), here using thiophene-based comonomers as donor units. Polymers with
high molecular weight and decent solubility were obtained by choosing appropriate side
chains. The optical energy gaps could be tuned across the visible and into the near IR.
Preliminary OFET studies revealed electron mobility as high as ~0.01 cm2/Vs. One low
band gap polymer provided OFETs with electron mobility of ~0.04 cm2/Vs and hole

mobility of ~0.003 cm2/Vs, which is also among the highest mobilities of ambipolar
polymeric semiconductors.
Using the same approach as in Chapter 3, phthalimide-based monomers were
incorporated into polymer backbones for developing new high performance p-type
polymer semiconductors for OFETs and PVDs (Chapter 4). Some analogues based on
benzothiadiazole, PMBI, and thiophene imides as acceptors were prepared for
comparison. Again, high molecular weight, soluble polymers with band gaps spanning
the visible and into the near IR were obtained. OFETs from one of the polymers yielded
hole mobility ~0.3 cm2/Vs under ambient atmosphere without post-processing thermal
annealing, which places it squarely within the state-of-the-art for conjugated polymers.
Due to the high mobility and low band gap, this polymer also leads to PVDs with
moderately good power conversion efficiency (PCE: ~2%).
KEY WORDS: imide-functionalized polymer semiconductors, band structure,
supramolecular self-assembly, organic thin film transistors (OFETs), photovoltaic
devices (PVDs).
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Chapter 1 Introduction to organic semiconductors

1. 1 Challenges and opportunities of organic semiconductors
Since the discovery of conducting polymers in 1977,1 the study of polymers as organic
semiconductors has been a growing research field of chemistry, physics and material
science.2 Potential applications of organic semiconductors include light-emitting diodes
(OLEDs),3, 4 organic thin film transistors (OTFTs) also known as organic field effect
transistors (OFETs),5 photovoltaic devices (PVDs),6 electronic chromism devices
(ECDs),7 sensors,8 and radio-frequency identification (RF-ID) tags.9 After three-decade
of extensive research efforts from academy and industry, organic semiconductors have
stepped out from pure academic interest into commercial application in industry. Since
the first demonstration of OLEDs by Ching Tang at Eastman Kodak in the 1980s,10
commercial electronic devices based on OLED technology have entered the market.
SONY has launched a high definition 11-inch full color OLED TV. Some other
applications like e-paper,11 circuits12 and PVDs13 stand at the eve of commercialization.
Application of organic semiconductors is facing two major challenges: efficiency and
lifetime, which still fall well behind inorganic semiconductors such as silicon and gallium
arsenide. For example, to compete with currently used silicon-based inorganic active
materials in PVDs, the organic materials must provide 10% power conversion efficiency
(PCE) and 10-year lifetime.14 Current state-of-the-art PVDs based on polymeric
semiconductors have reached efficiency of 5-6%.15 Despite their relatively low efficiency
and limited lifetime, some unique properties make organic semiconductors promising for
the electronics industry. Solution-based processing technologies, such as spin coating,
drop-casting and inkjet-printing, are made possible by soluble organic semiconductors,16
which eliminates expensive patterning-technology associated with inorganic-based
semiconductors, such as lithography and vacuum deposition.2
When organic solutions can be processed at or near room temperature, costs are
reduced due to energy savings. Furthermore it expands the repertoire of substrates and
processing options, allowing flexible plastics and fabrics to be incorporated into
devices.17 These are materials that might be deformed or even decomposed at high
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temperatures often needed for processing inorganics. Therefore novel applications can be
developed using organic electronic, in which flexible circuits are imperative, such as
electronic paper, flexible displays and rollable solar cells. They can find special
applications like portable, light weight electricity source for the military.

Figure 1. 1 Schematic representation of device performance related to chemical structure,
supramolecular self-assembly, interface modification and device structure.18

1. 2 Optimization of device performance of organic semiconductors
Improved device performance receives contributions from specialists in different fields.
Figure 1. 1 illustrates how macroscopic device performance of organic semiconductors
depends variously on their chemical structure, supramolecular self-assembly, nature of
interfaces, and device architecture.18
Tuning the band structure of materials is one of the most important concerns for
developing high performance materials. Developing high performance organic
semiconductors with appropriate band structure (band gap and frontier molecular
orbitals) is a major task of the synthetic chemist,19-21 which is crucial for device
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efficiency and device life time.22 This is a major focus of this dissertation, specifically
the development and study of new polymeric organic semiconductors with engineered
band structures. Many theoretical works and extensive experimental investigations
indicate the band gap of a conjugated polymer is basically determined by five
contributors (Figure 1. 2): energy related to Peierls instability which depends on the
degree of bond length alternation (Eδr), energy related to the mean deviation from
planarity of successive units along the polymer backbone(Eθ), the aromatic resonance
energy of the aromatic cyclics (ERes), the mesomeric and inductive electronic effects of
substitutents (ESub) and intermolecular or interchain coupling in the solid state (Eint).23 To
summarize, the band gap of conjugated polymers can be expressed by using the equation:
Eg= Eδr + Eθ + ERes + ESub + Eint,23 which provides a tool for synthetic chemists to tailor
the band gap of conjugated polymers.

Figure 1. 2 Contributions to band gap of conjugated polymers.23
One of the more promising approaches is the donor-acceptor (D-A) approach,24 which
has been especially successful for developing high performance polymer semiconductors
for organic electronics. Polymers are prepared with controlled sequences of electron
donating (D) and electron accepting units (A). Some D-A conjugated polymers have
been reported with band gap lower than 1.0 eV.25, 26 Of course, the D-A strategy can not
only tune the band gap of the materials, but also the energies of the frontier molecular
orbitals (FMOs) or band edges relative to common electrode materials, which can
significantly affect charge injection or extraction and also device stability.22 Figure 1. 3
illustrates molecular orbital formation in donor/acceptor polymers. The energy level of
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the resulting HOMO in a D-A polymer is a function of the energy levels of the HOMOs
of both the donor and acceptor, however it more depends on the HOMO of the donor. On
the contrary the LUMO energy of D-A polymers more depends on the LUMO energy of
the acceptor. As shown in Figure 1. 3, when increasing the donating ability of donor
monomers from donor “a” to donor “b” (higher EHOMO), the polymer EHOMO and ELUMO
were both increased, however, EHOMO was increased more than ELUMO, therefore the band
gap of the D-A polymer was decreased. Similarly, increasing the electron accepting
ability of the acceptor monomer generally leads to a greater lowering of the polymer
ELUMO relative to the lowering of the EHOMO. Therefore, this push-pull interaction in
donor-acceptor polymers can not only tune the band gap of polymers, but also the
absolute value of the frontier molecular orbitals of polymers.27

Figure 1. 3 Hybridization of the energy levels of donor (D) and acceptor (A) monomers
to form molecular orbitals in donor/acceptor polymers.27, 28
Complementary to the chemists’ efforts to control the intrinsic properties of the
organic semiconductor, device engineers optimize device fabrication processes,
components, and architecture.29 Through these processes, they hope to control the
structure of the materials at different levels in the hierarchy from single chain to small
ensemble to the mesoscopic scale. Therefore, the advance and commercialization of
organic semiconductors requires the combined efforts from synthetic chemists to develop
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novel materials with appropriate band structure, processability, and self-assembly,
together with the efforts of the device engineers and physicists.
After a couple of decades of research efforts from different fields, organic
semiconductors have demonstrated some performance sufficient for commercialization,
but it isn’t realistic to expect organic semiconductors to totally replace inorganic
semiconductors in industry. However, different applications have different performance
requirements.30 By taking the advantage of specific properties of organic semiconductors,
chemists and device engineers hope that they would finally find certain applications
currently occupied by “conventional” semiconductors by designing novel materials and
optimizing device structures for particular niches. Along with further understanding of
device physics31 and developing of new materials, we can foresee a brighter future of this
field.
The following section gives a brief introduction to two major applications of organic
semiconductors which are related to the projects described in this dissertation: organic
thin film transistors (OTFTs) and photovoltaic devices (PVDs). The discussion covers
basic operation mechanism of devices, material design rules as well as a brief review of
current high performance organic semiconductors reported in the literature.

1. 3 Organic thin film transistors (OTFTs)

1. 3. 1 Organic vs inorganic transistors
Thin film transistors are basic building units in modern digital integrated circuits, and
rely on an electric field to control the conductivity of channels between electrodes.32
Many semiconductors can be used as active materials in the conductive channel. Silicon
is by far the most common semiconductor used in industry, but other inorganic
semiconductors have demonstrated some superior properties. For example, gallium
arsenide (GaAs) has electron mobility and drift velocity much higher than the standard
doped silicon. Amplifiers based on GaAs FETs have a much higher frequency response
and a lower noise factor than those constructed from silicon-based FETs.33
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After decades of extensive research, prototypes of OFETs have achieved significant
improvements and are now coming close to being brought to commercial markets.34-36
Bonding properties basically determine the difference of device performance between
organic semiconductors and inorganic semiconductors.5 The highly-ordered lattices of
inorganic materials and strong covalent or ionic bonds (100-400 kJ/mol) among atoms in
inorganic semiconductors such as silicon result in high degrees of atomic orbital overlap.
Therefore charge transport in inorganic semiconductors can occur through highly
delocalized band-like transport mechanisms, which is mainly limited by structure defects,
lattice vibrations or phonon scattering.5 In contrast, arrays of organic molecules are
weakly held together by supramolecular interactions between individual π-conjugated
systems in organic semiconductors. These supramolecular interactions include van der
Waals interactions (<5 kJ/mol), hydrogen bonding (10-65 kJ/mol) and π-π interactions
(0-50 kJ/mol),18 which usually leads to lower order compared to inorganic
semiconductors.
The exact mechanisms of charge injection and transport in organic semiconductors
are still under debate.29 In single-crystal organic semiconductors, band-like transport can
exist due to the relatively highly ordered structure and extensive orbital overlap of πsystems. A commonly accepted description of charge transport in organic semiconductors
involves two pathways: intramolecular charge migration within single molecules and
intermolecular hopping between adjacent π-conjugated molecules (Figure 1. 4).5
Intermolecular hopping is the critical factor determining carrier mobility of organic
semiconductor in OTFTs, which highly relies on how the molecules organize through
supramolecular self-assembly in the film state.18

Figure 1. 4 Intermolceular hopping as carrier transport mechanism in OFETs.
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For inorganic semiconductors, extensive overlap of atomic orbitals into band structures
leads to high charge carrier mobility, such as μ ~0.1-1 cm2/Vs for amorphous silicon (aSi). For organic semiconductors, the lower ordering and weaker intermolecular orbital
overlap leads to lower carrier mobility. After decades of effort, charge carrier mobility
from organics has seen remarkable improvements. Figure 1. 5 illustrates how hole
mobility from thiophene-based polymer OFETs has increased over the last two decades.
As we can see, charge carrier mobility is now comparable to amorphous silicon; enabling
applications such as OFETs for integrated circuits and PVDs for clean energy.

Figure 1. 5 Improvement of charge carrier mobility for thiophene-based polymer OFETs
over time.

1. 3. 2 Organic polymer vs small-molecule semiconductors
Low molecular weight organic compounds (small molecule or oligomer) and high
molecular weight polymeric semiconductors are two kinds of organic semiconductors,
which have their own pros and cons in regards to applications.37, 38 Small molecules have
well-defined structures and may be purified by many means including sublimation,
chromatography, or recrystallization. During the device fabrication, small molecules can
be processed using both vacuum deposition and solution-based technology. One the other
hand, polymers are polydisperse systems for which the methods of purification are
generally limited to reprecipitation or extraction (e.g. Soxhlet). Trace impurities that may
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be difficult to remove from polymers can significantly affect the device performance.
Polymers can basically only be processed to thin films via solution techniques. A major
advantage of polymeric semiconductors is their greater tendency to form continuous
films which can also be more flexible than films prepared from crystalline small
molecules. Because of their highly crystalline structure and high purity, small molecules
such as solution-processable acene derivatives have achieved charge carrier mobility
greater than 1 cm2/Vs,39 while polymeric semiconductors generally provide relatively
lower mobility. But after more than 10 years of extensive research, OFETs made from
polymeric semiconductors have demonstrated maximum charge carrier mobility of 0.6
cm2/Vs,40 which is comparable to that of organic small molecules and a-Si.

1. 3. 3 Device structures of organic field effect transistors

Figure 1. 6 Structures of field effect transistors. left) bottom-contact/top-gate (BCTG)
configuration; middle) bottom-contact/bottom-gate configuration (BCBG); right) topcontact/bottom-gate configuration (TCBG).
OTFTs exploit some of the same basic device architectures as their inorganic
counterparts. A typical OTFT is composed of three main components: (a), source, drain
and gate electrodes; (b), dielectric layer and (c) organic semiconductor layer. Transistors
can be constructed with top-gate configuration or bottom-gate configuration.35 In the topgate configuration (left in Figure 1. 6), two electrodes (source and drain) are deposited
on the top of substrate; followed by a layer of organic semiconductor, the dielectric layer,
and finally the gate electrode. In this configuration, the channel is enclosed by three
electrodes. In bottom-gate configuration, the gate electrode directly sits on the substrate,
and highly doped silicon wafers are commonly used as both substrate and gate electrode.
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Thermally grown silicon dioxide as dielectric layer is situated on top of gate electrode.
Two different device structures can be constructed from bottom-gate configuration:
bottom-contact and top-contact. In the bottom-contact/bottom-gate (BCBG) structure,
source and drain electrodes are located directly on top of the dielectric layer; followed by
deposition of organic semiconductor. In the top-contact/bottom-gate (TCBG) structure,
organic semiconductor is deposited directly onto the dielectric layer. Finally, source and
drain electrodes are deposited onto the organic semiconductor.
Each device architecture has its particular advantages and disadvantages concerning
fabrication and device performance. The top-gate configuration is particularly suited to
printed transistors, in which every component can be deposited sequentially. Conducting
polymers (such as doped polyaniline and poly(3,4-ethylenedioxythiophene)/poly(styrene
sulfonic acid) a.k.a PEDOT-PSS) can be employed as electrode and insulating polymers
(such as polyimide, poly(methyl methacrylate) or polystyrene) can serve as dielectric
layer in thin-film transistors which are totally constructed of organic materials. Because
the conduction channel is enclosed by three electrodes, higher stability can be achieved
due to the encapsulation-like effect. In top-contact/bottom-gate structure, the organic film
is deposited directly onto a uniform dielectric surface and then source and drain
electrodes are deposited on top of the semiconductor by metal evaporation through
shadow mask. Contact resistance is minimized and charge carrier mobility tends to be
high because of intimate contact between semiconductor and electrode. However, the
top-contact/bottom-gate configuration has some problems. Deposition of metal electrodes
can destroy the organic layer and this process is not easily amenable to low-cost, largescale fabrication.38 For bottom-contact/bottom-gate architecture, source and drain
electrodes are prepatterned on top of the dielectric lay by lithography before deposition of
organic semiconductors. Due to high contact resistance and irregularity of the surface of
the dielectric, charge carrier mobility is usually lower than that in top-contact/bottomgate structure.38 However, bottom-contact/bottom-gate is easier to be integrated into lowcost and large-scale manufacturing processes, and smaller device features can be
achieved through photolithographic technology.
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1. 3. 4 Operation of field effect transistors
The operation mechanism for OFETs is depicted in Figure 1. 7. The source electrode
is grounded, and all other voltages are relative to this electrode. If the organic
semiconductor is sufficiently pure and no voltage is applied to the gate electrode,
theoretically there should be no free charges in the active channel and the current
between source and drain should be near zero (“off” state). When a voltage (VGS) is
applied on the gate electrode, a field perpendicular to the dielectric and semiconductor
interface is induced. If a negative gate voltage (VGS<0V) is applied, positive charges (pchannel) will accumulate at the semiconductor/dielectric interface and current between
source and drain will increase when a voltage (VDS) is applied between the source
electrode and drain electrode as a consequence (“on” state). If a positive gate voltage
(VGS>0V) is applied, negative charges (n-channel) will be accumulated at the interface.
The parity of charge carrier at the interface determines whether the organic
semiconductor device is called either p-type, n-type or ambipolar (functions both as nand p-type).

Figure 1. 7 Schematic of p- and n- type thin-film transistor operation35

1. 3. 5 Characterization of organic thin film transistors
Three of the most important characteristics for device performance of OFETs are
charge carrier mobility μ, current modulation ratio Ion/Ioff and threshold voltage Vt.41 The μ
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describes how fast charge carriers drift in the active layer per unit electric field. This in
turn determines voltage to be applied and power consumption of a device. The current
modulation (Ion/Ioff) is defined as the ratio of source-drain current flow when gate bias is
maximal (“on” state) and when there is no gate bias (“off” state). Ion/Ioff can be an
indication of the purity of the material and its susceptibility to doping by its surroundings.
The threshold voltage Vt characterizes the critical voltage at which the field effect sets in.
This can also serve as a measurement of the number of charge-carrier traps at the
semiconductor and dielectric interface; these traps must be filled before charge carriers
can flow between source and drain electrodes.37 Therefore, high purity of organic
semiconductor is a necessity for the application in OFETs.

Figure 1. 8 Schematic representation of a field effect transistor. Vd: drain voltage; Vg:
gate voltage; L: channel length; W: Channel Width

Figure 1. 9 Example output characteristics (left) and transfer characteristics (right) of an
n-type OFET (Reprinted with permission from reference 41. Copyright 2004 American
Chemical Society).41
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A basic schematic of a top-contact/bottom-gate OFET is illustrated in Figure 1. 8. The
performance parameters of OFETs can be derived from output characteristics and transfer
characteristics (Figure 1. 9). Within the output characteristics, two regions of operation
can be differentiated: linear region at lower drain voltage and saturation region at higher
drain voltage. Charge carrier mobility in the saturation region can be calculated from the
transfer characteristic curve using the following equation,
I ds = (W / 2 L) μC 0 (V g − Vt ) 2

Where W is the channel width, L is channel length (Figure 1. 8), C0 is the capacitance of
the dielectric layer, µ is carrier mobility, Vg is the gate voltage and Vt is threshold voltage.

1. 3. 6 Design rules for organic semiconductor for OFETs
Charge injection and charge transport are two important steps involved in the operation
of the organic field-effect transistor.5, 41 Charge injection highly depends on the energy
offset between the frontier molecular orbital (FMOs) energies

of the organic

semiconductor and the Fermi level of the electrodes.41 Therefore, tuning organic
semiconductor orbital energetics is essential for improving device performance. After
charge injection, charge carriers migrate via intermolecular hopping between discrete,
localized states of individual molecules. Therefore morphology of organic films plays an
important role in device performance. Film morphology and molecular packing of the
material can be controlled using the principals of supramolecular chemistry, by which
materials are designed for forming desired nanoscale structure to improve device
performance. In the following, several necessary properties of organic semiconductors
are discussed.41, 42
Conjugated π-system with Appropriate Frontier Molecular Orbital (FMOs) energies.
Charge injection from the source electrode into the semiconductor leads to carrier
accumulation at the conducting interface: performance depends on the efficiency of
charge injection. The relative energy difference between electrode and frontier molecular
orbitals (HOMO and LUMO) of the organic semiconductor influences the efficiency of
charge injection and their parity. The work function of electrodes should be matched to
the HOMO level for hole injection (p-type), or to LUMO level for electron injection (n12

type). The FMO energy levels are also crucial for the device stability.43 The FMO energy
levels can determine whether the organic molecules undergo redox chemistry, with
ambient surrounding species, when in their neutral state (doping) or as radical
cations/anions (charge-trapping).
Good π–orbital overlap for charge transport. The critical pathway for carrier
transport is intermolecular hopping. Spatial overlap between wave functions in adjacent
molecules must be optimized to facilitate carrier transport. Unlike inorganic
semiconductors, self-assembly of organic molecules through dispersion and quadrupolar
interactions leads to weaker orbital interaction.18 How to employ these two
intermolcecular interaction to achieve better π–orbital overlap is important for designing
novel materials.
Good film-forming properties. Grain or domain boundaries can trap charge carriers;
efficient carrier transport requires good domain interconnectivity on the length scale of
the conducting channel.44 Although some amorphous organic semiconductors have
demonstrated impressive device performance, highly ordered molecular packing into
large domains is often pursued for better connectivity.45 Also equally important is the
orientation of molecules at the semiconductor/dielectric interface, since charge transport
is often anisotropic. The semiconductor molecules should be aligned so as to produce
charge-carrier pathways parallel to the substrate.
Purity and stability. As for inorganic semiconductors, purity of materials plays a
critical role for all device performance parameters. Impurities can trap charge-carriers
and thus lower carrier mobility in the “on” state and shift threshold voltage (Vt). On the
other hand, impurities can function as dopants and increase the intrinsic conductivity in
the “off” state, lowering current modulation ratio. Thus, it is necessary to obtain organic
semiconductors with high purity. Relatively low stability of many currently studied
organic semiconductors prevents their commercialization: Ion/Ioff and mobility often
degrade over time during ambient operation.40 Stability of device performance of
materials can be improved by designing novel materials and device optimization.46
However, it is still a challenge, especially for n-type organic semiconductors.
Morphological changes over time can also degrade device performance.
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Solution-processability. Solution-based processing technology is the major advantage
for application of organic semiconductors in low-cost and large area electronics.
Although vapor-based processing technology for organic small molecules has produced
promising device performance, one ultimate goal of application of organic
semiconductors is to use solution processing. This is currently the only means to process
polymers for organic electronic devices on a practical scale. Compromises are often made
between solubility and higher ordering. Thus synthesizing organic semiconductors having
good solubility is a challenge when considering the strategy to achieve solubility is
alkylation,20 which can negatively impact solid-state packing.

1. 3. 7 Literature summary of high performance organic semiconductors for OFETs
Since the first report of an OFET in 1986,47 charge carrier mobolities have been
improved about 5 orders of magnitude.40 Now many different organic semiconductors
have demonstrated carrier mobility which is comparable to that of amorphous silicon.
These materials include organic small molecules, oligomers, and polymers.35 In the
following, a brief review will focus on published high performance organic
semiconductors for OFETs, especially solution-processable polymers.

1. 3. 7. 1 p-Type organic semiconductors
Small Molecule and Oligomer Semiconductors. Figure 1. 10 illustrates chemical
structures of some high performance p-type small molecule and oligomeric
semiconductors. Pentacene has become one of the most important and extensively studied
organic semiconductors for OFETs. Pentacene-based OFETs have displayed hole
mobility of >5.0 cm2/Vs and current modulation ratio Ion/Ioff > 106 by using poly(αmethylstyrene) as gate dielectric and polycrystalline pentacene films.5 Although high
device performance was demonstrated by pentacene, it is virtually insoluble even in hot
solvents, which limits the potential application in low-cost and large-area device
production. Some strategies have been developed for patterning pentacene-based
semiconductors. One of them is to pattern soluble precursors of pentacene which can be
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converted into pentacene after thermal treatment.48 The most successful strategy is to
functionalize pentacene with solubilizing substituents, while controlling packing to
maintain excellent device performance.34 Anthony introduced different substituted
ethynyl groups at the pentacene 6,13- positions to impart solubility and to control
molecular self-assembly. Pentacene carrying (triisopropylsilyl)ethynyl groups (TIPSpentacene) crystallizes into a two-dimensional “brick-wall” structure. OFETs fabricated
using solution-based technology achieved hole mobility of 0.4 cm2/Vs and Ion/Ioff greater
than 106.49 Similarly functionalized anthradithiophenes (ADT) were also developed by
the same group. Like pentacene derivatives, their molecular packing is also sensitive to
the substituents. Mobility higher than 1 cm2/Vs and Ion/Ioff of 107 was achieved for
(triethylsilyl)ethynyl-substituted anthradithiophene (TES-ADT).39
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Figure 1. 10 Example of chemical structure of small molecules and oligomers for high
performance p-type OFETs.34, 35
Phthalocyanines are another important class of organic semiconductor, which have
been investigated since 1988. Vacuum-deposited thin films of copper phthalocyanine
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(PcCu) exhibit charge carrier mobility of ~ 0.02 cm2/Vs and Ion/Ioff greater than 105.50 A
recent study reports PcCu nanorods having mobility of ~0.1 cm2/Vs and Ion/Ioff ~100.51
Thiophene-based polymers have demonstrated promising semiconductor properties in
polymer FETs,20 which will be discussed later. Unsubstituted oligothiophenes are very
insoluble, therefore difficult to purify and process for application in OFETs. Like
pentacene, oligothiophenes may be functionalized to impart processability and
manipulate solid-state packing. OFETs based from vacuum-deposited DH-6T
demonstrated relatively high charge carrier mobility up to 1.0 cm2/Vs. However,
unsubstituted sexithiophene (6T) showed lower mobility in vacuum deposited transistors.
Hexyl substituents at the α, ω positions of oligothiophenes enhance order as well as
induce edge-on orientation of the π-system relative to the substrate.52 A problem
associated with oligothiophenes is their easy oxidation (doping) due to high HOMO
energy levels; replacing thiophene rings with phenyl rings can lower the HOMO levels.
Ponomarenko reported decyl-substituted Dec-(TPhT)2-Dec provided mobility of ~0.4
cm2/Vs.53
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Figure 1. 11 Example of chemical structures of polymers for high performance p-type
OFETs.
Polymeric Semiconductors. Conjugated polymers may be good film-formers,

20, 38

but

their charge-carrier mobility is generally lower than that of small molecules or oligomers.
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Regioregular

poly(3-hexylthiophene)

(rr-P3HT)

which

was

first

synthesized

independently by McCullough and Reike,20 has demonstrated high-carrier mobility due to
its ordered lamellar packing. Hole mobility ~0.1 cm2/Vs and Ion/Ioff greater than 105 has
been reported.20 A class of polymers denoted here as regiosymmetric polythiophenes
(Figure 1. 11) have also been developed by different groups for higher mobility and
better device stability.20 The insertion of a conjugated spacer into the polythiophene
backbone can increase order and stability. Carrier mobility up to 0.6 cm2/Vs was reported
from PBTTT; equally important is improved air-stability in comparison to rr-P3HT.
Muellen reported the application of BTZ-CDT in OFETs and this donor-acceptor
copolymer has exhibited carrier mobility ~1.4 cm2/Vs using dip-coating.54
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1. 3. 7. 2 n-Type organic semiconductors
n-Type organic semiconductors are highly pursued for p-n junctions; but their
performance lags behind p-type organic semiconductors.42 The major strategy to develop
n-type organic semiconductor is to lower the material LUMO level by substitution with
strong electron withdrawing groups.41 Figure 1. 12 shows the chemical structures of
some n-type organic semiconductors.
Haddon reported electron mobility up to 0.08 cm2/Vs and Ion/Ioff ~106 for C60-based
OFETs using vacuum deposition.55 While phthalocyanine and pentacene have
demonstrated excellent p-type OFET behavior, the parity of charge carriers in these
materials can be reversed by functionalizing with electron withdrawing groups. FPcCu
provides ambient-stable OFETs with electron mobility up to 0.03 cm2/Vs.56
Perfluoroacyl-terminated oligothiophenes (DFHCO-4T) were reported by Facchetti to
provide electron mobility ~0.6 cm2/Vs.57 One of the most heavily studied types of n-type
organic semiconductor is bisimide-functionalized arylenes,35 and further functionalization
of the π-system with cyano groups leads to air stable n-type materials. Electron mobility
~0.6 cm2/Vs was reported for PDI-RCN2, where is the R groups are fluorinated alkyl
chains believed to provide a kinetic barrier to prevent penetration of charge-trapping
oxygen and water.
Development of polymeric n-type semiconductors lags even farther behind n-type
small molecules. Functionalizing polymers with electron withdrawing groups such as
fluorine atoms usually leads to low solubility. The Jenekhe group reported a ladder-like
n-type polymer (BBL) with excellent electron mobility ~0.1 cm2/Vs.58 However the
material could only be processed using methanesufonic acid (MSA), which limits its
application. Marder incorporated perylene bisimide (PBI) into conjugated polymer
backbones, and the resulting polymer PDI-DTT provided electron mobility ~0.01 cm2/Vs
in vacuum using aluminum as electrode for efficient charge injection in top-contact
configuration.59
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1. 4 Organic photovoltaic devices (PVDs)
As the need grows to develop inexpensive, sustainable and environmentally-friendly
(non-CO2 releasing) energy sources, interest in low-cost, efficient photovoltaic devices
(PVDs) is increasing. Conjugated polymer-based semiconductors have found potential
application in PVDs.6,

13, 14, 60, 61

To promote large-scale acceptance as clean and

renewable energy, cost and energy-consumption during fabrication must be decreased.
Crystalline silicon, which is the current benchmark material, needs to be processed at
high temperature in vacuum. The process is highly energy-intensive and expensive. As
described above, organic semiconductors can be solution-processed at low temperature.
Therefore organic PVDs could possibly provide electricity at lower cost than current
inorganic counterparts if the power conversion efficiency (PCE) (the maximum power
produced by a PVD divided by power of incident light) can reach 10% and 10-year
lifetime can be achieved.14 Since the report of photoinduced charge transfer in PPV and
C60 blends,62 the PCE of polymer solar cells has grown to 5-6% efficiency. Although this
is relatively low PCE, polymer-based solar cells are still attractive due to the low
manufacturing cost and mechanical properties.

1. 4. 1 Operation of polymer PVDs and design rules of polymer semiconductors
Generally three steps are involved in the process of the conversion of photon energy
into electricity (Figure 1. 13):60 a). absorption of a photon leads to a bound electron-hole
pair (exciton); b). the exicton migrates to the bulk heterojunction (BHJ, or donor-acceptor
interface) and charge separates at the interface; c). charge carriers migrate to their
respective electrodes. Upon photon absorption, an electron is promoted to the LUMO
from the HOMO leaving behind a hole in the HOMO, and this coulombically bound
electron-hole pair is named as exciton. The efficiency of exciton formation highly
depends on the band gap of the material.60 Thus organic semiconductors with low band
gap are highly pursued for greater utilization of solar irradiation. For example, a material
having 1.1 eV band gap (1100 nm) can absorb up to 77% of all solar irradiation. However
the majority of organic semiconductors have band gaps greater than 2 eV; which limits
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possible harvesting of solar irradiation to ≤ 30% of the entire spectrum.6 Therefore, one
means to increase the PCE of polymer solar cells is to engineer their band gaps and
absorption profiles for better overlap with the solar flux.

Figure 1. 13 General mechanism of photoenergy conversion in polymer solar cell.
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The electron-hole pair is tightly bound together in the exciton and therefore does not
separate into free charge carriers before reaching the donor/acceptor interface. The
energy difference between the LUMOs of the donor and acceptor provide the driving
force for charge separation at the interface. In order to increase the PCE, photoinduced
charge transfer needs to be maximized within the lifetime of the exciton. Therefore, the
morphology of polymer solar cells is crucial: the length scale of the phase-separated
donor and acceptor domains should be along the order of the exciton diffusion length,
which is usually around 10-20 nm.6 Otherwise, the exciton will decay via radiative or
non-radiative pathways before reaching the interface, at the expense of decreasing PCE.
The energy offset of LUMOs between donor and acceptor is critical for efficient charge
separation of excitons. Optimal energy offset has been calculated to be 0.3-0.4 eV,22
providing sufficient driving force for exciton dissociation, without sacrificing the open
circuit voltage.
There are two driving forces for transport of separated charges and accumulation at the
electrodes. One is the gradient of the chemical potentials of electrons and holes in the p-n
junction, determined by the energy difference between the LUMO of acceptor and
HOMO of the donor.6 This gradient basically determines open circuit voltage (Voc).
Another driving force could be the concentration gradient of charge carriers in the solar
cell.6 This process is in competition with recombination of charge carriers during the
journey to electrodes. Higher charge carrier mobility will decrease concentration of
carriers in the device; therefore recombination of charge carriers will be decreased.
Furthermore, balanced mobility for hole and electron will also decrease recombination
and therefore increase PCE. Morphology is critical for charge transport to electrodes in
PVDs. A bicontinuous and interpenetrating network of nanoscale features is desired to
provide effective pathways.
Based on the operation mechanism of polymer solar cells, Figure 1. 14 summarizes
design rules for developing high performance polymer semiconductors for PVDs. The
material should optimize the efficiency of the three steps involved in the photoenergy
conversion process.
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Figure 1. 14 Schematic representation of material design for polymer solar cells.

1. 4. 2 Device structures of polymer PVDs
Like other organic electronic devices, macroscopic performance highly depends on
device structure at the nanoscale or microscale.18 Since the discovery of organic PVDs
by Ching Tang at Eastman Kodak in 1985 using a bilayer device configuration,63
different device structures have been proposed and constructed (Figure 1. 15), such as
the disordered bulk heterojunction (BHJ), which has produced the highest PCE amongst
current polymer solar cells.

Figure 1. 15 Different device structures of polymer-based solar cells. bilayer (left);
disordered bulk heterojunction(middle); ordered bulk heterojunction (right).14
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Bilayer Device. In bilayer heterojunction devices, p-type and n-type materials are
stacked on top of each other without an interpenetrating network. Therefore, the area of
the interface (heterojunction) is small and only excitons created within a distance of 1020 nm from the interface can be transported to the heterojunction and be separated there
to charge carriers. Excitons created farther away from the interface than the exciton
diffusion length can’t be utilized, which results in low PCE, usually lower than 1%.
Disordered Bulk Heterojunction Device. To address the problem of limited diffusion
length of excitons in PVDs, the disordered bulk heterojunction (BHJ) device structure
was developed. In this device structure, donor and acceptor materials phase separate at
the nanoscale and form an interpenetrating network. Due to this nanoscale network,
excitons produced most anywhere within the channel can reach the p-n interface within
their life time. This device structure significantly increases interfacial area and power
conversion efficiency. Recall that in bilayer heterojunctions, donor and acceptor are
totally separated from each other except at the defined interface, and each selectively
contacts with anode and cathode. Once spatially separated, electrons and holes will not
likely recombine. However donor and acceptor are in intimate contact throughout a BHJ,
and recombination after exciton separation will lower PCE. Therefore, a bicontinuous
and interpenetrating network is highly pursued to provide effective pathways for charge
to transport to the electrodes. Clearly, PCE is very sensitive to the morphology of
donor/acceptor blend.
Ordered Bulk Heterojunction Device. The disordered BHJ device structure
significantly amplifies the interface for efficient exciton separation, and constitutes a
state-of-the-art device structure in current polymer PVDs. However, due to the disordered
structure, recombination of electrons and holes can occur along the extended, winding
pathways, lowering the PCE. McGehee14 proposed a highly ordered naonoscale bulk
heterojunction structure for optimizing PCE. In this device structure, donor and acceptor
are interspaced at length scales equal or less than the exciton diffusion length. The two
phases are patterned in a very regular interdigitated fashion to provide effective
continuous and more direct pathways for charge carrier transport. Finally, donor and
acceptor specifically and exclusively contact the anode and cathode, respectively.
However, construction of such a highly ordered BHJ is much more challenging and
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involved process compared to just simply spin-coating a blend to naturally produce
disordered BHJs.

1. 4. 3 Characterization of polymer solar cells

The performance of a solar cell is characterized through a current-voltage diagram
(Figure 1. 16).6 In the absence of light, there is almost no current flowing until the
applied voltage is greater than the open circuit voltage (the dashed line). Under light
irradiation, the PVD begins to generate power. From the current-voltage curve, we can
derive the maximum power point (MPP), where the product of current and voltage is
largest. The power conversion efficiency (ηe) of a PVD can be calculated using the
following equation:6
ηe =

Voc * I sc * FF
Pin

FF =

I mpp *Vmpp
I sc *Voc

Where Voc is open circuit voltage, Isc is short circuit current, FF is the fill factor and Pin
the energy of incident light. Impp and Vmpp are the current and voltage at the maximum
power point.6

Figure 1. 16 Example of current-voltage curve of polymer solar cell.6
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Open circuit voltage. Open circuit voltage Voc is partially determined by the LUMO
energy level of the acceptor and the HOMO energy level of the donor. Brabec64 reported
a linear correlation between Voc and the LUMO energy of the acceptor. Gadisa and
Scharber65 likewise noted a linear relationship between Voc and HOMO of donor
materials. Malliaras reported that charge carrier losses at electrodes lower the Voc, usually
about 0.2 eV voltage is lost at every electrode,66 and some other factors also will affect
Voc, such as device film morphology67 and surface composition between active layer and
electrodes.68 Some technologies were employed to achieve a better match between the
donor HOMO energy level and the Fermi level of ITO, such as plasma etching, and
inserting a hole transport layer or self-assembled monolayer (SAM). A thin layer of LiF,
which is widely used in OLEDs, was found to increase Voc of PVDs when deposited prior
to depositing the cathode.6 Therefore, Voc highly depends on the materials used in devices,
but it is also a function of device architecture.
Short circuit current. Short circuit current Isc is a function of the charge carrier
mobility of the materials used in PVDs, which in turn depends on morphology. The BHJ
device architecture increases the interfacial area for exciton separation, but the packing
arrangement of materials when incorporated in BHJ PVDs is usually less ordered than
that in pure form. For example, the hole mobility of rr-P3HT in OFETs has reached 0.1
cm2/Vs, while its hole mobility is ~4 x 10-4 cm2/Vs within high performance PVDs.6
Fill factor. Fill factor FF is another important parameter of PVDs. After charge
carriers separate at the interface, a competition exists between charge carrier transport to
electrodes and recombination. The distance charge carriers can travel is a function of
lifetime and mobility. Enhanced and balanced mobility of electrons and holes will
decrease the possibility of recombination and increase the fill factor.
Lifetime. Finally, another important parameter of polymer PVD performance is the
operational lifetime. Aside from improving PCE of polymer PVDs, an equally important
consideration is to increase device operational stability for commercialization under solar
irradiation and exposure to oxygen and humidity. As mentioned before, 10% efficiency
and 10-year lifetime is the threshold to compete with current silicon-based solar cells.
Stability of organic PVDs is significantly improved in comparison to that of OFETs due
to electron transfer between the donor and acceptor in p-n junction, which rapidly
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empties the highly reactive excited state of the polymer. Morphology degradation69 also
decreases the performance and lifetime of PVDs, especially at elevated temperature under
solar irradiation.

1. 4. 4 Literature summary of high performance polymer semiconductors for PVDs
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Figure 1. 17 Chemical structure of high performnace polymers for PVDs.

To push PCE over 10% for commercialization, one strategy is to develop novel
polymers. These materials should have narrow band gap for better utilization of solar
irradiation and HOMO and LUMO energy levels of donor and acceptor should be
optimized to maximize exciton dissociation as well as to increase Voc. Another strategy is
to control the morphology of donor/acceptor blend films. Using low band gap polymers
as donor and fullerene as acceptors with good morphology in polymer/fullerene blends
defines the state of art of polymer PVDs. State-of-the-art polymer-based organic PVDs
can now provide PCE ~ 6% after approximately two decades of research. The chemical
structures of some polymer semiconductors for PVDs are shown in Figure 1. 17.15, 61, 70-72
rr-P3HT is a state-of-the-art polymer semiconductor due to its highly ordered structure
in film state, and OFETs made from rr-P3HT yield hole mobility greater than 0.1 cm2/Vs.
Its high mobility and moderate absorption of the solar spectrum rendered it as promising
material in photovoltaic study. By controlling morphology of the active layer through
varying growing rate and employing thermal annealing, Yang73 reported a PVD with
4.4% PCE based on rr-P3HT/PCBM blends. Optimized devices used 1:1 ratio (w/w)
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between rr-P3HT/PCBM at low growth rate; the device has FF of 67% after thermal
annealing. Time of flight (TOF) measurements indicted that the high FF is due to high
and balanced mobility of holes and electrons, which suppresses electron/hole
recombination. Although rr-P3HT has shown excellent device performance in PVDs, its
analogous regioregular poly(3-butylthiophene) (rr-P3BT) has more than one order lower
performance (0.2-0.3% PCE) due to its lower molecular weight, lower hole mobility and
lower solubility resulting in less favorable morphology. Recently, the Jenekhe71 group
reported P3BT/PCBM solar cells using dispersions of preassembled polymer nanowires
to achieve a bicontinous nanoscale morphology. PVDs using this strategy gave a 3.0%
PCE, which is almost comparable to the most studied P3HT-based PVDs. P3BT
nanowires

were

allowed

to

self-assemble

from

solution;

and

P3BT/PCBM

nanocomposites were prepared by mixing this P3BT nanowire suspension with PCBM
solution and solvent evaporation. AFM and TEM revealed interconnected quasibicontinuous nanoscale morphology. The hole mobility of was an order of magnitude
greater than in BHJs prepared by traditional film-forming techniques. This strategy
provides a promising method to control morphology in BHJ solar cell.71
Regioregularity has significant effects on the optoelectronic properties and film
morphology of P3HT. Highly regioregular P3HT has mobility greater than 0.1cm2/Vs in
OFETs; which is a few orders of magnitude higher than for regiorandom P3HT.20 Kim74
investigated the regioregularity effect of P3HT on P3HT/PCBM PVDs. The results
indicate high regioregularity leads to high absorption coefficiency and enhanced red-light
absorption. As would be expected, higher regioregularity also leads to higher carrier
mobility in PVDs. Frechet69 investigated the effect of P3HT regioregularity on
P3HT/PCBM PVDs, especially thermal stability of performance. P3HT with 96%
regioregularity demonstrated lower thermal stability compared to P3HT with 86%
regioregularity; the lower thermal stability of highly regioregular P3HT is due to severe
crystallization-driven phase separation. Interestingly, almost identical PCEs of ~4% were
achieved for all P3HTs with different regioregularity after optimization, which signifies
the PCE depends on both carrier mobility and film morphology. The study suggests a
design principle for polymer/fullerene composite PVDs in which highly crystalline
structure may be not be necessary to achieve high PCEs using thermal annealing.69
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The PCE of P3HT-based polymer solar cells has been limited by the relatively broad
band gap of P3HT; only light with wavelengths below ~650 nm can be harvested.
Development of low band gap polymers to absorb more solar irradiation is imperative to
push PCE higher. Yu15 synthesized a novel polymer PTB1 (Figure 1. 17) with onset
absorption at 784 nm and absorption maximum at 690 nm, which falls near the maximum
solar flux. PTB1/PCBM blends yielded Jsc of 15.1 mA/cm2 and PCE of 5.6% without
optimization. Lower band gap (~1.60 V) and appropriate frontier molecular orbital
energies lead to high external quantum efficiency (EQE). The band gap of PTB1 is 0.3
eV lower than that of P3HT and the LUMO energy offset between donor/acceptor leads
to efficient exciton dissociation at the interface. Furthermore, the thienothiophene units
stabilize quinoidal structures and increased conjugation along the polymer backbone. The
high hole mobility and balanced hole/electron mobility contribute to the high fill factor of
0.65. PTB1 could be a promising polymer semiconductor for industry application after
further device engineering.
Using PCPDTBT72 having a band gap of 1.46 eV, Bazan and Heeger were able to coax
out a 3% PCE after controlling film growth rate and thermal annealing.75 This was
improved to 5% PCE when 1,8-octanedithiol was included as a processing additive.
Addition of 1,8-octanedithiol caused a 41nm red-shift of the absorption maximum to 800
nm compared to films processed without the processing additive. OFET studies of
PCPDTBT/PCBM blends also indicated an increase of hole mobility in devices processed
with the additive. Interestingly, this advance might have been realized years ago if
coatings scientists had actually been involved in PVD work. The additive likely acts
simply as a “latent diluent”, remaining in the film longer to effect morphological changes
more profoundly than solvents that simply flash off during film formation. Yang70
reported a similar polymer semiconductor (PCPDTBT in Figure 1. 17) with a PCE of
5.1 % in solar cell application without processing additive.
Some other materials have also demonstrated some promising device application, such
as all-polymer solar cells,59,

76

polymer/nanorod77 solar cell as well as organic small

molecules/fullerene solar cell.78 In comparison to polymer/PCBM solar cells, the power
conversion efficiency of these solar cells is usually lower.
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1. 5 Summary of dissertation
This dissertation focuses on the synthesis and structure-property studies of conjugated
polymers with alternating electron-donating (D) and electron-accepting (A) units.
Specifically, imide-functionalized arylenes are used as electron-accepting units. There are
several reasons to investigate the use of imide-functionalized arylenes as the building
blocks for polymers: a) the donor/acceptor strategy enables us to tune the band structures
of polymers over a large range to achieve polymers with low band gap for solar cell
applications and as ambipolar semiconductors for OFETs; polymers with low-lying
LUMO levels for n-type semiconductors; and polymers with increased ionization
potentials for p-type semiconductors with enhanced device stability. b): controlling
supramolecular

self-assembly

via

intramolecular

sulfur

oxygen

contact

and

intermolecular interaction between donor and acceptor units in the polymer backbone, we
hope the materials can self-assemble into high quality films with desired morphology for
charge transport in the solid state. c): The electronic properties of core-halogenated
arylene imides make them very favorable coupling partners for electron-rich aryl
stannanes in the Stille coupling, leading to high conversions and therefore high molecular
weight. High molecular weight has been associated with improved device performance
in comparison to low molecular weight polymers.44 d); the nitrogen atom on the imide
groups provides an open position for alkylation, which can impart the polymers with
better solubility and higher molecular weight.
Chapters 2, 3, and 4 each describe the use of different arylene imides as the acceptor
units in D-A polymers. Gel permeation chromatography (GPC) is employed to prove that
high molecular weight can be obtained. Cyclic voltammetry (CV) is used to estimate the
relative energies of the frontier molecular orbitals, proving that the acceptor units indeed
control the LUMO energy level. UV-vis absorption measurements are employed to
likewise demonstrate control over the optical energy gaps of the materials via the donoracceptor strategy. Wide angle x-ray diffraction (WAXD) is used to investigate the
supramolecular self-assembly of polymers in the solid state.
Chapter 2 describes the first use of pyromellitic bisimide (PMBI) as a novel building
block for conjugated polymers. The specific class of polymers are poly(phenylene
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ethynylene)s (PPEs) of which there are relatively few examples with narrow band gap.
The optical band gap of the polymers was tuned over the visible spectrum and one of
these polymers demonstrated lowest band gap of ~1.50 eV. All the PPEs have LUMO
energy levels of ~3.60 eV, near the value for PMBI itself.
In chapter 3, a novel class of polymers containing naphthalene bisimide (NBI) as
acceptors and thiophene derivatives as donors were synthesized using Stille coupling.
These polymers show high molecular weight, decent solubility, and low lying LUMO
levels (~3.90 eV), again near the LUMO level of the acceptor unit. UV-vis absorption
and x-ray diffraction were employed to investigate their optical properties and selfassembly. Some polymers demonstrated excellent device performance as n-type
semiconductors with electron mobility of ~0.01 cm2/Vs and led to ambipolar transistors
with electron mobility of 0.04 cm2/Vs and hole mobility of 0.003 cm2/Vs.
In chapter 4, polymers containing phthalimide, imide-functionalized thiophene, PMBI
and benzothiadiazole as acceptor units were synthesized for the applications in organic
field-effect transistors OFETs and photovoltaic devices (PVDs). Structure-property
studies of the polymers again involved UV-vis absorption spectroscopy and x-ray
diffraction of polymer fibers and films. Due to the manipulation of the FMOs, one of the
polymers demonstrated hole mobility up to ~ 0.3 cm2/VS under ambient atmosphere
without post thermal annealing, and solar cells fabricated using this polymer as donor
demonstrated moderate power conversion efficiency (PCE) of 2.0%.
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Chapter 2 Variable band gap alternating donor-acceptor poly(phenylene
ethynylene)s containing pyromellitic bisimide (PMBI) as electron accepting unit

2. 1 Introduction
In the past three decades, a plethora of conjugated polymers have been developed for
their potential application in organic electronics.79-82 Among these π conjugated polymers,
poly(phenylene vinylene)s (PPVs) have attracted particular interest since Friend reported
the first polymer light emitting diode (PLED) using a PPV as the active layer in 1990.62,
83

However, the closest structural analogs to PPVs, poly(phenylene ethynylene)s (PPEs)

have gained less attention for their semiconducting nature.79, 84 Figure 2. 1 shows the
general structure of the parent PPE and PPV. As the names imply, PPVs feature aromatic
rings and vinylene groups in the backbone, while PPEs feature aromatic rings and
ethynylene groups in the backbone.

PPV

PPE

Figure 2. 1 Parent structures of PPV and PPE.
To promote the potential applications of PPEs in organic electronics, a variety of PPEs
have been developed for tailoring solubility and optical and electronic properties of the
materials.85-87 Water-soluble PPEs have been synthesized by the suitable choice of ionic
and highly hydrophilic side chains for sensing applications in aqueous and bio-systems.88,
89

PPEs with functional side chain have been developed for selectively sensing metal

ions.90 The side chain modification may or may not affect the electronic properties of the
conjugated polymer backbones. Main-chain manipulation is employed as a common
approach for tuning the optical and electronic properties of the polymers. Main-chain
manipulation includes using meta linkages in the polymer backbone, introducing
heterocycles and aromatic hydrocarbons other than benzene into the polymer backbone.86
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Figure 2. 2 PPE-based molecular wire for amplified response in chemosensors.91
In comparison to the extensive research effort devoted to the syntheses, optical and
electronic properties of PPEs, their applications as semiconducting materials in
electronics have received much less attention.92 After more than one decade of extensive
research efforts, PPEs have established their special status amongst conjugated polymers
instead as excellent candidates for sensing purposes.8 Swager employed PPEs as the
active components of chemosensors for detection of explosives such as TNT (Figure 2.
2),91 which are now commercialized.8 Rigid pentiptycene was incorporated into the
polymer backbone to prevent π-stacking and excimer formation; therefore the polymer
can maintain strong fluorescence in the solid state. The intrinsically nanoporous structure
of the polymer film allows penetration of organic vapors and the polymer backbones can
discriminately bind to various analytes of suitable size and electronic properties. The
fluorescence of the polymers can be quenched by 75 % in 60 s at a low equilibrium vapor
pressure of 7 ppb for the analyte; the superior sensitivity is governed by the energy
transport properties resulting from the extended conjugation of the polymer backbone,
where fluorescent chemosensors are wired in series.91, 93

Figure 2. 3 Application of a PPE and oligo(phenylene ethylene) in OLED (top) and
OFET (bottom).94, 95
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Electrical conductivities of thin films of PPEs after chemical doping and
electrochemical doping have been widely investigated and the conductivity usually falls
in the range of 10-9 to 10-3 S/cm.92 For example, poly(2,5-dibutoxy-p-phenylene
ethynylene) p-doped with I2 vapor demonstrated a conductivity of 10-6 S/cm,96 which is
about eight orders lower than I2 doped polythiophene.43,

97

Investigation of the band

structure of PPEs by UV-vis absorption, cyclic voltammetry (CV) and ultraviolet
photoelectron spectroscopy (UPS) reveals they usually have relatively broad band gaps of
~2.5 eV and low lying HOMO energy levels of ~-5.9/-6.3 eV.92 The HOMO level
indicated a large energy barrier for charge carrier injection, which can be partly related to
the electron-withdrawing nature of the ethynylene group in the polymer backbone.98 PPEbased polymers and oligomers have also been investigated as semiconducting layer in
PLEDs and OFETs (Figure 2. 3). Due to the significant energy barrier for hole injection
into the PPE light-emitting layer of PLEDs, thin films of poly(triphenyldiamine) (PolyTPD) and tetrameric spiroquinoxaline ether (spiro-Qux) were employed as holetransporting and electron-transporting/hole-blocking layers, respectively. The most
efficient device has ITO/PPE:Poly-TPD/spiro-Qux/Al as device structure with brightness
of 257 cd/cm2, onset voltage of 4.5 V and efficiency of 0.12 cd/A.95 The relatively poor
performance of PPEs as semiconducting materials in organic electronics has been
attributed to their band structure (band gap, HOMO level and LUMO level). To our best
knowledge, the lowest band gap of the PPEs is ~ 2.0 eV which were independently
reported by Bunz99 and Yamamoto.100, 101 These polymers contained alternating electronpoor 2,1,3-benzothiadiazole units and electron-rich 2,5-dialkoxybenzene moieties.
However, Roy et al reported an end-functionalized oligo(phenylene ethylene), which
demonstrated promising OFET device performance with hole mobility of 0.3 cm2/Vs and
Ion/Ioff ratio of 105 (Figure 2. 3).94 This suggests that the phenylene-ethynylene structure
is not intrinsically unfit for application in devices like OFETs.
To promote potential application of PPEs as semiconducting materials in PVDs6, 61 and
OFETs,35 it is necessary to develop new materials with low band gap (PVD application)
and appropriate energy level of the frontier molecular orbitals (OFET application). Due
to the strong electron accepting ability, imide-functionalized arylenes have been widely
studied as n-type organic semiconductors.35 The majority of the research efforts focused
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on naphthalene bisimide102 (NBI) based and perylene bisimide103,

104

(PBI) based

materials. Perhaps due to its very small electronic core, pyromellitic bisimide (PMBI) has
been all but overlooked as a building block for organic electronic materials. Recently,
Katz demonstrated OFETs with electron mobility of 0.079 cm2/Vs using PMBI as the
semiconducting layer (a in Figure 2. 4).105 In the polymer field, although PMBI has been
widely used as a building block for insulating polyimide dielectrics (b in Figure 2. 4),106
there are almost no attempts to incorporate PMBI into conjugated polymers. The only
example is a PMBI based poly(p-phenylene) (c in Figure 2. 4).107 However, as one might
expect, this polymer is not actually electronically conjugated along its backbone, as
indicated by similar UV/vis absorption profiles for both the polymer and the monomer.
The extensive steric/electronic repulsion between pendant groups on adjacent rings likely
causes significant torsion about the bonds connecting the backbone rings.
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Figure 2. 4 PMBI-based materials: polyimide a,106 PMBI-based poly(p-phenylene) b107
and PMBI-based n-type organic semiconductor c.105
Insertion of alkyne linkages between successive rings along the backbone of PMBIbased polymers should alleviate this intramolecular repulsion, allowing backbone
planarization and conjugation. With PMBI as electron-accepting units, variation of the
donating ability of donor comononers should allow engineering of the frontier molecular
orbital energy levels and the optical energy gap. Under this background, this chapter
reports efforts to employ PMBI as acceptor unit in D-A conjugated polymers, and the
study of their optoelectronic properties via cyclic voltammetry and UV/vis absorption
and photoluminescence measurements.
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2. 2 Synthesis of monomers, donor-acceptor model compounds, and polymers based
on PMBI
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Figure 2. 5 Synthesis scheme of PMBI monomer 2-4. Reagents and conditions: i: a) Br2,
CCl4, 54 °C, dark; b) Br2, CCl4, hv, reflux; ii: 65% HNO3, NaVO3, reflux; iii: 205 °C
sublimation; iv: a) glacial acetic acid, 2-ethylhexyl amine, reflux.

2. 2. 1 Synthesis of N, N’-bis(2-ethylhexyl)-3,6-dibromopyromellitic bisimide 2-4
The published process108 to synthesize 2-4 was simplified by combining steps and
eliminating unnecessary purification (Figure 2. 5). Starting from durene, 1,4-dibromo2,3,5,6-tetrakis(bromomethyl)benzene 2-1 was obtained by consecutive bromination in
near quantitative isolated yield. 1,4-dibromo-2,3,5,6-tetrakis(bromomethyl)benzene has
been prepared normally in two separate reactions, but we reasoned that bromination of
the 3,6-positions of benzene and the methyl groups could be completed in one pot.
Durene and an excess of bromine in CCl4 was heated with protection from light to effect
ring bromination. After this step was complete, as monitored by GC-MS, the reaction
mixture was exposed to an intense light source (GE Halogen, 100 w) to effect benzylic
bromination. Then, 1,4-dibromo-2,3,5,6-tetrakis(bromomethyl)benzene was oxidized by
65% nitric acid with catalyst NaVO3 to prepare the tetracarboxylic acid 2-2. Without any
purification, the tetracarboxylic acid 2-2 was dehydrated by high-temperature vacuum
35

sublimation to afford 3,6-dibromopyromellitic dianhydride 2-3 with high purity. Finally
the dianhydride was reacted with 2-ethylhexylamine to afford monomer 2-4 in 58%
isolated yield. The imidization step was conducted in glacial acetic acid to minimize
competing nucleophilic aromatic substitution at the brominated ring positions.109 The side
reaction was not completely suppressed, as indicated by the isolation of significant
amounts of its deeply colored products during column chromatography.

2. 2. 2 Synthesis of diacetylene comonomers for polymerizations
Various comonomers were synthesized for copolymerization with acceptor monomer
2-4. Syntheses of these monomers were straightforward and based upon published
procedures (Figure 2. 6). Each synthesis involved the following set of steps, in part or in
whole depending on commercial availability of building blocks: a) ring substitution for
manipulation of polymer solubility and optoelectronic properties; b) ring halogenation; c)
installation of silyl-acetylene groups via Sonogashira coupling; and d) desilylation to
provide monomers carrying two terminal acetylene units for polymerization via
Sonogashira coupling. Monomer 2-4 was coupled with trimethylsilyl acetylene (TMSA)
under Sonagashira coupling; and the coupling product was deprotected using KOH to
give monomer 2-5. Monomer 2-6 was obtained by following the same procedure and
monomer 2-7 was obtained by desilylating commercially available 1,4-bis(2trimethylsilylethynyl)benzene.

Monomer

2-10

was

synthesized

starting

from

hydroquinone. Alkylation of hydroquinone with 2-ethylhexyl bromide produced 1,4bis(2-ethylhexyloxy)benzene 2-8, followed by iodination to give the monomer precursor
2-9. The monomer 2-10 was obtained via Sonagashira coupling and deprotection as
described for 2-5.
Nitration of 4,4’-dibromobiphenyl with concentrated nitric acid gave 2-11 in 88% yield
and subsequent reductive Cadogan ring-closure produced carbazole 2-12 in 54% yield. A
solublizing group was attached by N-alkylation with 2-decyltetradecyl bromide to give
the monomer precursor 2-13 in 78% yield.110 Monomer 2-14 was obtained via
Sonagashira coupling and deprotection as described for 2-5 in 88% yield. Nmonoalkylaniline monomer 2-16 was synthesized from commercially available 2,5-
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dibromoaniline by alkylation with bulky 2-butyloctyl bromide to give monoalkylated
monomer precursor 2-15 in 36% yield and dialkylated monomer precursor (not shown) in
30% yield. The following Sonagashira coupling with TMSA and desilylation provided
monomer 2-16 in 61% yield. N, N-dialkylaniline monomer was synthesized by alkylation
with n-octylbromide to give fully alkylated monomer precursor 2-17 in 82% yield,111 and
the subsequent Sonagashira coupling with TMSA and desilylation provided monomer 218 in 78% yield. Synthesis of tetraalkylated phenyldiamine monomer started from 2,5dibromo-p-xylene by oxidation with KMnO4 to give the 2,5-dibromoterephthalic acid 219 in 55% yield, which was followed by reaction with oxalyl chloride to give 2-20 in
quantitative yield.112 The diacyl chloride reacted with sodium azide to form a diacyl azide,
which was followed by Curtius rearrangement to give dibromophenylenediamine 2-21 in
62% yield. N-alkylation, Sonagashira coupling and desilylation as described above gave
2-23.
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Figure 2. 6 Synthesis of comonomers for polymerization. Reagents and conditions: i:
Pd(PPh3)4 or Pd2(dba)3/PPh3, CuI, TMSA, DIPA, toluene, 80 °C; ii: KOH, THF, MeOH;
iii: K2CO3, C8H17Br, DMF; iv: I2, KIO4, H2SO4, AcOH; v: HNO3, AcOH, 100 °C; vi:
P(OC2H5)3, reflux; vii: C24H49Br, NaH, DMF; viii: C12H25Br, NaH, 15-crown-5, THF,
reflux; ix: C8H17Br, NaH, 15-crown-5, THF, reflux; x: KMnO4, pyridine, H2O, reflux; xi:
ClCOCOCl, toluene, DMF, 80 °C; xii: a). NaN3, H2O, acetone, 0 °C; b). benzene, reflux.
c). KOH, H2O; d). HCl.
The structures of the comonomers are summarized in Figure 2. 7. These monomers
have widely varying electron-donating/withdrawing abilities for tuning the FMO’s and Eg
of their copolymers with monomer 2-4. Comonomers 2-5 and 2-6 both contain electronwithdrawing substituents, the former being the stronger acceptor. The remaining
monomers carry substituents with increasing electron-donating ability in the series H,
alkyl, alkoxy, monoalkylamine, dialkylamine and tetraalkyldiamine. Different solublizing
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chains with different volume fraction were incorporated for manipulating solubility.
Monomers 2-16 and 2-18 both are mono-amine-functionalized donors with similar
electronic properties. However monomer 2-16 is mono-alkylated with 2-butyloctyl,
leaving one N-H group for potential inter- and/or intramolecular H-bonding with the
adjacent carbonyl group on PMBI. The H-bonding may enforce polymer backbone
planarity and lower band gap.
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Figure 2. 7 Chemical structures of comonomers used for polymerization.

2. 2. 3 Synthesis of core-substituted N, N’-bis(2-ethylhexyl)pyromellitic bisimides as
a model study for related polymerizations and engineering of Eg
Bunz113,

114

developed molecular cruciforms with various donating and accepting

“arms” as functional fluorophores to sense metal ions based on changes of electronic
properties of substituents after coordination with different metal ions. Coordination of the
dialkylamino groups of “A” to metal cations diminished their ability to donate electrons
to the pi-system. This lead to a broader HOMO-LUMO energy gap and therefore it
resulted in a big hypsochromic shift in emission (Figure 2. 8). This demonstrated how
the energy gap of the materials changed by varying the donating ability of donor units.
This work also emphasized the interesting situation of disjoint frontier molecular orbitals,
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where the HOMO and LUMO molecular orbitals were localized on different “arms” of
the cruciforms.

Figure 2. 8 Cruciform fluorophore for detection of metal cations.114
Here the HOMO-LUMO gaps of the pyromellitic diimide based chromophores were
tuned via Sonagashira coupling with phenyl acetylene derivatives having different
electron-donating abilities. There are two purposes for these studies: a) to demonstrate
control over optical properties when donor groups are electronically conjugated to the
PMBI core through phenyl acetylene bridges, and b) to demonstrate that Sonogashira
coupling with monomer 2-4 proceeds cleanly and in sufficiently high conversion needed
for analogous polymerizations. The second point is particularly crucial for achieving high
molecular weight polymers. For a step-growth polymerization occurring by reaction of
two monomers, each carrying two functional groups, the number (mole) average degree
of polymerization (Pn) is related to conversion (ρ) by the equation: Pn = 1/(1-ρ).115
The synthesis of these model compounds is straightforward (Figure 2. 9): coupling
reactions produced the desired products with almost quantitative isolated yield under
standard Sonagashira coupling conditions using Pd2(dba)3/PPh3 as catalyst system and
CuI as cocatalyst. Pd(0) was employed as precatalyst instead of Pd(II), as the latter will
not only produce structural defects in the backbones of analogous polymers, but also
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induce stoichiometric imbalance between two monomers.116 One of the ways by which
Pd(II) can be reduced to the active Pd(0) is via oxidative coupling of terminal alkynes to
1,3-butadiynes, thus consuming some of the alkyne monomer and imbalancing
stoiciometry. In the case of polymerizations, these butadiynes become part of the polymer
backbones.
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Figure 2. 9 Synthesis scheme of model compounds 2-25 to 2-27. Reagents and
conditions: i: Pd2(dba)3, PPh3, CuI, DIPA, Toluene 80 °C.
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The generally accepted mechanism for Sonogashira coupling, employing Pd(0) is
outlined in Figure 2. 10.117 The first step is oxidative addition of R1X to the active
catalyst species, usually thought to be Pd0. In this step, the characteristics of R1-X are
crucial: iodides and triflates have better reactivity than bromide; and electronwithdrawing groups can reduce electron-density at the C-X bond, facilitating the
oxidative addition. The second step in the Pd-cycle is transmetalation, which also
connects with the cycle of the copper cocatalyst (copper-cycle). This step can be
facilitated by higher electron density on R2 caused by electron donating groups. The final
step is reductive elimination to produce the coupling product and also regeneration of the
active catalyst. PMBI 2-4 is highly electron deficient, which facilitates the oxidative
addition reaction with the inherently electron-rich transition metal catalyst. After
oxidative addition, the electron-rich arylacetylenes favor the following transmetallation.
As a result, the reactions proceeded successfully in near quantitative isolated yields under
mild conditions (isolated yield for 2-25 to 2-27: 96-99%). Therefore, using these reaction
conditions, we can synthesize the corresponding polymers with high molecular weight if
the polymers have adequate solubility.
The resulting model compounds show different colors from yellow (2-25) to orange (226), to bright red (2-27) in the solid state. Figure 2. 11 illustrates the corresponding
UV/vis absorption and fluorescence spectra in chloroform solutions of these model
compounds. The absorption maxima are 376 nm for 2-25, 407 nm for 2-26 and 477 nm
for 2-27. Each spectrum also contains a very low intensity shoulder of the low-energy
side of the absorption profile. The estimated onset absorptions were shifted
bathochromically from 2-25 (472 nm) via 2-26 (512 nm) to 2-27 (606 nm); therefore the
HOMO-LUMO gaps were decreased with the increasing donating ability of donor parts,
which follow a same trend observed in the NBI based chromophores.118
Recently, Shinmyozu119 reported a compound which is similar to 2-25, differing only
in the identity of the alkyl chains attached to the imide nitrogens. After extensive
theoretical calculation, they assigned the absorption maximum to the HOMO Æ
LUMO+1 transition and the longer wavelength shoulder to the HOMO Æ LUMO
transition. Based on their calculation, HOMO and LUMO+1 were delocalized over
phenylene ethynylene scaffold, while LUMO was mainly localized on the PMBI unit
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along the axis containing the two imide nitrogens. Therefore, the oscillator strength of the
HOMO Æ LUMO transition will be significantly lower than HOMO Æ LUMO+1
transition due to the symmetry of orbitals, which are in a good agreement with the trend
in the observed absorption efficiencies. Although no calculations have been conducted
for the model compounds reported here, we believe the more intense absorptions at
higher energy are likely due to HOMO Æ LUMO + n, or HOMO – n Æ LUMO
transitions, similar to Shynmiozu’s results. The fine structure (high-energy shoulder) in
the absorption spectra of 2-25 and 2-26 come from the vibration states within these
transitions. Lack of fine structure in the absorption spectrum of 2-27 might just be due to
broadening of the thermal population of states involving torsion about the aryl C-NMe2
bond.

Figure 2. 11 Normalized UV-vis (left, 10-6 M in CHCl3) and photoluminescence spectra
(right, 10-8 M in CHCl3; wavelength of excitation is wavelength of absorption maxima
plus 10 nm) of model compounds: 2-25 (red), 2-26 (green) and 2-27 (blue).

In the photoluminescence spectra, bathochromic shifts were also observed as the
electron donating abilities of donor units were increased. Although no quantum yields
were measured for these models, photoluminescence visible to the naked eye was
dramatically decreased from 2-25 to 2-26 to 2-27. This can be attributed to enhanced
charge transfer (CT) character when a stronger donor was coupled with PMBI core,
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which will lead to photoluminescence quenching.120 During the coupling reaction to form
2-27, simply mixing the starting materials 4-ethynyl-N, N-dimethylaniline with 2-4
produced a deep purple color suggesting an intermolecular charge-transfer complex. The
high conversions noted during the synthesis of these model compounds, and their optical
properties established that high molecular weight PMBI-based PPEs with variable optical
energy gaps can be prepared, which will be described below.

2. 2. 4 Synthesis of PMBI-based poly(phenylene ethynylene)s (PPEs)
Comonomers were individually combined with dibromo-PMBI 2-4 in 1:1
stoichiometric ratio and Sonogashira coupling was induced with Pd2(dba)3/PPh3 and CuI
in a mixture of diisopropyl amine (DIPA) and toluene. Attempted copolymerizations of
monomer 2-4 with electron deficient comonomers 2-5 or 2-6 failed to give high
molecular weight polymers, even after stirring at 80 °C for one week. The electronic
deficiency of acetylene monomers 2-5 and 2-6 may prevent the transmetalation step in
the palladium cycle. This is the typical barrier that has limited the number of conjugated
polymers, composed entirely of electron-accepting units, which can’t be easily
synthesized by transition-metal catalyzed coupling. The total number of synthetic steps
necessary to produce the library of monomers in Figure 2. 7 would have been greatly
reduced if the acetylene groups were simply installed a single time on PMBI, rather than
on each of the donor monomers. However, the copolymerizations of electron-accepting
alkynes with electron-donating aryl bromides would probably have been generally much
less effective or completely ineffective as noted above with using monomers 2-5 and 2-6.
PMBI-based alternating D-A PPEs 2-P1 to 2-P7 were easily synthesized (Figure 2.
12) as the combination of electron-donating alkynes and electron-accepting aryl bromides
favors the Pd-mediated coupling. The solubility of these polymers highly depends on the
volume fraction of alkyl chains, their relative placement along the polymer backbone and
the symmetry of their placement around the monomer units. Polymers 2-P1, 2-P2 and 2P3 were almost completely insoluble in any organic solvent even at elevated temperature
(such as 150 °C in o-dichlorobenzene), precluding their characterization by typical
solution spectroscopic techniques. Additive intermolecular interactions between
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alternating donor/acceptor units and the semi-rigid backbone structure limit their
solubility and processability. Moderate solubility of 2-P2, at least of a low molecular
weight fraction, allowed characterization by GPC and UV-Vis spectroscopy.
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Figure 2. 12 Synthetic route to PMBI-based PPEs. Reagents and conditions: i: Pd2(dba)3,
PPh3, CuI, DIPA, toluene, 80 °C.

Figure 2. 13 1H NMR (CDCl3) spectrum of polymer 2-P7 (* residual CHCl3).
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There are several interesting qualitative differences in solubility as a function of
substitution pattern. Polymer 2-P4 has higher solubility that 2-P2, despite having a lower
side-chain volume fraction. Its side-chains carry bulkier ethyl branches in close proximity
to the polymer backbone. 2-P5 is likewise more soluble than 2-P2, despite the fact that its
side chains are n-alkyl and lack more solubilizing branched chains. However, the
symmetry of the donor monomer is reduced in the former. Polymer 2-P7, with its very
high side-chain volume fraction and great steric bulk in the vicinity of the backbone, is
understandably the most soluble. This allowed collection of the only reasonably wellresolved 1H NMR (Figure 2. 13) and 13C NMR spectra at room temperature.
The strong aggregation behavior of the remaining D-A PPEs prevented collection of
resolved NMR spectra. Regardless of the nature of the deuterated solvent (chloroform,
benzene, pyridine, dichlorobenzene, 1,1,2,2-tetrachloroethane) or temperatures (up to 130
ºC), the signals within the 1H NMR spectra of 2-P4 were very broad. Our hypothesis for
the line broadening is due to the extremely strong aggregation behavior in solution and is
exacerbated by the slow rotational correlation time of the polymer chains. The ability of
different solvents to decrease aggregation could be screened simply by visible
observation. A decrease in aggregation in solution is indicated by a blue shift in
absorption; that is, a change in color from red to yellow (Figure 2. 18). Of the
approximately 30 different solvents evaluated, only aromatic hydrocarbons, chlorinated
aromatic hydrocarbons, THF and chloroform could dissolve the polymer. None of these
could provide solutions where the polymers are fully solvated (no aggregation). Only at
extremely low concentration and very high temperatures can we observe the
disappearance of the red color which is associated with aggregation.
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toluene, 80 °C, 48 h; b) excess phenylacetylene, 80 °C, 48 h. 2-4:2-10 = 1.2:1 (2-P4-a)
and 1.1:1 (2-P4-b).
In hopes of decreasing aggregation for the sake of structure-proof, lower molecular
weight versions of polymer of 2-P4 were prepared (Figure 2. 14). The hypothetical
degree of polymerization can be controlled by deviating from 1:1 stoichiometry of the
two monomers. The degree of polymerization (Pn) as a function of the stoichiometry of
two difunctional monomers is described by the following version of the Carothers
equation: Pn = (1+r)/(1-r), where r is the ratio of limiting to excess monomer.115 Two
separate polymerizations were carried out with ratios of the two monomers (2-4:2-10) =
1.2:1 and 1.1:1, to give 2-P4-a and 2-P4-b, respectively. After 48 hours reaction time,
phenyl acetylene was added as a monofunctional end-capper. The Carothers equation
predicts that these two polymers should have average degrees of polymerization of
approximately 11 (2-P4-a) and 21 (2-P4-a) repeat units. However, the version of
Carothers equation employed here assumes 100% conversion of the functional groups in
a productive manner. One can expect deviation here from this ideal situation, due to side
reactions like debromination. Estimation of molecular weight by GPC gave Mn = 9.3 kDa
(PDI=3.94) and Mn = 13.6 kDa (PDI=4.30) for 2-P4-a and 2-P4-b respectively; and the
calculated degrees of polymerization are 11 (2-P4-a) and 17 (2-P4-b). However, solution
1

H NMR spectra collected at temperatures up to 130 °C were essentially the same as for

the higher molecular weight 2-P4 produced with 1:1 monomer stoichiometry. 1H NMR
spectra at 160 ºC in 1,2-dichlorobenzene-d4 were collected by Manfred Wagner at the
Max-Planck Institute for Polymer Research. Reasonably resolved spectra (Figure 2. 15)
provide some degree of structure proof. There is significant deviation from the expected
ratios of integral values for protons attached to side chains and the main chain. This can
be expected due to widely varying differences in relaxation times. However, no spurious
peaks are observed. In the region downfield of 7 ppm, the only signals observed are those
expected from the repeating unit and the phenylacetylene end-groups.
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Figure 2. 15 1H NMR (1,2-dichlorobenzene-d4, 160 °C) spectra of polymer 2-P4-a (*
solvent peak).

Figure 2. 16 MALDI-MS spectrum of polymer 2-P4-a.

We turned to MALDI-MS (matrix-assisted laser desorption ionization mass
spectrometry) to support the proposed repeating structure of 2-P4-a. The sample was
prepared by the evaporation-grinding method using dithranol as matrix, doped with
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potassium

trifluoroacetate

(KTFA)

(A

molar

mixing

ratio

of

25:1:1

for

matrix:salt:sample).121 The spectrum confirmed the presence of polymeric chains with
mass up to near 16000 amu (Figure 2.16). The peak at m/z=1461 matches the molecular
weight when n=1 in Figure 2. 14, and the spacing between two adjacent peaks is ~819
amu, which corresponds to the calculated molecular weight of one repeat unit. The tiny
deviation from the calculated molecular weight of the following peak is due to calibration
with dissimilar standards and matrix. This supports our conclusion that the complicated
NMR spectra arise from aggregation and not from ill-defined polymer chemical
structures.
Table 2. 1 Properties of PMBI-based PPEs.
yield (%) Mn (KDa)a λmax (soln)b λmax (film)c λonset (film)c Egopt

a

d

[PDI]

(nm)

(nm)

(nm)

(eV)

Color

2-P2

43

5.4 [1.49]

490

493

539

2.30

brown

2-P4

99

70.5 [3.6]

555

555

589

2.10

red

2-P5

98

21.3 [3.9]

581

586

656

1.89

blue

2-P6

96

24.5 [3.8]

597

598

664

1.86

blue

2-P7

92

15.7 [2.2]

612

627

832

1.49

green

GPC vs polystyrene standards.

(1mg/ml). d Eg

opt

b

10-5 M in CHCl3.

c

spun-cast from toluene solution

= 1240/ λonset.

2. 3 Optical properties of polymers

2. 3. 1 Electron effect of donor monomers on optical properties of polymers
One of the main goals of this study is to engineer the optical properties of PPEs.
Solution and thin-film UV-vis absorption and photoluminescence spectra were acquired
from all of the soluble polymers described above (Figure 2. 17). All these polymers share
PMBI as the electron acceptor unit, therefore, the absorption and emission spectra profile
highly depends on the donor monomer used in the D-A polymers. The longestwavelength maxima of the absorption and fluorescence spectra systematically shift

49

towards the red in the order 2-P2Æ2-P4Æ2-P5Æ2-P7 (2-P6 is a special case and will be
compared separately to 2-P5 below).

Figure 2. 17 Absorption (left) and photoluminescence (right; wavelength of excitation is
wavelength of absorption maxima plus 10 nm) spectra of PMBI-based PPEs from
solution (dashed line, 10-6 M in CHCl3 for absorption and 10-8 M in CHCl3 for emission)
and film (solid line): 2-P2 (cyan line); 2-P4 (blue line); 2-P5 (green line); 2-P7 (red line).
Across the series, the absorption maxima in chloroform solution shift as follows: 490
nm (2-P2); 555 nm (2-P4); 581 nm (2-P5) and 612 nm (2-P7). The absorption spectra
from polymer films follow the same trend. The origin of the red-shift in the absorption
spectra is due to the increased electron donating ability of donor monomers from dialkyl
arylene (2-P2) to dialkoxy arylene (2-P4) and mono-amino arylene (2-P5) to diamino
arylene (2-P7). In the D-A polymer series, increasing the electron donating ability of
donor monomers will raise the HOMO level of the polymers, thereby reducing the
HOMO-LUMO gap. The HOMO energy levels estimated from CV measurements will be
discussed below. The HOMO-LUMO gap changes in these polymers follow the same
trend observed in the model compounds (3-25–3-27): increasing donating ability of the
donor lowers the gap. There is also some similarity in the absorption profiles: 2-P2
containing the most weakly donating donor monomer displays some fine structure, while
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dialkoxybenzene-containing PPE (2-P4) shows just a weakly discernable shoulder, and
finally amino-containing PPEs (2-P5 and 2-P7) have broad and featureless absorption
profiles. In the PPE absorption profiles, we can’t see the obvious shoulders at longer
wavelength which were observed in the spectra of the model compounds. However,
detailed interpretation of these results is complicated by the knowledge that these
polymers aggregate to differing degrees in solution.
The optical band gaps (Egopt) of the PPEs, estimated from the low-energy onset of
absorption, are decreased as the electron density on the donor monomers is increased:
2.30 eV (2-P2); 2.10 eV (2-P4); 1.89 eV (2-P5) and 1.49 eV (2-P7). This trend is also
reflected in the colors of these polymers in the solid state (Table 2. 1). Interestingly, 2-P4
displays a golden metallic luster in the solid state. Such metallic luster was also reported
separately for Yamamoto’s100 and Bunz’s99

benzothiadiazole-based

alternating

donor/acceptor PPEs. In comparison to the relatively large band gaps reported for most
PPEs in the literature79, 84, these PMBI-based polymers demonstrated rather narrow Egopt
and that of 2-P7 seems to be the lowest ever reported for a PPE79, 84. Provided that other
important requirements are met, these low band gaps suggest that these polymers should
be considered as photovoltaic materials.6
From the photoluminescence (PL) measurements, the trend in λmax of emission peaks
versus donor strength followed the same trend as observed for absorption, going from
524 nm (2-P2) to 679 nm (2-P5) in solution. Although no fluorescence quantum yields
were measured, all polymers show barely visible photoluminescence in both solution and
in film state. There was a systematic decrease in fluorescence intensity as the electronic
donating ability of donor monomers was increased; PL could not be measured at all from
2-P7. The ordering correlates approximately with the emission energy, i.e. fluorescence
quantum yield decreases as emission energy deceases. This systematic decrease in PL can
be attributed to two factors: aggregation-induced quenching122 and charge-transfer
induced quenching120; both lead to localization of excitons with a concomitant decrease
of radiative decay rate. This favors pathways for rapid nonradiative decay of fluorescence
excitons, which result in fluorescence quenching.123
On going from solution to solid-state the absorption profiles changed very little in
terms of shape or position. This indicates that the environment of the polymers in
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“solution” does not differ greatly from the solid state. In other words, the polymers are
likely extensively aggregated in “solution”. Small red-shifts can be attributed to slightly
increased intermolecular interaction and rigidification in the film state. The additive
intermolecular interactions between donor and acceptor units in solution may enforce the
polymer backbones to adopt coplanar structures even under very dilute conditions at
room temperature.

Figure 2. 18 Thermochromism of 2-P4 solution (10-6 M in o-DCB) at room temperature
(red solution and green line) and 150 °C (yellow solution and blue line).

As seen in Figure 2. 17, the spectrum of 2-P4 is relatively sharp at room temperature
which is unusual for polymers in the solution state. In molecularly dissolved solutions,
absorption spectra are usually broad and featureless as a consequence of random thermal
population of rotational states. The sharp and structured absorption profile indicated
chain aggregation which is signaled by red-shift and narrowing of the spectrum due to the
intermolecular stacking.124, 125 Although no systemic study could be conducted with the
currently available equipment, polymer 2-P4 was shown to exhibit significant
thermochromism in high boiling solvents (Figure 2. 18). A dilute solution of 2-P4 in
ortho-dichlorobenzene (o-DCB) was heated to approximately 150 °C, upon which the red
solution abruptly changed to yellow. The sample was rapidly scanned (600 nm/min) in
order to minimize cooling during the course of the measurement. The absorption
maximum was blue-shifted by ~50 nm from room temperature to 150 °C solution.
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Therefore, the strong aggregation in solution enforces 2-P4 to adopt similar structure as
in the film state. The visible color and absorption spectrum of this heated solution return
closely resemble the original solution after cooling back to room temperature.

2. 3. 2 Optical effect potentially arising from intramolecular H-bonding

Figure 2. 19 UV-vis absorption spectra of 2-P5 (blue line) and 2-P6 (green line) in
solution (dashed line, 10-6 M in CHCl3) and film (solid line) normalized based on the
longest-wavelength absorption maxima.
Based solely on the trend observed for the optical energy gaps of these D-A polymers
versus the donor strength, one would predict that the Egopt of 2-P5 would be lower than
that of 2-P6, since a dialkyl amino group should be more strongly donating than a
monoalkyl amino group. Instead, we see that 2-P5 and 2-P6 have essentially the same
Egopt in the solid state (Table 2. 1). The λmax of absorption for 2-P6 is slightly but
noticeably red-shifted compared to 2-P5 (Figure 2. 19), which is red-shifted by 16 nm in
solution and 12 nm in solid state in comparison to that of 2-P5. The absorption profile of
2-P6 also undergoes much less significant change on going from solution to solid state.
This difference is tentatively attributed to the ability of 2-P6 to form intramolecular
hydrogen bonds between amino and carbonyl substituents, thus rigidifying the backbone
already in solution. Zhao126 demonstrated similar hydrogen bonding between pendant
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amine and ester groups, which induced higher conjugation in oligo(p-phenylene
ethynylene)s. One can not however rule out the obvious differences in steric bulk in the
vicinity of 2-P5 and 2-P6 polymer backbones.

2. 4 Electrochemistry of polymers
HOMO and LUMO energy levels of materials are critical for efficiency and lifetime in
their device performance.127, 128 The band structures of the new PMBI-based PPEs were
investigated using cyclic voltammetry (CV) of polymer films and their related data are
summarized in Table 2. 2. Figure 2. 20 shows their cyclic voltammograms and their
corresponding diagram of energy levels was depicted in Figire 2. 21. From Figure 2. 20,
all these PMBI-based polymers show two reversible or quasireversible reduction peaks
with their first half-wave potentials of about -1.20 V (vs Fc/Fc+). From the first half-wave
potentials, the LUMO levels of the polymers can be estimated by taking Fc/Fc+ is -4.8
eV vs vaccum using the following equation: ELUMO= -4.8-E1/21red.129 The results indicate
all these polymers have same LUMO energy levels (-3.50

_

-3.60 eV), within the

experimental error, which are comparable to the LUMO energy level of 2-5 (-3.68 eV).
Therefore, the variation of donor monomers has almost no effect on the electron affinity
(EA) of the polymers. This is because all polymers share the PMBI as the electron
deficient unit and the LUMO likely localizes on the PMBI along the axis containing two
nitrogen atoms, similar to the case of the model compounds reported by Kato.119 CV
measurement of N,N’-bis(2-ethylhexyl)pyromellitic bisimide (PMBI) indicates it has a
LUMO energy level of -3.62 eV LUMO, which is in good agreement with reported data
for other pyromellitic diimide derivatives.105, 130 Comparison of cyclic voltammograms
and LUMO levels of PMBI and 2-5, the diethynylene groups increased the electron
affinity of 2-5 by 0.06 V, which indicates electron withdrawing ability of ethynylene
group. The low lying LUMO levels of PMBI and PMBI-based polymers may make them
promising as n-type organic semiconductors. In contrast to the reversible reduction peaks,
these PMBI-based PPEs almost didn’t show visible oxidation peaks within our
experimental window (-2.0 V to 2.0 V), which indicate the difficulty of oxidation of these
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PMBI-based polymers. Therefore the HOMO energy levels were calculated from their
optical band gaps and LUMO levels based on the following equation: EHOMO=ELUMO-Egopt.

Figure 2. 20 Cyclic voltammograms of PMBI and compound 2-5 as solution in
dichloromethane (top) and polymers as thin films (bottom) in 0.1 M (n-Bu)4N.PF6
acetonitrile solution. Working electrode = Pt; counter electrode = Pt wire; reference
electrode = silver wire; Scanning rate = 50 mV/s.
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Table 2. 2 Electrochemical data of PMBI, 2-5 and polymers.a

a

E1/21red b (V)

E1/22red b (V)

ELUMOc (eV)

EHOMOd (eV)

Egopt (eV)

PMBI

-1.18

-1.82

-3.62

N/A

N/A

2-5

-1.12

-1.76

-3.68

N/A

N/A

2-P2

-1.23

-1.79

-3.57

-5.87

2.30

2-P4

-1.25

-1.82

-3.55

-5.65

2.10

2-P5

-1.22

-1.76

-3.58

-5.47

1.89

2-P6

-1.23

-1.77

-3.57

-5.43

1.86

2-P7

-1.25

-1.86

-3.55

-5.04

1.49

Experimental conditions: 0.1 M (n-Bu)4N.PF6 in acetonitrile as supporting electrolyte,

platinum disc as working electrode, platinum wire as counter electrode, silver wire as
reference electrode and Fc/Fc+ as internal reference, scanning rate: 50 mV/s;

All

measurements conducted on solution-cast thin films, except PMBI and 2-5 which was
measured in dichloromethane solution.
(Fc/Fc+: -4.8 eV vs vacuum).

c

b

values for (Epa+Epc)/2 in eV versus Fc/Fc+

ELUMO= -4.8-E1/21red. d EHOMO = ELUMO-Egopt.

e

Egopt =

1240/λonset.

Figure 2. 21 Energy levels of polymers 2-P2, 2-P4, 2-P5, 2-P6 and 2-P7 (LUMO levels
were calculated from CV measurements of polymer films, HOMO levels were calculated
from their optical band gap Egopt and LUMO elevels; every sample was measured at least
three times for error; PMBI and compound 2-5 was listed for comparison which were
measured in their dichloromethane solution).
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2. 5 Conclusion
For the first time, pyromellitic bisimide (PMBI) was used as electron accepting units
within a series of alternating D-A PPEs with variable band gaps. In comparison to the
broad band gap PPEs in the literature, these PPEs have relatively narrow Egopt due to
strong push-pull interaction. Across the series, the polymers maximum wavelength of
absorption is tunable over a broad range as a function of electron density of the donor
monomers. One of polymers (2-P7) demonstrated Egopt as low as 1.59 eV, which seems to
represent the lowest value reported for any PPE. The very broad absorption profile of 2P7 extends from the UV, overlaps the peak of photon flux from solar irradiation, and
extends into the near IR, suggesting that this polymer should be evaluated for
photovoltaics applications. Optical and solution NMR measurements all point to very
extensive aggregation in solution, indicating that the D-A approach was also effective in
enhancing pi-stacking of the polymeric backbones.

Copyright © Xugang Guo 2009
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Chapter 3 Conjugated polymers from naphthalene bisimide (NBI) for n-type
and ambipolar polymeric semiconductors

3. 1 Introduction
After about 20 years of extensive research efforts from synthetic chemists, device
physicists and engineers, p-type transistors based on organic semiconductors with
performance sufficient for commercialization have been realized.131, 132 Performance of
these p-type organic semiconductors is approaching that of amorphous silicon, with hole
mobility greater than 0.1 cm2/Vs and Ion/Ioff greater than 106.35,

133

However, the

performance of n-type organic semiconductors is far behind p-type organic
semiconductors.41 Several reasons account for the lagging development of n-type organic
semiconductors.42 First, metals (Ag, Au, Pt or other noble metals) used for source/drain
electrodes have work functions matching better with the range of HOMO energies of
typical organic semiconducting materials. Therefore, hole injection into the HOMO is
more easily achieved than electron injection into the LUMO. Thus, the Mott-Schottky
barrier between electrode and organic semiconductor interface is usually high, which
leads to poor charge injection and non-ohmic contacts.41 On the other hand, low workfunction metals (such as Al, Mg or Ca), which present a lower barrier to electron
injection into the LUMO, are readily oxidized and readily form reactive complexes with
organic semiconductors.41
Rather than change the metal electrode, one can change the organic semiconductor by
attaching electron-withdrawing groups that increase electron affinity and lower the
LUMO level to bring it closer in energy to the electrode work function. However, the
susceptibility of organic radical anions, produced upon electron injection into the organic
charge-transport layer, to undergo redox chemistry with atmospheric species such as O2,
H2O still represents a vulnerability.134 Atmospheric oxidants, as well as reactive sites on
the substrate (e.g. SiOH groups of SiO2 dielectrics),29, 135 can function as electron traps
and increase the degradation of transport properties of organic semiconductors.41
Developing new materials and optimizing device engineering have improved
performance of n-type organic semiconductors in the past decade, which are imperative
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considering low power consumption and fast switching speed for their applications in
OLEDs, p-n junctions, bipolar OFETs, and complementary integrated circuits.136-138
As mentioned above, a common strategy to develop n-type transistors based on organic
semiconductors is to tune orbital energetics of the materials139 with electron-withdrawing
groups like fluorine,140 cyano,141,

142

carbonyl57 and imide groups.35,
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Materials

functionalized with these groups have demonstrated increasing n-type device
performance and stability.35, 42 It is necessary to point out that air instability of n-type
organic semiconductors does not necessarily relate to chemical decomposition of the
organic semiconductors themselves under atmospheric conditions. Many n-type materials
demonstrate intrinsic chemical stability when stored under air and yet devices constructed
from them perform well only under inert atmosphere. The air stability of organic
semiconductors has more specific meaning in relation to device performance, which
means device performance metrics do not degrade over time, e.g. carrier mobility, Ion/Ioff
ratio as well as threshold voltage. Sometimes degradation in ambient performance can be
reversed upon applying vacuum, revealing that the degradation is not due to irreversible
chemical reactions.144
In order to increase the device performance of n-type OFETs, another strategy is to
prevent trapping species from reaching the charge transport channel; e.g. fabricating
devices under vacuum or inert atmosphere and employing device encapsulation.
Considering the ultimate goal of organic semiconductor is to fabricate devices at low cost
with simple processing,145 this strategy involving added fabrication costs would put
organic semiconductor in a less competitive status relative to inorganic semiconductors.
The charge-transport layer can be largely protected from trap sites on the substrate by
appropriate “trap-free” dielectrics,29 or coating trap-rich dielectrics like SiO2 with alkyl
groups.
Another strategy to prevent trapping species from diffusing into the conducting
channels of transistors is to engineer the crystallographic packing of organic
semiconductors in a dense motif; therefore trapping species can’t penetrate the
semiconductor film easily.146 Figure 3. 1 demonstrates crystallographic packing of
perylene bisimide (PBI) organic semiconductors with different substituents.139
Replacement of hydrocarbon substituents of the imide nitrogen with fluorinated ones
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does not significantly affect HOMO and LUMO energy levels since there are orbital
nodes located on the imide nitrogen atoms. Although the exact cause is still under debate,
these and other materials carrying fluoroalkyl substituents provide n-type OFETs with
greater ambient stability. One proposal is that the fluorinated side chains provide a kinetic
barrier to penetration of ambient oxidants into the film.139 Katz used this strategy to
increase the ambient stability of n-type OFETs prepared from naphthalene bisimides
(NBI) carrying fluorocarbon substituents on their imide nitrogens.146 Bao also
demonstrated air stable n-type OFETs using fluorinated phthalocyanines F16CuPc.147, 148

Figure 3. 1 Space-filling model taken from the published crystal structures of two PBIbased dimers: the model of air-unstable N,N’-pentyl-PBI (left) depicts the channels
between alkyl chains for penetration of ambient oxidants; the model of air-stable PBIFCN2 (right) depicts a significant channel contraction between the fluoroalkyl chain,
which presents a kinetic barrier to penetration of ambient oxidant (Reprinted with
permission from reference 139. Copyright 2007 American Chemical Society).139
However, neither encapsulation nor dense crystal packing is perfect. Increasing
intrinsic thermodynamic stability of organic charge carriers to trapping species is a more
practical and fail-proof strategy for application of organic semiconductors in OFETs,
which will also eliminate the cost associated with encapsulation. de Leeuw investigated
vulnerability of n-type charge carriers to ambient trapping species such as H2O, O2 and
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ozone.149 The results indicate that reduction potentials more positive than -0.66 V and
0.57 V vs SCE are necessary to prevent redox chemistry with H2O and O2,
respectively.134, 149 Conversion of these values to electron affinity (EA) reveals that EA’s
of approximately 4.0 eV and 5.2 eV are required for stability against redox chemistry
with H2O and O2, respectively. Based on these theoretical studies, various organic
semiconductors satisfy the requirement of stability against H2O oxidation.139

Figure 3. 2 LUMO energy levels of various organic molecules providing n-type OFETs.
The red line corresponds to a LUMO energy level of 3.98 eV, the borderline for stability
against redox chemistry with water; the calculated redox potential (-0.658 V vs SCE) for
water reduction at pH=7. The green arrow indicates the LUMO level range for unstable
n-type materials toward ambient air. The blue arrow indicates the LUMO level range for
air-stable n-type materials.149
The relatively high theoretical EA required for stability of organic anions against
oxidation by O2 is difficult to achieve. Furthermore, a material with such high EA could
pull electrons from its surroundings, leading to unintentional doping when the device is in
the “off” state and high off currents. A good agreement between experimental results and
the theoretical value for stability (vs H2O oxidation) has been observed (Figure 3. 2).149
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de Leeuw realistically reports that it is unclear whether instability of n-type organic
semiconductors is solely due to H2O or due to a combination of various atmospheric
oxidants, i.e., H2O, O2, H2O2 and ozone, etc.149 It turns out though that such a positive
reduction potential value is not always necessary for stability, as large over potentials of
~0.5-1.0 V150, 151 (free energy of activation) for the oxidation of organic radical anions by
atmospheric species provides additional stability.
Arylene imides have become one of the most important and studied classes of n-type
organic semiconductors,104, 152, 153 due to their high electron affinity and charge transport
properties. With proper molecular functionalization and optimization of device
architecture, these materials have demonstrated ambient OFET operational mobility.
Various arylene imide derivatives with different core size were prepared; and their
transistor performance was evaluated. The derived conclusions139 from investigation of
the relation between ambient device stability and the energetics of these materials are in
good agreement with de Leeuw’s studies described above.149
Although impressive device performance has been achieved from imide-functionalized
organic small molecules, at the outset of the work reported in this dissertation there were
very few reported conjugated polymers built from imide-functionalized arylenes, and
even fewer which had been evaluated in electronic devices (see discussion in chapter 1).
An obvious reason for turning to polymers, rather than small molecules, is to enhance
film-forming properties. Figure 3. 3 summarizes reported imide-based polymers used as
n-type semiconductors for OFETs. Recently, Seth Marder and others reported polymer a
(Figure 3. 3) with perylene bisimide (PBI) incorporated directly into a conjugated
polymeric backbone.154,
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This material provided relatively good n-type OFET

performance in inert atmosphere with electron mobility of 0.01 cm2/Vs using silver as
electrode in bottom-gate/top-contact devices. PCE slightly greater than 1% was achieved
using these materials as electron accepting material in PVDs. Thelakkat demonstrated ntype performance from non-conjugated polymer b (Figure 3. 3) carrying PBI as a
pendant group with electron mobility of 0.001 cm2/Vs.156 Electron mobilities of 0.01
cm2/Vs were also reported for polymer c (Figure 3. 3), which is based on imidefunctionalized bithiophene.157 Jenekhe reported a ladder polymer d (Figure 3. 3) with
imide-like structure, which demonstrated high electron mobility of 0.1 cm2/Vs. These
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materials demonstrated relative low electron mobilities in comparison to vapor-deposited
n-type semiconductors, but they represent some of the best performance from n-type
polymer semiconductors.
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Figure 3. 3 Chemical structures of n-type polymer semiconductors with electron mobility
(10-3-10-1 cm2/Vs) built from imide (or imide-like)-functionalized arylenes.58, 154-157
The results reported for PBI-based polymer a (Figure 3. 3) established the promise of
the approach of including arylene imides into conjugated polymer backbones. However,
there are several potential drawbacks to using PBI, as opposed to smaller arylene
bisimides like naphthalene bisimide (NBI, the subject of this chapter). NBI can impart the
same beneficial electronic properties provided by PBI (e.g. nearly identical low-lying
LUMO energy158) without PBI’s drawbacks. These drawbacks will be described below,
and contrasted with the benefits of choosing NBI as an alternative to PBI. These
proposed benefits of choosing NBI are proven by this body of work, as well as very
recent independent publications of device studies carried out by others.159, 160
First, PBI has a relatively large rigid aromatic core, which decreases the solubility of
polymers built from it. As we know, solubility plays an important role in device
fabrication and performance. Unlike small molecules, polymers can’t be processed from
the vapor phase on a practical scale with current technology. Therefore solution-based
processing technology is the only currently viable method to pattern polymeric materials.
There are some exceptions, in which dispersions of polymeric particles in organic
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solvents have been processed to produce thin layers for devices.71,

161

For device

applications, materials should form high quality films that provide a continuous channel
for charge carrier transport. Furthermore, solubility can limit polymer molecular weight
(and vice versa). For solution polymerizations like those used to prepare the types of
polymers discussed here, low solubility leads to precipitation at low conversion, thereby
limiting molecular weight. Kline reported that the molecular weight of regioregular
poly(3-hexylthiophene), or rr-P3HT is crucial for carrier mobility; one order-ofmagnitude difference in molecular weight leads to several orders-of-magnitude difference
in carrier mobility.162 This chapter describes the production of (very) high molecular
weight, soluble conjugated copolymers based on NBI.
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Figure 3. 4 Isomeric products formed in bromination and subsequent imidization of
perylene bisanhydride: i. Br2, I2, 100% H2SO4; ii. C6H13NH2, N-methylpyrrolidinone.163
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Figure 3. 5 1H NMR (600 MHz) monitoring of recrystallization of dibromo PBI: a) assynthesized regioisomeric mixture of 1,7-dibromo PBI e and 1,6-dibromo PBI f; b) after
one time recrystallization; c) after two time recrystallizations; d) spectrum of compounds
concentrated from mother liquor after first recrystallization ((Reprinted with permission
from reference 163. Copyright 2004 American Chemical Society).163
Second, the regiochemistry of the PBI-based polymer a (Figure 3. 3) reported by
Marder is ill-defined. This is because the requisite 1,7-dibromo-PBI monomer e (Figure
3. 4) is contaminated by a regioisomer f (Figure 3. 4), as previously detailed by
Wuerthner.163 Characterization of related dibrominated PBI derivatives via 400 MHz
NMR could not reveal the impurities, while 600 MHz 1H NMR clearly indicated the
problem (Figure 3. 5). The 1,7-dibromo PBI could not be separated from its 1,6-dibromo
PBI isomer by chromatographic techniques. After three successive recrystallizations,
regioisomerically pure 1,7-dibromo PBI can be obtained, and single-crystal X-ray
analysis confirmed the structure. In contrast to dibromo PBI, we can easily isolate 2,6dibromo NBI derivatives in regioisomerically pure form via simple flash chromatography.
Finally, another potential advantage of using NBI as building block is enhanced
electronic conjugation along the polymer backbone. The covalent linkages between the
PBI cores and dithienothiophene units of Marder’s polymer a (Figure 3. 3) are located in
the sterically hindered “bay” positions of PBI. Steric hindrance likely increases torsion
about these bonds, decreasing conjugation, while it may be greatly reduced at the 2,6positions of NBI. Further, the oxygen atoms of carbonyl groups on the NBI core can
participate in attractive interactions with sulfur atoms of thiophene-based comonomers.164,
165

Therefore NBI-based copolymers with thiophene-based comonomers could have

higher conjugation and therefore stronger spatial π-orbital overlap facilitating charge
transport. This chapter reports the preparation and characterization of several NBI-based
polymers which apparently have highly extended conjugation. Enhanced conjugation
relative to PBI-based polymers is indicated by the optical properties of a direct NBI
analogue to Marder’s dithienonthiophene-PBI copolymer a (Figure 3. 3).
In the work described in this chapter, NBI was used as a building block for conjugated
polymers, and the donor-acceptor strategy166-168 described in chapter 1 was employed to
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tailor band gap and frontier molecular orbital (FMO) energy levels. Some of the polymers
lead to n-type transistors which operate in ambient atmosphere, due to the high electron
affinity of the NBI core, which places it just on the borderline for ambient-stable n-type
OFETs. Thiophene derivatives are incorporated into the polymer backbones as donor
units. Thiophene-based oligomers and polymers have been one of the most important and
widely studied materials in the organic semiconductor field20 due to in part to the ease of
tuning their electron-donating properties, functionalization, solubility, and propensity to
self-assemble.35, 38 From a synthetic point of view, and as discussed in chapter 2, the
electronic properties of electron donating thiophene-based comonomers together with the
electron-accepting bromo-NBIs favor high conversion in transition metal mediated
coupling reactions,80 leading to high molecular weight polymers. The emphasis of the
project is to investigate structure-property relationships of NBI copolymers with
thiophene derivatives. Brief descriptions of the synthesis and preliminary device studies
(field-effect transistors) will also be covered. The results of collaborative device studies
prove that this design approach is effective for producing n-type and ambipolar OFETs
which operate under ambient conditions. Near the conclusion of this project, other studies
reported160 by an industrial research group revealed remarkable ambient n-type
performance169 from OFETs based on independently prepared similar polymers.

3. 2 Synthesis of 2, 6-dibromonaphthalene bisimides (Br2-NBI), thiophene-based
comonomers and NBI based polymers

3. 2. 1 Synthesis of 2, 6-dibromonaphthalene bisimides (Br2-NBI) 3-2
The synthesis of Br2-NBI is depicted in the Figure 3. 6. Bromination of commercially
available naphthalene bisanhydride (NBA) by electrophilic aromatic substitution requires
rather harsh conditions due to the very electron-depleted nature of the naphthalene core.
Bromination of NBA in harsh reaction media, such as Br2/I2 in oleum (20% free SO3),
cannot effectively produce dibromo-NBA as product. It has been reported170 that NBA
can

be

selectively

and

quantitatively
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brominated

at

its

2,6-positions

with

dibromoisocyanuric acid (DBI)171 in concentrated sulfuric acid at 130 °C; but we were
not able to reproduce these results. By following a published procedure,172 bromination of
NBA can be achieved in oleum (20% free SO3) at room temperature using DBI, which
has been known as a powerful brominating agent for aromatic compounds strongly
deactivated by electron withdrawing substituents.173 Using 1.6 equivalent amount of DBI
gives a mixture of NBAs with varying levels of bromination, including monobromo-,
dibromo-, and tribromo-products. The mixture can be used without purification for the
subsequent imidization and 2,6-dibromo NBIs 3-2 with high purities can be easily
separated after simple flash chromatography. 1H and

13

C NMR spectra of 3-2 indicate

their high purities after chromatography. Like all other solid monomers reported in this
dissertation, they were also further purified by recrystallization before polymerization, in
order to maximize purity beyond detection limits. In order to ensure sufficient solubility
of polymers, different amines were used for condensation with 2,6-dibromo NDA 3-1 to
produce different Br2-NBIs. 2-ethylhexylamine is commercially available, while 2butyloctylamine and 2-decyltetradecylamine were prepared via the Gabriel synthesis.174
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Figure 3. 6 Synthetic route to N-alkylated 1,6-dibromo-naphthalene bisimides (Br2-NBI)
3-2. Reagents and conditions: i: dibromoisocyanuric acid (DBI), oleum (20% free SO3)
r.t.; ii: glacial acetic acid, RNH2, 120 °C. Regioisomers resulting from step “i” are
separated during purification of 3-2.
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then r.t.; ii: a) n-BuLi, ether, -78 °C, then S8, -78 °C. b). BrCH2CO2K, 55 °C, then HCl;
iii: a). SOCl2, ether, reflux; b). AlCl3, ClCH2CH2Cl, reflux; iv: a). NaBH4, MeOH-DCM;
b). HCl; v: Br2, AcOH, CHCl3, 0 °C, then reflux; vi: Zn, n-propanol, AcOH, reflux; vii:
RMgBr, NiCl2.dppp, ether, reflux; viii: a). Mg, I2, ether; b) 2-bromothiophene,
NiCl2.dppp, r.t.; ix: a). n-BuLi, ether, -78 °C; b). (PhSO2)2S, -78 °C to r.t.; x: NBS, DMF;
xi: a). n-BuLi, ether/hexane, -78 °C; b). 3-ThCHO, ether, -78 °C, 1h, then r.t. 1h; c). nBuLi, hexane, -23 °C, then r.t.; d). I2, ether, -23 °C, then, r.t.; e). HI; xii: PCC, DCM, r.t.;
xiii: Cu, DMF, reflux; xiv: H2NNH2, KOH, 180 °C; xv: RBr, KOH, KI, DMSO; xvi:
NaOMe, MeOH, DMF, CuBr, reflux; xvii: ROH, PTSA, toluene, reflux; xviii: NBS,
DMF;. xix: Ni(COD)2, 2,2’-bipyridyl, COD, DMF, toluene, 80 °C.

3. 2. 2 Synthesis of thiophene-based comonomers
Eight thiophene-based derivatives with differing shapes, different conjugation length
different conformation/geometry/size, and different electron donating ability were
synthesized for copolymerization with Br2-NBIs. The purpose for synthesizing different
monomers is for tuning band gap, frontier molecular orbital (FMO) energy, solubility and
self-assembly of the resulting polymers. The monomer syntheses were straightforward
(Figure 3. 7) via modified published procedures.175-178 Since purities of monomers
significantly affect molecular weight and quality of polymers, stannylated thiophene
monomers were rigorously purified via column chromatography using basic alumina as
stationary phase and hexanes/triethylamine (95/5) as mobile phase. 1H,

13

C NMR and

elemental analysis indicate high purity of these monomers.

3. 2. 3 Synthesis of polymers
NBI-based polymers 3-P1 - 3-P8 were synthesized using Stille coupling (Figure 3. 8),
which is known to produce polymers with high molecular weight and low defect
content.183 Many high performance polymer semiconductors have been synthesized using
this methodology.161, 184, 185 The complementary electronic properties of the comonomers
employed here favor the palladium-mediated coupling;183 therefore high molecular
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weight polymers can be obtained if the polymers have enough solubility. Different
catalyst systems were evaluated, and the catalyst system of Pd2(dba)3 and tri(otolyl)phosphine was the best. Polymerization using PdCl2(Ph3)2 as catalyst produced
polymers with relatively low molecular weight under extended reaction time, which can
be attributed to stoichiometric imbalance upon reduction of Pd(II) by stannyl
monomers.183 Another disadvantage of using Pd(II) as catalyst is the formation of
structure defects during reduction of Pd(II) to Pd (0) (products of homocoupling). Finally
Pd2(dba)3 and P(o-tolyl)3 was employed for all polymerizations.
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Figure 3. 8 Synthetic route to NBI-based polymers. Reagents and conditions: i: Pd2(dba)3,
P(o-tolyl)3, THF, 80 °C; (2-EH: 2-ethylhexyl; 2-BO: 2-butyloctyl; n-DO: n-dodecyl; 2DT: 2-decyltetradecyl; n-OC: n-octyl).
All polymerizations were very effective due to the electronic properties of the
monomers. Polymer 3-P1a and 3-P1b are totally insoluble due to the relatively small
volume fraction of alkyl side chains, which prevents characterization by solution
techniques. Other polymers with decent solubility and high molecular weight were
achieved by choosing appropriate side chains. Polymerization results are listed in Table 3.
1. Typical overestimation of relative molecular weights of semi-rigid rod polymers by
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GPC versus polystyrene standards is assumed here, and extremely high relative molecular
weights for some polymers probably further reflects aggregation in THF (the eluting
solvent used for GPC). The aggregation behavior also contributes to signal broadening
during NMR measurements.186 UV-Vis absorption study of polymers also indicated
aggregation in solution, which will be discussed below in detail. The identity and purity
of the polymers were supported by NMR and elemental analysis. Due to the extensive
aggregation of some of the polymers in solution, resolved 1H NMR could only be
obtained at elevated temperature, and no

13

C signals corresponding to the backbone

carbons could be collected after 12 h at practically accessible measurement temperatures
(up to 130 ºC) for these polymers.
Table 3. 1 Properties of polymers 3-P1-3-P8.
yield

Mn[PDI] a

Tm b

λmax

λmax

Δ λmaxg

λonset

Egopt

(%)

(kDa)

(°C)

solution

film

soln-film

film

(eV)

(nm)

(nm)

(nm)

(nm)

h

3-P1c

94

23.6 [2.2]

235

568 c

600 e

32

747 e

1.66

3-P2

89

61.2 [3.6]

N/A

633 c

661 e

28

756 e

1.64

3-P3

99

73.0 [1.6]

222

539 c

610 e

71

795 e

1.56

c

e

42

752

e

1.65

3-P4

91

78.7 [1.6]

269

534

3-P5

98

252 [2.5]

285

693 c

703 e

10

838 e

1.48

3-P6

99

71.2 [3.6]

N/A

714 d

716 e

2

873 e

1.42

3-P7

88

188 [2.5]

N/A

839 c

854 e

15

1033 e

1.20

3-P8a

89

120 [3.3]

N/A

860 c

867 f

7

1146 f

1.08

3-P8b

95

133 [3.5]

252

985 c

1005 e

20

1149 e

1.08

a

GPC vs polystyrene standards.

b

576

peak melting point from differential scanning

calorimetry (10 ºC/min under N2). c 5x10-6 M in THF. d 5x10-6 M in CHCl3. e pristine film
spun-cast from 2% (w/w) toluene solution.
chlorobenzene solution.

g

f

pristine film spun-cast from 2% (w/w)

shift in absorption λmax on going from solution to film.

h

Egopt=1240/λonset.
GPC measurements indicate all polymerizations produced polymers with moderate to
high molecular weights (24-252 kDa); some polymers show extreme high molecular
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weight. For example, the calculated number of repeating units for polymer 3-P5 is up to
252. UV-vis investigation and NMR measurements both indicate the higher aggregation
of 3-P5 (vs 3-P4), which can lead to overestimation of molecular weight of 3-P5. The
polymers described above have been characterized by 1H NMR, 13C NMR and elemental
analysis (EA); and the results support the claimed effective polymerization and the
structure of the polymers. All 1H NMR spectra show high purity of the polymers and
absence of signals from ending groups or defects, 1H NMR spectra of 3-P2, 3-P5, 3-P6,
3-P7 and 3-P8 measured at room temperature using deuterated 1,1,2,2-tetrachloroethane
or 1,2-dichlorobenzene as solvent contained highly broadened signals indicating
extensive aggregation; but high quality 1H NMR spectra could be obtained at 130 °C.
Likely due to aggregation, high quality 13C NMR spectra could not be obtained for any of
these polymers.123 Although 3-P7 demonstrates excellent solubility at room temperature
in chlorinated solvents due to high volume fraction of alkyl side chains; the more rigid
cyclopentabithiophene unit likely enhances aggregation. Aggregation is a factor for
overestimation of molecular weight of polymers by GPC measurement, and unusually
high molecular weights (Mn) were estimated here: 252 kDa for 3-P5, 188 kDa for 3-P7
120 kDa doe 3-P8a and 133 kDa for 3-P8b. Polymers 3-P1c, 3-P3 and 3-P4
demonstrated lower degrees of aggregation in solution due to high volume fraction of
solublizing sidechains (3-P1c), and backbone twisting (3-P3 and 3-P4). Therefore, high
quality 1H and

13

C NMR spectra can be easily obtained at room temperature for these

polymers (3-P1c, 3-P3 and 3-P4). Furthermore, their lower degree aggregation also leads
to their relative lower molecular weight measured from GPC in comparison to other
polymers.

3. 3 Optical properties of polymers

3. 3. 1 Electron effect of donor monomers on (opto)electronic properties of polymers
The optoelectronic properties of polymers 3-P1 - 3-P8 were investigated by UV-vis
absorption and photoluminescence measurements in solution (5 x 10-6 M in THF or in
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CHCl3) as well as in solid thin film (spun-cast from their toluene or chlorobenzene
solution); the relevant data are listed in Table 3. 1.

Figure 3. 9 Absorption spectra of polymers with varying donor monomers in solution
(dashed lines, 5 x 10-6 M in THF, except 3-P6 in CHCl3) and from as-cast thin films
(solid lines): 3-P1c (magenta line); 3-P2 (cyan line); 3-P5 (blue line); 3-P6 (green line);
3-P8b (red line).187
Across the series, the absorption profiles of the polymers stretch further to lower
energies as a function of electron density of the donor monomers. This is expected since
increasing electron-donating ability of the donor monomer should raise the HOMO
energy level. As the electron-donating monomers were varied from thiophene,
thienothiophene, 2,2’-bithiophene, dithienothiophene, finally to 3,3’-didodecyloxy-2,2’bithiophene, the electron donating ability of the donor increases. The absorption maxima
were shifted from 600 nm (3-P1c), to 661 nm (3-P2), to 703 nm (3-P5), to 716 nm (3-P6)
and finally to 1005 nm (3-P8b) in the film states; the absorption in solution followed the
same trend. Optical band gaps (Egopt), estimated from the onset of the absorption spectra
of polymer films, are listed in Table 3. 1: 1.66 eV for 3-P1c, 1.64 eV for 3-P2, 1.48 eV
for 3-P5, 1.42 eV for 3-P6 and 1.08 eV for 3-P8, which indicates the band gap of
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polymers is a function of donating ability of the donor monomer in NBI-based D-A
polymers.

Figure 3. 10 Photograph (top) and UV-vis absorption spectra (bottom) of charge-transfer
complex (red line, in 0.01 M toluene) from 3,3’-didodecoxy-2,2’-bithiophene 3-26 (blue
line, 10-5 M in toluene) and N,N’-bis(2-decyltetradecyl)-1,4,5,8-naphthalene bisimide
(green line, 10-5 M in toluene) (Reprinted with permission from reference 187. Copyright
2008 American Chemical Society).187
Polymer 3-P8 possesses a particularly low band gap and its absorption profile stretches
into the near IR region. Several factors account for the low band gap of 3-P8. First,
alternating donor/acceptor repeating units push HOMO up and pull LUMO down; the
push-pull approach squeezes the band gap of the polymer to a lower value.128 Second,
intramolecular or/and intermolecular charge transfer (CT) between donor and acceptor
may contribute. The THF solution of the two monomers used to prepare 3-P8b exhibited
a green color uncharacteristic of either monomer. Swager and Iverson reported CT
complexes between NBIs and 1,5-dlkoxynaphthalenes leading to alternating donoracceptor columnar mesophases with substantial thermal stability.188 Combination of
nonstannylated 3,3’-didodecyloxy-2,2’-bithiophene 3-26 (absorption λmax=326 nm) and
nonbrominated N,N’-2-decyltetradecyl-naphthalene bisimide (absorption λmax=381 nm)
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produces a blue solution with a CT absorption band with λmax=588 nm (Figure 3. 10).
After polymerization, this charge transfer could happen in two fashions: namely,
intramolecular and intermaolecular CT, which leads to the low optical band gap. Finally,
attractive intramolecular sulfur-oxygen interactions between pendant oxygen atoms and
thienyl sulfur atoms could enforce polymer backbone planarity.164, 165
Upon going from dilute solution to the solid state, the absorption spectra of the
different polymers undergo differing bathochromic shifts (Table 3. 1), which reflects
degree of structure change and/or aggregation between two states. For example, polymers
3-P5 and 3-P6 only have 10 nm and 2 nm red-shifts respectively, which indicate both 3P5 and 3-P6 didn’t experience significant structure change from solution to film state.
Large red shifts are often observed for polymers upon going from solution to solid state,
corresponding

to

increased

backbone

planarity,

rigidification

and

extensive

intermolecular orbital overlap.189 For example, the absorption λmax of rr-P3HT undergoes
a 123 nm red-shift from THF solution to film state (Figure 3. 11). Its THF solutions are
yellow, while its thin films are purple, which demonstrates a significant structure
difference between solution and solid states.

Figure 3. 11 Absorption spectra of rr-P3HT (left) in solution (green line) and film (red
line) and 3-P5 (right) in solution (green line: room temperature, blue line: 150 °C) and in
film state (red line).
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However, the absorption spectra of 3-P5 in solution and thin film are very similar,
which means the two states share similar backbone conformation and local environment.
We propose strong intermolecular interaction between donor and acceptor monomers
induces strong aggregation in solution and relatively planarized polymer backbones.
Polymer 3-P5 demonstrates thermochromism at different temperatures in solution; a 103
nm blue-shift was observed when a 1,2-dichlorobenzene solution of 3-P5 was heated to
150 °C (Figure 3. 11). It’s reasonable to assume that heating decreases aggregation and
broadens the thermal population of backbone torsional states. The absorption λmax of 3P5 then undergoes a 103 nm red-shift from hot solution to film, which is comparable to
rr-P3HT. Thus, it is reasonable to claim that the lack of bathochromic shift from roomtemperature solution to film is due to high backbone coplanarity and/or aggregation in
solution. Extensive aggregation in solution proposed here can explain the optical
properties, inability to obtain resolved NMR spectra at room temperature, and the
sometimes unusually high estimated molecular weights (by GPC).

Figure 3. 12 Comparison of absorption spectra of PBI-based polymer film (left,
Reprinted with permission from reference 154. Copyright 2007 American Chemical
Society)154 and NBI-based 3-P6 polymer film (right).
It is worthwhile to compare the absorption spectra of polymer 3-P6 with that of the
PBI-based polymer reported by Marder (Figure 3. 12).154 Both polymers share the same
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donor unit, dithienothiophene. The PBI-based polymer has absorption λmax at ~ 630 nm,
while the NBI-based polymer 3-P6 has absorption λmax at 716 nm. The band gap of 3-P6,
estimated from onset of absorption in the film state, is ~0.11 eV more narrow than that of
the PBI-based polymer. This red-shift of absorption and smaller band gap of 3-P6
indicates its more extended conjugation when compared to PBI-based polymer, as we
hypothesized would be the case. As mentioned in section 3. 1, connection of the
dithienothiophene units to the sterically hindered “bay” positions of PBI likely limits
conjugation along the backbone due to torsion about the connecting bonds. Coplanarity
of the NBI and dithienothiophene units might be somewhat enhanced by attractive
interactions between the NBI carbonyl oxygens and either the thienothiophene sulfur
atoms or pendant hydrogen atoms. Without high-level calculations, we can not exclude
the possibility that the differences between the NBI and PBI polymers are actually just
due to differences in the way that the frontier molecular orbitals of the two different
acceptors combine with those of the donor monomer.

3. 3. 2 Effect of bithiophene substituents on optical properties of their copolymers
with NBI
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Figure 3. 13 Effect of bithiophene substituents on the absorption profiles of NBI
copolymers in solution (5 x 10-6 M in THF, dashed lines) and in film state (solid lines): 3P3 (blue line), 3-P4 (cyan line), 3-P5 (green line), 3-P7 (dark cyan line), and 3-P8b (red
line).187
One of the ultimate goals for organic semiconductors is to employ solution-based
processing technology for cheap and large-area electronics; therefore good solubility and
ease of processibility are always a major concern. A common strategy is to functionalize
with solublizing side chains. However, substituents can either enhance or detract from the
tendency of the polymers to become ordered in the solid state. Comparison of the
differing optical properties of the NBI copolymers with bithiophene derivatives carrying
different side chains provides valuable information (Figure 3. 13).
For those polymers containing 2,2′-bithiophene units substitution at the 3,3′-positions
of the bithiophene units increases the solubility: polymer 3-P4 shows excellent solubility
even in hexane due to the bulky 2-ethylhexyl chain, while polymer 3-P5 can only be
dissolved in chlorinated solvents such as chloroform and dichlorobenzene. These alkyl
chains also likely limit backbone planarization due to some increased steric barrier to
planarization of the bithiophene units: Polymer 3-P3 and 3-P4 have absorption maxima at
610 nm and 576 nm in the film state, which are blue-shifted by 93 nm and 127 nm
relative to 3-P5 containing unsubstituted bithiophene units (Figure 3. 13). These blueshifts are a consequence of alkylating the thiophene rings, resulting in enhanced steric
hindrance at the head-head (HH) bithiophene linkages. The deplanarization reasonably
correlates with the steric bulk of the alkyl chains: the absorption maximum of 3-P4 is
blue-shifted by 34 nm relative to 3-P3. Backbone torsion induced by head-head (HH)
linkages in dialkyl-bithiophenes limits charge transport due to the weak intermolecular
orbital overlap and is usually detrimental for OFET and PVD applications.20 Although 3P8b and 3-P3 both have HH bithiophene linkages, the thin-film absorption maximum of
3-P8b is bathochromically shifted by 309 nm in comparison to that of 3-P3 in film state.
At least two factors contribute to this dramatic red-shift in 3-P8b. First, it is due to
greater electron donating ability of the dialkoxy bithiophene monomer in 3-P8b than that
of the dialkyl bithiophene monomer in 3-P3. Second, sulfur oxygen attractive
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interactions165 between the thienyl sulfur atom and pendant oxygen atom of alkoxy chains
enhance backbone planarity in 3-P8b, which also results in red-shift of absorption
maximum of 3-P8b. The fine structure of 3-P8b, even in solution, suggests that its
backbone is more rigidified than the other polymers. Therefore HH-linkages do not
necessarily preclude the polymer backbone from adopting a coplanar structure, which
will be discussed in detail in chapter 4.
One strategy to increase solubility of polymers and maintain the coplanar structure is
conformational locking of rings with an adjoining dialkyl carbon atom. 4,4-dialkylcyclopentadithiophene is essentially a HH-dialkyl bithiophene unit but with its two
thiophene rings covalently locked into the same plane. Although it may be difficult
without high level calculations to deconvolute the effect of locking the bithiophene into a
cis, rather than trans, arrangement, one might expect that this unit will provide greater
backbone conjugation than typical bithiophene units. Device studies of benzothiadiazoleco-cyclopentadithiophene demonstrated high carrier mobility in OFETs and good PCEs
in OPVs.190 4,4-dioctyl-cyclopenta-[2,1-b:3,4-b’]dithiophene was incorporated here into
NBI-based polymer 3-P7, which demonstrated near IR absorption and a relatively low
band gap. Its absorption λmax (solution or film) is red-shifted by approximately 150 nm
relative to that of 3-P5, its analogue containing non-conformationally locked bithiophene.

3. 3. 3 Effect of substituents attached to the NBI units on optical properties of
polymers 3-P8
Polymers 3-P8a and 3-P8b with different substituents on the nitrogen atoms of the
imide groups were synthesized. Thanks to additional solublizing ability provided by sidechains on the 3,3’-didodecyloxy bithiophene unit, we are able to obtain polymer 3-P8a
with decent solubility only using 2-ethylhexyl chains on NBI units. As expected, both
polymers have similar absorption profiles since they share the same backbone structure.
However the relative contribution of two absorption features to their overall absorption
profiles are different (Figure 3. 14). The reasons for these differences are unknown at
present. Both polymers show some fine structure in their absorption profiles, which
indicates greater backbone rigidity and has been attributed to π-stacking and ordering for
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other polymers.191 The lower energy feature for 3-P8a appears as a shoulder at 970 nm in
solution and 987 nm in film state, comparable to the absorption maximum of 3-P8b (985
nm in solution and 1005 nm in film state) (Table 3. 1). The higher energy feature appears
as a shoulder for 3-P8b at 865 nm in solution and 872 nm in film state, which are
comparable to the absorption maximum of 3-P8a (860 nm in solution and 867 nm in
solid). The calculated optical band gaps (Egopt) from the onset absorption for both
polymers are identical (1.08 eV), which reflect their similar backbone arrangements. The
difference of absorption profile between 3-P8a and 3-P8b is possibly due to differing
modes of self-assembly into aggregates in solution and their packing in the solid state.
Polymer 3-P8b has much longer side chains on its imide groups, which may facilitate 3P8b to self-assemble into more highly ordered structures during the film forming
process.192

Figure 3. 14 Absorption spectra of polymers 3-P8a (blue line) and 3-P8b (green line),
having different substituents on the nitrogen atoms of the imide groups, from solution (5
x 10-6 M in THF, dashed line) and as-cast film (solid line).
To summarize this study of optical properties, the energy gaps of NBI-based
polymers were tuned across the visible and into the near IR by manipulating the electrondonating ability and conformation of the donor monomers. All NBI-based polymers
demonstrated deep color in the solid state; and color photography of all NBI-based
polymers in THF solution is shown in Figure 3. 15.
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Figure 3. 15 Solution Colors of Polymers 3-P1-3-P8 (5 x 10-5 M in THF): from left to
right: 3-P1c, 3-P4, 3-P3, 3-P2, 3-P5, 3-P6, 3-P7, 3-P8b.

3. 3. 4 Thermal annealing effect on optical properties of polymers

Figure 3. 16 DSC thermograms recorded for polymers during second heating run (left)
and first cooling run (right) at a rate of 10 °C/min (Reprinted with permission from
reference 187. Copyright 2007 American Chemical Society).187
Thermal properties of polymers play an important role in device performance;
thermally-induced morphological changes were reported to make significant changes in
the performance of rr-P3HT-based OPV.193 The thermal behavior of NBI-based polymers
was investigated by DSC; Figure 3. 16 shows the DSC thermograms of polymers 3-P1c,
3-P3, 3-P4, 3-P5 and 3-P8b and the thermal transitions were listed in Table 3. 1. These
NBI-based polymers all undergo reversible 1st-order endothermic transitions (presumably
melting) in the range from 222 °C to 285 °C. However, 3-P8a and polymers with more
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rigid fused-ring linkages (3-P2, 3-P6 and 3-P7) didn’t show significant transitions up to
400 °C during DSC measurements.

Figure 3. 17 Absorption spectra of polymer films before (dashed line) and after thermal
annealing (solid line): 3-P1c (magenta line); 3-P2 (olive line); 3-P3 (blue line); 3-P4
(cyan); 3-P5 (green line); 3-P6 (navy line); 3-P7 (purple line) and 3-P8b (red line).
Annealing affects on the optical properties of NBI-based polymers were investigated.
Polymers 3-P1c, 3-P3, 3-P4, 3-P5 and 3-P8b were thermally annealed for 30 minutes at
temperatures 30 °C below their respective melting points; while 3-P2, 3-P6 and 3-P7
were annealed at 250 °C, arbitrarily chosen due to a lack of thermal transitions. Figure 3.
17 shows absorption spectra of pristine films and the same films after annealing. Thermal
treatment didn’t produce significant changes in absorption λmax except for 3-P8b, which
means the polymers maintained similar structures after thermal annealing. However
polymer 3-P8b showed a 40 nm blue-shift upon annealing along with an increase in the
relative contribution of the high-energy feature of its absorption profile. Some fine
structure appeared in the absorption profile of polymer 3-P5 after thermal treatment
which indicates thermal-annealing induced higher ordering.
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3. 3. 5 Photoluminescence of polymers
Important structural information can usually be derived from photoluminescence (PL)
of materials, but of all the new polymers reported here, only 3-P1c exhibits
photoluminescence even visible to the eye. The PL of most of these polymers is likely
quenched due to aggregation. PL spectra of these new NBI-based polymers were
recorded from both solution and thin film states. As shown in Figure 3. 18, Polymer 3P1c has emission maximum at about 618 nm (1 x 10-6 M in toluene) which shifts to about
709 nm in the film state. It is worthwhile to notice that the already weak fluorescence of
3-P1c in solution is almost totally quenched in the solid state. Polymer 3-P3 shows very
weak PL in solution and no detectable PL in the film state, typical of the remaining new
NBI polymers, attributed to strong intramolecular or/and intermolecular charge transfer
induced relaxation of excitons in a non-irradiative fashion.120

Figure 3. 18 Photoluminescence spectra (wavelength of excitation is wavelength of
absorption maxima plus 10 nm) of 3-P1c (green line) and 3-P3 (red line) in solution
(dashed line, 1x10-6 M in toluene) and film state (solid line).

3. 4 Electrochemistry of polymers
The LUMO levels of NBI-based polymers were estimated from thin-film
electrochemical measurements (cyclic voltammetry or CV). The measurements were
carried out by using 0.1 M (n-Bu)4N.PF6 as supporting electrolyte, a platinum disk as
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working electrode, a platinum wire as counter electrode, silver wire as reference electrode
and Fc/Fc+ as reference with a scan rate of 50 mV/s. Figure 3. 19 illustrates the cyclic
voltammogram of all NBI-based polymers and the results are summarized in Table 3. 2.

Figure 3. 19 Cyclic voltammograms of polymers 3-P1 – 3-P8 as thin film in 0.1 M (nBu)4N.PF6 acetonitrile solution. Working electrode = Pt; counter electrode = Pt wire;
reference electrode = silver wire; Scanning rate = 50 mV/s. The cyclic voltammogram of
NBI is included for comparison.187
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Table 3. 2 Electrochemical and optical Data of polymers 3-P1-3-P8.a
E1/21red b

E1/22red b

ELUMOc

Eox

EHOMO

(V)

(V)

(eV)

(V)

(eV)

NBI

-0.95

-1.42

-3.85

N/A

N/A

N/A

3-P1c

-0.96

-1.35

-3.84

1.08 d

-5.88

2.04

-3.86

1.00

d

-5.80

1.94

d

-5.78

1.96

3-P2

a

-0.94

-1.31

f

Egcv g(eV)

3-P3

-0.98

-1.35

-3.82

0.98

3-P4

-0.93

-1.40

-3.87

1.10 d

-5.90

2.03

3-P5

-0.96

-1.39

-3.84

0.97 d

-5.77

1.93

3-P6

-0.92

-1.38

-3.88

0.92 d

-5.72

1.84

3-P7

-0.94

-1.36

-3.86

0.62 e

-5.42

1.56

e

-5.28

1.49

-5.29

1.50

3-P8a

-1.01

-1.40

-3.79

0.48

3-P8b

-1.01

-1.41

-3.79

0.49 e

Experimental conditions: 0.1 M (n-Bu)4N.PF6 in acetonitrile as supporting electrolyte,

platinum disc as working electrode, platinum wire as counter electrode, silver wire as
reference electrode and Fc/Fc+ (-4.8 eV vs vacuum) as reference, scanning rate: 50 mV/s;
All measurements conducted on solution-cast thin films under nitrogen, except NBI
which was measured in dichloromethane solution.

b

values for (Epa+Epc)/2 in eV versus

Fc/Fc+ (Fc/Fc+: -4.8 eV vs vacuum). c ELUMO= -4.8-E1/21red. d value calculated from onset
of anodic oxidation peak. e value calculated from half wave potential of anodic oxidation
peak. f EHOMO= -4.8-Eox. g Egcv = ELUMO-EHOMO.
All the polymers and the parent NBI show two reversible cathodic reduction waves.
The first reduction peak is for the formation of polymer anion and the second reduction
peak is for the formation of polymer dianion. The anodic oxidation peaks of the polymers
vary significantly, but basically there is a trend for the oxidation peaks of the polymers.
For polymers 3-P1c, 2-P2, 3-P3, 3-P4, 3-P5 and 3-P6 the anodic oxidation peaks are
weak and irreversible, therefore the HOMO levels of these polymers were calculated
based on onset of the anodic oxidation peaks. For polymers 3-P7, 3-P8a and 3-P8b, the
anodic oxidation peak becomes strong and quasireversible and the HOMO levels are
calculated based on half wave potentials of the anodic oxidation peaks. The trend is in
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good agreement with the increased electron donating ability of donor monomers, which
indicates that p-doping becomes easier as the electron donating ability of thiophene-based
monomers is increased.

Figure 3. 20 Energy levels of polymers 3-P1-3-P8 (calculated from CV measurements of
polymer films; every sample was measured at least three times for error; NBI was listed
for comparison which was measured in its dichloromethane solution).
As the data shown in Table 3. 2 and the diagram of energy levels of polymers (Figure
3. 20), all NBI-based polymers have similar LUMO energy levels in the range from -3.88
eV to -3.79 eV, which is comparable to the LUMO level of the parent NBI. However the
HOMO energy levels varied from -5.90 eV to -5.28 eV as a function of electron density
of donor monomer and polymer backbone conformation. A strict dependence of the
LUMO energy level of donor-acceptor conjugated polymers on the LUMO level of the
acceptor monomer is not uncommon.128 The LUMO energy level of all NBI-based
polymers were comparable to the PBI-based polymer a (Figure 3. 3), which was in turn
comparable to the parent PBI.154 UV-vis absorption measurements indicate NBI-based
polymers have higher conjugation than PBI-based polymers, which can be ascribed to the
more coplanar structure of polymer backbones in NBI-based polymers, as demonstrated
by comparison of the PBI-based polymer a and 3-P6. Also importantly, these materials
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have much higher molecular weight and better solubility than PBI-based polymers. These
CV results prove our initial hypothesis that the band gaps of NBI copolymers will be
determined by the identity of the comonomers, as the LUMO energy will remain a
constant. The two quasi-reversible cathodic reduction waves and low lying LUMO levels
renders them as potential candidates for n-type semiconductors. Furthermore some
polymers may be used as ambipolar semiconductor due to low band gap (for example,
~1.08 eV for 3-P8) and could show some promise as light-harvesting materials for PVDs.

3. 5 Supramolecular self-assembly of polymers in solid state as revealed by WAXD

Figure 3. 21 Schematic illustration of polymer fiber alignment by a mini-extruder, 2D
WAXD pattern of an aligned fiber and lamellar packing of polymers within fibers: a)
home-built polymer fiber extruder; b) lamellar packing and π-stacking of polymers; c)
2D-WAXD pattern of an aligned polymer fiber.
In addition to electronic properties, the mode of supramolecular self-assembly is one of
the most important factors for device performance.194 In comparison to inorganic
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semiconductors, which can form highly ordered structures along three dimensions, “soft”
organic semiconductors may be considered poorly ordered. The supramolecular
arrangement of all polymers was investigated by two-dimensional wide angle X-ray
scattering (2D-WAXD) from aligned polymer fibers. It should be pointed out that the
packing arrangement within polymer films in actual devices may be different than that
within extruded polymer fibers, but 2D-WAXD study of polymer fibers could provide
important information about surpramolecular self-assembly and help to screen materials
for device application.
Polymer backbones were mechanically aligned within fibers prepared using a homebuilt piston-actuated extruder, as illustrated in Figure 3. 21. After polymer samples were
passed through a die by mechanical force, an aligned polymer fiber was formed. Then the
fibers were mounted perpendicularly to the incident X-ray bean and diffracted X-rays
were collected by an area detector. Image “c” in Figure 3. 21 shows a representative 2DWAXD pattern collected from a polymer fiber. Since the polymer backbone is aligned
vertically and perpendicular with respect to the incident X-ray beam, diffraction maxima
along the meridian (vertical) provide information about repeating elements along the
backbone and diffraction maxima along the equator (horizontal) reflect the lamellar
spacing and π-stacking.
Representative diffractograms are illustrated in Figure 3. 22 and relevant data
extracted therefrom are collected in Table 3. 3. All polymers except 3-P3 and 3-P4
demonstrated 3-dimensionally ordered structures. A series of equatorial intensity maxima
out to the fourth order show that these polymers self-assemble into ordered lamella.
Meridianal reflections out to the third order indicate relatively long-range correlation of
repeating elements along the backbone. Their d-spacings reasonably agree with the
repeating units lengths. Additional equatorial diffraction maxima with d-spacings
corresponding to distances of 3.9-4.0 Å are associated with the π-stacking distances. It
should be understood that these values are upper limits, exceeding the actual π-stacking
distance if the polymer backbones are tilted away from normal to the π-stacking axes.
This is equivalent to slipped π-stacks formed by most large π-systems.
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Figure 3. 22 Characteristic 2D-WAXD patterns of polymer fibers. The d distance is
assigned to the intermolecular π-spacing between polymer backbones.187
From 2D-WAXD study of the polymer fibers, it is clear that the substituents on the
thiophene monomer affect their ability to arrange themselves in the solid state. Polymers
without substituents on bithiophene units can self-assemble into three dimensionally
ordered structures in solid state. While for polymers with alkyl substituents on the 3,3′positions of their bithiophene units, less ordered structures were found the in solid state.
Furthermore, bulkier substituents lead to more amorphous structure. 3-P3 forms an
ordered superstructure but gives no clear diffractions attributable to π-stacking, while
polymer 3-P4 borders on totally amorphous. The X-ray results are in good agreement
with the UV-vis absorption spectra. In comparison to that of 3-P3 and 3-P4, the λmax of 3P5 has a significant red-shift due to its higher conjugation and more ordered structure in
film state. From 2D-WAXD study, 3-P8 can form lamellar structure(s) in the solid state,
even if it has two dodecyloxy substitents at the 3,3′-positions of the bithiophene units.
The coplanarity of this polymer can be attributed to chalcogen-chalcogen interaction
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between sulfur atom on thiophene ring and oxygen atom on the dodecyloxy chain. Based
on 2D-WAXD and UV-vis spectra of 3-P8, its low band gap is not only due to strong
push-pull interaction, but also due to the effective conjugation induced by backbone
planarization.
Table 3. 3 Data collected from diffraction pattern of polymer fibers 3-P1-3-P8.
Lamellar spacing,

“d” or “D”

Meridional Maxima

L, L/2, L/3 (Å)

π-spacing (Å)

M, M/2, M/3 (Å)

3-P1c

25.3, 13.1,

4.0

3.5, 10.2

_

3-P2

25.3, 13.2

3.9

6.3, 11.9

_

3-P3

_

_

7.1

_

3-P4

_

_

_

4.7

3-P5

26.9, 13.7, 9.2

3.9

3.6, 7.2, 13.5

_

3-P6

25.4, 13.3, 9.2

3.9

3.6, 7.3, 14.3

_

3-P7

17.0, 8.7, 5.6

4.0

3.6, 7.2, 14.0

_

3-P8b

24.2, 13.1, 9.1

4.0

7.1, 13.8

_

Polymer

a

“halo”

π-stacking distance, see Figure 3. 20 for definition.

3. 6 Preliminary device studies of thin film transistors
All NBI-based polymers have demonstrated high molecular weight, high solubility,
and low-lying LUMO level, which prompted us to investigate them as polymeric
semiconductors in electronic devices. Through an external collaboration with the group
of Professor Samson A. Jenekhe (U. Washington), the charge transport properties of
polymers were investigated by fabricating OFETs with the basic device structure:
bottom-gate/bottom-contact geometry; and gold was used as and the electrode.
Preliminary device performance data of polymers 3-P1c, 3-P3, 3-P4, 3-P5, 3-P8a and 3P8b are summarized in Table 3. 4. Optimization of the device performance of these
polymers and investigation of device performance of other polymers (3-P2, 3-P6 and 3P7) are underway.
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Table 3. 4 Preliminary device performance of NBI-based polymers.a
µ (cm2/Vs)

Ion/Ioff

Vt (V)

3-P1c

5.5 x 10-5 b

103

15

3-P3

2.7 x 10-3

b

104

26

3-P4

1.1 x 10-4 b

103

44

-3 b

10

4

-2 b

3

3-P5

a

7.9 x 10

44
5

3-P8a

3.8 x 10

10 -10

29

3-P8a

2.2 x 10-3 c

103 -105

-43

3-P8b

3.6x10-4 b

10

13

3-P8b

3.2x10-6 c

102

-5

all devices were annealed at 200 °C for 1 h and characterized under nitrogen. b electron

mobility. c hole mobility.
These NBI-based polymers demonstrated n-type behavior when tested under nitrogen
atmosphere. Electron mobility as high as ~0.008 cm2/Vs with Ion/Ioff > 104 was obtained
for polymer 3-P5. To our best knowledge, it is comparable to that of the best n-type
polymer semiconductors having 0.01 cm2/Vs electron mobility.157 Up to 0.013 cm2/Vs
electron mobility was reported for PBI-based polymer a (Figure 3. 3). The slightly better
device performance can be contributed to the top-contact device structure and also to the
aluminum electrode in the PBI-based polymer case.154 OFETs having top-contact device
structure usually show higher carrier mobility due to intimate contact between the
semiconductor and the electrodes,5 and also the aluminum electrode promotes efficient
charge injection from source electrode into the LUMO of polymers.41 Therefore, we
believe these materials can achieve better device performance through optimizing
fabrication processes and device structure. Polymers 3-P3 and 3-P4 demonstrated much
lower mobility in comparison to 3-P5, which can be attributed to backbone twist induced
by HH linkage in bithiophene units. Due to the low band gap and the appropriate energy
level of the FMOs, polymer 3-P8a demonstrated very interesting ambipolar behavior
with electron mobility of 3.8x10-2 cm2/Vs and hole mobility 2.2x10-3 cm2/Vs, which is
among the best ambipolar polymeric semiconductors.195, 196 Almost at the same time,
Polyera Inc. demonstrated OFETs with electron mobility > 0.1 cm2/Vs (up to 0.85
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cm2/Vs) and Ion/Ioff > 106 from P(NDI2OD-T2) in top-gate/bottom-contact device
geometry under ambient condition; and excellent air stability was demonstrated by the
material.160 The polymer has the same backbone structure as 3-P5, differing only slightly
in the nature of the N-alkyl chains (2-octyldodecyl in P(NDI2OD-T2) instead of 2decyltetradecyl in 3-P5). Much higher mobility and air stability from P(NDI2OD-T2)
OFET is mainly due to the device structure and dielectric layer.159, 160 The device studies
indicate this series of new materials are excellent n-type polymer semiconductors for
solution-processable device application.

3. 7 Conclusions
A series of soluble, variable band gap conjugated polymers which incorporate
naphthalene bisimide (NBI) as electron accepting units has been prepared. Syntheses of
electron deficient NBI monomers were reported using dibromoisocyanuric acid (NBI) as
brominating reagent; and polymerizations were carried out using standard Stille coupling
conditions. The resultant polymers have high molecular weights which are favored by the
electronic properties of monomers and have readily variable solubility due to the ability
to incorporate substituents both on the donor and acceptor monomers. Across the series,
band gap and energy levels of FMOs of the polymers were tailored by changing
thiophene-based electron donating monomers. All the polymers share the same LUMO
levels (~ -3.80 eV) which is approximately the same as the acceptor monomer unit itself.
The low lying LUMO levels render them as potential n-type semiconductors. Structureproperty investigations reveal that substituting bithiophene comonomers with alkyl
chains at their 3,3′-positions significantly lowers their conjugation as indicated by
increased optical energy gap, and disrupts packing in the solid state (3-P3 and 3-P4).
However, use of alkoxy substituents in the same manner results in a drastic lowering of
the optical energy gap, while still allowing ordered packing in the solid state (3-P8). This
alkoxy containing HH linkage provides a strategy for designing new materials for device
application, which was employed along with different acceptor monomers as reported in
chapter 4. Preliminary device studies indicate these materials are moderately good n-type
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semiconductors with electron carrier mobility up to 0.008 cm2/Vs for 3-P5, which is
comparable to PBI-based polymers.154 One low band gap polymer (3-P8a) shows very
interesting ambipolar behavior with high mobility, which is highly pursued for
applications in complementary integrated circuits as well as some novel applications,
such as light emitting transistors.42,
performance

make

commercialization

these
in

197, 198

NBI-based

organic
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materials

electronics.
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potential

Independent

candidates
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commercialization of this class of materials by Polyera, Inc seems to be underway.159, 160
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Chapter 4 Conjugated polymers based on arylene imides for organic thin film
transistors (OTFTs) and photovoltaic devices (PVDs)

4. 1 Introduction
Since the discovery of OFETs using organic materials as the conducting layer, the
performance

of

p-type

organic

semiconductors

has

undergone

significant

improvements.35, 38, 131 after more than two decades of research efforts from academics
and industry, several polymeric semiconductors have been developed with carrier
mobility greater than 0.1 cm2/Vs, and Ion/Ioff higher than 105, which are comparable to the
performance of amorphous silicon.40,

199

These performance parameters indicate a

potential commercial market for the organic semiconductor industry, such as OFETs,
PVDs and chemosensors.42, 200-202
The majority of current high-performance conducting polymers are thiophene-based
materials. Unsubstituted polythiophene (PT) demonstrated high conductivity, however it
lacks solubility, which limits its application in electronics.203 Functionalizing thiophene
rings with flexible alkyl chains imparts solubility to the resulting polymers; regioirregular
(or regiorandom) poly(3-alkylthiophene) (ri-P3AT) was synthesized, which demonstrated
excellent solubility.204 However, the random placement of side chains along the
backbones of ri-P3AT leads to random head-head (HH) and tail-tail (TT) linkages
(Figure 4. 1), limiting the ability to pack in ordered structures in the solid state, also
limiting charge transport. Although backbone torsion induced by this irregular placement
of side chains will lower the HOMO level and better ambient stability of device
performance can be expected, ri-P3AT demonstrated low mobility (10-5 cm2/Vs) due to
its amorphous structure and poor π-orbital overlap.20 McCullough205 and Rieke206
simultaneously developed highly regioregular poly(3-hexylthiophen) (rr-P3HT, up to
98% HT linkages), which has high conjugation and can self-assemble into well-organized,
three-dimensional highly ordered structures (Figure 4. 1).207 The relatively highly
ordered microstructure of rr-P3HT provides extensive intermolecular π orbital overlap
and efficient pathways for charge carrier transport, leading to hole mobility greater than
0.1 cm2/Vs (versus 10-5 cm2/Vs for ri-P3HT).208 This signifies the importance of self-
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assembly of polymers in the solid state. As the first conjugated polymer with charge
carrier mobility comparable to amorphous silicon, rr-P3HT has emerged as a benchmark
semiconducting polymer and its electronic properties and microstructure have provided
guidance for designing new materials.

Figure 4. 1 Different linkages in poly(3-alkylthiophene) (P3AT) (top), a segment of
regioirregular P3AT (middle) and a segment of regioregular P3AT (bottom) (the curved
arrows indicate torsion about the bonds connecting adjacent thiophene rings).20
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Figure 4. 2 Development of thiophene-based p-type polymer semiconductors:
unsubstituted polythiophene (PT);203 regioirregular poly(3-alkylthiophene) (ri-P3AT);204
regioregular poly(3-alkylthiophene) (rr-P3AT);205, 206 regiosymmetric polythiophenes (rsPT).20, 40, 161, 199, 209-213
Excellent optoelectronic properties have been achieved from rr-P3HT, but the
application of rr-P3HT as active material in commercial electronics has been mainly
limited by the low ambient operational stability, as discussed in chapter 3. For example,
the charge carrier mobility and Ion/Ioff ratio from rr-P3HT-based OFETs were
dramatically degraded when the devices are exposed to ambient air and humidity,
therefore the current challenge in organic electronics is to achieve both excellent
electronic performance (high carrier mobility, high Ion/Ioff

ratio and low threshold

voltage) combined with ambient stability. To address the stability issue and also to
improve ordering in the solid state, Ong212 and McCulloch40 simultaneously developed a
new class of regiosymmetric polythiophenes (rs-PT), in which different conjugated
spacers were inserted into the polymer backbone to separate TT coupled 3-alkylated
bithiophene units (Figure 4. 2). In these polymers, the HH linkage was totally avoided by
using the spacers and the polymers adopted highly crystalline ordering in the solid state.
PBTTT demonstrated the highest hole mobility up to 0.6 cm2/Vs.40, 214 Highly ordered
structures and similar but slightly lower charge carrier mobilities were also reported for
PQT (Figure 4. 2). OFETs prepared from these polymers demonstrated some increase in
ambient stability relative to those prepared from rr-P3HT, attributed to increased
resistance of the polymers to redox chemistry with ambient atmospheric species. The
HOMO energy levels are about 0.1-0.2 eV deeper than that of rr-P3HT, attributed to
decreased electron delocalization associated with aromatic stabilization energy (PBTTT)
(Figure 4. 2) or greater backbone rotational degrees of freedom (PQT and PBTTT).40
Although regiosymmetric polythiophenes (rs-PTs) have become the most important
and most studied polymer semiconductors in the most recent few years, two drawbacks
still limit their potential application in consumer electronics. First, although enhanced
stability has been demonstrated for rs-PTs, their device performance still degrades over
time under ambient conditions.131,

215

Developing new polymer semiconductors with
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improved stability is imperative for large scale commercialization. The stability of
organic semiconductors highly depends on their frontier molecular orbital (FMO) energy
levels. For tuning the energetics of organic semiconductors, the donor/acceptor strategy
has been widely effectively employed.22 Using this strategy, materials possibly can
achieve better stability by varying polymer structure such as using different acceptor
units, which are known to lower both HOMO and LUMO energy levels. Second, most rsPTs reported to date have relatively broad band gaps, limiting their application in
photovoltaic device (PVDs).60, 78 The efficiency of polymer PVDs depends highly on the
band gap and relative FMO energy levels of the polymer semiconductors.216, 217 PVDs
based on rr-P3HT have already demonstrated impressive power conversion efficiencies
(PCE) due to rr-P3HT’s high charge carrier mobility and its ability to form bicontinuous,
nanoscale networks in polymer/PCBM blends.60 Again, the PCE of PVDs based on rrP3HT is limited in part by is its broad band gap, which limits the usable range of the solar
spectrum.
Although PBTTT (Figure 4. 2) demonstrated one of the highest carrier mobilities in
polymer semiconductors (0.6 cm2/Vs), the reported moderate 2.3 % PCE of
PBTTT/PCBM blends might be attributed to its broad band gap.218 A strategy to develop
polymers for application in PVDs is to attain low band gaps (lower than 1.60 eV) while
maintaining high carrier mobility and good film forming properties. Benzothiadiazolebased donor/acceptor polymers21, 128, 190 have demonstrated notable performance in PVDs
due to their low band gap and also their high mobility. Therefore, the donor/acceptor
strategy provides an efficient tool for chemists to tune band gaps, FMO energy levels,
and device performance. Reynolds described the role of FMO energy levels in exiton
separation, open circuit voltage as well as device stability.22 Furthermore, alternating
donor/acceptor units can enhance intermolecular interaction, increasing intermolecular
orbital overlap for efficient charge transport.
As described in chapter 3, imide-functionalized arylenes are some of the best n-type
organic semiconductors with high charge carrier mobility.219 Functionalizing p-type
semiconductors with electron withdrawing group can switch polarity from p-type to ntype.220 By diluting the loading of imide-functionalized units within a conjugated
polymer backbone, Marks has shown that a p-type copolymer semiconductor P(BTimR-
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BT) (hole mobility 0.01 cm2/Vs) can be achieved, although the pure homopolymer
P(BTimR)

is n-type (electron mobility 0.01 cm2/Vs) (Figure 4. 3).157 Herein, we

employed monoimide-functionalized arylenes as electron accepting units within D-A
polymers with a hope to achieve low band gap p-type polymer semiconductors for
application in OFETs and PVDs.
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Figure 4. 3 Chemical structures of imide-functionalized bithiophene homopolymer
P(BTimR) for n-type OFETs (left) and copolymer P(BTimR-BT) for p-type OFETs
(right).157
One advantage of using imides as electron-withdrawing groups is the imide nitrogen
atom provides an open position for alkylation directed away from adjacent backbone
units. This can be contrasted, for instance, to popular acceptor monomers like
benzothiadiazole. As we know, a challenge in organic semiconductor is to maintain a
balance between solubility and close π-π stacking.157 Alkyl side chains can impart
solubility to polymers, but their effect on backbone planarity (conjugation) and packing
depends critically on their placement.20 However, imide groups provide such open
positions for alkylation without sacrificing conjugation and therefore coplanarity and
efficient π-π stacking can be maintained by judicious choice of donor monomers.
Furthermore, by developing new materials with different building blocks, we can provide
device engineers a broader choice of materials. Fundamental structure-property and
structure-performance relations can be deduced from these studies and feed back to
synthetic chemist as guidance for designing new high performance materials.
HH linkages are often avoided when designing new thiophene-based polymeric
semiconductors. Two terthiophene polymers a and b (Figure 4. 4), which share the same
backbone structure, were synthesized having different arrangement of the side chains.
The absorption maximum of polymer b, having TT linkages, was red-shifted by ~110 nm
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from that of polymer a (Figure 4. 4) (HH linkages), indicating more extended
conjugation (backbone planarization). The charge-carrier mobility of polymer b (Figure
4. 4) is approximately 3 orders of magnitude higher than that of polymer a.221 Liu
demonstrated a similar trend in for dithienopyrrole-based polymers, c and d (Figure 4.
4).209
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Figure 4. 4 Comparison of optical properties and device performance of pairs of
polymers having identical backbone structure but different side chain substitution
patterns: The polymers with TT linkages (b221 and d209) show higher conjugation and
better device performance than those with HH linkages (a221 and c209).
A question to be asked is if HH linkage inherently causes twisting of backbones?
Barbarella synthesized two different thiophene oligomers with HH linkage and
investigated their crystal structures. Tetramethyl tetrathiophene e222 (Figure 4. 5) has
fully planarized structure, while the thiophene backbone of tetramethyl hexathiophene
f223 (Figure 4. 5) is twisted suggesting that backbone planarity may be more a function of
space-filling. Watson group recently reported a highly conjugated bithiopheneperfluorobenzene copolymer h (Figure 4. 5) with HH linkages. This polymer
demonstrated 80 nm red-shift from solution to film state and 2D-WAXD investigation of
polymer fibers revealed close packed, planarized backbones as indicated by the fiber
WAXD patterns in the lower right corner of Figure 4. 5.
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However when the

tetrafluorobenzene units were replaced by benzene rings, bithiophene-benzene copolymer
g (Figure 4. 5) showed amorphous structure.224

Figure 4. 5 HH linkage containing (highlighted by red circle) materials: tetrathiophene
derivative e222, hexathiophene derivative f223 along with their structures determined from
crystallography, and thiophene copolymers (g and h) with their fiber WAXDs (Reprinted
with permission from reference 224. Copyright 2008 American Chemical Society).224
R

O
S

O

O

R
O
S

S

S
O

R

O
R

i
R
N

O

O

N
R

j
R

R
S

O

O

R

N
S

S
S

S

S

S

S

S
N

R

R

S

R

l

k

Figure 4. 6 Chemical structures of HH linkage containing conjugated polymers:
backbone coplanarity was maintained (i164 and j165) and high carrier mobility was
demonstrated (l225 and k195).
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Reynolds 165 and Pomerantz164 reported coplanarity can exist in HH linkage-containing
thiophene copolymers due to sulfur oxygen contact (indicated by red dash line in i and j).
Recently, conjugated polymers with HH linkage were synthesized and demonstrated high
hole mobility (l)225 and ambipolar OFETs (k) (Figure 4. 6).195 Therefore HH linkages
may not necessarily exclude backbone planarity. Other factors are also involved in
molecular self-assembly, which can enforce HH-linkage containing polymers to adopt
coplanar structures.
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Figure 4. 7 Comparison of different designs for incorporating acceptor units (phthalimide
in this case) into D-A copolymers: adding unsubstituted conjugated spacer (m) and using
HH linkage (n): acceptor unit (red); donor unit (blue) and solubilizing chain (green).
Herein, we incorporated HH linkage units into a novel class of donor/acceptor
polymers to investigate the structure-properties relationship and also device performance.
Phthalimide was employed as the acceptor unit. Provided that sufficient order can be
attained in the solid state, this approach can bring two advantages over incorporating
conjugated spacers to avoid HH linkages (Figure 4. 7). First, solubility and therefore
processablity can be improved due to higher volume fraction of side chains. In
donor/acceptor systems, common strategies to avoid HH linkage-induced twist is using
conformational locking of adjacent rings (see chapter 3)226 or adding unsubstituted
spacer;184 both of which can significantly reduce the solubility and polymers may have
lower molecular weight since polymers will precipitate out at early stage of
polymerization. Second, a higher loading of acceptor unit can be achieved, likely
increasing its effect on polymer band structure. Koch et al reported that the ionization
energy, and resulting ambient OFET operational stability of polyalkythiophenes
increased with increasing loading of acceptor monomer.227
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4. 2 Synthesis of monomers and polymers
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Figure 4. 8 Synthesis of phthalimide monomers 4-2 and imide-functionalized thiophene
monomer 4-8. i: Br2, I2, oleum (20% free SO3), r.t.; ii: RNH2, glacial acetic acid, reflux;
iii: CuCN, DMF, reflux; iv: KOH, ethylene glycol, reflux; v. Ac2O, 140 °C; vi: RNH2,
AcOH, 130 °C; vii: SOCl2, reflux; viii: NBS, CF3COOH, H2SO4, r.t..
Phthalimide monomers were used here as the acceptor unit for D-A copolymers. The
synthetic route to 3,6-dibromophthalimide monomers 4-2 is depicted in Figure 4. 8.
Although the anhydride group deactivates the benzene ring towards electrophilic
bromination, it is easier to brominate in comparison to naphthalene bisanhydride (chapter
3). Bromination with Br2 in oleum (20% free SO3)228 led to a mixture of brominated
products. The desired product 3,6-dibromophathalic anhydride 4-1 was attained in high
purity after multiple recrystallizations. 4-1 was condensed with different amines in acetic
acid, leading to phthalimides carrying various alkyl chains in high yields (83%-94%). In
comparison to imidization of dibromo naphthalene bisanhydride, the reactions here were
not complicated by competing nucleophilic aromatic substitution, due to the diminished
electrophilic nature of the phthalimide core. Different alkyl amines were employed to
ensure the solubility of the polymers, and also for the purpose of structure-property
studies.
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Figure 4. 9 Synthetic route to phthalimide based copolymers. i: Pd2(dba)3, P(o-tolyl)3,
THF (2-DT: 2-decyltetradecyl; 2-BO: 2-butyloctyl; n-DO: n-dodecyl; n-OC: n-octyl; 2EH: 2-ethylhexyl; n-TD: n-tetradecyl).
Other electron deficient monomers such as pyromellitic bisimide (PMBI), imidefunctionalized thiophene and benzothiadiazole were employed for structure-property
studies of alternating D-A polymers containing 3,3′-dialkoxy bithiophene as donor units.
The synthesis of 3,6-dibromopyromellitic bisimides 2-4 was described in Chapter 2.
Imide-functionalized thiophene monomer 4-8 was synthesized by following a published
procedure starting from 3,4-dibromothiophene (Figure 4. 8).229
Synthesis of the thiophene comonomers with different electron donating ability,
geometry and conjugation length was described in Chapter 3. The synthetic route to the
phthalimide based polymers is shown in Figure 4, 9 and the synthesis route to alternating
donor/acceptor polymers containing dialkoxy bithiophene as donor along with other
acceptors is depicted in Figure 4. 10. The catalyst system of Pd2(dba)3/P(o-tolyl)3, which
was found to be very effective for preparing the polymers reported in chapter 3, was also
employed here. Relatively high molecular weights could be achieved in a matter of a few
hours in many of the polymerizations.
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Figure 4. 10 Synthetic route to dialkoxy bithiophene copolymers containing different
electron withdrawing units. i: Pd2(dba)3, P(o-tolyl)3, THF (2-EH: 2-ethylhexyl; n-DO: ndodecyl; n-HD: n-hexadecyl; 2-BO: 2-butyloctyl; n-TD: n-tetradecyl).
All of the imide-functionalized polymers reported in this chapter could be rendered
soluble through choice of the side chains and controlling polymerization conditions (i.e.
reaction time ∝ conversion ∝ degree of polymerization had to be limited in some cases
to maintain solubility). Unlike naphthalene bisimide (NBI) as acceptor unit (Chapter 3)
which can carry two side chains, only one alkyl chain can be attached to the phthalimide
core, and therefore phthalimide-based polymer analogues demonstrated relatively lower
solubility. All polymers were purified using sequential Soxhlet extraction with various
solvents to remove low molecular weight oligomers.
Except for 4-P2 and 4-P4, which have low solubility in THF at room temperature and
therefore could not be characterized by GPC, all the imide-functionalized polymers were
characterized with GPC which indicated relatively high molecular weight. The
benzothiadiazole-based polymers (4-P10) have limited solubility due to a lack of alkyl
side chains on the acceptor units. Polymer 4-P10c with long n-tetradecyloxy chains is
insoluble even at high temperature in chlorinated solvents, which prevents
characterization by standard solution-based techniques. Therefore, longer side chains (nhexadecyloxy in 4-P10a) and branched side chains (2-butyloctyloxy in 4-P10b) were
attached to the bithiophene units to increase the solubility. Polymers were characterized
with NMR, UV-vis absorption, DSC, CV and 2D-WAXD. Aggregation in solution
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induced signal broadening during NMR measurements; and UV-vis absorption study of
these polymers also suggested aggregation in solution, which will be discussed later in
detail. Due to the strong aggregation in solution by some polymers at room temperature,
resolved 1H NMR could only be obtained at elevated temperature, and no

13

C signals

corresponding to the backbone carbons could be collected after 12 h at the high
temperature for these polymers.
Table 4. 1 Properties of polymers 4-P1-4-P10.
λmax

Δ λmax

yield

Mn (KDa)a

Tmb

(soln)

λmax (film)e

soln-film

λonset(film)e

(%)

[PDI]

(°C)

(nm)

(nm)

(nm)

(nm)

4-P1

82

13.0 [1.58]

238

409c

465

56

554

4-P2

96

N/A

N/A

479c

535

56

576

4-P3

84

22.0 [1.91]

N/A

391c

403

12

508

4-P4

92

N/A

306

507c

553

46

595

4-P5

86

31.4 [6.74]

N/A

528c

538

10

626

4-P6

78

35.2 [8.80]

299

461c

478

17

634

4-P7a

90

208 [1.90]

N/A

567c

613

46

767

4-P7b

96

117.3 [3.61]

N/A

563c

613

50

728

4-P7c

98

58.1 [3.68]

N/A

558c

613

55

726

4-P7d

93

168.9 [3.01]

N/A

566c

613

47

765

c

563

56

640

4-P8

96

14.2 [2.02]

N/A

507

4-P9

96

32.2 [2.77]

360

739c

750

11

836

4-P10a

82

N/A

210

880d

891

11

1034

4-P10b

98

29.1 [3.23]

N/A

809d

872

63

1017

a

GPC vs polystyrene standards.

b

peak melting point from differential scanning

calorimetry (10 ºC/min). c 5x10-6 M in CHCl3. d 5x10-6 M in o-dichlorobenzene. e pristine
film spun-cast from 2% (w/w) toluene solution.
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4. 3 Optical properties and self-assembly of polymers

4. 3. 1 Effect of donor monomers on polymer optical properties and self-assembly
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Figure 4. 11 Absorption spectra of phthalimide-based polymers: solution (blue line, 5 x
10-6 M in chloroform); as-cast film (green line); thermally-annealed film (red line, for
polymers with measurable melting point the annealing temperatures is 30 °C lower than
Tm, for polymers without melting point the annealing temperature is 200 °C).

The optical properties of the new phthalimide-based polymers were investigated using
UV-vis absorption measurements (Figure 4. 11) and their absorption data are listed in
Table 4. 1. In comparison to the lower band gap NBI-based polymers (Chapter 3), the
majority of the phthalimide-based polymers having the same donor units have broader
band gaps (~2.0 eV) which can be tentatively attributed to the higher lying LUMO
(diminished electron affinity) of the phthalimide acceptor units relative to NBI. Therefore
all polymers except 4-P7a have poorer overlap with the solar spectrum, making them less
favorable candidates for PVDs. Polymer 4-P7a has a low optical band gap of 1.62 eV,
estimated from the onset of absorption. Consistent with the interpretation in chapter 3,
this is attributed to the destabilizing effect of 3,3’-dialkoxy bithiophene units on the
HOMO of the polymer.
Absorption profiles of these phthalimide-based donor/acceptor polymers highly depend
on two factors: electron density on the donating monomers and backbone conformation,
similar to trends observed for NBI-based polymers (Chapter 3). As shown in Figure 4. 11,
the absorption maxima are 465 nm for 4-P1, 535 nm for 4-P2, 553 nm for 4-P4 and 613
nm for 4-P7a in the solid state, which reflects a trend of increasing electron density of the
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donor units. From 4-P1 via 4-P2 and 4-P4 to 4-P7a, the donor units demonstrate an
increasing electron donating ability from thiophene via thienothiophene and bithiophene
to 3,3’-didodecyloxy bithiophene. The increasing electron donating ability of donor units
leads to lower ionization potential (IP) and higher HOMO energy level in the D-A system,
therefore decreasing the optical energy gap.

Figure 4. 12 Characteristic 2D-WAXD patterns of phthalimide based polymer fibers.

4. 3. 2 Effect of side chains on polymer optical properties and self-assembly
Backbone torsion and therefore conjugation should significantly affect polymer
absorption profiles. The absorption maximum of 4-P3 (403 nm) is hypsochromically
shifted 150 nm in comparison to that of 4-P4 (553 nm) in the solid state, although both
share the same backbone structure. The significant blue-shift for 4-P3 is due to backbone
torsion induced by the HH dialkylbithiophene linkages, which decreases effective πconjugation. 2D-WAXD investigations of polymer fibers (Figure 4. 12) reveal 4-P3 has
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an amorphous structure, while 4-P4 has an ordered lamellar structure with some registry
in three dimensions. The amorphous structure of 4-P3 is attributed to the HH linkages,
which in this case induce backbone twisting which disrupts close packing in the solid
state.

Figure 4. 13 Absorption spectra of polymer h from THF solution (blue line, 10-5 M) and
thin film spin-casted from toluene solution (1 mg/ ml, red line). Note HHdialkylbithiophene linkages.224
On going from solution to solid state, the absorption profile of 4-P3 undergoes only a
12 nm red-shift. This indicates no significant conformational difference between solution
and film states, which is in sharp contrast to published polymer h (Figure 4. 13), which
undergoes a 108 nm red-shift from solution to solid (Figure 4. 13).224 The significant
bathochromic shift undergone by polymer h is due to more extended backbone
planarization and rigidification in the solid state, also supported by 2D-WAXD
investigation of polymer fiber of h (Figure 4. 5). By comparing the absorption spectra
and 2D-WAXD patterns of 4-P3 and h, one can clearly conclude that the nature of the
acceptor monomer can determine whether 3,3’-dialkyl-bithiophene units become planar
or not. It is not possible at this point to attribute the differences to any particular
molecular feature. Contributing features include: differing space-filling demands of the
acceptor monomer (alkyl side chain), differing interaction between thienyl sulfur atom or
pendant protons with heteroatoms attached to acceptor, differing contribution of
quinoidal forms to resonance hybrids, etc.

109

The bridging carbon atom of the 4,4-dialkyl-cyclopentadithiophene unit can induce
backbone coplanarity due to conformation locking.226 At the same time it can provide
better solubility due to higher volume fraction of solublizing alkyl chains. Polymers 4-P4,
4-P5 and 4-P6 have similar absorption peaks and onset of absorption (Table 4. 1 and
Figure 4. 11) unlike the NBI-based polymers (Chapter 3) with the same series of
differing donor units. It is unclear at this point why the nature of the donor monomers
seems to have less effect here. It must somehow be related to the way in which the FMOs
of the donors combine with those of the two different acceptors. The weak differences
can be attributed to geometry changes of thiophene ring in fused cyclopentadithiophene
(4-P5) and dithienothiophne (4-P6). From solution to film state, 4-P1, 4-P2, 4-P4 and 4P7a demonstrated relatively large bathochromic shift (~50 nm), which indicates these
polymers have lower conjugation in solution and higher conjugation in film states. 2DWAXD patterns of these polymer fibers show (Figure 4. 12) they can form threedimensional lamellar structure, therefore the ~ 50 nm red-shift from solution to film state
can be correlated with forming a more ordered state (rigidification). Among these
polymers, 4-P1, 4-P2 and 4-P4 carry no substituents on the thiophene units, thus they can
self-assemble into three-dimensional lamellar structures. Interestingly, a high ordering
structure also exists for 4-P7a, although its backbone contains HH linkages in the 3,3’didodecyloxy bithiohphene units. The coplanar structure could be induced by chalcogenchalcogen interaction230 between thienyl sulfur atom and pendant oxygen on alkoxy
chain. This weak interaction leads to a fine structure in solid state231, 232 and 4-P7a forms
a highly ordered structure, in contrast to amorphous 4-P3, carrying alkyl side chains on
the bithiophene units. Thermal annealing effects on absorption spectra of polymers were
investigated; polymer 4-P7a developed vibronic structure after annealing at 200 °C,
which indicates thermal treatment produces higher ordering in film states.
Polymers 4-P7 can be considered as products of the insertion of phthalimide into the
repeating units of poly(3,3’-dialkoxy-2,2’-bithiophene). If the latter is then considered as
the “parent” polymer, this change in chemical structure apparently has little effect on the
optical band gap (Egopt).233, 234 The estimated Egopt from the onset of absorption of 4-P7a
is ~1.62 eV, which is comparable to its parent polymer (~1.65 eV). As discussed in
chapter 1, the band gap of conjugated polymers is determined by five contributors.23 First,
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the backbone of the parent polymer consists of all thiophene ring, while 4-P7a has
alternating benzene ring and thiophene rings. Therefore, the parent polymer has smaller
bond length alternation than 4-P7a, which can narrow down the band gap of parent
polymer. Second, the aromatic resonance energy is 1.56 eV for benzene and 1.26 eV for
thiophene.23 The benzene rings have greater tendency to maintain aromaticity, which
leads to lower degree of quinoidal resonance contributions and localization of electrons in
4-P7a which increases its band gap. Third, the pendant carbonyl groups of the
phthalimide unit may increase or decrease torsion, depending on whether their interaction
with adjacent thiophene units is repulsive or attractive. Therefore the third contributor
may increase or decrease band gap. Fourth, intermolecular donor/acceptor interactions in
D-A polymer 4-P7a can decrease its band gap, while the parent polymer doesn’t have
this interaction. Fifth, it is expected that the donor-acceptor units of 4-P7 should increase
intermolecular interaction relative to the parent polymers. Among all these factors, the
donor/acceptor interaction (decreasing band gap) offsets other factors (increasing band
gap) in 4-P7a, therefore both polymers have comparable band gap. Although their band
gap is comparable, CV measurements revealed their band structures (HOMO and LUMO
levels) are significantly different, which will be discussed in section 4. 4.

Figure 4. 14 Absorption spectra of 4-P7a - 4P7c with different phthalimide substituents
from solution (left, 5 x 10-6 M in CHCl3) and as-cast film (right): 4-P7a (red line), 4-P7b
(green line) and 4-P7c (blue line).235
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Alkyl side chains are needed to provide solubility and therefore processability, but at
the same time they play an important role in the packing and morphology of materials in
devices.45,

71, 236
192

performance.

Therefore choice of the alkyl chain can greatly influence device

Polymers 4-P7a - 4-P7c differing only in the nature of the phthalimide

side chains were synthesized for the study of supramolecular self-assembly of the
materials and their affects on the device performance. Though it was not quantified, the
polymers with branched side chains have better solubility. After polymerization at 80 °C
for 48 h, high molecular weight polymers 4-P7b and 4-P7c have excellent solubility in
THF, chloroform and chlorinated benzene at room temperature. However, 4-P7a,
polymerized under the same conditions, is almost completely insoluble at elevated
temperature, which limits its processibility for device application. Under modified
polymerization conditions, soluble 4-P7a with lower (but still relatively high) molecular
weight was obtained after 4 h polymerization at 60 °C. Polymer 4-P7d (Figure 4. 9) is
similar to 4-P7a, but its longer solublizing chains enable its better solubility, therefore 4P7d has good solubility in common organic solvent at room temperature after
polymerization at 80 °C for 48 h.
These polymers have almost identical absorption profiles (Figure 4. 14) in solution
and solid states, except that 4-P7a has a longer tail on the low energy side, which may be
due to more extensive intermolecular interactions. 2D-WAXD of polymer fibers was
employed to investigate the supramolecular self-assembly. From the diffraction patterns,
all polymers show lamellar structure with three-dimensional registry (Figure 4. 15). 4P7b having branched 2-ethylhexyl chains on phthalimide has a slightly larger π-π spacing
(3.7 Å) than 4-P7a (3.6 Å) having n-dodecyl chains. As the branched chain becomes
larger, 4-P7c shows a 3.8 Å π-π spacing. This trend is understandable since the polymers
with branched chains need more space for filling these side chains in the vicinity of
polymer backbone and therefore leads to bigger π-π spacing. Contrary to d-spacing from
single-crystal diffraction measurements, these values are upper limits, possibly differing
merely due to such phenomena as differing angles between the backbone ring planes and
the π-stacking axes. The differences of solubilities and π-π spacing among these polymers
with different side chains signify the importance of keeping a delicate balance between
processibility and efficient π-π stacking.157
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Figure 4. 15 Characteristic 2D-WAXD patterns of polymer fibers 4-P7a - 4P7c having
different phthalimide substituents.235
It should be mentioned again that polymers 4-P3 and 4-P7c have identical structure
except that an oxygen atom is inserted between the thiophene rings and the dodecyl side
chains. However, the solid-state absorption profile of polymer 4-P7c shows 210 nm redshift in comparison to that of 4-P3. Two factors contribute to the dramatic red-shift in 4P7c. First 3,3’-didodecyloxy bithiophene unit in 4-P7c is a stronger donor than 3,3’didodecyl bithiophene in 4-P3, which raises the HOMO energy level and decreases the
band gap of 4-P7c. Second, chalcogen-chalocogen230 interactions between thienyl sulfur
atoms and pendant oxygen atoms of the dodecyloxy chains enforces a coplanar
conformation of the polymer backbone in 4-P7c. It is most interesting that just changing
the first atom(s) of the side chains from C to O not only affects the intrinsic electronic
properties of the molecules, but also their bulk self-assembly from amorphous to highly
ordered.

4. 3. 3 Effect of acceptor monomers on polymer optical properties and self-assembly
Other electron withdrawing units were copolymerized with 3,3’-dialkoxy bithiophene
to investigate their effect on self-assembly and optoelectronic properties. Pyromellitic
bisimide (PMBI) containing polymer 4-P8, imide-functionalized thiophene-containing
polymer 4-P9 and benzothiadiazole containing polymers 4-P10a-4-P10c were
synthesized, and their absorption spectra are shown in Figure 4. 16. All these polymers
share dialkoxy bithiophene as the donor monomers, therefore their absorption profiles
highly depend on the different acceptor monomers and the backbone conformation. Due
to the strong donor/acceptor interactions, all these polymers demonstrated relative narrow
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band gap. The estimated optical band gaps (Egopt) are 1.94 eV (4-P8), 1.48 eV (4-P9) and
1.20 eV (4-P10a).

Figure 4. 16 Absorption spectra of copolymers with 3,3’-dialkoxy bithiophene as donor
units and differing acceptor units in solution (blue line, 5 x 10-6 M in CHCl3 [4-P8 and 4P9] or in 1,2-dichlorobenzene [4-P10a and 4-P10b]), as-cast film (green line) and
thermally annealed film (red line) (inset shows the color photographs of polymers in
solution).
It is interesting to compare the absorption spectra of 4-P7b (acceptor = phthalimide)
to that of 4-P8 (acceptor = PMBI). If the electron-affinity of the acceptor (i.e. LUMO
energy level) were the only deciding factor for energy gap, then 4-P8 with the stronger
acceptor should have narrower band gap than 4-P7b. However, the larger Egopt of 4-P8
(1.94 eV vs 1.70 for 4-P7b) can be attributed to greater backbone torsion. The backbone
torsion could be caused by steric hindrance between the PMBI substituents and thiophene
rings. Comparison of 4-P7 and 4-P9 is likewise quite interesting. The solid-state
absorption maximum of 4-P9 is red-shifted 137 nm relative to that of 4-P7a, and 4-P9
has a narrower optical band gap of 1.48 eV (vs 1.62 eV of 4-P7a). Again turning to the
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simplified model relating Egopt to just five contributors,23 this difference is easily
rationalized. The thiophene rings within the acceptor monomer of 4-P9 should present
(a) less steric interaction with the donor units compared to benzene rings (two C-H in
ring replaced by S), decreasing backbone torsion; (b) lower aromatic resonance energy to
delocalize electrons (vs higher aromatic resonance energy of benzene in phthalimide
unit); (c) decreased bond-length alternation.23

Figure 4. 17 Characteristic 2D-WAXD patterns of polymer fibers containing 3,3’dialkoxy-bithiophene as donor units.
Polymer 4-P10a shows strong absorption in the near IR region and Egopt of only 1.20
eV calculated from the onset absorption of its film. Again the model described above can
be used to rationalize this significantly lower energy gap compared to 4-P7. The
resonance contributors to benzothiadiazole already suggest a greater propensity to form
quinoidal structures along the polymer, while still maintaining an aromatic thiadiazole
ring as a pendant group. The fused thiadiazole ring also presents less steric hindrance,
compared to the imide ring of phthalimide, to neighboring units within the polymer chain.
Comparing the absorption spectra of 4-P9 and 4-P10a between solution and film states,
both demonstrate 11 nm red-shift of absorption maxima from solution to solid state,
which indicates both polymers exist as likely aggregates of relatively planarized
polymers in solution. 2D-WAXD investigation (Figure 4. 17) of polymer fibers indicates
these 3,3’-dialkoxy bithiophene containing copolymers (4-P8, 4-P9 and 4-P10a) have
lamellar structure with three-dimensional registry.
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Due to enhanced intermolecular interaction between alternating donor and acceptor
units combined with low volume fraction of side chains, 4-P10c having tetradecyloxy
chains on the bithiophene units is almost completely insoluble. Longer hexadodecyloxy
chains render 4-P10a soluble, but only in chlorinated solvents at elevated temperatures.
Finally, the branched 2-butyloctyloxy chains of copolymer 4-P10b renders solubility in
common organic solvent (such as THF, chloroform and chlorobenzene) at room
temperature. The solution (in 1,2-dichlorobenzene) λmax of 4-P10b is blue-shifted by
approx. 71 nm relative to 4- P10a (Table 4. 1 and Figure 4. 16), which indicates greater
backbone torsion, as one might expect. The difference is reduced to only 19 nm in the
solid state, demonstrating the effect of packing forces in the solid state versus thermal
population of states in solution.
To summarize, based on consideration of the UV-vis absorption spectra and 2DWAXD (data were summarized in Table 4. 2), the phthalimide-based polymers
demonstrated similar trends in their self-assemblies to the NBI-based polymers (Chapter
3). Polymers without substituents (4-P1, 4-P2, 4-P4 and 4-P6) on the donor monomer
units, as well as 4-P5 with 4,4-dialkyl-cyclopentadithiophene units, assemble into
ordered lamella. Polymer 4-P3, containing 3,3’-dialkylbithiophene units appeared to be
completely amorphous. However, insertion of oxygen atoms between the bithiophene
units and the alkyl chains (4-P7a) leads to ordered lamellar arrays with relatively close
(3.6 nm) π-stacking. The π-stacking distance between adjacent molecules significantly
affects overlap of molecular orbitals and therefore close π-stacking distances are highly
pursued for efficient intermolecular hopping to facilitate charge transport. Phthalimide
units allow the attachment of only one alkyl chain for solubility, but the solubizing power
of this side chain could be increased while still maintaining relatively close π-stacking
distances of 3.6 Å (4-P7a), 3.7 Å (4-P7b) and 3. 8 Å (4-P7c).

116

Table 4. 2 Data collected from diffraction patterns of polymer fibers 4-P1-4-P10.
Lamellar spacing,

“d” or “D” a

Meridional

L, L/2, L/3 (Å)

π-spacing (Å)

Maxima (Å)

4-P1

26. 3, 14.0, 9.1

3.6

14.4, 7.5

_

4-P2

23. 2, 12.1, 8.0

3.6

5.0

_

4-P3

_

_

_

4.3

4-P4

22.7, 12.7, 7.8

3.7

4.4

_

4-P5

20.3

_

5.6

_

4-P6

22.8, 11.3

4.0

4.5

_

4-P7a

29.8, 14.9, 10.2

3.6

10.4, 4.5

_

4-P7b

25.4, 13.1, 8.4

3.7

4.5

_

4-P7c

24.2, 12.1, 8.2

3.8

4.5

_

4-P8

18.4, 9.2

4.1

11. 3, 5.7

_

4-P9

29.4, 14.8, 10.1

3.6

10.3

_

4-P10a

24.8, 12.6, 8.6

3.5

10.9, 5.5

_

4-P10b

16.5, 8.3

4.1

11.0, 5.6

_

Polymer

a

“halo”

π-stacking distance, see Figure 3. 21 for definition.
Other acceptor units were also inserted between the repeating units of poly(3,3’-

dialkoxy-2,2’-bithiophene) to investigate property of polymers. The band gap of PMBIbased polymer 4-P8 was not nearly as low as might be expected from this combination of
a very strong D-A pair. This suggests that conjugation may be limited by sterically
induced backbone torsion. Other polymers (4-P9 and 4-P10) containing benzothiadiazole
and thiophene-imide acceptor units demonstrated the lowest low band gaps and high
conjugation. 2D-WAXD revealed highly ordered solid-state packing for 4-P9 and 4-P10
even when bulky 2-butyloctyloxy chains were attached to the 3,3’-positions of the
bithiophene units (4-P10b).
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4. 4 Electrochemistry of polymers

Figure 4. 18 Cyclic voltammograms of thin films of phthalimide-based polymers 4-P1 4-P7a in 0.1 M (n-Bu)4N.PF6 acetonitrile solution; working electrode = Pt; counter
electrode = Pt wire; reference electrode = silver wire; Scanning rate = 50 mV/s.
Cyclic voltammetry (CV) was employed to investigate the band structure (HOMO and
LUMO energy levels) of the phthalimide-based polymers 4-P1-4-P7. Their cyclic
voltammograms are shown in Figure 4. 18 and their electrochemical data are
summarized in Table 4. 3. The ferrocene/ferrocenium redox couple was used as reference.
4-P1 and 4-P2 demonstrate quasi-reversible or reversible oxidation and reduction waves
as evident from the areas and close proximity of the anodic and cathodic peaks. Polymers
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4-P5 and 4-P7a show quasi-reverible or reversible oxidation waves but irreversible
reduction waves. However, the oxidation and reduction waves of polymers 4-P3, 4-P4
and 4-P6 are irreversible. The reduction waves are hardly clear, which means these
materials are more likely to be p-type than n-type semiconductors. The HOMO and
LUMO energy levels were estimated from the onset from the CV curves and the results
are summarized in Table 4. 3.
Across the series, HOMO energy levels are a function of electron-donating ability of
the thiophene-based monomers and electron (de)localization as a function of backbone
planarization and “degree of aromaticity” of the units. EHOMO was elevated with
increasing donating ability of thiophene monomers; for example -5.88 eV for 4-P1, -5.64
eV for 4-P4 and -5.28 eV for 4-P7a when donor units were varied from thiophene, to
bithiophene and to 3,3′-dodecyloxy bithiophene. Backbone torsion also plays a key role
in determining EHOMO. 2D-WAXD and UV-vis studies indicated a high degree of
backbone torsion for 4-P3; thus 4-P3 has a “large” optical band gap (2.41 eV) and lowlying EHOMO (-5.78 eV) when compared to 4-P4 (Egopt = 2.08 eV; EHOMO: -5.64 eV) and
4-P5 (Egopt: 1.96 eV; EHOMO: -5.51 eV). All phthalimide polymers have similar LUMO,
which is around -3.0 eV. As noted in chapter 3, the similar LUMO levels can be
attributed to having the same acceptor units for all polymers. Polymer FMO energy levels
can determine efficiency of charge carrier injection from electrodes into the organic
semiconductor. The HOMO energy level of 4-P7 is -5.28 eV, which is about ~0.1 eV
deeper than rr-P3HT measured under the same condition and similar to PBTTT40 and
PQT212 (Figure 4. 2), therefore efficient hole injection from gold electrodes and moderate
air stability can be expected from 4-P7.

The band structures of polymers 4-P8 – 4-P10 having other acceptor units were also
estimated

from

absorption

and

electrochemical

measurements.

The

cyclic

voltammograms of these polymer semiconductors are shown in Figure 4. 19 and their
electrochemical data are summarized in Table 4. 3. All these materials demonstrate
narrow band gaps due to strong donor/acceptor interaction, and they show quasireversible or reversible oxidation wave. HOMO levels of 4-P8 (-5.28 eV) and 4-P9 (-5.17
eV) are similar that of 4-P7a (-5.28 eV) due in part to employing the same donor
monomer. However the HOMO level of 4-P10a is ~0.3 eV higher that 4-P7a, which can
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be attributed to its high coplanar conformation and quinodial structures, which leads to its
low band gap. Based on their HOMO energy levels, efficient hole injection can be
expected from Au electrodes into the HOMOs of 4-P7–4-P10 due to the low energy
barrier (<0.3 eV). But the high lying HOMO level of 4-P10 can result in high p-doping in
the “off” state and also its instability in the device operation. Based on the results of CV
measurements of polymer films, Figure 4. 20 depicts the energy levels of polymers 4-P14-P10a.

Figure 4. 19 Cyclic voltammograms of thin films of D-A copolymers 4-P7a _ 4-P10a
containing 3,3’-dialkoxy-bithiophene as donor in 0.1 M (n-Bu)4N.PF6 acetonitrile solution.
Working electrode = Pt; counter electrode = Pt wire; reference electrode = silver wire;
Scanning rate = 50 mV/s. Cyclic voltammogram of rr-P3HT film measured under the
same conditions included for comparison.
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Figure 4. 20 Energy levels of polymers 4-P1-4P10a (calculated from CV measurements
of polymer films; every sample was measured at least three times for error; rr-P3HT film
was measured under the same condition for comparison).
Table 4. 3 Electrochemical and optical data of polymers 4-P1-4-P10.a
Eox (V) b

EHOMO (eV) c

Ered (V) d

ELUMO (eV) e

Egopt (eV) f

4-P1

1.08

-5.88

-1.68

-3.12

2.24

4-P2

1.06

-5.86

-1.64

-3.16

2.15

4-P3

0.98

-5.78

-1.79

-3.01

2.44

4-P4

0.84

-5.64

-1.80

-3.00

2.08

4-P5

0.71

-5.51

-1.89

-2.91

1.98

4-P6

0.83

-5.63

-1.67

-3.13

1.96

4-P7a

0.48

-5.28

-1.76

-3.04

1.62

4-P8

0.48

-5.28

-1.84

-2.96

1.94

4-P9

0.37

-5.17

-1.60

-3.20

1.48

4-P10a

0.14

-4.94

-1.45

-3.35

1.20
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a

Experimental conditions: 0.1 M (n-Bu)4N.PF6 in acetonitrile as supporting electrolyte,

platinum disc as working electrode, platinum wire as counter electrode, silver wire as
reference electrode and Fc/Fc+ (-4.8 eV vs vacuum) as reference, scanning rate = 50
mV/s; All measurements conducted on solution cast thin films. b values calculated from
onset of anodic oxidation peak.

c

EHOMO= -4.8-Eox.

d

values calculated from onset of

cathodic reduction peak. e ELUMO= -4.8-Ered. f Egopt = 1240/λonset.

4. 5 Phthalimide-based polymers as p-type semiconductors for OFETs
One of the goals of this project is to develop new p-type polymers for the application
in OFETs. After structure-property studies, the charge transport properties of the
polymers reported here were investigated through an external collaboration with the
group of Prof. Samson Jenekhe (University of Washington).

Figure 4. 21 Bottom-gate/bottom contact device structure for polymer OFETs.
OFETs were fabricated with the most basic, standard architecture: bottom-gate/bottomcontact geometry (Figure 4. 21).237, 238 Heavily n-doped silicon and thermally grown
silicon dioxide served as gate electrode and dielectric layer, respectively and gold
contacts served as source/drain electrodes. Before deposition of polymer semiconductors,
the dielectric surface was treated with octyltrichlorosilane to passivate charge-carrier
traps. Polymers were deposited by spin coating from 4-6 mg/mL solutions in orthodichlorobenzene at 1000 rpm for 90 s to form a 30-60 nm thin film, followed by drying in
vacuum at 60 ºC. The thin film transistors were analyzed using a Keithley 4200
semiconductor characterization system in ambient air under light. The charge carrier
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mobility was calculated from the saturation region of the transfer curves by using the
following equation.
I ds = (W / 2 L) μC0 (Vg − Vt ) 2

Phthalimide-based polymers demonstrated p-type semiconductor behavior. Low charge
carrier mobilities were obtained from preliminary device studies, except for 4-P7a and 4P7b: 10-5 cm2/Vs (4-P2); 10-7 cm2/Vs (4-P6); 10-7 cm2/Vs (4-P8), and 3 x 10-4 cm2/Vs (4P9). Although carrier mobility might be improved after optimization, the low carrier
mobilities can be initially attributed to poor charge injection due to mismatch between
EHOMO of 4-P2 (-5.86 eV) and 4-P6 (-5.63 eV) with the Fermi level of the Au electrodes
(-5.10 eV);239, 240 or relative large π-stacking distance (4.1 Å for 4-P8), or low solubility
4-P9 leading to poor film formation. The results indicate the importance of FMO
energitics of the organic semiconductors for charge injection and film morphology for
charge transport.38
Based on output and transfer characteristics from OFETs (Figure 4. 22), average
charge carrier mobility was 0.17 (±0.05) cm2/Vs (32 devices) for 4-P7a OFETs and 0.017
(±0.008) cm2/Vs (36 devices) for 4-P7b OFETs respectively; and the calculated
maximum hole mobility was 0.28 cm2/Vs (4-P7a) and 0.036 cm2/Vs (4-P7b) in the
saturation region. Current modulation (Ion/Ioff) of 104 – 105 was routinely observed for
both polymers with the maximum Ion/Ioff ratio greater than 106. Average threshold
voltages were 24 V for 4-P7a transistors and 31 V for 4-P7b transistors. The carrier
mobility of 4-P7a is comparable to that of PBTTT and PQT (Figure 4. 2).20 Unlike many
published state-of-the-art polymeric semiconductors, polymer 4-P7a does not require
high temperature annealing to reach this moderately high performance. Furthermore, this
performance was achieved in devices with the simplest structure (less than state-of-theart): bottom-gate/bottom-contact, making 4-P7a a candidate for inexpensive, large-area
electronics, especially after optimization of device architecture and processing.
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Figure 4. 22 Output (left) and transfer characteristics (right) of OFETs prepared from 4P7b (A, B) and 4-P7a (C, D) thin-film transistors under ambient condition (Reprinted
with permission from reference 235. Copyright 2004 American Chemical Society).235
The high carrier mobilities of 4-P7a and 4-P7b can be attributed to efficient charge
injection from source electrodes due to the low energy barrier and also good film
morphologies. The 2D-WAXD diffractograms of fibers from these polymers (Figure 4.
15) demonstrated effects of alkyl substituents on supramolecular self-assembly. Although
2D-WAXD investigation of polymer fibers gave important information about selfassembly, the order obtained in polymer fibers may not necessarily be the same in thin
films. Thin films were produced by following the same procedure for OFET device
fabrication, with the exception that quartz plates were used in place of silicon wafers and
diffraction was collected in reflection, rather than transmission mode. Both 4-P7a and 4-
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P7b films give rise to 1st and 2nd order diffraction maxima at intermediate angles,
indicating short-range lamellar ordering (Figure 4. 23). Wide-angle diffraction maxima,
which are assigned to the π-stacking distances, extend above a broad feature arising from
disordered side chains and substrate. The π-stacking distance for 4-P7a (3.6 Å) is slightly
shorter than that for 4-P7b (3.7 Å), which in turn is shorter than that reported for rr-P3HT
films (3.8 Å).241

Figure 4. 23 Film X-ray of polymers 4-P7a (red) and 4-P7b (black). Inset shows
magnified peaks corresponding to π-π stacking (Reprinted with permission from
reference 235. Copyright 2004 American Chemical Society).235
Polymer film morphology investigated by using atomic force microscopy (AFM) can
provide some insight into the differing device performance (Figure 4. 24). AFM images
collected from actual devices reveal fibrillar ordered domains with widths of 15–30 nm.
Domain boundaries are not as well-resolved in thin-films from P7a as from 4-P7b.
Therefore, the better device performance of 4-P7a could be attributed to better domain
interconnectivity,209 which is similar to film morphology of rr-P3HT having different
molecular weights in literature.242 Lower molecular weight rr-P3HT leads to rod-like
structures and poor domain interconnectivity, while higher molecular weight rr-P3HT
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demonstrated more uniform morphology and higher domain interconnectivity, with the
latter providing better device performance. Both 4-P7a (207.5 kDa) and 4-P7b (117.3
kDa) have high molecular weight, and therefore there differences in molecular weight
may not largely contribute to differing device performance, though this can not be
excluded. Since there are no other variables, the differences in device performance are
attributed to better domain interconnectivity, which must be a function of the only
structural variable: the nature of the alkyl side chains.

Figure 4. 24 Surface morphology [tography (left) and phase (right)] of 4-P7b (A,B) and
4-P7a (C,D) (Reprinted with permission from reference 235. Copyright 2004 American
Chemical Society).235

4. 6 Phthalimide-based polymers as donor materials for PVDs
Another application of organic semiconductors is as the active layer in photovoltaic
devices.6 Material requirements for application in PVDs are different than those for
OFETs, but high charge carrier mobility also plays an important role in short circuit
current (Jsc) and fill factor (FF).60 Some other desired properties are strong absorption of
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solar irradiation for efficient exciton formation,243 appropriate FMO energy levels for
efficient exciton dissociation and optimizing open circuit voltage (Voc); and the ability to
form a bicontinuous nanoscale network in donor/acceptor blends for charge carrier
separation and transport. Various published polymeric semiconductors demonstrate high
carrier mobilities in OFETs and high PCE in PVDs.193 Polymer 4-P7a could be a good
candidate for application in PVDs due to its high charge carrier mobility and its low band
gap (~1.60 eV), which provides good overlap with the solar spectrum.

Figure 4. 25 Absorption spectra of 4-P7a/PCBM blend solution (in o-dichlorobenzene)
and thin films (spin-coated on top of ITO/PEDOT substrates) and thermally treated under
different conditions as indicated by the figure legends.244
The absorption profiles of donor/acceptor blend films are critical for their efficient
conversion of solar energy. As shown in Figure 4. 11, 4-P7a has absorption peak at 613
nm in film, which is about 60 nm red-shifted relative to rr-P3HT. The band gap of 4-P7a
is about 0.4 eV lower than that of rr-P3HT, which suggests 4-P7a can possibly utilize
solar irradiation more efficiently than rr-P3HT, provided they have similar absorption
efficiency. Figure 4. 25 shows absorption spectra of 4-P7a/PCBM blends in odichlorobenzene and their spin-cast films either dried in a 50 °C vacuum oven, or
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annealed at 120 °C. The absorption profile of the 4-P7a/PCBM blend solution is almost
identical to that of solutions of the pure polymer. However, the blend film has a broader
absorption spectrum extending to the near IR with the main absorption maximum
appearing at 620 nm and a shoulder at 695 nm.
The main peaks and shoulders of blend films are both red-shifted about 10-20 nm
compared to those from the annealed pure polymer film. The reason for red-shift of
absorption by the blend film could be attributed to the higher ordering developed in
polymer/PCBM blends; a similar phenomenon was also reported for rr-P3HT/PCBM
blends.245 The tendency of 4-P7a to become ordered indicates it could be a promising
candidate for application in PVDs because the film morphology can be easily controlled
and high mobility can be expected.

Figure 4. 26 Current density-voltage characteristics for 4-P7a/PC71BM blend (1:1) and
4-P7a/PC61BM blend (1:1) solar cells with and without annealing. The curves were
measured under AM1.5 white light illumination at 100 mW/cm2. All devices have a
structure of ITO/PEDOT/4-P7a:fullerene/LiF/Al.246
The bulk heterojunction (BHJ) architecture was employed, as it has emerged as one of
the most efficient (high PCE and easy fabrication) device structures to date.6 4-P7a was
used as donor material with fullerene derivatives PC61BM or PC71BM as acceptor
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material, in a 1:1 weight ratio. Solar cells were fabricated by spin coating 4-P7a /PCBM
blends onto PEDOT to form a ~80 nm active layer, followed by deposition of 1.0 nm LiF
and 100 nm aluminum layer as cathode. All devices have a structure of ITO/PEDOT/4P7a:fullerene/LiF/Al. Figure

4.

26

shows the current density-voltage (J-V)

characteristics of 4-P7a /PCBM blend solar cells with differing thermal treatments. For
devices dried in a 50 °C vacuum oven, the power conversion efficiency (PCE), shortcircuit current density (Jsc), open circuit voltage (Voc) and fill factor (FF) obtained from
4-P7a /PC71BM are 2.0 %, 6.43 mA/cm2, 0.56 V, and 0.55, respectively. PCE, Jsc, Voc
and FF of 4-P7a/PC61BM devices are 1.81%, 5.49 mA/cm2, 0.55 V, and 0.60,
respectively. The higher PCE achieved with PC71BM as acceptor can be contributed to
broader and greater absorption in the visible region (Figure 4. 25).247 Both devices
demonstrated high Jsc and FF.
Charge carrier mobility in the PVDs is crucial for the device performance; high and
balanced carrier mobility will decrease the possibility of recombination of electrons and
holes after exciton separation.60 Therefore short circuit current and fill factor will be
improved. Charge carrier mobility of blend films were investigated by space-charge
limited current (SCLC) measurements. The zero-field mobilities of 4-P7a /PC71BM blend
films were calculated to be 2.7 × 10-4 and 4.0 × 10-4 cm2/Vs for the annealed (120 ˚C) and
vacuum oven (50 ˚C) dried films, respectively. The calculated mobility is comparable to
the hole mobility in published state-of-the-art organic solar cells.248 The high hole
mobility contributes to high Jsc and FF in the photovoltaic devices.60
Thermal-annealing is often used to improve polymer/PCBM blend film morphology
and PCE. To our surprise, annealing at higher temperature has a detrimental effect on the
device performance: almost no photovoltaic effect was observed from devices annealed
at 120 °C for 10 minutes. By comparing absorption spectra (Figure 4. 25), the thermalannealed film shows better optical absorption than the oven dried one; and investigation
of hole mobility revealed that both have similar results. Therefore, significant
degradation of device performance after thermal-annealing apparently comes from
thermally induced phase separation from the micro- to macroscale.
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Figure 4. 27 a: AFM topography image of 4-P7a /PC71BM (1:1) blend film dried in a 50
˚C vacuum oven; and b: optical microscope image of 4-P7a /PC71BM (1:1) blend film
after annealing at 120 ± 10˚C for 10 min.246
Severe phase separation indeed occurs after thermal annealing, which significantly
decreases the polymer/fullerene interface. Annealing at 120 ºC leads to phase-separated
fullerene domains which are large enough to be visible with an optical microscope
(Figure 4. 27). Therefore, exciton dissociation efficiency is dramatically decreased,
considering that excitons usually have diffusion lengths on the nanoscale.60 Similar
photovoltaic performance reduction after annealing had been observed for regioregular
poly(3-alkylthiophene) having the same side chain as 4-P7a.192 After annealing at 130 °C
for 5 minutes, the PCE was decreased from 0.65% to 0.28% for regioregular poly(3dodecylthiophene) (rr-P3DDT). The significant decreasing of PCE for rr-P3DDT/PCBM
solar cell is due to the severe phase separation at microscale, which is caused by the ease
of diffusion of PCBM due to the flexibility of the side chains of rr-P3DDT.192 As is wellknown, the best photovoltaic performance of regioregular poly(3-alkylthiophene)s was
achieved from rr-P3HT with hexyl as side chain. However, the PCE is 0.65% from rrP3DDT/PCBM polymer solar cell, which is about one third of that of 4-P7a. Thus, we
expect that by modifying of the side chain length of phthalimide-based donor-acceptor
copolymers, the film morphology can be controlled and further optimized by techniques
such as thermal and/or solvent annealing, and better solar cell performance can be
achieved. Furthermore, the long side chains in 4-P7a lowers the absorption efficiency
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since they don’t contribute to the absorption. The peak absorption intensity of 4P7a/PCBM is about 2/3 of rr-P3HT/PCBM film with the same film thickness, which
limits the PCE of the polymer solar cell.
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Figure 4. 28 X-ray diffractions of 4-P7a /PC71BM (1:1) blend films upon dried at 50 ˚C
degree (red line) in vacuum oven and annealed at 120 ˚C (blue line) (measured directly
from the solar cell devices).246
X-ray diffraction (Figure 4. 28) was also employed to investigate thermally-induced
morphological changes in the polymer/fullerene blend film. All blends showed semicrystalline structure, the diffraction maxima were slightly more distinct after annealing at
120 °C, suggesting longer-range polymer order, which can enhance phase separation.
The PVD study of 4-P7a/PCBM film indicated this new polymer is a promising
material for developing efficient solar cells without annealing, which will decrease the
fabrication cost. Considering that through modifying the polymer side chain to improve
the absorption coefficiency and also through optimizing the morphology of
polymer/PCBM blend film, the materials have large room for improvement of PCE. On
the other hand, it has instructive meaning for designing new materials: enhanced order
can be a disadvantage, leading to severe phase separation on the micrometer scale and
therefore lower exciton dissociation efficiency. Frechet249 actually demonstrated better
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PVD performance from poly(3-hexylthiophene)s having lower regioregularity within a
series of polymers after thermal annealing.

4. 7 Conclusion
A series of phthalimide based polymers have been prepared and these polymers
exhibited high molecular weights and decent solubilities. Donor/acceptor strategy was
employed for tuning the band structure of materials. In contrast to NBI-based polymers
(chapter 3), these materials shows a propensity for p-doping due to the weak electron
withdrawing ability of phthalimide in comparison to naphthalene bisimide. Investigation
of supramolecular self-assembly of polymer fibers through 2D-WAXD indicated the HH
linkage in 3’3’-dialkoxy bithiophene can induce the polymers to form high ordered
structure with three-dimensional registry. The high ordering structures in the HH linkage
containing materials has significant meaning for tuning the band structure and selfassembly of the materials, which are the two major concerns for designing new materials.
Preliminary device studies of these polymers demonstrated excellent device
performance for one of these polymers. Hole mobility up to 0.28 cm2/Vs was achieved
from OFETs under ambient condition without thermal annealing using the basic bottomgate/bottom-contact device structure. Solar cell fabricated using the same material as
donor showed moderate PCE of 2.0%. Considering the long side chain of the materials,
there should have a big room for improvement of the device performance by modifying
the side chains.

Copyright © Xugang Guo 2009

132

Chapter 5 Conclusion and outlook

5. 1 Conclusion
Motivated by excellent device performance of imide-functionalized small molecules35,
42, 143, 146, 250, 251

as organic n-type semiconductors in molecular electronics and highly

lacking of imide-functionalized conjugated polymers35,

42, 59, 157

as n-type polymeric

semiconductors in literature, different imide-functionalized arylenes are synthesized and
incorporated into conjugated polymer backbone for potential solution-processable
polymeric semiconductors for organic electronics.
Polymerizations resort to palladium-mediated couplings (Sonagashira and Stille
couplings), which means dihalogenated imide-functionalized arylenes are necessary for
the synthesis of polymers. Therefore, the key part of the synthesis of these novel polymer
semiconductors is to obtain dibrominated arylene imides as monomers, which is a
challenge since these highly electron deficient cores usually significantly deactivate their
reactivities toward electrophilic aromatic substitution. Under harsh reaction condition
(such as oleum) and using strong brominating reagents (such as dibromoisocyanuric acid),
we are able to synthesize dibromo naphthalene bisimide (NBI), dibromo phthalimide and
dibromo imide-functionalized thiophene for polymerizations. Synthesis of dibromo
pyromellitic bisimide (PMBI) is not straightforward. In the strategy to obtain this
monomer, we start from bromination of relative electron rich core, e.g. durene; then
oxidize four methyl groups to obtain tetracarboxylic acid; the following dehydration and
imidization enable us to get the desired monomer. The syntheses of the electron-rich
comonomers are straightforward by following published procedures in literature. The
extreme electronic deficient dibromo arylenes and electron rich comonomers highly
activate palladium-mediated polymerization; therefore we were able to obtain high
molecular weight polymers in high yield.
Charger carrier injection and extraction in device operation highly depend on energy
barrier between electrodes and frontier molecular orbitals (FMOs) of the organic
semiconductors. Power conversion efficiency (PCE) in PVD highly relies on the band
gap for efficient absorption of solar irradiation. The Donor-acceptor strategy is employed
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for tailoring of the band structure of the polymers (band gap, HOMO level and LUMO
level). Various imide functionalized acceptors with different electron withdrawing
abilities and also different donors enable us to finely tune the band structures over a wide
range (from 2.5 eV to 1.1 eV). To our best knowledge, PMDI-based PPEs demonstrate
low-lying LUMO energy level (-3.6 eV), one of PPEs shows the lowest band gap (~1.50
eV) among PPEs in literature. The LUMO energy level (-3.80 eV _ -3.90 eV) in NBIbased polymers is close to the border line for air-stable n-type semiconductors and
therefore makes them promising as n-type semiconductor candidates. The HOMO levels
of phthalimide based polymers diminish the energy barrier for hole injection and makes
some polymers as promising candidates for p-type semiconductors. Some polymers also
demonstrate narrow band gap for better matching of solar irradiation for potential
application in PVDs, also band gap as low as 1.1 eV in some NBI-based polymers
indicates they can be used as ambipolar organic semiconductors for applications in
complementary circuits.
To keep a balance between solubility and close π-π stacking is pivotal in developing
high performance polymer semiconductors.157 Thanks to the opening position provide by
nitrogen atom on the imide groups, we can attach solublizing alkyl chains to the polymers
without sacrificing molecular ordering for charge transport. The enhanced solubilities
enabled by imide groups lead to polymers with high molecular weight, which usually
favors the quality of forming films and transport of charge carriers. Covalent bonded
molecular structure determines the molecular property in single molecules level, however
macroscopic device performance also highly depends on arrangement of molecules in
different hierarchies.18 Therefore materials, which can self-assemble into favorable
mesoscopic structure, are high desirable for device applications. In these polymers,
alternating donor/acceptor repeating units along the polymer backbone can induce strong
intermolecular interaction, which can lead to better overlap of π orbitals for efficient
charge transport. In design of new materials, chalcogen-chalcogen interaction230 between
thienyl sulfur atom and pendant oxygen atom of alkoxyl group is introduced for tuning
the structure of the materials at single molecular level. The weak secondary interaction
between sulfur and oxygen leads to fine structure of the materials, three dimensional high
ordering packing is revealed by 2D-WAXD studies in the HH linkage containing
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dialkoxybithiophene. This S-O interaction can be applied to design new materials, which
can increase the solubility due to the loading of alkoxy sidechain and can also induce
coplanar structure for charge transport.
Preliminary device study of NBI based polymers demonstrates that they are promising
n-type polymer semiconductors for application in OFETs. Electron mobility as high as
~0.01 cm2/Vs with Ion/Ioff > 104 is obtained for polymer 3-P5 in bottom-gate/bottomcontact device structure, to our best knowledge, which is comparable to the best n-type
polymer semiconductor in literature (electron mobility: 0.001-0.01 cm2/Vs).59,

157

The

optimization of device performance is still in progress and we believe the device
performance can be significantly improved by adopting different fabrication process and
device structure. Almost at the same time, Polyera Inc. demonstrated OFETs with
electron motilities > 0.1 cm2/Vs (up to 0.85 cm2/Vs) and Ion/Ioff > 106 from P(NDI2ODT2) in tope-gate/bottom-contact device geometry;160 the polymer has the same backbone
structure as 3-P5, differing the imide substituents. The high electron mobility of this
polymer can match the hole mobility of current high performance p-type polymer
semiconductors.169 One of the polymers (3-P8a) demonstrated interesting ambipolar
transport properties with electron mobility of ~0.04 cm2/Vs and hole mobility of ~0.002
cm2/Vs and Ion/Ioff of 103-105. The high performance of this ambipolar semiconductor is
encouraging us to fabricate complementary-like inverter to mimic complementary metaloxide-semiconductor (CMOS). The preliminary device studies indicate these NBI-based
polymers are good candidates as n-type and ambipolar semiconductors for solutionprocessable device applications.
More promising device performances come from phthalimide based polymers in
OFETs and PVDs. Polymer 4-P7a demonstrated average hole mobility of 0.17 cm2/Vs
(highest up to 0.3 cm2/Vs) with Ion/Ioff 105 under atmosphere without post thermalannealing in bottom-gate/bottom-contact device structure, which is among the best p-type
polymer semiconductors in literature. In comparison to all-thiophene based p-type
semiconductors, e.g. regioregular polythiophenes and regiosymmetric polythiophenes,
alternating donor/acceptor units in 4-P7a lead to a narrow band gap of ~1.60 eV, which
matches well with the solar irradiation. PVD investigation of polymer/fullerene blend
reveals PCE up to 2% in which 4-P7a was used as donor and PC71BM was used as
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acceptor. Post thermal-annealing effect on PCE is also investigated, almost no
photovoltaic effect is observed for devices annealed at 120 °C, which is due to severe
phase separation at micro-scale induced by ease diffusion of PCBM due to the high
flexibility of the side chains.252 Thus, by modifying of the side chain length of
phthalimide-based donor-acceptor copolymers, we expect the film morphology can be
controlled and further optimized by the state-of-the-art techniques such as thermal and/or
solvent annealing, and better solar cell performance can be achieved.

5. 2 Outlook
Although these novel imide-functionalized materials have demonstrated excellent
device performance, especially 3-P8a demonstrated interesting ambipolar behavior with
decent electron (~0.04 cm2/Vs) and hole mobilities (~0.003 cm2/Vs) and 4-P7a
demonstrated excellent hole mobility (~0.2 cm2/Vs) in OFETs characterization. Since
the device performance highly depends on the material processing and device structure.
In the future, one research effort should aim at device optimization, e.g. fabrication
process and device structure, especially for the NBI-based n-type polymers, since one of
these polymers has demonstrated superior device performance as n-type semiconductors
in literrature.160 Furthermore, the moderate electron mobility and the strong absorption in
the spectrum of solar irradiation indicate they can be employed as electron-transport layer
in solar cell. Without any optimization, device test of all polymer solar cell using 3-P5 as
acceptor layer and rr-P3HT as donor layer has demonstrated PCE of ~0.2% (not reported
in this dissertation), which encourages us to fabricate and optimize all-polymer solar cell
using these NBI-based polymers as acceptor layer.
Significant difference in device performance was demonstrated between 4-P7a and 4P7b, which indicates there are a lot of rooms to optimize the material structures by
simply changing the solublising side-chains. Straight side-chain containing 4-P7a has one
order of magnitude higher carrier mobility than branched side-chain containing 4-P7b.
Current device test result has already showed that branched side-chain containing 3-P8a
has decent device performance in OFETs. By replacing the branched 2-ethyhexyl on the
nitrogen atom in 3-P8a with straight chain such as n-dodecyl or n-tetradecyl, the resultant
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polymers a (Figure 5. 1) may have more compact π-stacking distance and better film
morphology, which will significantly promote the device performance as demonstrated in
4-P7a (in comparison to 4-P7b). 4-P7a has demonstrated high hole mobility and broad
absorption range of solar spectra, however the 2% PCE is much lower than 5% PCE of
rr-P3HT based solar cell. No doubt, the high PCE of P3HT is due to extensive research
efforts from optimization of device fabrication of different research groups for years. The
key limiting factor of 4-P7a/PCBM solar cell is its low absorption coefficiency and its
severe phase separation at micro-scale after thermal annealing. Considering PCE was
significantly decreased from rr-P3HT to rr-P3DDT, which has the same side chain as 4P7a, we believe the PCE of 4-P7a/PCBM solar cells can be significantly increased by
simply shortening the side chain length. By employing short side-chains, polymers b
(Figure 5. 1) will have better absorbance coefficiency and hopefully better film
morphology in solar cell blend, which will significantly improve the device performance.
The major disadvantage of polymers by using straight side-chains (a in Figure 5. 1) or
short side-chains (b in Figure 5. 1) is their decreased solubilities, which will limit their
processability and will affect their film morphology. However, we can optimize the
polymerizations condition to circumvent these limitations, such as lower reaction
temperature and shorter polymerization time. Furthermore, studies from Frechet group
indicate molecular weight is a significant parameter for device performance. Due to the
extreme efficient polymerization abilities of these alternating D-A polymers, we can
synthesize polymers with high molecular weight. Therefore, controlling molecular weight
of polymers and also their polydispersity can give insight about their effect on device
performance, possible lead to enhanced device performance.
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Figure 5. 1 Proposed chemical structures of polymer semiconductors by optimizing their
solublising side chains.
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Figure 5. 2 Proposed chemical structures of thiophene imide based copolymer
semiconductors for potential application in OFETs and PVDs.
One of extensive research efforts in this dissertation focused on phthalimide-based
polymers, however thiophene imide based polymers were not systematically investigated
in this project. Optical investigation of thiophene imide based polymer 4-P9 has 137 nm
red-shift in comparison to phthalimide based polymer 4-P7a, which indicates higher
conjugation was achieved in 4-P9. The higher conjugation in 4-P9 is induced by higher
degree quinoidal structure and possibly decreased steric hindrance between imide
functionalized thiophene ring and adjacent dodecyloxy functioalized thiophene ring in
comparison to that between phathalimide ring and dodecyloxy functioalized thiophene
ring in the case of polymer 4-P7a. The decreased device performance of 4-P9 (3 x 10-4
cm2/Vs) vs 4-P7a (0.17 cm2/Vs) could be due to its limited solubility induced by inferior
film morphology. But thiophene imide can be used as electron withdrawing units for
constructing other alternating D-A copolymers for device applications such as OFETs
and PVDs due to its lower steric hindrance and favorable Pd-mediated coupling ability
with other electron rich comonomers. Figure 5. 2 proposes some chemical structures of
thiophene imide based copolymers for their potential application in OFETs and PVDs.

Copyright © Xugang Guo 2009
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Chapter 6 Experimental section and spectra

6. 1 Materials and methods
THF, diethyl ether, acetonitrile, DIPA and toluene were distilled from appropriate
drying agents and stored over molecular sieves. Chloroform, dichloromethane and DMF
were purchased from Fluka with molecular sieves inside. 4,7-dibromobenzothiadiazole
was recrystallized from hexane before polymerization. Monomer precursor 2-9 and
monomer 2-24 were provided by other members in our group. All other materials were
used as purchased. Unless otherwise stated, all manipulations and reactions were carried
out under argon atmosphere using standard Schlenk techniques. 1H and 13C spectra were
recorded on a Varian INOVA 400MHz spectrometer (purchased under the CRIF Program
of the National Science Foundation, grant CHE-9974810). Chemical shifts were
referenced to residual protio-solvent signals. Elemental analysis and ICP were performed
by Robertson Microlit Laboratories. Relative molecular weight determinations were
made using a Waters 600E HPLC system, driven by Waters Empower Software and
equipped with two linear mixed-bed GPC columns (American Polymer Standards
Corporation, AM Gel Linear/15) in series. Eluting polymers were detected with both
refractive index and photodiode array detectors. The system was calibrated with 11
narrow PDI polystyrene samples in the range 580-2 x106 Da with THF at a flow rate of 1
mL/min. GC-MS data were collected from an Agilent technologies 6890N GC with 5973
MSD. MALDI mass spectra were obtained on Bruker Autoflex time-of-flight mass
spectrometer (Billerica, MA). Melting points are reported as the endothermic maxima of 1st
order transitions detected by differential scanning calorimetry (Mettler 822e, heating rate = 10 º
C/min, nitrogen purge). UV-vis-NIR data were recorded on an HP8452 B diode array

spectrophotometer and UV-vis data were recorded on Varian Cary 1 UV-Visible
spectrometer. Photoluminescence data were recorded on a Fluorolog-3 fluorometer.
Cyclic voltammetry (CV) measurements of polymers were carried out under nitrogen
atmosphere using a BAS-CV-50W voltammetric analyzer with 0.1 M tetra-nbutylammonium hexafluorophosphate in acetonitrile as supporting electrolyte. A
platinum disk working electrode, a platinum wire counter electrode and silver wire
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reference electrode were employed and Fc/Fc+ was used as reference for all
measurements. The scan rate was 50 mV/S. Polymer films were produced by drop
casting from 0.2 % (w/w) toluene solutions. The supporting electrolyte solution was
thoroughly purged with N2 before all CV measurements. 2D-WAXD data of polymer
fibers were collected on Bruker-Nonius X8 Proteum (purchased under NSF MRI program
grant number 0319176) using an area detector and extruded, oriented fibers mounted
perpendicular to the incoming beam..
Organic thin-film transistors (OTFTs) were fabricated in bottom-contact, bottom-gate
geometry. Heavily n-doped silicon with thermally grown silicon dioxide (300 nm thick,
C0 = 11 nF/cm2) served as gate electrode with gate dielectric. Source and drain electrodes
were patterned with 2 nm thick chromium adhesive layer and 60 nm of gold by using
serial processes of photolithography, metal deposition, and lift-off. The transistor channel
of each device has width (W) of 800 μm and length (L) of 20 μm. Before polymer
deposition, the silicon dioxide surface was treated with octyltrichlorosilane (OTS-8) via
vapor deposition. Substrates and a few drops of OTS-8 were placed in a vacuum
desiccator at 60 °C for no less than 4 h. The substrates were then heated to 120 °C for 20
minutes. Polymer solutions (4 – 6 mg/mL) in 1,2-dichlorobenzene (3-P8b, 4-P7a and 4P7b) or chloroform (3-P1c, 3-P3, 3-P4, 3-P5 and 3-P8a) were spin–coated onto
substrates at 1000 rpm for 90 s to form thin films (30 – 60 nm). For NBI-based polymers
(3-P1c, 3-P3, 3-P4, 3-P5 and 3-P8), the devices were fabricated in nitrogen atmosphere
and annealed at 200 °C for 1 hour. Device characterization was carried out under nitrogen
atmosphere. For phthalimide-based polymers (4-P7a and 4-P7b), the devices were dried
under reduced pressure at 60 °C overnight prior to device characterization. Electrical
characteristics of these OTFTs were measured using a Keithley 4200 semiconductor
characterization system. All fabrication and characterization of 4-P7a and 4-P7b based
OFETs were carried out in ambient air under light except for vacuum deposition and
drying. Surface morphology of polymer thin-films was imaged directly from transistors
by using a Veeco Dimension 3100 scanning probe microscope in standard tapping mode.
Polymer thin films for X-Ray Diffraction (XRD) were prepared by drop-casting on a
microscope slide glass. Before film deposition, the glass surfaces were cleaned and
modified with OTS-8 as described above. After polymer deposition, samples were dried
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under vacuum at 60 °C overnight. Diffraction data was collected from a Bruker-AXS D8
Focus diffractometer in θ-2θ scans (0.01 ° step size, 3 s exposures/step). The diffracted
beam (Cu Kα, 40 kV, 40 mA) was passed through 2.0 mm anti-scattering slit, nickel filter,
and 1.0 mm detector slit.
Solar cells were fabricated by first spin-coating a PEDOT buffer layer on top of ITOcoated glass substrates (10 Ω/□, Shanghai B. Tree Tech. Consult Co., Ltd, Shanghai,
China) at 4500 rpm for 40 s and annealed at 150 ºC for 10 min under vacuum. The
thickness of PEDOT was approximately 40 nm. For devices used in high temperature
annealing experiments, the spin-coating of the active layer was done in a glove box and
the film was annealed on a hot plate at 120 ± 10 °C for 10 min. For devices without
annealing, the spin-coating was performed in air and the film was dried in a 50 °C
vacuum oven for 2 h. The substrates were then loaded in a thermal evaporator for the
deposition of the cathode. The cathode, consisting of 1.0 nm LiF and 100 nm aluminum
layers, was sequentially deposited through a shadow mask on top of the active layers in a
vacuum of 8 × 10-7 torr. Each substrate contained 5 pixels, each with an active area of
3.57 mm2. Devices for space-charge limited current (SCLC) measurement were
fabricated similar to those of the solar cells except that gold electrode was deposited
instead of the LiF/Al cathode to facilitate hole-only injection and transport. Film
thickness was measured on an Alpha-Step 500 profilometer (KLA-Tencor, San Jose, CA).
Current-voltage characteristics of both solar cells and SCLC devices were measured by
using a HP4155A semiconductor parameter analyzer (Yokogawa Hewlett-Packard,
Tokyo). The light intensity of 1.5 AM sunlight from a filtered Xe lamp was calibrated by
a Si photodiode calibrated at the National Renewable Energy Laboratory (NREL). The
SCLC characteristics were measured under dark conditions. All the characterization steps
were carried out under ambient laboratory air. Optical microscopy and Atomic Force
Microscopy (AFM) images were measured from the same films as in the solar cell
devices by using a BH-2 Olympus Microscope and a Veeco Dimension 3100 scanning
probe microscope, respectively.
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6. 2 Synthesis section of chapter 2
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1,4-dibromo-2,3,5,6-tetrakis(bromomethyl)benzene (2-1). A 1000 mL round bottom
flask was charged with durene (30 g, 223.5 mmol) and CCl4 (500 mL). After stirring for
15 minutes, all of durene was dissolved and transparent solution formed. Then Br2 (91.62
mL, 1788 mmol) was added to the reaction solution over 0.5 g. After completion of
addition of Br2, the temperature was increased to 54 °C and stirred for 24 h. Then the
heating source was switched from oil bath to lamp (GE Halogen, 100 w) and the reaction
was refluxed for another 24 h. After cooling to r.t., the reaction was filtered, washed with
CCl4 and dried to give 2-1 as a white solid (98%). 1H NMR (400 MHz, DMSO-d6) δ:
4.94 (s, 8H). GC-MS: m/z: 602 (C8H2Br2O3+), 527 (100%).
3,6-dibromobenzene-1,2,4,5-tetracarboxylic acid (2-2). A 500 mL round bottom flask
was charged with 2-1 (5 g, 8.23 mmol), 65% nitric (250 mL) and 1g sodium
metavanadate. After refluxing for 12 h, the nitric acid was distilled away. Then, another
fresh 65% nitric acid (250 mL) was added to the residue and the reaction mixture was
refluxed for another 12 h. After the nitric acid was distilled away, distilled H2O (250 mL)
was added and distilled away. After this process was repeated three times, distilled H2O
(250 mL) was then added and a yellow solution formed. The yellow solution was
extracted with ether (3 x 100 mL). The ether layers were combined and concentrated
under reduced pressure. After drying, a white solid was produced as the desired product
(80%). 1H NMR (400 MHz, DMSO-d6) δ: 14.4 (b, 4H). 13C NMR (100 MHz, DMSO-d6)
δ: 165.67, 137.12, 114.97.
3,6-dibromobenzene-1,2,4,5-tetracarboxylic dianhydride (2-3). A sublimator was
charged with 2-2 (2.72 g, 6.60 mmol) and made into a thin layer. After heating to 205 °C
under vacuum for 24 h, a shiny yellow solid 2-3 was collected (71%). 1H NMR (400
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MHz, DMSO-d6) δ: no signal. 13C NMR (100 MHz, DMSO-d6) δ: 158.54, 137.33, 115.32.
Note: 2-2 can be directly used for the synthesis of 2-3 without ether exaction; high purity
2-3 can be obtained after sublimation.
N,N’-bis(2-ethylhexyl)-3,6-dibromopyromellitic bisimide (2-4). A dry Schlenk flask
was equipped with a reflux condenser and a stirring bar. To the flask was added 2-3 (3.00
g, 7.98 mmol), glacial acetic acid (30 mL) and 2-ethylhexylamine (2.61 mL, 15.96 mmol).
The mixture was refluxed for 8 h. After removal of acetic acid under reduced pressure,
methanol (50 mL) was added and the precipitate was collected by filtration. The crude
product was purified by column chromatography to give a white solid 2-4 (58%). 1H
NMR (400 MHz, CDCl3) δ: 3.60 (d, 4H), 1.81 (m, 2H), 1.30 (m, 16H), 0.89 (m, 12H).
13

C NMR (100 MHz, CDCl3) δ: 163. 95, 136.31, 114.31, 43.09, 38.42, 30.73, 28.70,

24.10, 23.14, 14.26, 10.58. Calcd for C26H34Br2N2O4: C52.29; H, 5.73; N, 4.68. Found: C,
52.22; H, 5.72; N, 4.71.
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N,N’-bis(2-ethylhexyl)-3,6-bis[(trimethylsilyl)ethynyl]-pyromellitic bisimide (2-28).
An air free flask was charged 2-4 (0.1 g, 0.167 mmol), trimethylsilyl acetylene (TMSA)
(0.19 mL, 1.34 mmol), Pd(PPh3)4 (9.65 mg, 0.008 mmol), CuI (1.59 mg, 0.008 mmol),
DIPA (1.67 mL) and toluene (3.34 mL). The reaction mixture was stirred at 80 °C for 24
h. After cooling to r.t., chloroform (15 mL) was added to reaction mixture. The organic
phase was washed with 10% HCl (3 x 10 mL), brine (3 x 10 mL) and dried over MgSO4.
After removal of solvent, the crude product was purified via column using
chloroform/hexanes (2/3) as eluent. A yellow solid was obtained as the title compound
(77%). 1H NMR (400 MHz, CDCl3) δ: 3.56 (d, 2H), 1.85 (m, 2H), 1.29 (m, 16H), 0.89
(m, 12H), 0.35 (s, 18H).

13

C NMR (100 MHz, CDCl3) 165.01, 137.27, 115.34, 114.21,

95.17, 42.77, 38.32, 30.68, 28.59, 24.09, 23.26, 14.24, 10.64, -0.29.
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N,N’-bis(2-ethylhexyl)-3,6-diethynyl-pyromellitic bisimide (2-5). A flask was charged
methanol (3.6 mL), THF (13.5 mL) and 2-28 (0.45 g, 0.71 mmol) and distilled H2O (0.34
mL). The reaction mixture was bubbled with argon for 15 minutes. Finally, KOH (0.174
g, 3.10 mmol) was added and the reaction mixture was stirred at r.t. for 0.5 h. After
removal of solvents, the crude product was purified via column using DCM/hexane (1/1)
as eluent to give a white solid as the title compound (52%). 1H NMR (400 MHz, CDCl3)
δ: 4.05 (s, 2H), 3.59 (d, 2H), 1.83 (m, 2H), 1.29 (m, 16H), 0.89 (m, 12H). 13C NMR (100
MHz, CDCl3) δ: 164.72, 137.59, 114.90, 93.51, 74.14, 42.86, 38.49, 30.82, 28.78, 24.15,
23.15, 14.27, 10.61.
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3,6-bis[(trimethylsilyl)ethynyl]tetrafluorobenzene (2-29). It was prepared by following
the same procedure as 2-28. Purification via column using DCM/hexane (1/4) gave a
white crystal as the title compound (93%). 1H NMR (400 MHz, CDCl3) δ: 0.27 (s, 18H).
13

C NMR (100 MHz, CDCl3) δ: 148.50, 145.80, 111.00, 88.84, -0.25.

3,6-diethynyl-tetrafluorobenzene (2-6). It was prepared by following the same
procedure as 2-5. Purification via column gave a white solid as the title compound (98%).
1

H NMR (400 MHz, CDCl3) δ: 3.70 (s, 2H).
TMS

TM S

2 -7
1,4-diethynylbenzene (2-7). It was prepared by following the same procedure as 2-5.
Purification via column gave a white solid 2-7 (79%). 1H NMR (400 MHz, CDCl3) δ:
7.42 (s, 4H), 3.15 (s, 2H). 13C NMR (100 MHz, CDCl3) δ: 132.23, 122.77, 83.24, 79.30.
Calcd for C10H6 (%): C, 95.21; H, 4.79. Found (%): C, 94.86; H, 4.70.
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1,4-bis(2-ethylhexyloxy)-2,5-diethynylbenzene (2-10). It was prepared by following the
same procedure as 2-5 from 2-9 (provided by another member in our group). After
purifying via column using DCM/pentane (15/85) as eluent, a yellow oil was obtained
as the title compound (98%). 1H NMR (400 MHz, CDCl3) δ: 6.93 (s, 2H), 3.82 (d, 4H),
3.28 (s, 2H), 1.74 (m, 2H), 1.40 (m, 16H), 0.90 (m, 12H). 13C NMR (100 MHz, CDCl3)
154.44, 117.71, 113.41, 82.51, 80.00, 72.30, 39.55, 30.69, 29.25, 24.08, 23.24, 14.29,
11.36. Calcd for C26H38O2 (%): C, 81.62; H, 10.01. Found (%): C, 81.40; H, 10.07; N, <
0.02.
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4,4’-dibromo-2-nitrophenyl (2-11).110 To a solution of 4,4-dibromobiphenyl (10 g, 32
mmol) in glacial acetic acid (100 mL) was slowly added a mixture of fuming HNO3
(100 %, 45 mL) and H2O (3.75 mL) at 100 °C. After stirring at 100 °C for 0.5 h, the
reaction was cooled to r.t. and filtered. The solid was collected and purified by
recrystallization from MeOH to give a yellow solid 2-11 (88%). 1H NMR (400 MHz,
CDCl3) δ: 8.01 (d, 2H), 7.74 (dd, 1H), 7.54 (m, 2H), 7.27 (d, 1H), 7.14 (m, 2H).

13

C

NMR (100 MHz, CDCl3) 149.45, 135.77, 135.49, 134.32, 133.23, 132.23, 129.61, 127.47,
123.27, 122.03.
2,7-dibromocarbazole (2-12).110 2-11 (2.08 g, 5.82 mmol) and triethyl phosphite (10
mL) was refluxed for 12 h. After removal of the excess of triethyl phosphite, the crude
product was purified via column by using EtOAc/hexane (1/9) as eleunt to provide a
white solid as the title compound (54%). 1H NMR (400 MHz, acetone-d6) δ: 10.63 (d,
2H), 8.07 (d, 2H), 7.74 (d, 2H), 7.35 (dd, 2H).
142.50, 123.76, 123.98. 123.03, 120.40, 115.32.
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13

C NMR (100 MHz, acetone-d6) δ:

2,7-dibromo-N-(2-decyltetradecyl)carbazole (2-13).110 To a mixture of 2-12 (1 g, 3.08
mmol) and DMF (20 mL) was slowly added oil-free NaH (0.35 g, 14.6 mmol) . After
addition of NaH was complete, the reaction was stirred at r.t. for 0.5 h; then 2decyltetradecyl bromide was added. After stirring at r.t. for 20 h, the reaction was
quenched with H2O and extracted with DCM. The organic layer was washed with brine
and dried over MgSO4. After removal of solvent, the crude product was purified via
column using hexane as eluent to give 2-13 as white solid (78%). 1H NMR (400 MHz,
CDCl3) δ: 7.86 (d, 2H), 7.48 (d, 2H), 7.31 (dd, 2H), 4.03 (d, 2H), 2.05 (m, 1H), 1.26 (m,
40 H), 0.86 (m, 6H).

13

C NMR (100 MHz, CDCl3) δ: 142.04, 122.71, 121.60, 121.43,

119.85, 112.54, 48.08, 37.78, 32.15, 32.13, 31.86, 30.11, 29.87, 29.82, 29.76, 29.59,
29.54, 26.59, 22.92, 14.35.
2,7-bis[(trimethylsilyl)ethynyl]-N-(2-decyltetradecyl)carbazole (2-30). It was prepared
by following the same procedure as 2-28. After purifing via gradient column (hexane first,
then DCM/hexane: 2/8), a colorless solid was obtained as the title compound (82%). 1H
NMR (400 MHz, CDCl3) δ: 7.93 (d, 2H), 7.45 (d, 2H), 7.31 (dd, 2H), 4.08 (d, 2H), 2.09
(m, 1H), 1.25 (m, 40 H), 0.86 (m, 6H), 0.27 (s, 18H).
2,7-diethynyl-N-(2-decyltetradecyl)carbazole (2-14). It was prepared as 2-5. After
purifying via column, 2-14 was collected as a white solid (96%). 1H NMR (400 MHz,
CDCl3) δ: 7.97 (d, 2H), 7.50 (d, 2H), 7.34 (dd, 2H), 4.10 (d, 2H), 3.13 (s, 2H), 2.09 (m,
1H), 1.27 (m, 40 H), 0.86 (m, 6H). 1C NMR (100 MHz, CDCl3) δ:141.24, 123.43, 123.04,
120.67, 119.54, 113.28, 85.11, 48.08, 37.94, 32.15, 32.13, 31.95, 30.14, 29.87, 29.81,
29.76, 29.58, 26.67, 22.91, 14.35.
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N-(2-butyloctyl)-2,5-dibromoaniline (2-15).111 Oil-free NaH (1.44 g, 60 mmol) was
added to a solid addition funnel; then the funnel was equipped to a 500 mL three-necked
round bottom flask. The flask was equipped with reflux condenser and stirring bar and
was charged 2, 5-dibromoaniline (2.5 g, 10 mmol) and THF (100 mL). The mixture was
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stirred until a transparent solution formed. Then 1-bromo-2-butyloctane (7.48 g, 30
mmol) and 15-crown-5 (0.25 mL) were added and the reaction mixture was bubbled with
argon for 15 minutes. Then oil-free NaH was added over 1 h. The purple solution was
refluxed for 30 h. After cooled to r.t., the reaction was carefully quenched with H2O and
extracted with DCM (3 x 150 mL). The organic phases were combined and dried over
MgSO4. After removal of solvent, the crude product was purified via column using
hexane as eluent to give 2-15 as a colorless oil (36%). 1H NMR (400 MHz, CDCl3) δ:
7.27 (d, 1H), 6.72 (d, 1H), 6.67 (dd, 1H), 4.37 (t, 1H), 3.03 (m, 2H), 1.68 (m, 1H), 1.34
(m, 16H), 0.91 (m, 6H).

13

C NMR (100 MHz, CDCl3) 146.52, 133.34, 122.55, 120.01,

113.96, 108.29, 47.39, 37.54, 32.36, 32.06, 32.03, 29.86, 29.10, 26.88, 23.25, 22.89,
14.33, 14.29.
N-(2-butyloctyl)-2,5-bis[(trimethylsilyl)ethynyl]aniline (2-31).111 2-15 (1.23 g, 2.94
mmol), Pd(PPh3)4 (0.05 equiv), CuI (0.05 equiv), DIPA (20 mL) and toluene (40 mL)
were combined in a glove box. The reaction mixture was stirred at r.t. for 15 minutes then
TMSA (2.6 mL, 18 mmol) was added. After stirring at r.t. for an additional 15 minutes,
the mixture was heated to 80 °C and stirred for 48 h. After cooling to r.t., the reaction
was diluted with 60 mL saturated aqueous NH4Cl and extracted with ether (3 x 80 mL).
The combined organic phase was washed with saturated NH4Cl (100 mL), brine (100
mL) and dried over MgSO4. After removal of solvent, the crude product was purified via
column using DCM/hexane (1/9) as eluent and a yellow oil was obtained as the title
compound (68%). 1H NMR (400 MHz, CDCl3) δ: 7.17 (d, 1H), 6.66 (dd, 1H), 6.61 (d,
1H), 4.62 (t, 1H), 3.03 (t, 2H), 1.62 (m, 1H), 1.30 (m, 16H), 0.87 (m, 6H), 0.22 (s, 18H).
13

C NMR (100 MHz, CDCl3) δ: 149.56, 131.86, 124.51, 119.74, 112.51, 107.70, 105.94,

101.96, 101.90, 94.92, 46.66, 37.87, 32.46, 32.12, 32.07, 29.95, 29.22, 27.01, 23.30,
22.89, 14.32, 0.30, 0.20.
N-(2-butyloctyl)-2,5-diethynylaniline (2-16).111 It was prepared by following the same
procedure as 2-5. After purifying via column using DCM/hexane (1/9) as eluent, 2-16
was obtained as a yellow liquid (89%). 1H NMR (400 MHz, CDCl3) δ: 7.26 (d, 1H), 6.72
(dd, 1H), 6.69 (d, 1H), 4.66 (t, 1H), 3.47 (s, 1H), 3.10 (s, 1H), 3.05 (t, 2H), 1.65 (m, 1H),
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1.33 (m, 16H), 0.88 (m, 6H).

13

C NMR (100 MHz, CDCl3) δ: 149.69, 132.58, 123.82,

119.74, 112.93, 106.90, 84.34, 84.29, 80.55, 77.85, 47.03, 37.62, 32.36, 32.04, 29.89,
29.11, 26.88, 23.26, 22.89, 14.32, 14.29. Anal. Calcd for C22H31N (%): C, 85.38; H,
10.10; N, 4.53. Found (%): C, 85.27; H, 10.17; N, 4.56.
NH2
Br

NR2

NR2

Br

Br

Br

R: n-octyl

TMS

NR2
TMS

2-32

2-17

2-18

N,N-dioctyl-2,5-dibromoaniline (2-17).111 Oil-free NaH (1.5 g, 62.5 mmol) was added
to a solid addition funnel; then the funnel was equipped to a 500 mL three-necked round
bottom flask. The flask was equipped with reflux condenser and stirring bar and was
charged with 2, 5-dichloroaniline (5.00g, 20mmol) and THF (150 mL). The mixture was
stirred until a transparent solution formed. Then, 1-bromoocatane (11mL, 60mmol) and
15-crown-5 (0.5 mL) were added. The reaction mixture was bubbled with argon for 15
minutes and NaH was added over 1 h. The purple solution was then refluxed for 22 h.
After cooling to r.t., the reaction was carefully quenched with H2O and extracted with
DCM (3 x 150 mL). The combined organic phase was dried over MgSO4. After removal
of solvent, the crude product was purified via column using hexane as eluent to give 2-17
as a colorless oil (82%). 1H NMR (400 MHz, CDCl3) δ: 7.27 (d, 1H), 7.14 (d, 1H), 6.98
(dd, 1H), 2.98 (m, 4H), 1.41 (m, 4H), 1.24 (m, 20H), 0.85 (t, 6H). 13C NMR (100 MHz,
CDCl3) 151.46, 134.97, 127.37, 127.15, 121.29, 120.67, 53.25, 32.03, 29.57, 29.50,
27.29, 27.08, 22.87, 14.32.
N,N-dioctyl-2,5-bis[(trimethylsilyl)ethynyl]aniline (2-32).111 To an air free flask was
charged 2-17 (0.92 g, 1.93 mmol), TMSA (2.20 mL, 15.4 mmol) and CuI (18.4 mg, 0.10
mmol). The solution was purged with argon for 15 minutes and the flask was sealed and
taken into a glove box. In the glove box, to a vial containing Pd2(dba)3 (44.18 mg, 0.05
mmol) and PPh3 (101.24 mg, 0.39 mmol) was added toluene (2 mL) and the catalysts
mixture was stirred for 15 minutes. To the reaction flask was added toluene (38 mL) and
DIPA (19 mL). The reaction mixture was stirred for 15 minutes, and then the freshly
prepared catalyst solution was added. The flask was taken out of glove box and heated to
65 °C for 24 h. After cooling to r.t., the reaction was diluted with saturated aqueous
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NH4Cl (30 mL) and extracted with ether (3 x 50 mL). The combined organic phase was
washed with saturated NH4Cl (50 mL), saturated NaHCO3 (50 mL), brine (50 mL) and
dried over MgSO4. After removal of solvent, the crude product was purified via column
using DCM/hexane (1/9) as eluent to give yellow oil as the title compound (90%). 1H
NMR (400 MHz, CDCl3) δ: 7.27 (d, 1H), 6.92 (d, 1H), 6.86 (dd, 1H), 3.21 (m, 4H), 1.45
(m, 4H), 1.23 (m, 20H), 0.85 (t, 6H), 0.22 (s, 18H).

13

C NMR (100 MHz, CDCl3) δ:

153.43, 134.80, 123.58, 123.49, 122.90, 116.58, 105.48, 104.71, 100.39, 95.16, 51.89,
32.00, 29.61, 29.48, 27.30, 27.18, 22.79, 14.19, 0.10.
N,N-dioctyl-2,5-diethynylaniline (2-18).111 It was prepared by following the same
procedure as 2-5. The crude product was purified via column using DCM/hexane (1/9) as
eluent to give a yellow oil (2-18) (87%). 1H NMR (400 MHz, CDCl3) δ: 7.34 (d, 1H),
6.99 (d, 1H), 6.92 (dd, 1H), 3.37 (s, 1H), 3.20 (t, 4H), 3.09 (s, 1H), 1.47 (m, 4H), 1.23 (m,
20H), 0.85 (t, 3H).

13

C NMR (100 HMz, CDCl3) δ: 153.63, 135.39, 123.90, 123.39,

122.96, 116.28, 84.02, 83.20, 83.13, 78.08, 52.59, 31.96, 29.56, 29.42, 27.41, 27.20,
22.77, 14.19. Calcd for C26H39N (%): C, 85.42; H, 10.75; N, 3.83. Found (%): C, 85.25;
H, 1.68; N, 3.74.
COOH
Br

Br

COCl

Br

Br
R: n-octyl

NH2
Br

Br
Br

Br
COOH

COCl

NH2

2-19

2-20

2-21

NR2

NR2

TMS

NR2

Br
Br
NR2

2-22

NR2

NR2

2-33

2-23

TMS

2,5-dibromoterephthalic acid (2-19).253 To a solution of 2,5-dibromo-p-xylene (25 g,
94.7 mmol) in pyridine (277 mL) was added a hot KMnO4 solution (67.5 g in 185 mL
H2O) over 1 h under reflux and the reaction was stirred at 130 °C for 12 h. After cooling
to r.t., the reaction was filtered and the residue was washed with hot H2O and ethyl
acetate. The aqueous layer was acidified with 3 N HCl to pH ~1 and the white suspension
was extracted with EtOAc (4 x 120 mL). After removal of solvent, a white solid was
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obtained which was suspended in H2O (80 mL) and treated with KOH (6.5 g). The
solution was heated to 90 °C followed by addition of KMnO4 solution (21 g in 280 mL
H2O) over 0.5 h. This solution was stirred for another 2 h. After cooling to r.t., MeOH
was added and the reaction was stirred till the purple color disappeared. The mixture was
filtered. Removal of filtrate afforded a white solid which was treated with 3 N HCl to pH
~1. The resultant slurry was extracted with EtOAc (3 x 300 mL). The combined organic
layer was washed with brine and dried over MgSO4. After removal of solvent a white
solid was obtained as the title compound (55%). 1H NMR (400 MHz, DMSO-d6) δ: 13.88
(brs, 2H), 7.95(s, 2H).

13

C NMR (100 HMz, DMSO-d6) δ: 165.62, 137.05, 134.97,

118.84.
2.5-dibromo-1,4-dibenzoyl chloride (2-20).253 To 2-19 (3.35 g, 10.35 mmol) in benzene
(30 mL) was added one drop DMF and oxalyl chloride (2.7 mL, 31 mmol). The reaction
mixture was refluxed for 4 h. After removal of solvent, a yellow crystal was obtained as
the title compound (100 %). 1H NMR (400 MHz, C6D6) δ: 7.27 (s, 2H). 13C NMR (100
HMz, C6D6) δ: 164.58, 139.78, 136.85, 119.37.
2,5-dibromo-1,4-phenylenediamine (2-21).111 To 2-20 (0.34 g, 0.74 mmol) was added
acetone (5 mL), and sodium azide solution (0.145 g, 2.25 mmol in 0.5 mL H2O) dropwise
at 0 °C over 15 minutes. The reaction was stirred at 0 °C for 0.5 h. The yellow precipitate
was collected by filtration, washed with H2O and dried over vacuum. The obtained acyl
azide (0.28 g) was added into benzene (5 mL) and the reaction mixture was refluxed for 4
h. After cooling to 45 °C, 50% KOH aqueous solution (5 mL) was added dropwise and a
white precipitate formed, and the reaction was stirred at 45 °C for another 0.5 h. After
cooling to r.t., the reaction mixture was added concentrated HCl dropwise to decompose
the dicarbamate. After enough HCl was added to make the solution become acidic, the
reaction was neutralized with saturated NaHCO3. The resulting off-white solid was
collected and washed with H2O to give 2-21 (62%) 1H NMR (400 MHz, DMSO-d6) δ:
6.91 (s, 2H), 4.68 (brs, 4H). 13C NMR (100 MHz, DMSO-d6) δ: 137.94, 118.56, 108.31.
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N,N,N’N’-tetraoctyl-2,5-diiodophenylenediamine (2-22).111 2-21 (0.43 g, 1.2 mmol)
was dissolved in THF (20 mL), and to the solution was added 1-bromoocatne (1.62 g, 8.4
mmol) and 15-crown-5 (0.1 mL). The reaction mixture was added oil free NaH (0.2 g, 8.4
mmol) using a solid addition funnel. The reaction mixture was refluxed for 72 h. After
cooling to r.t, the reaction was quenched with H2O (20 mL) and extracted with ether (4 x
30 mL). The combined organic layer was washed with brine and dried over MgSO4. After
removal of solvent, the crude product was purified via column using DCM/petroleum
ether (1/9) to give a colorless solid (2-22) (50%). 1H NMR (400 MHz, CDCl3) δ: 7.22 (s,
2H), 2.91 (t, 8H), 1.40 (m, 8H), 1.24 (m, 40H), 0.85 (t, 12H).

13

C NMR (100 MHz,

CDCl3) δ: 146.30, 128.75, 121.15, 53.90, 32.03, 29.61, 29.51, 27.37, 27.23, 22.87, 14.32.
N,N,N’,N’-tetraoctyl-2,5-bis(trimethylsilyl)ethynylphenylenendiamine (2-33).111 An
air-free flask was charged with 2-22 (0.157 g, 0.22 mmol), TMSA (0.32 mL), Pd(PPH3)4
(0.05 equiv), CuI (0.05 equiv), toluene (4.4 mL), DIPA (2.2 mL) inside a glove box.
Then, the reaction mixture was heated to 80 °C and stirred for 26 h. After cooled to r.t.,
DCM (10 Ml) was added into the reaction mixture. The organic layer was washed with
H2O, brine and dried over MgSO4. After removal of solvent, the crude product was
purified via column using DCM/hexane (1/9) as eluent to give a yellow solid with bright
green fluorescence as the title compound (75%). 1H NMR (400 MHz, CDCl3) δ: 6.92 (s,
2H), 3.07 (t, 8H), 1.41 (m, 8H), 1.26 (m, 40H), 0.85 (m, 12H), o.22 (s, 18H). 13C NMR
(100 MHz, CDCl3) δ: 147.92, 126.74, 118.93, 105.08, 99.46, 52.75, 32.08, 29.71, 29.60,
27.45, 27.38, 22.89, 14.33, 0.23.
N,N,N’,N’-tetraoctyl-2,5-diethynylphenylenendiamine (2-23).111 It was prepared by
following the same procedure for 2-5. After purifying via column using DCM/hexane
(2/8) as eluent, a low melting solid 2-23 was obtained as the title compound (92%). 1H
NMR (400 MHz, CDCl3) δ: 7.00 (s, 2H), 3.13 (s, 2H), 3.06 (t, 8H), 1.46 (m, 8H), 1.22 (m,
40H), 0.84 (m, 12H.

13

C NMR (100 MHz, CDCl3) δ: 147.77, 126.91, 118.43, 83.30,

82.29, 53.45, 32.06, 29.68, 29.54, 27.43, 27.41, 22.89. 14.33. . Calcd for C42H72N2 (%): C,
83.38; H, 11.99; N, 4.63. Found (%): C, 83.58, 12.16, 4.44.
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N,N’-bis(2-ethylhexyl)-3,6-bis(phenylethynyl)-pyromellitic

bisimide

(2-25).

A

reaction tube was charged with 2-4 (116.67 mg, 0.195 mmol), phenylacetylene (0.175
mL, 1.56 mmol) and purged with argon for 15 minutes. The reaction tube was sealed and
taken into a glove box. In the glove box, to a vial containing Pd2(dba)3 (4.58 mg, 0.005
mmol) and PPh3 (10.49 mg, 0.04 mmol) was added 0.5 mL of toluene and the catalyst
was stirred for 15 minutes. To the reaction tube was added toluene (4 mL) and DIPA (2
mL). The reaction was stirred untill all of the reactants dissolved and a transparent
solution formed, then the freshly prepared catalyst solution was added. Finally, CuI (0.95
mg, 0.005 mmol) was added and the reaction tube was sealed and taken out of the glove
box. The reaction mixture was heated at 80 °C for 12 h. After cooling to r.t., 20 mL DCM
was added and the organic phase was washed with 10% HCl (3 x 10 mL), brine (10 mL),
dried over MgSO4. After removal of solvent, the crude product was purified via gradient
column (DCM/pentane, first 1:5, then 1:1) to afford a yellow solid 2-25 (98%). 1H NMR
(400 MHz, CDCl3) δ: 7.80 (m, 4H), 7.41 (m, 6H), 3.61 (d, 4H), 1.90 (m, 2H), 1.32 (m,
16H), 0.91 (m, 12 H).

13

C NMR (100 MHz, CDCl3) δ: 165.41, 136.51, 133.12, 130.38,

128.80, 122.32, 115.34, 105.48, 81.80, 42.82, 38.33, 30.74, 28.68, 24.08, 23.18, 14.18,
10.59.

N,N’-bis(2-ethylhexyl)-3,6-bis[(4-methoxy)-phenylethynyl]-pyromellitic bisimide (226). It was prepared by following the same procedure as 2-25. After purifying via column
using DCM as eluent, 2-26 was obtained as an orange solid (99%). 1H NMR (400 MHz,
CDCl3) δ: 7.71 (d, 4H), 6.90 (d, 4H), 3.81 (s, 6H), 3.59 (d, 4H), 1.90 (m, 2H), 1.31 (m,
16H), 0.91 (m, 12 H).

13

C NMR (100 MHz, CDCl3) δ: 165.55, 161.52, 136.04, 134.88,

115.16, 114.51, 114.44, 105.94, 81.58, 55.54, 42.72, 38.30, 30.73, 28.68, 24.06, 23.19,
14.18, 10.59.
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N,N’-bis(2-ethylhexyl)-3,6-bis[(4-(N,N-dimethyl)-amino)phenylethynyl]-pyromellitic
bisimide (2-27). It was prepared by following the same procedure as 2-25. After
purifying via column using DCM as eluent, 2-27 was obtained as a red solid (96%). 1H
NMR (400 MHz, CDCl3) δ: 7.68 (d, 4H), 6.68 (d, 4H), 3.60 (d, 4H), 3.03 (s, 12H), 1.91
(m, 2H), 1.32 (m, 16H), 0.90 (m, 12H) 13C NMR (100 MHz, CDCl3) δ: 165.84, 151.43,
135.39, 134.59, 114.94, 111.80, 108.70, 108.08, 82.15, 42.63, 40.31, 38.27, 30.71, 28.74,
24.05, 23.27, 14.32, 10.66.
General Procedure for Polymerization. PPEs were prepared via standard Songashira
coupling condition. 2-4 (0.2 mmol) was combined with diethynyl comonomer in
equimolar amounts (0.2 mmol) in an air-free tube and the mixture of two comonomers
was bubbled with argon for 15 minutes. In a glove box, to the reaction mixture was added
Pd catalyst: Pd2(dba)3/PPh3 (Pd loading: 0.05 equiv), copper cocatalyst CuI (0.05 equiv),
DIPA (2 mL) and toluene (4 mL). The reaction tube was sealed in the glove box and
stirred at 80 °C for 72 h. Due to their low solubility, we were unable to purify and
characterize 2-P1 – 2-P3. For 2-P4 – 2-P7 with decent solubility, after cooling to r.t., the
reaction mixture was filtered and the filtrate was dripped into methanol (50 mL). The
precipitates were collected by centrifugation and were redissolved in THF. The process
was repeated three times to remove impurities and oligomers and the resulting polymers
were dried with typical yield 82-99%.
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2 -P 4

Polymer (2-P4). Yield: 99%. Mn: 70.5 KDa, PDI: 3.6. 1H NMR (Toluenen-d8, 100 °C) δ:
7.4-8.0 (b, 2H), 3.8-4.6 (b, 8H), 0.8-2.2 (m, 60H). Calcd for C48H63N3O4 (%): C, 76.25; H,
8.61; N, 3.42. Found (%): C, 74.66; H, 8.98; N, 3.26; Br, 0.38%.
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Polymer (2-P5). Yield: 98%. Mn: 21.3 (KDa), PDI: 3.9. 1H NMR (CDCl3) δ: 7.90 (b,
1H), 7.60 (b, 1H), 7.30 (b, 1H), 3.67 (b, 8H), 1.89 (b, 2H), 1.62 (b, 4H), 1.26 (m, 36H),
0.86 (m, 18H). Aanl. Calcd for C52H71N3O4 (%): C, 77.86; H, 8.92; N, 5.24. Found (%):
C, 75.74; H, 8.70; N, 4.90.
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Polymer (2-P6). Yield: 96%. Mn: 24.5 KDa, PDI: 3.8. Calcd for C48H63N3O4 (%): C,
77.28; H, 8.51; N, 5.63. Found (%): C, 76.07; H, 8.38; N, 5.36.
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Polymer (2-P7). Yield: 92%. Mn: 15.7 KDa, PDI: 2.2. 1H NMR (400 MHz, CDCl3) δ:
7.50 (s, 2H), 3.62 (b, 4H), 3.47 (t, 8H), 1.88 (b, 2H), 1.57 (brs, 8H), 1.26 (m, 56 H), 0.92
(m, 12H), 0.81 (m, 12H). 13C NMR (100 MHz, CDCl3) δ: 165.39, 146.80, 136.25, 127.58,
117.61, 115.16, 106.19, 88.30, 52.93, 42.39, 38.50, 32.10, 30.87, 29.79, 29.58, 28.81,
27.45, 27.26, 24.12, 23.16, 22.84, 14.24, 10.56. Calcd for C68H104N4O4 (%): C, 78.41; H,
10.06; N, 5.38. Found (%): C, 77.61; H, 9.86; N, 5.35.

154

6. 3 Synthesis section of chapter 3
Ο
ROH

N R

RBr

RNH2

Ο
R : 2 -d e c y lte tra d e cy l
R : 2 -b u tylo c ty l

3 -2 8 a
3 -2 8 b

3 -2 9 a
3 -2 9 b

3 -3 0 a
3 -3 0 b

2-decyltetradecylbromide (3-28a).174 A solution of PPh3 (50 g, 0.191 mol) in DCM
(300 mL) was purged with argon for 15 minutes at 0 °C, which was followed by addition
of Br2 (9.77 mL, 0.191 mol) at r.t.. After 2-decyltetradecanol (80.31 mL, 0.191 mmol)
was added dropwise via additional funnel over 0.5 h and the reaction solution was stirred
at r.t. for 12 h. After removal of DCM the residue was washed with pentane and filtered.
The filtrate was concentrated via rotvap and the resulting crude yellow oil was purified
via column using hexane/DCM as eluent (4/1). The title compound was isolated as
colorless oil (94%). 1H NMR (400MHz, CDCl3) δ: 3.43 (d, 2H), 1.57 (m, 1H), 1.24 (m,
40H), 0.86 (m, 6H).

13

C NMR (100MHz, CDCl3) δ: 39.95, 39.71, 32.78, 32.16, 30.01,

29.90, 29.87, 29.82, 29.60, 26.78, 22.92, 14.35 GC-MS: m/z: 336 (M-HBr), 57 (100%).
2-butyloctylbromide (3-28b).174 It was prepared by following the same procedure for 328a. 3-28b was isolated as a colorless oil (92%). 1H NMR (400 MHz, CDCl3) δ: 3.43 (d,
2H), 1.57 (m, 1H), 1.24 (m, 16H), 0.87 (m, 6H). 13C NMR (100 MHz, CDCl3) δ: 39.92,
39.70, 32.79, 32.47, 32.03, 29.68, 29.00, 26.75, 23.06, 22.86, 14.31, 14.27.
N-(2-decyltetradecyl)phthalimide (3-29a).174 Potassium phthalimide (7.5 g, 0.04 mol)
was added to a solution of 3-28a (15.7 g, 0.0376 mol) in DMF (45 mL). The reaction was
stirred at 90 °C for 16 h. After cooling to r.t., the reaction mixture was poured into H2O
(150 mL) and extracted with DCM (3 x 100 mL). The combined organic layer was
washed with 0.2 N KOH (200 mL), H2O, saturated NH4Cl, dried over anhydrous MgSO4,
and concentrated under reduced pressure. The resulting crude yellow oil was purified via
column using DCM as eluent to give the title compound as a pale yellow oil (98 %). 1H
NMR (400MHz, CDCl3) δ: 7.81 (m, 2H), 7.68 (m, 2H), 3.54 (d, 2H), 1.84 (m, 1H), 1.25
(m, 40H), 0.85 (m, 6H). 13C NMR (100MHz, CDCl3) δ: 168.90, 133.99, 132.32, 123.33,
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42.50, 37.21, 32.12, 31.66, 30.15, 29.88, 29.87, 29.85, 29.83, 29.80, 29.55, 29.54, 26.48,
22.89, 14.32. GC-MS: m/z: 483 (C32H53NO2+), 161 (100%).
N-(2-butyloctyl)phthalimide (3-29b).174 It was prepared by following the same
procedure for 3-29a. The title compound was obtained as yellow oil (88%). 1H NMR
(400 MHz, CDCl3) δ: 7.80 (m, 2H), 7.69 (m, 2H), 3.54 (d, 2H), 1.85 (m, 1H), 1.26 (m,
40H), 0.85 (m, 16H).

13

C NMR (100 MHz, CDCl3) δ: 168.91, 134.01, 132.30, 123.34,

42.46, 37.19, 32.00, 31.65, 31.32, 29.83, 28.66, 26.45, 23.19, 22.83, 14.27, 14.26.
2-decyltetradecylamine (3-30a).174 3-29a (10 g, 0.021 mol), hydrazine hydrate
(hydrazine, 51 %) (4 mL, 0.065 mol) and MeOH (100 mL) were stirred at 95 ºC and
monitored by TLC. After disappearance of the starting imide, MeOH was removed under
reduced pressure and the residue was diluted DCM (100 mL) and washed with 10% KOH
(2 x 50 mL). The combined aqueous layer was extracted with DCM (3 x 20 mL). The
combined organic layer was washed with brine (2 x 50 mL) and dried over MgSO4. The
removal of DCM afforded a yellow oil as the product for synthesis NBI monomers
without purification (82%). 1H NMR (400MHz, CDCl3) δ: 4.44 (br, 2H), 2.65 (d, 2H),
1.45 (m, 1H), 1.22 (br, 40H), 0.84 (m, 6H). 13C NMR (100MHz, CDCl3) δ: 45.33, 41.01,
32.09, 31.71, 30.28, 29.86, 29.54, 26.96, 22.86, 14.26. GC-MS: m/z: 352 (M-H)+, 55
(100%).
2-butyloctylamine (3-30b).174 It was prepared by following the same procedure for 330a. 3-30b obtained as yellow oil (90%). 1H NMR (400 MHz, CDCl3) δ: 4.42 (br, 2H),
2.58 (d, 2H), 1.53 (m, 1H), 1.26 (br, 16H), 0.86 (m, 6H).

13

C NMR (100 MHz, CDCl3)

45.39, 41.03, 32.11, 31.75, 31.43, 29.98, 29.22, 26.96, 23.34, 22.89, 14.33, 14.32.
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N
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O

2, 6-dibromonaphthalene dianhydride (3-1).172 To a suspension of naphthalene
dianhydride (2.68 g, 10.0 mmol) in oleum (20% free SO3, 50 mL) was added a solution
of dibromoisocyanuric acid171 (4.58 g, 16.0 mmol) in oleum (20 % free SO3, 100 mL)
over 4 h at r.t.. The reaction suspension was stirred at r.t. for 6 h. The resultant brown
solution was poured into ice water slowly. The bright yellow solid was collected by
centrifugation, washed with diluted HCl and distilled H2O to give the crude product
(80%) which was used without further purification.
2, 6-dibromo-N,N’-bis(2-ethylhexyl)naphthalene bisimide (3-2a).172 A flask was
charged with 3-1 (3.0 g, 7.04 mmol (assuming pure), 2-ethylhexyl amine (3.64 g, 28.16
mmol) and glacial acetic acid (80 mL) and the whole stirred at 120 °C. When all solids
were dissolved, acetic acid (~ 60 mL) was removed, and the concentrate was added into
MeOH (200 mL). The resulting reddish solid was collected by filtration, washed with
MeOH, and dried under reduced pressure. The crude product was then purified via
column using DCM as eluent. The resultant orange solid was further purified via
recrystallization from hexanes to give 3-2a as yellow crystal (58 %). 1H NMR (400 MHz,
CDCl3): δ 8.97 (s, 2H), 4.13 (m, 4H), 1.92 (m, 2H), 1.31 (m, 16H), 0.86 (m, 12H).

13

C

NMR (100 MHz, CDCl3): δ 161.42, 161.26, 139.38, 128.58, 127.96, 125.48, 124.28,
45.35, 37.97, 30.82, 28.74, 24.17, 23.29, 14.30, 10.78. mp: 246 ºC. Anal. Calcd for
C30H36Br2N2O4: C, 55.57; H, 5.60; N, 4.32. Found: C, 55.72; H, 5.42; N, 4.18.
2, 6-dibromo-N,N’-bis(2-decyltetradecyl)naphthalene bisimide (3-2b).172 It was
prepared and isolated following the same procedure as 3-2a. It was obtained as a yellow
solid (52 %). 1H NMR (400 MHz, CDCl3): δ 8.97 (s, 2H), 4.12 (d, 4H), 1.97 (m, 2H),
1.21 (m, 80H), 0.85 (m, 12H).

13

C NMR (100 MHz, CDCl3): δ 161.39, 161.24, 139.38,

128.59, 127.97, 125.50, 124.30, 45.67, 36.68, 32.15, 31.77, 30.25, 29.87, 29.82, 29.67,
29.59, 29.57, 26.55, 22.92, 14.35. mp: 94 ºC. Anal. Calcd for C62H100Br2N2O4: C, 67.86;
H, 9.19; N, 2.55. Found: C, 68.10; H, 9.47; N, 2.28.
2, 6-dibromo-N,N’-bis(2-butyloctyl)naphthalene bisimide (3-2c).172 It was prepared
and isolated following the same procedure as 3-2a. It was obtained as a yellow solid
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(44 %). 1H NMR (400 MHz, CD2Cl2): δ 8.97 (s, 2H), 4.13 (d, 4H), 1.96 (m, 2H), 1.25 (m,
32H), 0.87 (m, 12H).

13

C NMR (100 MHz, CDCl3): δ 161.42, 161.26, 139.38, 128.59,

127.97, 125.50, 124.30, 45.64, 36.70, 32.03, 31.75, 31.43, 29.92, 28.74, 26.51, 23.29,
22.86, 14.30.
B u3S n

S

SnBu3

S

3 -3

2,5-bis(tributylstannyl)thiophene (3-3).254 n-Butyl lithium (2.5 M in hexane) (8.8 mL,
22 mmol) was added dropwise at -78 ºC to thiophene (0.84 g, 10 mmol) in THF (20 mL)
and the whole stirred at -78 ºC for 1 h, followed by 1 hour at r.t.. After cooling to -78 ºC,
tri(n-butyl)tin chloride (7.2 g, 22 mmol) was added in one portion and the whole was
warmed to r.t. and stirred for 1 h. The reaction was diluted with ethyl acetate (50 mL),
washed with H2O (2 x 20 mL) and brine (2 x 20 mL) and dried over MgSO4. After
removal of solvent, the residue was purified via column (alumina) using hexane/triethyl
amine (95/5) to give 3-3 as a colorless oil (88%). 1H NMR (400 MHz, CDCl3): δ 7.33 (s,
2H), 1.56 (m, 12H), 1.32 (m, 12H), 1.08 (m, 12H), 0.88 (m, 18H). 13C NMR (100 MHz,
CDCl3): δ 141.98, 135.94, 29.22, 27.50, 13.90, 11.09. Anal. Calcd for C28H56SSn2: C,
50.78; H, 8.52. Found: C, 51.08; H, 8.47; N, < 0.02.
COOH
Br
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S

S

S

S
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3 -5

3 -7

3-(carboxymethylsulanyl)thiophene (3-4).176 A solution of n-BuLi (2.5 M in hexane)
(65 mL, 162 mmol) was slowly added to 3-bromothiophene (25 g, 153 mmol) in ether
(75 mL) at -78 °C. The reaction was stirred at -78 °C for 0.5 h, followed by addition of
sulfur (5.19 g, 162 mmol) in one portion. The yellow reaction mixture was stirred for 1 h
at -78 °C. To this reaction mixture, a solution of potassium bromoacetate in a mixture of
THF/H2O (3:4, v:v) (made as follows: a solution of K2CO3 (23.04 g in 83 mL H2O) was
added to a solution of bromoacetice acid (23.16g in 62.5 mL THF)) was added in 1 h.
The resulting white suspension was stirred at 55 °C for 2 h. After cooling to r.t., the
reaction was diluted with H2O until a clear solution formed. The organic phase was
separated and the aqueous phase was acidified with 2 N HCl and extracted with ether (3 x
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200 mL). The combined organic layer was dried over MgSO4. After removal of solvent,
the crude product was obtained (75%), which was used without further purification. 1H
NMR (400 MHz, CDCl3): δ 10.20 (bs, 1H); 7.31-7.33 (m, 2H); 7.08 (dd, 1H); 3.55 (s,
2H). 13C NMR (100 MHz, CDCl3): δ 176.13, 130.26, 129.76, 126.85, 126.66, 38.02.
Thieno[3,2-b]thiophen-4(5H)-one (3-5).176 SOCl2 (1.40 mL, 18.4 mmol) was added to
an ether solution (80 mL) of 3-4 (8.00 g, 2.6 mmol) and the reaction was refluxed for 6 h.
After removal of the excess of SOCl2 and solvent, the reaction mixture was dissolved in
dichloroethane (80 mL) and slowly added to a solution of AlCl3 in dichloroethane (80
mL) at 0 °C over 2 h. The reaction was refluxed for 24 h. After cooling to r.t the reaction
was poured into a mixture of ice (100 g) and concentrated HCl (200 mL). The aqueous
phase was extracted DCM (3 x 200 mL) and the combined organic phase was dried over
MgSO4. After removal of solvent, the crude product was purified via column using
hexane/DCM (1/4) as eluent to give 3-5 as brown solid (45 %). 1H NMR (400 MHz,
CD2Cl2): δ 7.95 (d, 1H); 7.05 (d, 1H); 4.12 (s, 2H).

13

C NMR (100 MHz, CD2Cl2): δ

190.70; 163.61; 142.36; 132.60; 123.42; 46.17.
Thieno[3,2-b]thiophene (3-6).176 NaBH4 (0.40 g, 10.24 mmol) was added in portions to
a solution of 3-5 (1.60 g, 10.24 mmol) in MeOH/DCM (40 mL, 1:1, v:v) at 0 °C. After
addition the solution was stirred at r.t. for 3 h. The reaction was diluted with DCM (200
mL) and poured into 1 N HCl (200 mL) and stirred at r.t. for 0.5 h. The organic phase
was separated, washed with H2O and brine, dried over MgSO4. After removal of solvent,
the crude product was purified via column using DCM as eluent. 3-6 was obtained as
white solid (84%). 1H NMR (400 MHz, CD2Cl2): δ 7.41 (d, 2H), 7.29 (d, 2H). 13C NMR
(100 MHz, CD2Cl2): δ 140.04, 127.97, 119.90.
5,5’-bis(tributylstannyl)-thieno[3,2-b]thiophene (3-7). It was prepared by following the
same procedure as the 3-3. After column, 3-7 was obtained as a colorless oil (74%). 1H
NMR (400 MHz, CD2Cl2): δ 7.24 (s, 2H), 1.58 (m, 12H), 1.34 (m, 12 H), 1.14 (m, 12H),
0.90 (m, 18H).

13

C NMR (100 MHz, CDCl3): δ 147.83, 140.36, 126.45, 29.19, 27.51,

13.89, 11.11.

159

Br

Br

S
S

Br

S

S
Br

S

S
S

Br

3 -1 2

R

Br

3 -8

S

Br

3 -9

R
S

B u3S n
R
3 -1 0 a R : 2 -e th y lh e xyl
3 -1 0 b R : n -d o d e c y l

S

SnBu3

S
R

3 -1 1 a
3 -1 1 b

2,2’-bithiophene (3-12).177 To a vacuum flask were added Mg (7.86 g, 32 8mmol) and
two small pieces of iodine, followed by addition of ether (200 mL) and 2-bromthiophene
(44.46 g, 273 mmol). The reaction was refluxed for 2 h. After cooling to r.t., the Grignard
reagent was added to another portion of 2-bromothiophene (36.77 g, 226 mmol) in ether
(150 mL) containing NiCl2.dppp (1.24 g, 2.28 mmol) at 5 °C. After stirring at r.t. for 12 h,
the reaction was treated with saturated NH4Cl at -10 °C. The ether layer was separated,
washed with brine and dried over MgSO4. After removal of solvent, the brown solid was
purified via column using hexane as eluent to give 3-12 (90%). 1H NMR (400 MHz,
CDCl3): δ 7.21 (d, 2H), 7.18 (d, 2H), 7.02 (dd, 2H).

13

C NMR (100 MHz, CDCl3): δ

137.60, 127.97, 124.55, 123.97.
3,3’-5,5’-tetrabromo-2,2’-bithiophene (3-8).177 To a mixture of 3-12 (10 g, 60.1 mmol),
glacial acetic acid (200 mL) and chloroform (120 mL) was slowly added Br2 (12.35 mL,
4 equiv) at 0 °C. The reaction was stirred at r.t. for 4 h and then refluxed for 12 h. After
cooling to r.t., the reaction was quenched by 10 % KOH. The organic layer was separated,
washed with brine and dried over MgSO4. After removal of solvent, the crude product
was recrystallized from ethanol as off-white solid (92%). 1H NMR (400 MHz, CDCl3) δ:
7.07 (s, 2H). 13C NMR (100 MHz, CDCl3) δ: 132.96; 129.53; 114.79; 112.09.
3,3’-dibromo-2,2’-bithiophene (3-9).177 Zinc dust (10.4 g, 159 mmol) was added in
small portions over 4 h using a solid addition funnel into a refluxing solution of 3-8
(13.94, 28.9 mmol) in n-propanol (250 mL), glacial acetic acid (16 mL) and distilled
water (8 mL). After addition of zinc, the solution was refluxed for another 2 h and then
cooled to r.t.. The reaction was extracted with ether 3 times and the combined ether layer
was washed with 10 % KOH, brine and dried over MgSO4. After removal of solvent, the
product was recrystalized from hexane to give light–yellow solid as the title compound
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(82%). 1H NMR (400 MHz, CDCl3) δ: 7.40 (d, 2H); 7.07 (dd, 2H). 13C NMR (100 MHz,
CDCl3) δ: 130.86; 128.94; 127.58; 112.69.
3,3’-bis(2-ethylhexyl)-2,2’-bithiophene (3-10a).177 A commercial solution of 2ethylhexylmagnesium bromide (26 mL, 1M in ether) was added dropwise to a suspension
of 3-9 (2.08 g, 6.42 mmol) and NiCl2.dppp (0.174 g, 0.05 equiv) in ether (30 mL) at r.t..
The reaction was refluxed for 16 h. After cooling to r.t., the reaction was treated with
saturated NH4Cl and the separated organic layer was dried over MgSO4. After removal of
solvents, the crude product was purified via column using hexane as eluent to give 3-10a
as a colorless oil (90%). 1H NMR (400 MHz, CD2Cl2): δ 7.30 (d, 2H), 6.94 (d, 2H), 2.43
(d, 4H), 1.52 (m, 2H), 1.21 (m, 16H), 0.83 (t, 6H), 0.75 (t, 6H).

13

C NMR (100 MHz,

CD2Cl2): δ 142.15, 129.93, 129.58, 125.58, 40.88, 33.56, 33.23, 29.32, 26.35, 23.55,
14.44, 11.08. GC-MS: m/z: 390 (C24H38S2+), 193 (100%).
3,3’-didodecyl-2,2’-bithiophene (3-10b).177 It was prepared by following the same
procedure for 3-10a. After purifing via column using hexane as eluent 3-10b was
obtained as a colorless solid (92%). 1H NMR (400 MHz, CDCl3): δ 7.26 (d, 2H), 6.94 (d,
2H), 2.47 (t, 4H), 1.51 (m, 4H), 1.23 (m, 36H), 0.87 (t, 6H).

13

C NMR (100 MHz,

CDCl3): δ 142.56, 128.93, 128.74, 125.43, 32.15, 30.94, 29.91, 29.89, 29.79, 29.67, 29.65,
29.59, 29.00, 22.92, 14.35. mp: 52 ºC. GC-MS: m/z: 502 (C32H54S2+), 502 (100%).
5,5’-bis(tributylstannyl)-3,3’-bis(2-ethylhexyl)-2,2’-bithiophene

(3-11a).

It

was

prepared as a colorless oil using the same procedures as 3-3 (90%). 1H NMR (400 MHz,
CDCl3): δ 6.90 (s, 2H), 2.44 (d, 4H), 1.56 (m, 14H), 1.32 (m, 12H), 1.12 (m, 28H), 0.88
(t, 18H), 0.81 (t, 6H), 0.72 (t, 6H).

13

C NMR (100 MHz, CDCl3): δ 141.88, 137.89,

136.01, 135.81, 40.60, 33.07, 32.90, 29.20, 29.00, 27.46, 26.05, 23.23, 14.34, 13.90,
10.98. Anal. Calcd for C48H90S2Sn2: C, 59.51; H, 9.36. Found: C, 59.73; H, 9.60; N, <
0.02.
5,5’-bis(tributylstannyl)-3,3’-didodecyl-2,2’-bithiophene (3-11b). It was prepared by
following the same procedure as 3-3. 1H NMR (400 MHz, CDCl3): δ 6.95 (s, 2H), 2.51(t,
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4H), 1.56 (m, 16H), 1.27 (m, 48H), 1.08 (m, 12H), 0.88 (m, 24H). 13C NMR (100 MHz,
CDCl3): δ 142.78, 137.31, 136.31, 135.38, 32.17, 31.23, 29.96, 29.94, 29.91, 29.89, 29.80,
29.74, 29.62, 29.21, 28.98, 27.49, 22.93, 14.35, 13.92, 11.01. Anal. Calcd for
C56H106S2Sn2: C, 62.22; H, 9.88. Found: C, 62.59; H, 9.84; N, < 0.02.
S

SnBu3
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S
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3 -1 3

5,5’-bis(tributylstannyl)-2,2’-bithiophene (3-13). It was prepared by following the
same procedure as 3-3 from 2,2’-bithiophene (86%). 1H NMR (CDCl3, 400 MHz): δ 7.27
(d, 2H), 7.03 (d, 2H), 1.56 (m, 12H), 1.33 (m, 12H), 1.09 (m, 12H), 0.88 (m, 18H). 13C
NMR (CDCl3, 100 MHz): δ 143.22, 136.38, 136.27, 124.89, 29.18, 27.48, 13.89, 11.07.
Anal. Calcd for C32H58S2Sn2: C, 51.63; H, 7.85. Found: C, 52.00; H, 8.03; N, < 0.02.
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Thieno[3,2-b]thieno[2’,3’-d]thiophene (3-14).176 n-BuLi (1.6 M in hexane) (17 mL,
27.2 mmol) was added to a solution of 3-9 (4 g, 12.34 mmol) in ether (120 mL) at -78 °C.
The

reaction

was

stirred

at

-78

°C

for

1

h

to

form

a

suspension.

Bis(phenylsulfonyl)sulfide (3.88 g, 12.34 g) was added to the suspension at -78 °C over
0.5 h and the reaction was warmed to r.t.. After stirring at r.t. for 12 h, the reaction was
quenched with H2O (50 mL) and the organic layer was separated and dried over MgSO4.
After removal of solvent, the crude product was purified via column using hexane/DCM
(1/4) as eluent to give 3-14 as pale yellow solid (64%). 1H NMR (400 MHz, CDCl3): δ
7.32 (d, 2H), 7.25 (d, 2H).

13

C NMR (100 MHz, CDCl3): δ 141.76, 131.04, 126.01,

120.98.
5,5’-dibromo-thieno[3,2-b]thieno[2’,3’-d]thiophene (3-15).179 NBS (2 g, 11.2 mmol)
was added into 3-14 (0.98 g, 5.0 mmol) in DMF (20 mL). After stirring at r.t. for 12 h,
H2O (20 mL) was added and the reaction was extracted with DCM (3 x 50 mL). The
combined organic layer was washed with brine (2 x 50 mL) and dried over MgSO4. After
removal of solvent, the crude product was purified via column using hexane as eleunt to
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give 3-15 as a white crystal (80%). 1H NMR (400 MHz, CDCl3): δ 7.26 (d, 2H).

13

C

NMR (100 MHz, CDCl3): δ 139.30, 131.00, 124.10, 112.56.
5,5’-bis(tributylstannyl)-thieno[3,2-b]thieno[2’,3’-d]thiophene (3-16). It is prepared
by following the same procedure as 3-3. After column, the product was obtained as pale
yellow oil (92%). 1H NMR (400 MHz, CDCl3): δ 7.25 (s, 2H); 1.58 (m, 12H), 1.35 (m,
12H), 1.15 (m, 12H), 0.88 (m. 18 H).

13

C NMR (100 MHz, CDCl3): δ 143.82, 138.85,

136.24, 128.23, 29.17, 27.49, 13.88, 11.21.
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Bis(2-iodo-3-thienyl)methanol (3-17).175 n-BuLi (2.5 M in hexane) (8 mL, 20 mmol)
was added to a stirred solution of 3-bromothiophene (3.26 g, 20 mmol) in ether (30 mL)
at -78 °C. The reaction was stirred at -78 °C for 4 h and followed by addition of solution
of thiophene-3-cardaldehyde (2.24 g, 20 mmol) inether (30 mL) via syringe. The reaction
was stirred at -78 °C for 0.5 h then warmed to r.t. and stirred for another 0.5 h. After
cooling to -23 °C, n-BuLi (2.5 M in hexane) (16 mL, 40 mmol) was added via syringe.
The reaction was stirred at -23 °C for 2 h, then warmed to r.t. and stirred for 2 h. After
cooling to -23 °C, a solution of I2 (15.99 g, 63.0 mmol) in ether (80 mL) was added
dropwise. The reaction was warmed to r.t., followed by addition of 10% (w/w) aqueous
Na2SO3 (50 mL) under vigorous stirring and the aqueous layer was acidified with 10 %
(w/w) aqueous HI solution to pH ~ 5. The ether layer was separated and washed with
H2O until neutral, and then dried over MgSO4. After removal solvent, the residual solid
was purified via column using hexane/DCM (3/7) as eluent to give 3-17 as tan solid
(77%). 1H NMR (400 MHz, CDCl3): δ 7.42 (d, 2H), 6.91 (d, 2H), 5.75 (d, 2H), 2.24 (d,
1H). 13C NMR (100 MHz, CDCl3): δ 146.52, 131.21, 126.76, 75.52, 71.46.
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Bis(2-iodo-3-thienyl) ketone (3-18).175 PCC (6.46 g, 30 mmol) was added to a solution
of 3-17 (8.96 g, 20.0 mmol) in DCM (100 mL) in one portion at r.t.. After stirring for 12
h at r.t., the reaction was filtered and washed with DCM for several times. The filtrate
was concentrated and the resulting residue from was purified via column using DCM as
solvent to give a yellow solid, which was further purified recrystallization from MeOH to
give 3-18 as yellow solid (92%). 1H NMR (400 MHz, CDCl3): δ 7.45 (d, 2H), 7.04(d, 2H).
13

CNMR (100 MHz, CDCl3): δ 185.32, 143.01, 131.44, 129.21, 81.14.

4H-cyclopenta-[2,1-b:3,4-b’]dithiophen-4-one (3-19).175 To a solution of 3-18 (2.23 g,
5 mmol) in DMF (20 mL) was added copper powder (0.96 g, 15 mmol) in one portion
and the reaction was refluxed for 20 h. After cooling to r.t., the reaction was filtered and
washed with ether (3 x 20 mL). Then the ether layer was washed with H2O (30 mL), the
aqueous layer was separated and extracted with ether (3 x 20 mL). All ether layers were
combined, washed with brine (2 x 20 mL) and dried over MgSO4. After removal of
solvent, the crude product was purified via column using hexane/DCM (2/3) as eluent to
give 3-19 as purple crystal (90%). 1H NMR (400 MHz, CDCl3): δ 7.02 (d, 2H), 6.97 (d,
2H). 13C NMR (100 MHz, CDCl3): δ 182.52, 49.07, 142.31, 127.09, 121.65.
4H-cyclopenta-[2,1-b:3,4-b’]dithiophene (3-20).178 Finely ground KOH (0.25 g, 4.46
mmol), ethylene glycol (5 mL), 3-19 (0.25 g, 1.3 mmol) and hydrazine hydrate (100%,
0.5 mL) were combined together in flask and the reaction was heated to 180 °C and
stirred for 12 h. After cooling to r.t., the brown reaction mixture was diluted with H2O
(20 mL) and extracted with DCM (3 x 20 mL). The combined organic phase was washed
with brine (2 x 20 mL) and dried over MgSO4. After removal of solvent, the crude
product was purified via column using hexane as eluent to give 3-20 as off-white solid
(74%). 1H NMR (400 MHz, CDCl3): δ 7.20 (d, 2H), 7.11 (d, 2H), 3.55 (s, 2H). 13C NMR
(100 MHz, CDCl3): δ 149.82, 138.79, 124.61, 123.10, 31.95.
4,4-dioctyl-cyclopenta-[2,1-b:3,4-b’]dithiophene (3-21).180 To a solution of 3-20 (1.0 g,
5.60 mmol) in DMSO (30 mL) was added n-octyl bromide (2.2 g, 11.2 mmol), followed
by addition of KI. Finely ground KOH (1.0 g) was added in portions at 0 °C. The reaction
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was stirred at r.t. for 12 h. Then H2O (30 mL) was added at 0 °C. The reaction was
extracted with ether (3 x 50 mL). The combined organic layer was washed with H2O (2 x
30 mL), brine (2 x 30 mL) and dried over MgSO4. After removal of solvent, the crude
product was purified via column to provide 3-21 as a yellow oil (85% yield). 1H NMR
(400 MHz, CD2Cl2): δ 7.17 (d, 2H), 6.96 (d, 2H), 1.83 (m, 4H), 1.58 (m, 20H), 0.92 (m,
4H), 0.84 (t, 6H). 13C NMR (100 MHz, CDCl3): δ 158.34, 136.65, 124.61, 121.85, 53.45,
37.94, 32.03, 30.25, 29.57, 29.47, 24.74, 22.85, 14.32.

5,5’-bis(tributylstannyl)-4,4-dioctyl-cyclopenta-[2,1-b:3,4-b’]dithiophene (3-22). It
was prepared by following the same procedure as 3-3. 3-22 was obtained as pale yellow
oil (92%). 1H NMR (400 MHz, CDCl3): δ 6.89 (s, 2H), 1.80 (m, 4H), 1.56 (m, 12H), 1.33
(m, 12H), 1.1 (m, 32H), 0.89 (m, 28H). 13C NMR (100 MHz, CDCl3): δ 160.48, 142.50,
136.03, 129.93, 52.26, 38.02, 32.08, 30.31, 29.62, 29.49, 29.23, 27.45, 24.87, 22.86,
14.32, 13.91, 11.11.
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3-methoxythiophene (3-23).181 To a flask was added sodium methoxide (32.42 g, 600
mmol), anhydrous MeOH (60 mL) and DMF (100 mL). To the reaction suspension, 3bromothiophene (37.48 mL, 400 mmol) and copper bromide (5.76 g, 40 mmol) were
successively added. Then the reaction was refluxed at 120 °C for 2 h. After cooling to r.t.,
the reaction was filtered and washed with DCM (3 x 100 mL). The filtrate was washed
with H2O (2 x 200 mL), brine (2 x 200 mL) and dried over MgSO4. After removal of
solvent, the crude product was purified via column using DCM/hexane (1/4) as eluent.
Colorless oil (very volatile) was obtained as pure product (54%). 1H NMR (400 MHz ,
CDCl3): δ 7.20 (dd, 1H); 6.75 (dd, 1H); 6.28 (dd, 1H); 3.80 (s, 3H). 13C NMR (100 MHz,
CDCl3): δ 159.08; 124.98; 119.39; 96.73; 57.54.
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3-dodecyloxythiophene (3-24). A mixture of 3-23 (6.00 g, 52.60 mmol), 1-dodecanol
(23.54 mL, 105.2 mmol), p-toluenesulfonic acid monohydrate (1.00 g, 0.1 eq) and
toluene (50 mL) was heated at 130 ºC for 15 h. After DCM/water extraction, the organic
layer was dried over MgSO4. After removal of solvent, the crude product was purified via
column using hexane/DCM (3/1) as eluent to give 3-24 as a colorless solid (62%). 1H
NMR (400 MHz, CDCl3): δ 7.15 (dd, 1H), 6.74 (dd, 1H), 6.21 (dd, 1H), 3.92 (t. 2H), 1.75
(m, 2H), 1.43 (m, 2H), 1.26 (m, 16H), 0.87 (t, 3H).

13

C NMR (100 MHz, CDCl3): δ

158.29, 124.70, 119.76, 97.16, 70.50, 32.14, 29.88, 29.85, 29.82, 29.79, 29.61, 29.57,
29.49, 26.27, 22.91, 14.34. mp: 35 ºC. GC-MS: m/z: 268 (C16H28OS+), 100 (100%).
2-bromo-3-dodecyloxythiophene (3-25).182 NBS (1.78 g, 10 mmol) was added in one
portion to 3-24 (2.69 g, 10 mmol) in DMF (20 mL) at 0 ºC and the whole was warmed to
r.t. and stirred for 15 h. The reaction was diluted with ether (50 mL) and washed with
water (2 x 20 mL). The organic layer was dried over MgSO4. After removal of solvent,
the residue was purified via column using pentane as eluent to give 3-25 as a colorless
solid (98%). 1H NMR (400 MHz, CDCl3): δ 7.16 (d, 1H), 6.72 (d, 1H), 4.01 (t, 2H), 1.73
(m, 2H), 1.43 (m, 2H), 1.25 (m, 16H), 0.86 (t, 3H).

13

C NMR (100 MHz , CDCl3): δ

154.77, 124.31, 117.71, 91.78, 72.46, 32.13, 29.87, 29.85, 29.79, 29.76, 29.69, 29.56,
29.54, 26.02, 22.90, 14.33. mp: 48 ºC. GC-MS: m/z: 346 (C16H27BrOS+), 180 (100%).
3,3’-bis(dodecyloxy)-2,2’-bithiophene (3-26). A mixture of bis(1,5-cyclooctadienyl)nickel (0) (2.0 g, 7.27 mmol), 2,2’-dipyridyl (1.14 g, 7.27 mmol), 1,5-cyclooctadiene
(0.59 mL, 4.84 mmol) and DMF (20 mL) was stirred at 80 ºC for 1 h. To the mixture, 325 (1.68 g, 4.84 mmol) in toluene (30 mL) was slowly added via cannula at r.t.. After
stirring at 80 ºC for 12 h the reaction was diluted with DCM and washed with 10 % HCl,
brine and dried over MgSO4. After removal of solvents, the residue was purified via
gradient column using DCM/hexane as eluent (0:1→1:3) to give 3-26 as a pale yellow
solid (85%). 1H NMR (400 MHz , CDCl3): δ 7.04 (d, 2H), 6.81 (d, 2H), 4.06 (t, 4H), 1.81
(m, 4H), 1.49 (m, 4H), 1.24 (m, 32H), 0.85 (t, 6H).

13

C NMR (100 MHz , CDCl3): δ

152.15, 121.81, 116.25, 114.31, 72.20, 32.14, 29.92, 29.89, 29.88, 29.83, 29.79, 29.58,
26.26, 22.92, 14.35. mp: 69 ºC. GC-MS: m/z: 534 (C32H54O2S2+), 534 (100%).
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5,5’-bis(tributylstannyl)-3,3’-bis(dodecyloxy)-2,2’-bithiophene (3-27). It was prepared
1

as a pale yellow oil using the same procedure for 3-3 (86%).

H NMR (400 MHz,

CDCl3): δ 6.81 (s, 2H), 4.08 (t, 4H), 1.83 (m, 4H), 1.56 (m, 16H), 1.30 (m, 44H), 1.07 (m,
12H), 0.88 (m, 24H).

13

C NMR (100 MHz, CDCl3): δ 153.94, 132.72, 124.01, 120.44,

72.13, 32.15, 30.10, 29.98, 29.95, 29.91, 29.78, 29.61, 29.19, 27.48, 26.46, 22.92, 14.35,
13.93, 10.96. Anal. Calcd for C56H106S2Sn2: C, 60.43; H, 9.60. Found: C, 60.06; H, 9.70.
General Procedure for Polymerization. To an air-free flask containing the two
monomers (0.2 mmol for each) was added a mixture of Pd2(dba)3 and tri(o-tolyl)phosphine (1:8 molar ratio between Pd2(dba)3 and P(o-tolyl)3; Pd loading: 0.03 equiv).
The flask was subjected to 3 pump/purge cycles with argon followed by addition of THF
(4 mL) via syringe. The sealed reaction mixture was stirred at 80 ºC for 48 h. After
cooling to r.t., the deeply colored reaction mixture was dripped into 100 mL vigorously
stirred MeOH (containing 5 mL 12 N HCl). The precipitated solid was stirred for 4 h and
collected by centrifugation and decantation. The solid polymers were redissolved and
reprecipitated into MeOH. After filtration and drying under reduced pressure, the
polymers were subjected to sequential Soxhlet extraction to remove oligomer or low
molecular weight polymer. For polymers 3-P1c and 3-P4, the sequential solvents were
methanol, acetone and chloroform; for polymers 3-P2, 3-P3, 3-P5, 3-P7, 3-P8a and 3P8b, the sequential solvents were methanol, acetone, hexane and chloroform. For 3-P6,
the sequential solvents were methanol, acetone and chloroform and chlorobenzene. After
Soxhlet extraction, the polymer solution in the final solvent was concentrated to ~20 mL
and precipitated into 100 mL methanol, collected by centrifugation and dried under
reduced pressure to give the final product.
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R 1 : 2 -d e cy lte tra d e c yl

Polymer (3-P1c). Yield: 94%. Mn: 23.6 KDa, PDI: 2.2. 1H NMR (400 MHz, CDCl3): δ
8.95 (s, 2H), 7.43 (s, 2H), 4.13 (brs, 4H), 2.01 (brs, 2H), 1.20 (m, 80H), 0.83(m, 12H).
13

C NMR (100 MHz, CDCl3): δ 162.67, 162.60, 143.79, 139.65, 137.02, 129.46, 127.91,

125.81, 123.38, 45.32, 36.73, 32.14, 31.82, 30.36, 29.93, 29.89, 29.58, 26.65, 22.91,
14.34. Anal. Calcd for C66H102N2O4S (%): C, 77.75; H, 10.08; N, 2.75. Found (%): C,
77.44; H, 10.55; N, 2.46.
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Polymer (3-P2). Yield: 89%. Mn: 61.2 KDa, PDI: 3.6. 1H NMR (400 MHz, C2D2Cl4,
130 °C): δ 8.99 (s, 2H); 7.70 (s. 2H), 4.23 (bs, 4H), 2.15 (bs, 2H), 1.33 (m, 80H), 0.94 (m,
12H).
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Polymer (3-P3). Yield: 99%. Mn: 73.0 KDa, PDI: 1.6. 1H NMR (400 MHz, CDCl3): δ
8.85 (s, 2H), 7.27 (s, 2H), 4.14 (brs, 4H), 2.74 (brs, 4H), 1.97 (t, 2H), 1.71 (brs, 4H), 1.31
(m, 52H), 0.92 (m, 18H). 13C NMR (100 MHz, CDCl3): δ 163.02, 162.75, 143.50, 141.10,
140.22, 136.77, 132.07, 130.94, 127.89, 125.82, 123.25, 45.02, 38.42, 38.31, 32.18, 31.30,
31.14, 31.08, 30.00, 29.93, 29.86, 29.69, 29.66, 29.60, 29.08, 24.58, 23.33, 22.90, 14.27,
11.02, 10.96. Aanl. Calcd for C62H88N2O4S2 (%): C, 75.26; H, 8.96; N, 2.83. Found (%):
C, 74.98; H, 9.11; N, 2.84.
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Polymer (3-P4). Yield: 91%. Mn: 78.7 KDa, PDI: 1.6. 1H NMR (400 MHz, CDCl3): δ
8.82 (s, 2H), 7.21 (s, 2H), 4.10 (brs, 4H), 2.65 (brs, 4H), 1.94 (m, 2H), 1.67 (m, 2H), 1.28
(m, 32H), 0.86 (m, 24H). 13C NMR (100 MHz, CDCl3): δ 163.00, 162.56, 142.65, 140.82,
140.09, 136.71, 132.40, 131.13, 127.765, 125.59, 123.13, 44.88, 40.75, 38.03, 33.68,
33.01, 31.00, 29.21, 28.90, 26.03, 24.25, 23.34, 23.30, 14.40, 14.33, 11.09, 10.88. Anal.
Calcd for C54H72N2O4S2 (%): C, 73.93; H, 8.27; N, 3.19. Found (%): C, 74.04; H, 8.51; N,
2.96.
Polymer (3-P5). Yield: 98%. Mn: 252 KDa, PDI: 2.5. 1H NMR (400 MHz, C2D2Cl4,
130 °C): δ 8.91 (s, 2H), 7.43 (s, 4H), 4.22 (brs, 4H), 2.13 (brs, 2H), 1.39 (m 80H), 0.94
(m, 12H). Anal. Calcd for C70H104N2O4S2 (%): C, 76.31; H, 9.51; N, 2.54. Found (%): C,
76.43; H, 9.80; N, 2.33.
Polymer (3-P8a). Yield: 89%. Mn: 120 KDa, PDI: 3.3. 1H NMR (400 MHz, C2D2Cl4,
130 °C): δ 8.94 (s, 2H), 7.31 (s, 2H), 4.32 (t, 4H), 4.24 (brs, 4H), 2.06 (m, 6H), 1.65 (m,
4H), 1.40 (m, 48H), 0.98 (m, 18H).
Polymer (3-P8b). Yield: 95%. Mn: 133 KDa, PDI: 3.5. 1H NMR (400 MHz, C2D2Cl4,
130 °C): δ 8.95 (s, 2H), 7.32 (s, 2H), 4.33 (t, 4H), 4.24 (brs, 4H), 2.15 (brs, 2H), 2.05 (m,
4H), 1.67 (m, 4H), 1.40 (m, 112H), 0.94 (m, 18H). Anal. Calcd for C94H152N2O6S2 (%): C,
76.78; H, 10.42; N, 1.91. Found (%): C, 76.69; H, 10.70; N, 1.66.
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Polymer (3-P6). Yield: 99%. Mn: 71.2 KDa, PDI: 3.6.

1

H NMR (400 MHz, o-

dichlorobenzene-d4, 130 °C): δ 8.91 (s, 2H), 7.64 (s, 2H), 4.25 (brs, 4H), 2.19 (brs, 2H),
1.50 (m 12H), 1.22 (m, 68H), 0.83 (m, 12H). Anal. Calcd for C70H104N2O4S2 (%): C,
76.31; H, 9.51; N, 2.54. Found (%): C, 76.43; H, 9.80; N, 2.33.
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Polymer (3-P7). Yield: 88%. Mn: 188 KDa, PDI: 2.5. 1H NMR (400 MHz, C2D2Cl4,
130 °C): δ 8.95 (s, 2H), 7.47 (s, 2H), 4.22 (bs, 4H), 2.09 (m, 6H), 0.91-1.54 (m, 58H).
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3,6-dibromophthalic anhydride (4-1).255 A mixture of phthalic anhydride (80 g, 0.54
mol), oleum (20 % free SO3, 125 mL), bromine (104 g, 0.65 mol), and iodine (0.51 g, 2
mmol) was stirred at 60 °C for 24 h. After cooling to r.t., DCM was added to the reaction
and the whole was carefully diluted with distilled H2O. The whole was filtered and the
organic layer was concentrated via rotvap to a brown solid. This brown solid was
recrystallized twice from acetic acid to provide 4-1 as a colorless crystal (22 %). 1H NMR
(400 MHz, CDCl3): δ 7.81 (s, 2H).

13

C NMR (CDCl3, 100 MHz): δ 159.15, 141.58,

131.15, 120.14. mp: 213 °C. GC-MS: m/z: 304 (C8H2Br2O3+), 262 (100%).
N-dodecyl-3,6-dibromophthalimide (4-2a). 4-1 (1.53 g, 5 mmol), n-dodecylamine (1.20
g, 6.5 mmol) and glacial acetic acid (30 mL) were combined and refluxed under argon for
2 h. After removal of acetic acid, target compound was isolated via column using
DCM/hexane as eluent (1/3). Colorless crystal 4-2a was obtained after recrystallization
from hexanes (94%).. 1H NMR (400 MHz, CDCl3): δ 7.62 (s, 2H), 3.66 (t, 2H), 1.65 (m,
2H), 1.27 (m, 18H), 0.85 (t, 3H). 13C NMR (100 MHz, CDCl3): δ 165.05, 139.68, 131.51,
117.69, 38.89, 32.13, 29.83, 29.78, 29.65, 29.55, 29.35, 28.53, 27.04, 22.90, 14.34. mp:

170

85 °C. GC-MS: m/z: 471 (C20H27Br2NO2+), 318 (100%). Anal. Calcd for
C20H27Br2NO2(%): C, 50.76; H, 5.75; N,2.96. Found (%): C, 50.77; H, 5.47; N, 3.05.
N-tetradecyl-3,6-dibromophthalimide (4-2b). It was prepared by following the same
procedure as 4-2a (92%). 1H NMR (400 MHz, CDCl3): δ 7.61 (s, 2H), 3.65 (t, 2H), 1.64
(m, 2H), 1.22 (m, 22H), 0.84 (t, 3H).

13

C NMR (100 MHz, CDCl3): δ 164.99, 139.64,

131.48, 117.65, 33.85, 32.11, 29.87, 29.84, 29.81, 29.76, 29.63, 29.55, 29.33, 28.50,
27.01, 22.88, 14.32.
N-(2-ethylhexyl)-3,6-dibromophthalimide (4-2c). It was prepared by following the
same procedure as 4-2a (90%). 1H NMR (400 MHz, CDCl3): δ 7.63 (s, 2H), 3.56 (d, 2H),
1.80 (m, 1H), 1.29 (m, 8H), 0.88 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 165.34, 139.71,
131.42, 117.71, 42.66, 38.46, 30.77, 28.76, 24.09, 23.16, 14.26, 10.59. mp: 65 °C. GCMS: m/z: 415 (C16H19Br2NO2+), 319 (100%). Anal. Calcd for C16H19Br2NO2 (%): C,
46.07; H, 4.59; N, 3.36. Found (%): C, 46.09; H, 4.32; N, 3.37.
N-(2-butyloctyl)-3,6-dibromophthalimide (4-2d). It was prepared by following the
same procedure as 4-2a (88%). 1H NMR (400 MHz, CDCl3): δ 7.63 (s, 2H), 3.55 (d, 2H),
1.84 (m, 1H), 1.23 (m, 16H), 0.86 (m, 6H).

13

C NMR (100 MHz, CDCl3): δ 165.32,

139.70, 131.41, 117.70, 43.07, 37.12, 32.02, 31.70, 31.36, 29.81, 28.69, 26.48, 23.18,
22.85, 14.31, 14.29.
N-(2-decyltetradecyl)-3,6-dibromophthalimide (4-2e). It was prepared by following
the same procedure as 4-2a (83%). 1H NMR (400 MHz, CDCl3): δ 7.63 (s, 2H), 3.55 (d,
2H), 1.84 (m, 1H), 1.22 (m, 40H), 0.85 (t, 3H). 13C NMR (100 MHz, CDCl3): δ 165.31,
139.69, 131.43, 117.71, 43.13, 37.14, 32.14, 31.71, 30.14, 29.89, 29.88, 29.85, 29.81,
29.58, 29.56, 26.52, 22.91, 14.35.
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3,4-dicyanothiophene (4-3).256 3,4-dibromothiophene (21.66 g, 89.5 mmol), cuprous
cyanide (24 g, 269 mmol) and DMF (50 mL) were combined and the reaction was
refluxed at 190 °C for 6 h. After cooling to r.t., the reaction was poured into a solution of
hydrated ferric chloride (89.53 g, 552 mmol) in 1.7 N HCl (150 mL) and stirred at 70 °C
for 1 h. After filtration, the filtrate was extracted with DCM (5 x 400 mL). The combined
organic layer was washed with 6 N HCl (2 x 200mL), H2O (2 x 200 mL), saturated
NaHCO3 (2 x 200 mL), brine (200 mL) and dried over MgSO4. After removal of solvent,
the crude product was sublimated to afford 4-3 as white crystal (81%). 1H NMR (400
MHz, CDCl3): δ 8.05 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 137.25, 113.24, 111.97.
Thiophene-3,4-dicarboxylic acid (4-4).256 4-3 (2.14 g, 15.9 mmol), KOH (8.92 g, 159
mmol) and ethylene glycol (30 mL) were combined and the reaction was refluxed at
210 °C for 12 h. After cooling to r.t., the reaction was poured into ice H2O (200 mL). The
aqueous layer was washed with ether, and acidified with 12 N HCl, followed by
extraction with ether (4 x 200 mL). The combined organic layer was dried over MgSO4.
After removal of solvent, the crude product was recrystallized from H2O to give 4-4 as
off-white needle-like solid (83%). 1H NMR (400 MHz, DMSO-d6): δ 8.15 (s, 2H).

13

C

NMR (100 MHz, DMSO-d6) δ 164.16, 133.45, 133.22.
Thiophene-3,4-dicarboxylic anhydride (4-5).256 A solution of 4-4 (1 g, 5.8 mmol) in
acetic anhydride (30 mL) was stirred at 140 °C for 12 h. After removal of excess acetic
anhydride, the brown solid was recrystallized from toluene to give 4-5 as white crystal
(86%). 1H NMR (400 MHz, CDCl3): δ 8.07 (s, 2H).
156.53, 135.43, 129.48.
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13

C NMR (100 MHz, CDCl3) δ

4-dodecylcarbamoylthiophene-3-carboxylic acid (4-6).256 4-5 (2.43 g, 15.7 mmol), ndodecylamine (12 g, 62.8 mmol) and glacial acetic acid (60 mL) were combined and the
reaction was refluxed at 130 °C for 12 h. After removal of solvent, the yellow oil was
purified via column using ethyl acetate as eluent to give white solid as the product (88%).
1

H NMR (400 MHz, CDCl3): δ 8.41 (d, 1H), 8.02 (d, 1H), 7.30 (bs, 1H), 3.45 (m, 2H),

1.63 (quintet, 2H), 1.28 (m, 18H), 0.85 (t, 3H). 13C NMR (100 MHz, CDCl3) δ 165.55,
163.46, 138.93, 134.27, 132.78, 131.20, 41.00, 32.12, 29.84, 29.79, 29.73, 29.55, 29.45,
29.31, 27.15, 22.89, 14.32.
N-dodecyl-thiophene-3,4-imide (4-7).256 4-6 (2.0 g, 5.89 mmol) was added to thionyl
chloride (80 mL). The reaction was refluxed for 3 h at 100 °C. After removal of excess of
thionyl chloride, the crude product was purified via column using ethyl acetate/hexane
(1/9) as eluent, a white crystal was obtained as the title compound (75%). 1H NMR (400
MHz, CDCl3): δ 7.78 (s, 2H), 3.58 (t, 2H), 1.61 (m, 2H), 1.26 (m, 18H), 0.85 (t, 3H). 13C
NMR (100 MHz, CDCl3): δ 162.90, 136.91, 125.32, 38.60, 32.12, 29.83, 29.78, 29.72,
29.56, 29.42, 28.69, 27.09, 22.90, 14.31.
2,5-dibromo-N-dodecyl-thiophene-3,4-imide (4-8).256 4-7 (0.98 g, 3.03 mmol) was
dissolved in concentrated H2SO4 (4.5 mL) and trifluoroacetic acid (15 mL). To the
reaction, NBS (2.24 g, 12.12 mmol) was added in one portion and the reaction was stirred
at r.t. for 12 h, then the reaction was poured into ice H2O and extracted with DCM. The
separated organic layer was washed with brine and dried over MgSO4. After removal of
solvent, the crude product was purified via column by using DCM/hexane (3/7) as eluent
to give 4-8 as white crystal (62%). 1H NMR (400 MHz, CDCl3): δ 3.576 (t, 2H), 1.59 (m,
2H), 1.25 (m, 18H), 0.86 (t, 3H). 13C NMR (100 MHz, CDCl3): δ 160.54, 135.01, 113.09,
39.03, 32.11, 29.82, 29.77, 29.64, 29.54, 29.35, 28.45, 27.00, 22.89, 14.33.
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OR

S nB u3

4 -1 2 a R : n -te trd e c y l
4 -1 2 b R : n -h e xa d e c y l
4 -1 2 c R : 2 -b u tylo c ty l

3-tetradecyloxythiophene (4-9a). It was prepared by following the same procedure as 324. After column, 4-9a was obtained as a white solid (69%). 1H NMR (400 MHz,
CDCl3): δ 7.14 (dd, 1H), 6.74 (dd, 1H), 6.21 (dd, 1H), 3.92 (t. 2H), 1.75 (m, 2H), 1.43 (m,
2H), 1.25 (m, 20H), 0.88 (t, 3H). 13C NMR (100 MHz, CDCl3): δ 158.27, 124.70, 119.76,
97.13, 70.47, 32.15, 29.89, 29.82, 29.79, 29.62, 29.59, 29.49, 26.27, 22.92, 14.34.
3-hexadecyloxythiophene (4-9b). It was prepared by following the same procedure as 324. After column, 4-9b was obtained as a white solid (77%). 1H NMR (400 MHz,
CDCl3): δ 7.15 (dd, 1H), 6.74 (dd, 1H), 6.21 (dd, 1H), 3.93 (t. 2H), 1.76 (m, 2H), 1.44 (m,
2H), 1.26 (m, 24H), 0.88 (t, 3H). 13C NMR (100 MHz, CDCl3): δ 158.26, 124.70, 119.76,
97.13, 70.48, 32.15, 29.92, 29.89, 29.82, 29.79, 29.62, 29.59, 29.49, 26.27, 22.92, 14.34.
3-(2-butyloctyloxy)thiophene (4-9c). It was prepared by following the same procedure
as 3-24. After column, 4-4c was obtained as a yellow oil (52%). 1H NMR (400 MHz,
CDCl3): δ 7.15 (dd, 1H), 6.75 (dd, 1H), 6.21 (dd, 1H), 3.81 (d. 2H), 1.75 (m, 1H), 1.29
(m, 16H), 0.89 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 158.54, 124.61, 119.87, 96.96,
73.36, 38.20, 32.08, 31.57, 31.26, 29.91, 29.29, 27.05, 23.28, 22.89, 14.33, 14.32.
2-bromo-3-tetradecyloxythiophene (4-10a).182 It was synthesized by following the
same procedure as 3-25. After column, 4-10a was obtained as a yellow solid (81%). 1H
NMR (400 MHz, CDCl3): δ 7.16 (d, 1H), 6.72 (d, 1H), 4.01 (t, 2H), 1.74 (m, 2H), 1.44
(m, 2H), 1.26 (m, 20H), 0.88 (t, 3H).

13

C NMR (100 MHz, CDCl3): δ 154.77, 124.28,

117.69, 91.77, 72.43, 32.15, 29.90, 29.89, 29.81, 29.78, 29.70, 29.59, 29.56, 29.49, 26.27,
26.03, 22.92, 14.33.
2-bromo-3-hexadecyloxythiophene (4-10b).182 It was synthesized by following the
same procedure as 3-25. After column, 4-10b was obtained as a white solid (80%). 1H
NMR (400 MHz, CDCl3): δ 7.16 (d, 1H), 6.72 (d, 1H), 4.01 (t, 2H), 1.73 (m, 2H), 1.43
(m, 2H), 1.25 (m, 24H), 0.87 (t, 3H).

13

C NMR (100 MHz, CDCl3): δ 154.77, 124.31,

117.72, 91.79, 72.46, 32.14, 29.91, 29.87, 29.80, 29.77, 29.68, 29.58, 29.55, 26.02, 22.91,
14.33.
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2-bromo-3-(2-butyloctyloxy)thiophene (4-10c).182 It was prepared by following the
same procedure as 3-25. After column, a yellow oil was obtained as the title compound
(68%). 1H NMR (400 MHz, CDCl3): δ 7.16 (d, 1H), 6.73 (d, 1H), 3.90 (d, 2H), 1.73 (m,
1H), 1.34 (m, 16H), 0.90 (m, 6H).

13

C NMR (100 MHz, CDCl3): δ 155.02, 124.28,

117.71, 91.71, 75.31, 38.36, 32.06, 31.37, 31.05, 29.89, 29.23, 26.99, 23.27, 22.90, 14.34,
14.31.
3,3’-bis(tetradecyloxy)-2,2’-bithiophene (4-11a). It was prepared by following the same
procedure as 3-26. After column, 4-11a was obtained as an off-white solid (64%). 1H
NMR (400 MHz, CDCl3): δ 7.05 (d, 2H), 6.82 (d, 2H), 4.07 (t, 4H), 1.83 (m, 4H), 1.51
(m, 4H), 1.25 (m, 40H), 0.87 (t, 6H).

13

C NMR (100 MHz, CDCl3): δ 152.15, 121.80,

116.24, 114.32, 72.19, 32.15, 29.92, 29.89, 29.83, 29.79, 29.59, 26.27, 22.92, 14.35.
3,3’-bis(hexadecyloxy)-2,2’-bithiophene (4-11b). It was prepared by following the same
procedure as 3-26. After column, 4-11b was obtained as an off-white solid (73%). 1H
NMR (400 MHz, CDCl3): δ 7.05 (d, 2H), 6.82 (d, 2H), 4.07 (t, 4H), 1.83 (m, 4H), 1.50
(m, 4H), 1.25 (m, 48H), 0.87 (t, 6H).

13

C NMR (100 MHz, CDCl3): δ 152.15, 121.80,

116.23, 114.32, 72.19, 32.15, 29.92, 29.90, 29.83, 29.79, 29.59, 26.27, 22.92, 14.35.
3,3’-bis(2-butyloctyloxy)-2,2’-bithiophene (4-11c). It was prepared by following the
same procedure as 3-26. After purifying via column, a yellow oil was obtained as the title
compounds (81%). 1H NMR (400 MHz, CDCl3): δ 7.07 (d, 2H), 6.84 (d, 2H), 4.00 (d,
4H), 1.82 (m, 4H), 1.58 (m, 4H), 1.46 (m, 4H), 1.32 (m, 24H), 0.88 (m, 12 H). 13C NMR
(100 MHz, CDCl3): δ 152.27, 121.61, 115.75, 113.71, 74.52, 38.64, 32.10, 31.51, 31.21,
29.91, 29.34, 27.08, 23.29, 22.91, 14.35.

5,5’-bis(tributylstannyl)-3,3’-bis(tetradecyloxy)-2,2’-bithiophene

(4-12a).

It

was

prepared and isolated as a colorless oil using the same procedure as 3-3 (88%). 1H NMR
(400 MHz, CDCl3): δ 6.82 (s, 2H), 4.08 (t, 4H), 1.83 (m, 4H), 1.56 (m, 16H), 1.28 (m,
52H), 1.07 (m, 12H), 0.88 (m, 24H).

13

C NMR (100 MHz, CDCl3): δ 153.95, 132.71,
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124.01, 120.45, 72.13, 32.15, 30.11, 29.98, 29.95, 29.89, 29.79, 29.60, 29.18, 27.48,
26.46, 22.92, 14.35, 13.92, 10.96.

5,5’-bis(tributylstannyl)-3,3’-bis(hexadecyloxy)-2,2’-bithiophene

(4-12b).

It

was

prepared and isolated as a colorless oil using the same procedure as 3-3 (74%). 1H NMR
(400 MHz, CDCl3): δ 6.81 (s, 2H), 4.08 (t, 4H), 1.84 (m, 4H), 1.56 (m, 16H), 1.28 (m,
60H), 1.07 (m, 12H), 0.88 (m, 24H).

13

C NMR (100 MHz, CDCl3): δ 153.95, 132.71,

124.01, 120.45, 72.13, 32.15, 30.11, 29.98, 29.95, 29.89, 29.79, 29.60, 29.18, 27.48,
26.46, 22.92, 14.35, 13.92, 10.96.
5,5’-bis(tributylstannyl)-3,3’-bis(2-butyloctyloxy)-2,2’-bithiophene (4-12c). It was
prepared and purified by following the same procedure as 3-3 (88%). 1H NMR (400 MHz,
CDCl3): δ 6.81 (s, 2H), 4.00 (t, 4H), 1.80 (m, 2H), 1.55 (m, 16H), 1.44 (m, 4H), 1.30 (m,
36H), 1.08 (m, 12H), 0.87 (m, 30H).

13

C NMR (100 MHz, CDCl3): δ 154.02, 132.39,

123.17, 119.75, 74.22, 38.79, 32.19, 31.62, 31.33, 30.02, 29.44, 29.19, 27.49, 27.25,
23.36, 22.94, 14.39, 14.35, 13.90, 10.92.
General Procedure for Polymerization. To an air-free flask containing two monomers
(0.2 mmol for each) were added a mixture of Pd2(dba)3 and tri(o-tolyl)phosphine (1:8
molar ratio between Pd2(dba)3 and P(o-tolyl)3; Pd loading: 0.03 equiv). The flask was
subjected to 3 pump/purge cycles with argon followed by addition of THF (4 mL) via
syringe. The sealed reaction mixture was stirred at 80 °C for 24 h. After cooling to r.t.,
the reaction was dripped into 100 ml vigorously stirred methanol (containing 5 mL 12 N
HCl). The precipitated solid was stirred for 4 h and collected by centrifugation and
decantation. The solid polymers were redissolved and reprecipitated into methanol. After
filtration and drying under reduced pressure, the polymers were subjected to sequential
Soxhlet extraction to remove oligomer or low molecular weight polymer. After Soxhlet
extraction, the polymer solution in the final solvent was concentrated to ~20 mL and
precipitated into 100 ml methanol, collected by centrifugation and dried under reduced
pressure to give the final product.
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4 -P 1

Polymer (4-P1). It was prepared by following the general procedure of polymerization
and purified by sequential Soxhlet extraction using methanol, acetone, hexane and
chloroform as solvents. After drying in vacuo, an orange-red solid was collected as title
compound (82%). PDI: 1.58. 1H NMR (400 MHz, CDCl3): δ 7.89 (brs, 2H); 7.85 (brs,
2H); 3.60 (b, 2H); 1.90 (b, 1H), 1.22 (m, 40H), 0.84 (t, 6H).

13

C NMR (100 MHz,

CDCl3): δ 167.69, 139.70, 135.93, 132.16, 130.99, 128.28, 42.96, 37.189, 32.15, 31.78,
30.28, 29.93, 29.89, 29.59, 26.58, 22.92, 14.36.
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3 -7

4 -P 2

Polymer (4-P2). It was prepared by following the general procedure except that
polymerization finished in 4 h under 80 °C for better solubility. it was purified by
sequential Soxhlet extraction using methanol, acetone, hexane and chloroform as solvents.
After drying in vacuo 4-P2 was collected as an orange-red solid (96%). Molecular weight
cound not be determined by GPC due to the low solubility in THF at r.t.. 1H NMR (400
MHz, C2D2Cl4, 130 °C): δ 8.24 (b, 4H), 3.73 (b, 2H), 2.41 (b, 1H), 1.36 (m, 40H), 0.95
(m, 6H).
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1

Polymer (4-P3). It was prepared by following the general procedure and purified by
sequential Soxhlet extraction using methanol, acetone and chloroform as solvents. After
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drying in vacuo, an orange solid was collected as title compound (84%). 1H NMR (400
MHz, CDCl3): δ 7.80 (brs, 4H), 3.61 (b, 2H), 2.67 (t, 4H), 1.94 (b, 1H), 1.67 (b, 4H), 1.22
(m, 52H), 0.85 (m, 12H). 13C NMR (100 MHz, CDCl3, 60 °C): δ 167.67, 143.74, 137.55,
135.54, 132.45, 132.33, 131.24, 128.19, 42.96, 37.27, 32.18, 32.09, 32.03, 31.70, 30.99,
29.97, 29.95, 29.93, 29.88, 29.77, 29.60, 28.86, 26.63, 23.33, 22.90, 22.87, 14.24.
Polymer (4-P4). It was prepared by following the general procedure except that
polymerization finished in 4 h under 60 °C for better solubility. It was purified by
sequential Soxhlet extraction using methanol, acetone, hexane and chloroform as solvents.
After drying in vacuo 4-P4 was collected as a red solid (92%). Molecular weight could
not be determined by GPC due to the low solubility in THF at r.t.. 1H NMR (400 MHz,
C2D2Cl4, 130 °C): δ 7.90 (b, 4H), 7.41 (b, 2H), 3.69 (b, 2H), 2.04 (b, 1H), 1.35 (m, 40H),
0.95 (t, 6H).
Polymer (4-P7a). It was prepared by following the general procedure of polymerization
except that polymerization completed in 4 h at 60 °C for better solubility. It was purified
by sequential Soxhlet extraction using methanol, acetone, hexane and chloroform as
solvents. After drying in vacuo 4-P7a was collected as a blue solid with copper-like
luster (90%). Mn: 207.5 KDa; PDI: 1.90. 1H NMR (400 MHz, C2D2Cl4, 100 ºC): δ 7.96
(brs, 2H), 7.90 (brs, 2H), 4.35 (brs, 4H), 3.77 (brs, 2H), 2.04 (brs, 4H), 1.79 (brs, 2H),
1.69 (brs, 4H), 1.39 (m, 50H), 0.93 (m, 9H). Anal. Calcd for C52H79NO4S2 (%): C, 73.80;
H, 9.41; N, 1.66. Found (%): C, 73.55; H, 9.36; N, 1.63. ICP analysis revealed a Pd
content of 839 ppm.
Polymer (4-P7b). It was prepared by following the general procedure of polymerization
and purified by sequential Soxhlet extraction using methanol, acetone, hexane and
chloroform as solvents. After drying in vacuo 4-P7b was collected as a blue solid with
copper-like luster (96%). Mn: 117.3 KDa; PDI: 3.61. 1H NMR (400 MHz, C2D2Cl4, 100
ºC): δ 7.94 (brs, 2H), 7.90 (brs, 2H), 4.35 (brs, 4H), 3.69 (brs, 2H), 2.04 (m, 5H), 1.69
(brs, 4H), 1.38 (m, 40H), 0.99 (m, 12H). Anal. Calcd for C48H71NO4S2 (%): C, 72.96; H,

178

9.06; N, 1.77. Found (%): C, 72.69; H, 8.81; N, 1.79. ICP analysis revealed a Pd content
of 286 ppm.
Polymer (4-P7c). It was prepared by following the general procedure of polymerization
and purified by sequential Soxhlet extraction using methanol, acetone, hexane and
chloroform as solvents. After drying in vacuo, a blue solid with copper-like luster was
obtained as the title compound (98%). Mn: 58.1 KDa; PDI: 3.68. 1H NMR (400 MHz,
C2D2Cl4, 100 ºC): δ 7.97 (brs, 2H), 7.91 (brs, 2H), 4.36 (brs, 4H), 3.70 (brs, 2H), 2.05 (m,
5H), 1.70 (brs, 4H), 1.38 (m, 48H), 0.94 (m, 12H).
Polymer (4-P7d). It was prepared by following the general procedure of polymerization
and purified by sequential Soxhlet extraction using methanol, acetone, hexane and
chloroform as solvents. After drying in vacuo, a blue solid with copper-like luster was
obtained as the title compound (93%). Mn: 168.9 KDa; PDI: 3.01. 1H NMR (400 MHz,
C2D2Cl4, 130 ºC): δ 7.97 (brs, 2H), 7.91 (brs, 2H), 4.36 (brs, 4H), 3.79 (brs, 2H), 2.05 (m,
5H), 1.83 (, 2H), 1.71 (brs, 4H), 1.41 (m, 62H), 0.95 (m, 9H).
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Polymer (4-P5). It was prepared by following the general procedure of polymerization
and purified by sequential Soxhlet extraction using methanol, acetone, hexane and
chloroform as solvents. After drying in vacuo, 4-P5 was obtained as a red-brown solid
(86%). Mn: 31.4 KDa; PDI: 6.74. 1H NMR (400 MHz, CDCl3): δ 7.92 (s, 2H), 7.83 (s,
2H), 3.72 (b, 2H), 2.00 (b, 4H), 1.72 (b, 2H), 1.47 (b, 4H), 1.37 (b, 4H), 1.26 (m, 34H),
0.84 (m, 9H).
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Polymer (4-P6). It was prepared by following the general procedure except that
polymerization finished in 4 h under 60 °C for better solubility. It was purified by
sequential Soxhlet extraction using methanol, acetone, hexane and chloroform as solvents.
After drying in vacuo, a red-brown solid was collected as title compound (78%). Mn: 35.2
KDa; PDI: 8.8. 1H NMR (400 MHz, C2D2Cl4, 130 °C): δ 8.33 (b, 2H), 7.92 (b, 2H), 3.73
(b, 2H), 2.07 (b, 1H), 1.35 (m, 40H), 0.94 (t, 6H).
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Polymer (4-P8). It was prepared by following the general procedure of polymerization
and purified by sequential Soxhlet extraction using methanol, acetone, hexane and
chloroform as solvents. After dried in vacuo 4-P8 was collected as a purple solid (96%).
Mn: 14.2 KDa, PDI: 2.02. 1H NMR (400 MHz, CDCl3, 65 °C): δ 7.05 (s, 2H), 4.19 (t,
4H), 3.54 (brs, 4H), 1.90 (m, 4H), 1.83 (m, 2H), 1.49 (m, 4H), 1.25 (m, 48H), 0.89 (m,
18H).
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Polymer (4-P9). It was prepared by following the general procedure of polymerization
and purified by sequential Soxhlet extraction using methanol, acetone, hexane and
chloroform as solvents. After dried in vacuo, a blue solid was collected as the product
(96%). Mn: 32.3 KDa, PDI: 2.77. 1H NMR (400 MHz, C2D2Cl4, 130 °C): δ 8.09 (brs,
2H), 4.37 (brs, 4H), 3.73 (bs, 2H), 2.08 (brs, 4H), 1.36 (m, 56H), 0.97 (m, 9H).
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Polymer (4-P10b). The title polymer was prepared by following the general procedure of
polymerization except that polymerization complete at 80 °C for 4 h for better solubility.
The polymer was purified by Soxhlet extraction using following solvents: methanol,
acetone, hexane, chloroform and finally chlorobenzene. After dried in vacuo 4-P10b was
collected as a green solid (83%). Molecular weight wasn’t available due to the low
solubility in THF at r.t.. 1H NMR (400 MHz, C2D2Cl4, 130 °C): δ 8.09 (brs, 2H), 7.89 (br,
2H), 4. 40 (bs, 4H), 1.36 (m, 56H), 0.96 (m, 6H).
Polymer (4-P10c). It was prepared by following the general procedure of polymerization
and purified by sequential Soxhlet extraction using methanol, acetone, hexane and
chloroform as solvents. After dried in vacuo a deep green solid was collected as the title
polymer (98%). Mn: 29.1 KDa; PDI: 3.23. 1H NMR (400 MHz, C2D2Cl4, 130 °C): δ 8.14
(brs, 2H); 7.90 (brs, 2H), 4. 35 (brs, 4H), 2.09 (m, 2H), 1.45 (m, 32H), 1.01 (m, 12H).
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6. 5 NMR spectra for chapter 2

Figure 6. 1 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 2-4

#

(*solvent, H2O).
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Figure 6. 2 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 2-P7

(*solvent).
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6. 6 NMR spectra for chapter 3

Figure 6. 3 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 3-2a

(*solvent, #H2O).

184

Figure 6. 4 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 3-2b

(*solvent, #H2O).
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Figure 6. 5. 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 3-P1c

#

(*solvent, H2O).
186

Figure 6. 6 1H NMR spectra (C2D2Cl4, 130 °C) of compound 3-P2 (*solvent).

Figure 6. 7 1H NMR spectra (C2D2Cl4, 130 °C) of compound 3-P5 (*solvent).

187

Figure 6. 8 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 3-P3

(*solvent).

188

Figure 6. 9 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 3-P4

(*solvent, #H2O).
189

Figure 6. 10 1H NMR spectra (orth-dichlorobenzene-d4, 130 °C) of compound 3-P6
(*solvent).

Figure 6. 11 1H NMR spectra (C2D2Cl4, 130 °C) of compound 3-P7 (*solvent).
190

Figure 6. 12 1H NMR spectra (C2D2Cl4, 130 °C) of compound 3-P8a (*solvent).

Figure 6. 13 1H NMR spectra (C2D2Cl4, 130 °C) of compound 3-P8b (*solvent).
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6. 7 NMR spectra for chapter 4

Figure 6. 14 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 4-2a

#

(*solvent, H2O).
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Figure 6. 15 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 4-2b

(*solvent).
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Figure 6. 16 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 4-2c

#

(*solvent, H2O).
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Figure 6. 17 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 4-2d

(*solvent, #H2O).
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Figure 6. 18 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 4-2e

#

(*solvent, H2O).
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Figure 6. 19 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 4-8

(*solvent).
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Figure 6. 20 1H (top) and

13

C (bottom) NMR spectra (CDCl3, r.t.) of compound 4-P1

#

(*solvent, H2O).
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Figure 6. 21 1H (top, r.t.) and 13C (bottom, 60 °C) NMR spectra (CDCl3) of compound 4P3 (*solvent, #H2O).
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Figure 6. 22 1H NMR spectra (C2D2Cl4, 130 °C) of compound 4-P2 (*solvent).

Figure 6. 23 1H NMR spectra (C2D2Cl4, 130 °C) of compound 4-P4 (*solvent).
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Figure 6. 24 1H NMR spectra (CDCl3, r.t.) of compound 4-P5 (*solvent).

Figure 6. 25 1H NMR spectra (C2D2Cl4, 130 °C) of compound 4-P6 (*solvent).
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Figure 6. 26 1H NMR spectra (C2D2Cl4, 100 °C) of compound 4-P7a (*solvent).

Figure 6. 27 1H NMR spectra (C2D2Cl4, 100 °C) of compound 4-P7b (*solvent).
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Figure 6. 28 1H NMR spectra (C2D2Cl4, 130 °C) of compound 4-P7c (*solvent).

Figure 6. 29 1H NMR spectra (C2D2Cl4, 130 °C) of compound 4-P7d (*solvent).
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Figure 6. 30 1H NMR spectra (CDCl3, 60 °C) of compound 4-P8 (*solvent, #H2O).

Figure 6.31 1H NMR spectra (C2D2Cl4, 130 °C) of compound 4-P9 (*solvent).
204

Figure 6. 32 1H NMR spectra (C2D2Cl4, 130 °C) of compound 4-P10b (*solvent).

Figure 6. 33 1H NMR spectra (C2D2Cl4, 130 °C) of compound 4-P10c (*solvent).
Copyright © Xugang Guo 2009
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List of abbreviations
AFM
BCBG
BCTG
BHJ
CT
CV
D-A
DBI
DSC
EA
ECD
FMO
GPC
HH
HOMO
IP
ITO
LUMO
NBA
NBI
n-type
OFET
OLED
OTFT
PBI
PCE
PLED
PMBI
PPE
PPV
p-type
PVD
RF-ID
ri-P3AT
rr-P3HT
rs-PT
SAM
SCE
TCBG
TEM
TMSA
TOF
TT
WAXD

atomic force microscopy
bottom-contact/bottom-gate
bottom-contact/top-gate
bulk heterojunction
charge transfer
cyclic voltammetry
donor-acceptor
dibromoisocyanuric acid
differential scanning calorimetry
electron affinity
electrochromism device
frontier molecular orbital
gel permeation chromatography
head-head
highest occupied molecular orbital
ionization potential
indium tin oxide
lowest unoccupied molecular orbital
naphthalene bisanhydride
naphthalene bisimide
negative-type (electron-conducting)
organic thin film transistor
organic light emitting diode
organic thin film transistor
perylene bisimide
power conversion efficiency
polymer light emitting diode
pyromellitic bisimide
poly(phenylene ethynylene)
poly(phenylene vinylene)
positive-type (hole-conducting)
photovoltaic device
radio-frequency identification tag
regioirregular poly(3-hexyl)thiophene
regioregular poly(3-hexyl)thiophene
regiosymmetric polythiophene
self-assembled monolayer
standard camorel electrode
top-contact/bottom-gate
transmission electron microscopy
trimethylsilyl acetylene
time-of-flight
tail-tail
wide angle x-ray diffraction
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