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Abstract

Incorporating heteroatoms is a powerful technique to tune the properties of organic semicon-
ductors. Understanding the structure-property relationships associated with heteroatoms
is imperative for the design of new materials for organic electronics. In this disserta-
tion we study the effect of sulfur and nitrogen heteroatoms on the electronic, optical,
and supramolecular assembly properties of organic semiconductors. This work focuses
on the synthesis of new polymers and small molecules that contain heteroatoms in the π–
conjugated core and/or in substituents, as well as the full characterization of these materials.
The structures presented include thienothiophene vinylene polymers with alkylsulfanyl
and alkylsulfonyl substituents, a thienothiophene—thiazolothiazole trimer, diazabenzopy-
rene, and diazaperylene. Device studies in photovoltaics and field-effect transistors were
performed to gain insight on structure-property relationships and the effect of heteroatoms.

Résumé

L’incorporation d’hétéroatomes est une technique puissante permettant de mettre au point
les propriétés de semi-conducteurs organiques. Comprendre les relations entre les struc-
tures et les propriétés associées au hétéroatomes est impératif pour la conception de nou-
veaux matériaux pour l’électronique organique. Dans cette thèse nous étudions l’effet des
hétéroatomes de soufre et d’azote sur les propriétés électroniques, optiques et d’assemblage
supramoléculaire de semi-conducteurs organiques. Ce travail se concentre sur la synthèse
de nouveaux polymères et des molécules qui contiennent des hétéroatomes dans le centre
π–conjugué et/ou dans des substituants, ainsi que sur la caractérisation complète de ces
matériaux. Les structures présentées comprennent des polymères thiénothiophène vinylène
avec des substituants d’ alkylsulfanyle et alkylsulfonyle, un trimère de thiénothiophène
- thiazolothiazole, diazabenzopyrene et diazaperylene. Afin de mieux comprendre les
relations entre les structures et les propriétés et l’effet des hétéroatomes, des études de ces
matériaux dans des photovoltaïques et des transistors à effet de champ ont été effectuées.
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Introduction

Organic electronics are a class of devices in which molecules or polymers serve as the

electrically active material. Notably, the properties of these organic materials can be end-

lessly tuned through structural modifications. The ability to tailor a semiconductor for a

specific application is one of the most attractive aspects of organic electronics. Additionally,

solution-processable materials offer the possibility of inexpensive, large area devices, via

roll-to-roll or inkjet printing for example. Solar cells produced in this way could potentially

satisfy the world’s increasing energy demands in a sustainable manner. Organic electronics

made entirely from biodegradable materials would help stem the accumulation of e-waste in

landfills. For organic electronics to become widely adopted and compete with existing inor-

ganic materials, however, they need to demonstrate sufficiently long lifetimes and enhanced

electrical properties. This has fueled the discovery of many new high-performance, stable

materials, as well as extensive research into what factors dictate charge transport and how

to control them. The motivation of this thesis is to contribute new design strategies for the

synthesis of organic semiconductors and to better our understanding of structure-property

relationships.

While some design strategies yield predictable results, many structure-property relation-

ships are still not well understood, especially as they relate to supramolecular ordering.

In the last three decades, multitudes of organic semiconductors have been synthesized,

primarily by trial and error. A material’s solid-state packing and associated device perfor-

mance is only discussed after the fact. The work in this thesis focuses on a series of carefully

designed structures meant to probe a specific structure-property relationship: the role of

the heteroatom.
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The incorporation of heteroatoms in a molecule or polymer is an efficient way to tune the

properties of a material, but how a heteroatom is incorporated, either as a substituent or

as part of the π–conjugated core, will alter its effect on energy levels and supramolecular

ordering. DFT calculations can be used to accurately predict how an electron rich or electron

deficient heteroatom will modify a molecule’s frontier orbitals, but how heteroatoms influ-

ence self-assembly is much harder to ascertain. The structures studied in this thesis feature

sulfur and nitrogen, the two most prevalent heteroatoms in organic semiconductors. Sulfur

is of particular interest in organic electronics because sulfur-sulfur interactions between

neighboring molecules have been linked to high electrical conductivity. Nitrogen can be

used to lower the energy levels of a material and facilitate electron charge transport, while

protonating nitrogen atoms can further alter a material’s electronic and optical proper-

ties (eg, acid-doping of polyaniline). The following chapters explore the affects of these

heteroatoms in side-chain substituents and within aromatic rings.

Chapter One offers a brief overview of the field of organic electronics. It discusses the

theories of charge transport, devices that employ organic semiconductors, and existing

design strategies utilized to achieve desired properties. Among these strategies, the use of

heteroatoms is discussed in more details. The chapter concludes with a selection of reported

organic semiconductors of relevance to the presented research.

Chapter Two presents novel thienothiophene vinylene polymers with alkylsulfanyl side

chains. Our original goal was to incorporate more sulfur atoms along the periphery of the

polymer backbone to see if sulfur-sulfur contacts could lead to better intrachain organization.

The electronic effect of the sulfur atom as a side-chain substituent was further explored by

oxidation to electron withdrawing sulfonyl groups (as well as sulfoxyl, Appendix A.2). By

varying the ratio of alkylsulfanyl and alkylsulfonyl-substituted monomer units in random

copolymers, the energy levels of the polymers could be tuned. The result is one of the few

examples of a donor-acceptor polymer with a structurally homogeneous backbone. The

semiconducting properties of the polymers were measured in transistor and photovoltaic

devices.
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Chapter Three explores the effect of combining sulfur and nitrogen heteroatoms, while

highlighting the role polymorphism plays in charge transport. We synthesized a trimer

made of structurally similar thienothiophene and thiazolothiazole building blocks, placing

the focus on the role of sulfur and nitrogen heteroatoms. Two polymorphs of this molecule

were grown using temperature gradients and through crystal structure analysis, DFT calcu-

lations, and single-crystal field-effect transistor devices, we studied the role of heteroatom

close contacts in different packing motifs.

Chapter Four is a primarily synthetic investigation repurposing the long-known Hemets-

berger reaction to incorporate nitrogen heteroatoms in arenes. This work presents the

previously unreported azide insertion on peri-substituted arenes to form fused pyridines

using only visible light. Two polycyclic N-heteroaromatic compounds are reported, namely

diazabenzopyrene and diazaperylene, and the effect of the nitrogen heteroatoms on their

optical properties is investigated.

Chapter Five presents a summary of the work in this thesis, as well as general conclusions

and perspectives.

The Appendix contains brief descriptions of other related projects that though interesting,

were unsuccessful or deemed inappropriate for publication.
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Å Ångström
λ Reorganization energy
μh, μe Hole, electron mobility
APCI Atmospheric pressure chemical ionization
BHJ Bulk heterojunction
BLA Bond length alternation
◦C Degrees celcius
CHCl3 Chloroform
CH2Cl2 Dichloromethane
CV Cyclic voltammetry
DFT Density functional theory
DMF Dimethylformamide
DMSO Dimethylsulfoxide
Eg HOMO-LUMO gap or band gap
eq. Equivalent
Et2O Diethyl ether
EtOH Ethanol
ESI Electrospray ionisation
FF Fill factor
FWHM Full width at half maximum
HCL Hydrochloric acid
HMDS Hexamethyldisilazane
HOMO Highest occupied molecular orbital
HPLC High Performance Liquid Chromatography
HRMS High resolution mass spectrometry
IR Infrared (spectroscopy)
ISC Short-circuit current
ITO Indium tin oxide
K Kelvin
LUMO Lowest unoccupied molecular orbital
m-CPBA Meta-chloroperoxybenzoic acid
MeCN Acetonitrile
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MeOH Methanol
MW Molecular weight
NaOEt Sodium ethoxide
NaOH Sodium hydroxide
Na2SO4 Sodium sulfate
NMR Nuclear magnetic resonance
N-PAH Polycyclic N-heteroaromatic
OFET Organic field-effect transistor
OLED Orgainic light emitting diode
OPV Organic photovoltaic
OSC Orgainic semiconductor
P3HT Poly(3-hexylthiophene)
PAH Polycyclic Aromatic Hydrocarbon
PCBM Phenyl-C61-butyric acid methyl ester
PCE Power conversion efficiency
PDI Polydispersity index
PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PLQY Photoluminescent quantum yield
PMMA Poly(methyl methacrylate)
PP Poly(phenylene)
PPV Poly(phenylene vinylene)
PPy Poly(pyrrole)
PT Poly(thiophene)
PTTV Poly(thienothiophene vinylene)
PTV Poly(thiophene vinylene)
PVT Physical vapor transport
Py Pyrrole
UV-vis Ultraviolet – Visible (spectroscopy)
t Electronic coupling
TBAPF6 Tetrabutylammonium hexafluorophosphate
TFA Trifluoroacetic Acid
TFT Thin-film transistor
THF Tetrahydrofuran
TLC Thin-layer chromatography
TMEDA Tetramethylethylenediamine
TT Thienothiophene
TzTz Thiazolothiazole
SCFET Single-crystal field-effect transistors
-SR Alkylsulfanyl
–SO2R Alkylsulfonyl
VOC Open-circuit voltage
XRD X-Ray Diffraction
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1An Introduction to Organic

Electronics and the Molecular

Design of Organic

Semiconductors

1.1 History of Organic Semiconductors
Semiconductors are ubiquitous in modern technology: they can be found in the transistors

and diodes that all our electronic devices use. The first transistor device was invented in 1947

while Bardeen, Brattain, and Shockley were studying surface states in a germanium crystal.

Ever since, inorganic materials like silicon or gallium arsenide have been predominantly

used in our electronic components. Conductive organic materials, however, had already

been discovered, though perhaps unbeknownst to the discoverer. In 1862, Letheby observed

conductive and electrochromic behavior in a unidentified “dirty blueish-black powder”

now thought to be polyaniline.[1] Many small organic molecules were also known to be

conductive, such as tetrathiafulvalene (TTF) chloride salts, as shown by Wudl in 1972.[2][3]

An enormous body of work then evolved around TTF complexes when they were suspected

of superconductivity.[4] Controlled doping via impurities to modulate the conductivity of an

organic material was perhaps first described in iodine-doped polypyrroles by Bolto et al. in

1963.[5] Their results led them to conclude that the “orbital overlap between adjacent pyrrole

rings in polypyrrole suffices to impart a relatively high level of conductivity.” The work

that popularized conjugated polymers for organic electronics, however, was the famous

discovery in 1977 by MacDiarmid and Heeger that thin-films of polyacetylene (synthesized

by Shirakawa) are also conductive when doped with halogens.[6] This discovery earned

the trio the 2000 Nobel Prize in Chemistry.[7] Suddenly conductive materials could be

synthesized according to chemists’ designs. Synthetic strategies from organic chemistry
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were married to charge transport theories from physics and the field of organic electronics

was born.

Initially the impetus for organic electronics was to recreate the conducting properties

of inorganic materials, which led to extensive studies on the conductivity of molecular

crystals and conjugated polymers. The current prominence of the field, however, came

about due to breakthroughs in device fabrication. While working for Eastman Kodak in

the early 1980s, Tang filed patents for the first heterogeneous organic solar cell and the

first electroluminescent device, earning him the title “father of organic electronics.” His

organic light emitting diode (OLED) demonstrated not only that organic material could

produce light in response to an electrical current, but that organic materials could be used

in commercially viable electronic devices.[8] A few years later the Friend group, working

at the Cavendish Laboratory, reported the first OLED based on a conjugated polymer,

poly(phenylene vinylene) (PPV), paving the way for solution-processable devices.[9]

In the late 1980s, Friend and co-authors were also making breakthroughs in organic field-

effect transistors (OFET). An important contribution was the demonstration that charge

carriers could be introduced into conjugated polymers, such as polyacetylene, through

the use of a surface electric field.[10] Also paramount in the advancement of the field was

Garnier’s work with oligothiophene-based OFETs.[11] Early measurements of evaporated

films of sexithiophene only displayed mobilities on the order of 10−4 cm2/Vs, but the

possibility of using organic semiconductors in conventional electronics was established.

Since these early discoveries many organic semiconductors (OSCs) – polymers and small

molecules – have been synthesized and tested in devices. Organic electronics exhibit

four key beneficial properties: flexibility, transparency, expendability and the potential

to be processed at low-cost over large surfaces through solution printing techniques.[12]

Due to these properties, organic electronics can be advantageous for certain applications

where inorganic materials would not be appropriate, though they do often suffer from low

conductivities and poor operational stability. The incorporation of thin-film printed OSCs

in Radio Frequency IDentification (RFID) tags, for example, would lower the tag’s cost and

improve their mechanical properties, making them viable for tracking large inventories,

2 Chapter 1 An Introduction to Organic Electronics



such as in supermarkets.[13] OSCs have also been heavily studied as biosensors, where

cost, flexibility and disposability can be important factors, but fast switching speeds are not

necessary because the sensing process is limited by biochemical reactions and adsorption

rates.[14] The first commercial use of OSCs was in OLED displays, which are thinner and

use less energy than their inorganic analogues. The emission color of an OLED can also

be tuned by modifying the organic chromophore. Organic photovoltaics (OPVs) are an

example of devices which greatly benefit from the large-scale printing processes available

to OSCs. Solution-processable OPVs can be light, flexible, and transparent, something that

would be impossible in silicon-based solar cells.[15] Complimentary circuits, which rely on

a combination of p- and n-type transistors, have also been made from OSCs, though their

development has been slow due in part to the relative scarcity of n-type semiconductors.[16]

All the applications have made organic electronics a hotly researched field over the last

several decades. Ongoing research focuses on selectively tuning a material’s electronic

properties, on increasing solubility and stability, and on understanding and controlling

supramolecular assemblies.

1.2 Band gap
Organic semiconductors are π–conjugated molecules or polymers, meaning they contain

alternating single and double bonds such that their π–orbitals overlap and form a network

of delocalized electrons (Figure 1.1). These overlapping molecular orbitals and the energy

levels of the electrons within, is referred to as a band. The bonding molecular orbitals below

the Fermi level form the valence band and the higher energy anti-bonding orbitals above

the Fermi level form the conductance band. The energy difference between these bands

is called the band gap and it is bound by the highest energy occupied molecular orbital

(HOMO) and the lowest energy unoccupied molecular orbital (LUMO).

In a material with no band gap, termed “metallic,” electrons can easily move into the

empty states of the conductance band, creating “free” charge carriers which provide high

conductivities. Conversely, insulators exhibit poor conductivities because their large band

gap inhibits the movement of electrons into the conductance band.
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Fig. 1.1.: Conjugated molecules have alternating double and single bonds. Overlap be-
tween π–orbitals causes electrons to be delocalized throughout the structure
giving rise to electron density above and below the aromatic cores, as seen in the
calculated electrostatic potential surfaces.

Charge carriers need an open path in order to move through a material, i.e. the bands must

be only partially filled. This is achieved when an electron moves from the full valence band

into the empty conductance band, leaving a “hole” behind. A neighboring electron can

then move over to the new hole, leaving its own hole behind. In effect, the hole is acting as

a positive charge carrier moving through the valence band, while electrons move through

the conductance band. OSCs are ambipolar and can be used in p-type or n-type transistors,

in which holes or electrons, respectively, are the charge carriers. All OSCs are “extrinsic

semiconductors,” meaning that they must be doped to be conductive. Dopants supply

holes or electrons to the material and contract the band gap by creating intermediate states

(Figure 1.2). A material can chemically or photochemically doped through oxidation or

reduction, or it can be doped via the injection of charge carriers by an electric field.
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Fig. 1.2.: Molecular orbitals make up the energy bands and the size of the band gap
determines the conductivity. P-type and n-type doping of the band gap with
respective charge accumulation is shown in the semiconductor. (Electrons are
filled and holes are unfilled circles.)

1.3 Theoretical Models for Charge Transport
Before looking at the design strategies for synthesizing OSCs, it is useful to understand, at

least qualitatively, the theoretical models describing charge transport in small molecules

and polymers. Charge transport in OSCs is characterized by measuring the charge mobility,

or the time it takes an electron or hole to move through the material under an electric

field. OSCs encompass materials with a large range of mobilities, making it hard for a

single theoretical model to accurately describe charge transport in all OSCs. Charge trans-

port in an ultra-pure crystal is different than in an amorphous film, which will also be

different from transport in semi-crystalline polymer films. Several theories were devel-

oped and expanded upon to explain the observed characteristics of OSC devices, namely

temperature-dependent, field-dependent, and film-thickness dependent charge-carrier

mobility. Unfortunately it is still hard to predict the effects of microstructures in inhomoge-

neous OSC films, such as crystalline domains in polymer films.[17][18] The existing theories

are generally characterized as band theory, hopping theory, and hybrid theories of the

two.

Band theory is based on a model where charges are fully delocalized over several molecular

units and exist in bands (equivalent to the conductance and valence bands introduced in
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Section 1.2). For band transport to occur the interaction energy between nearest neighbors,

called the electronic coupling (t), must be greater than disorder induced energy barriers.

Band transport is characterized by a decrease in charge carrier mobility with increasing

temperatures, a property common to crystalline inorganic semiconductors, but rarely seen

in organic semiconductors. Karl and coworkers measured the hole and electron transport

in assiduously purified naphthalene crystals at temperatures from 4–300 K, and proved

that band transport can take place in ultra-pure OSC crystals below 300 K.[19] When

measuring electron transport along the three crystallographic directions of naphthalene

crystals a strong anistropy was observed that coincided with the electronic couplings

acquired from DFT calculations–a fact that emphasizes the dependence of band transport

on crystallinity.[20]

In amorphous OSCs, however, disorder effects become large and transport through a single

delocalized band is no longer feasible. Disorder effects can be dynamic, such as vibrational

changes when a molecule (or “site”) becomes charged (seen in crystalline OSCs as well) or

static, such as pre-existing variations in site energies and inter-site distances.[21] In such

an environment a charge is localized on a single site and must “hop” to another localized

site in order for conductivity to be observed. This process had been previously described

by Marcus in the electron transfer between identical molecules in solutions – a theory

for which he was awarded the 1992 Nobel Prize in Chemistry.[22][23] Hopping theory

in OSCs was spearheaded by, among others, Mott and Holstein, who developed small

polaron hopping theory.[24] A polaron is the combination of a charge carrier and the lattice

deformations associated with that carrier’s movement. The distortions to the molecules

and their environment lead to an energetic cost to charge transfer called the reorganization

energy (λ). As a result, charge transfer is thermally activated and we observe an increase

in mobility as temperature increases. Holstein’s model for the rate of electron transfer is

a function of the electronic coupling (t), the polaron binding energy (Epol), and thermal

energy (kBT ) shown in equation 1.1.

kET =
t2

�h

√
π

2EpolkBT
exp

[
−
Epol

2kBT

]
(1.1)
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The polaron binding energy is defined as the relaxation energy of an ionized molecule,

while reorganization energy is the sum of the relaxation energies of the initial neutral

molecule and the resulting ionized molecule. Recognizing that the polaron binding energy

is equal to half to reorganization energy (Epol = λ/2), equation 1.1 is identical to the

semiclassical Marcus equation. The simplicity of this model, that relates transfer rates

directly to electronic coupling (t) and reorganization energy (λ), has made it popular among

chemists as a reasonable approximation for charge transport in OSCs.

Neither band theory nor two-state hopping theories, however, address the defects present in

the majority of OSC thin-films, which are poly/semicrystalline. In these cases, static disorder

effects give rise to anisotropic charge transport, due to different t values. Variations in site

energies and inter-site distances leads to asymmetric rates and therefore time-dependent

mobilities. The Gaussian Disorder Model (GDM) assumes a Gaussian energy distribution

of these variations and takes into account the life-time of the charge carrier.[25]

As device preparation techniques improved, OSCs started to show higher measured mobili-

ties even in amorphous films. Current theories therefore reconciled band-like and hopping

transport into trap-limited transport.[26] The multiple-trap-and-release model (MTR) was

first proposed by Shur and Hack to describe hydrogenated amorphous silicon.[27] The

model assumes band-like charge transport occurs through delocalized states, but that

trap-states capture injected charge carriers, where they may be further excited into the

conduction band (Figure 1.3). This model describes materials with a large range of mo-

bilities, since the mobility is affected by the ratio of free to trapped charges. Horowitz

successfully applied the MTR model to OSCs when explaining the changing temperature

and field-dependence of mobilities observed in polycrystalline films of sexithiophene.[28]

In the context of molecular design for OSCs, maximizing nearest neighbor interactions

and minimizing reorganization energy is crucial to increased charge mobilities. In the end,

though, charge transport is often limited by the number of trap states. The efficacy of a trap

depends on its energy level relative to the HOMO or LUMO, for hole or electron trapping,

respectively.[29] Trapping sites can either be structural faults or chemical impurities. A
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Fig. 1.3.: Theoretical charge transport models. On the left is the hopping method where
only localized states exist. In the middle is band theory where all charges travel
through the conductance band. On the right is the multiple-trap-and-release
model in which trapped charges can still move into the conductance band. (Note
that these examples are depicting n-type transport.)

commonly seen trap is oxygen or oxidation products, but not all such impurities need act as

traps. If the energy level of the potential trap lies above or below the material’s band gap,

the trap remains ineffective. The nature of the traps present, especially oxidation products,

depend on the OSC and can sometimes be predicted and avoided.

1.4 OSC Devices
Organic semiconductors have been used in a wide range of electronics. While OSC’s

exhibit lower mobilities than their inorganic counterparts, their tunability and processing

versatility give them a strong advantage for light-weight or one-time-use applications. OSCs

can be printed from solution onto practically any surface, including flexible plastics[30]

and paper.[31] This is advantageous for medical applications, such as electronic skin or

bio-compatible sensors.[32] This section will give a brief overview of three types of OSC

devices.

1.4.1 Organic Light-Emitting Diodes
In terms of the commercialization of OSCs, organic light-emitting diodes (OLEDs) are un-

doubtedly leading the way. OLED-based displays can be found in a myriad of smartphone
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screens, including Samsung’s Galaxy series, Google’s Nexus 6, the Nokia Lumina, and LG’s

G Flex, as well as in some tablets, television displays, and solid-state lighting panels.[33]

An OLED device consists of an emissive layer and transport layer, made of organic

molecules or polymers. These layers are sandwiched between two electrodes and when

a voltage is applied across the electrodes, electrons are injected into the emissive layer.

The electrons drift to the interface with the transporting layer where the recombination

with holes found there causes radiative emission. Since OLED devices directly generate

light, there is no need for a backlight as in LCD displays, and creating true black is easily

achieved by switching off the emitting pixel. OLED displays are therefore thinner and

more energy efficient than LCD displays. OLEDs can be patterned into pixel-sized devices

(much smaller than LED devices) or printed into large sheets for solid-state lighting (Figure

1.4).[34] Historically, blue OLEDs have trailed behind red and green emitting devices in

terms of efficiency and life-times, but recent research is closing this gap.[35]

Fig. 1.4.: A 200x magnification of Google’s Nexus One AMOLED screen shows the RGB
arrangement of OLED pixels. Photograph by Matthew Rollings, distributed
under a CC-BY 3.0 license.

1.4.2 Solar Cells
Organic photovoltaics (OPVs), though still tailing silicon-based solar panels in terms of effi-

ciency, can be printed into lightweight, flexible, and transparent solar cells. These qualities

are important mechanistic and aesthetic features when incorporating solar windows into

urban architecture.[36] The solution-processability of materials for roll-to-roll printing is

especially important for OPVs due to the large-scale nature of this application.
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OPVs produce electricity through the photoelectric effect illustrated in Figure 1.5 for a

simple p-n junction. A p-n junction describes the interface between a p-type (donor) and n-

type (acceptor) semiconductor. Incident light excites an electron into the conductance band

of the donor or acceptor material, leaving a hole behind, thus creating an “electron-hole

pair” or “exciton.” This exciton must diffuse to the p-n junction where the charges can be

separated: the hole into the p-type donor material and the electron into the n-type acceptor

material. The charges are then channeled to their respective electrodes and produce an

electric current.

Fig. 1.5.: Once an exciton is generated (left) it must diffuse to the p-n junction before
undergoing charge separation (right).

Efficient solar cells are constructed with a few key factors in mind.

� First, the active layer should have a broad absorbance spectrum that captures a

majority of the sun’s energy. This means a semiconductor with a small band gap (≈
1.5 eV). The band gap cannot be too small, however, to account for energy loss from

exciton thermalization and the HOMO-LUMO offset of the cell.[37]

� The lifetime of an exciton is on the order of nanoseconds and its diffusion length only

approximately 10 nm, necessitating small, regularly spaced domains of donor and

acceptor phases to minimize exciton recombination.

� Once at the p-n junction the driving force for charge separation (the electro potential

drop from the LUMO of the donor to the LUMO of the acceptor) needs to be greater

than the exciton binding energy to drive exciton dissociation.
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� The charge mobilities of the donor and acceptor materials should be reasonably high

(> 10−4 cm2/Vs). They should also be balanced to avoid a build-up of electrons or

holes, which leads to accelerated charge recombination.

Controlling the morphology of the donor and acceptor domains is an integral part of

fabricating efficient devices. The most common practice is to dissolve the two materials in a

common solvent and to create a blended active layer called a bulk-heterojunction (Figure

1.6). Annealing and adding solvent additives can alter how each material crystallizes and

thus affect the resulting domain sizes.

Fig. 1.6.: On the left is a simplified depiction of a bulk heterojunction showing the blended
donor and acceptor domains. On the right is shown the VOC as it relates to the
HOMO of the donor and the LUMO of the acceptor, i.e. the band gap of the cell.

The power efficiency of a solar cell is defined by three parameters: the short-circuit current

(ISC), the open-circuit voltage (VOC), and the fill-factor (FF). These parameters are calculated

from the current-voltage relationship of the device plotted in an I-V curve (Figure 1.7). The

short-circuit current is the largest current which may be drawn from the solar cell and

occurs when the bias across the cell is zero. While in the open-circuit state, charge carriers

generated under illumination accumulate at the anode and cathode. When this growing

potential difference cancels out the built-in potential the current is zero and the measured

open-circuit voltage is the maximum voltage the solar cell can provide to an external

circuit.[38] In OPVs the upper limit of the VOC is equal to the band gap of the cell, or
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|LUMOAcceptor −HOMODonor| (Figure 1.6), but empirically loss is always observed due

to the recombination of charges.[39]

Fig. 1.7.: A characteristic IV curve for an irradiated solar cell showing the VOC, the ISC,
and PMax. The FF is the ratio between the two shaded areas.

Power is the product of the current and voltage (P = I× V), with the maximum power of

the cell (PMax) representing the point of peak efficiency. The fill factor, FF, is the ratio of the

area bound by the ISC and VOC to the area bound by the current and voltage at PMax as

seen in equation 1.2 and Figure 1.7. Fill factor is often described as the “squareness” of the

IV curve with an ideal value of 1.

FF =
IMaxVMax

ISCVOC

(1.2)

The overall power efficiency of the cell is then defined as:

PCE =
PMax

PIn
=

FF(ISCVOC)

PIn
(1.3)

How do these parameters relate to the design of organic semiconductors? Lowering the

band gap of the donor material means more light is harvested, which has a direct beneficial

impact on the ISC. Unfortunately, if shrinking the band gap increases the HOMO level of the

donor material, this will limit the VOC, therefore simultaneously lowering the band gap and
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the HOMO level of the material is extremely desirable. Chen et al. observed that for each

0.1 eV drop in the HOMO level of differently substituted poly(benzodithiophene-thieno[3,

4-b]thiophene), they increased the VOC by 0.07 volts.[40]

The ISC and the VOC are both limited by charge recombination as well. Exciton dissociation

and charge recombination both occur at the donor-acceptor interface. It is therefore impor-

tant to augment charge mobility with smooth, ordered films while maintaining adequate

domain sizes for exciton dissociation. Efficient charge extraction at the electrodes will also

help reduce recombination loss.

Polymers have been extensively tested as donor materials for BHJ solar cells, and a key prop-

erty that influences the morphology of the films is molecular weight.[41] Larger molecular

weight polymers show a propensity to form nanofibrillar morphologies and exhibit higher

charge mobilities. For example, batches of poly(dioctylfluorene-dithienylbenzothiadiazole)

displayed higher ISCs with increasing MWs, though the VOCs stayed constant.[42] Too

large a MW, however, may decrease the mobility due to entanglement, which hinders

intrachain transport.[43]

To ensure the solution-processability of high MW conjugated polymers, solubilizing side

chains are required, which will affect film morphology as well. The position, length, and

bulkiness of alkyl side chains affects the π–π interactions between polymer chains. Increased

π–π interactions lead to higher mobilities and ISCs, but may have a detrimental effect on

the film blends.[44] More examples of side chain engineering is discussed in Section 1.5.4.

1.4.3 Field-effect transistors
A field-effect transistor is an electronic switch that uses an electric field to control the

conductivity of a semiconductor. In this thesis, OFETs were used to test the electrical

properties of novel polymers and small molecules. OFETs consist of an active semiconductor

layer, an insulating layer, and three contacts: the source, the drain, and the gate (Figure

1.8). The substrate for the device typically doubles as the gate electrode, as is the case with

silicon wafers. Above the gate is an insulating layer, called the gate dielectric layer, typically

SiO2. When an electric field is applied to the gate charges accumulate in the dielectric
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layer. This causes an accumulation of complementary charges in the semiconductor at the

semiconductor-dielectric interface. Once turned “on” by the electric field, the semiconductor

becomes conductive and charges can migrate along the narrow transistor channel. Since

charge migration occurs only at the semiconductor-dielectric interface, any defects can easily

limit charge mobilities. “Smoothing” the dielectric layer, with polystyrene for example, has

been shown to greatly improve mobilities.[45]

Fig. 1.8.: Schematic diagram of a bottom-gate, top-contact OFET showing the gate-induced
charge transport channel. Reprinted by permission from Macmillan Publishers
Ltd: Nature Materials [46], copyright 2010.

In the case of poorly soluble small molecules, films are deposited using vacuum vapor

deposition, but for polymers or soluble small molecules, solution-processing techniques,

such as spin-coating, are used. A single crystal can also be used as the active layer, en-

abling the measurement of mobilities specific to that packing architecture. The physical

morphology of the OSC plays an important part in device performance, so the method used

to deposit the material can vastly affect charge mobility. This is starkly evident in the case

of pentacene thin films, which are practically insulating (μh ≈ 10−9 cm2/Vs) as amorphous

films deposited at low temperatures, but display high mobilities in ordered films deposited

at room temperature (μh ≈ 1 cm2/Vs).[47]

The charge mobility of an OFET is determined by recording the drain-source current (IDS)

as a function of drain-source bias (VDS) at different gate voltages (VG). When a small drain-

source voltage VDS is applied (smaller than the gate voltage minus the threshold voltage,

<(VG-VT )) the device operates in the linear regime. As drain-source voltage increases and

surpasses (VG-VT ) the device operates in a saturation regime (Figure 1.9). Charge mobilities
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Fig. 1.9.: Typical electrical characteristics of a p-channel OFET device: (left) output curve
and (right) transfer curve.

can be calculated from either regime. In the saturation regime, drain current is independent

of drain-source voltage, but rather varies as the square of the gate voltage as seen in equation

1.4.

IDS = −
W

2L
Ciμ(VG − VT )

2 (1.4)

Where W and L are the channel width and length and Ci is the capacitance of the dielectric.

The threshold voltage, VT , is the minimum gate voltage that is needed to generate the

transistor channel. Rewriting this equation, it is clear that the field-effect carrier mobility,

μ, can be determined from the slope of the curve plotting the square root of the saturation

current as a function of gate voltage according to equation 1.5.

μ =
2L
W

1
Ci

(
δ
√
IDS

δVG

)2

(1.5)

It must be pointed out, however, that these equations are approximations. Equation 1.5

assumes that the mobility is independent of the gate voltage, which is not the case for

several reasons. For example, at low gate voltages charges will be trapped by localized

traps, limiting mobility.[48][49] The charge mobility in equation 1.5 is also not corrected

for contact resistance at the metal/organic interface, which is a common issues in OFETs.
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Contact resistance can occur due to an energy level mismatch between the electrode metal

and the OSC or disorder in the OSC film at the interface.

1.5 Molecular Design Strategies
The most attractive aspect of OSCs from a chemist’s point of view is the opportunity to

rationally design and synthesize a desired material. By altering the molecular structure

of a material and testing its electronic properties, structure-property relationships can be

defined and the factors affecting charge transport in OSCs illuminated. Charge transport in

OSCs is highly dependent on the solid-phase morphology of the material and not solely on

the molecule’s electronic properties and since structure-property relationships encompass

both the individual molecules’ characteristics and the characteristics of the bulk material, it

can be very difficult to ascertain if a modification is responsible for an observed property.

In this thesis we try to divorce molecular structure from morphological aspects and study

both separately, so as to better delineate structure-property relationships in OSCs.

Depending on its final application, an OSC can be designed to have vastly different prop-

erties. Will it be used for p-type or n-type transport? Does it need to be highly soluble?

Should it form amorphous films or be highly crystalline? Is broad absorption important

or is strong emission at a specific wavelength required? The molecular design of an OSC

will naturally reflect these sought-after properties, though the toolbox of design strategies

available to realize them remains the same.

The first requirement for an OSC is a finite band gap. Since the 1980s, many strategies for

controlling the band gap have been established. In an OSC the energy bands are made of

overlapping π–orbitals, so that manipulating these energy levels is all about maintaining

conjugation and expanding electron delocalization. There are four main factors (depicted in

Figure 1.10) that influence band gap: 1) planarity, 2) bond-length alternation, 3) aromaticity,

and 4) the electronic effect of substituents. A single design choice can easily affect all of

these factors, so it is easier to consider specific strategies and discuss the affects on these

factors as they apply.
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Fig. 1.10.: Factors that influence band gap labeled on polythiophene. Reprinted with
permission from [50]. Copyright 2007 John Wiley & Sons, Inc.

1.5.1 Extending Conjugation with Spacer Groups
The most basic and prevalent unit in conjugated molecules is the benzene ring. The benzene

ring contains 6 electrons in delocalized π–orbitals, but its ring structure gives it more

resonance stabilization than linear hexatriene. Benzene is a very small conjugated system,

so its HOMO-LUMO gap is large (ca. 5.5 eV).

Fig. 1.11.: Simple polyphenylene has a twisted backbone (left) leading to a large band
gap, which can be lowered by introducing a vinylene spacer, such as in
poly(phenylene vinylene) (right). DFT calculations of the dihedral angles per-
formed using B3LYP, 6-31G(d).

To shrink the band gap, there are two ways of expanding the conjugation. The first is to

connect multiple benzene rings together with C–C single bonds, forming an oligomer or

polymer. This method preserves the aromatic stability of each ring, but planarity is lost due
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to steric hindrance between the benzene rings. The short distance between benzene rings

will not accommodate the C–H bonds on each ring, requiring the backbone of the polymer

to twist (Figure 1.11a). When larger substituents need to be added, steric hindrances can

cause serious torsional twists, interrupting the orbital overlaps between rings. A simple

solution to planarize the polymer is to introduce a spacer group between each ring. The

spacer group must also be conjugated and, in effect, it will “dilute” the aromaticity of the

benzene rings. This promotes delocalization of electrons along the entire polymer, not just

within nodes of the aromatic rings. Examples of such conjugated spacers are vinylene,

seen in Figure 1.11b, and ethynylene. The ethynylene spacer has no hydrogen atoms to

contribute to sterics and therefore produces rod-like, planar polymers.[51] The disadvantage

comes in the form of increased bond length alternation, caused by the large difference in

lengths between the C–C single bond and the much shorter C≡C triple bond.

Bond length alternation (BLA) is defined as the average of the differences in length of

adjacent carbon-carbon bonds. Conjugated molecules can be thought to contain two com-

peting resonance structures: the aromatic and the quinoidal (Figure 1.12), both containing

alternating single and double (or triple) bonds. In a structure with a non-degenerate ground

state, like polyphenylene or polythiophene, where the aromatic form is preferred, the BLA

is proportional to the band gap and decreases with increasing quinoidal character.[52]

Even polyacetylene, a polymer with a degenerate ground state, has a BLA of 0.08 Å as a

consequence of Peierls’ distortion. In a 1-D crystal lattice a net energy gain is brought about

by distorting the periodicity of the lattice into “dimers,” or if the 1-D lattice is a carbon

chain, into double and single bonds.[53][54]

aromatic quinoidal

Fig. 1.12.: Shown are the aromatic resonance structure (left) and quinoidal resonance
structure (right) of polyphenylene.

An early approach to minimize BLA is to design a monomer unit which contains an

aromatic cycle when the polymer backbone is in its quinoidal form. This counter–balances

the aromaticity of the polymer core and favors delocalization, lowering the band gap and
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Fig. 1.13.: Isothianaphthene and thieno[3,4-b]thiophene both contain a fused aromatic ring
when the polymer is in quinoidal form.

BLA. This approach was pioneered by Wudl in the synthesis of poly(isothianaphthene)

which exhibits a very low band gap of 1.0 eV (Figure 1.13).[55] A more recent example can

be seen in polymer 1.1 (also known as PTB7), well known for achieving 9% efficiencies

in OPVs.[56] In the thieno[3,4-b]thiophene unit the fused thiophene ring is in its aromatic

form when the backbone thiophene ring is is its quinoidal form and vice versa (Figure

1.13).[57]

Besides acting as a measure for electron delocalization through the balance of aromatic

and quinoidal character, BLA is extremely important as it relates to the polarizability of

the molecule. Polarizability is the measure of electron cloud displacement (or induced

dipole moment) in the presence of an electric field and it is inversely proportional to the

polaron binding energy. As was described in Section 1.3, the polaron binding energy is one

to the key parameters affecting the rate of charge transfer in organic semiconductors. The

relationship between BLA and polarizability was experimentally proven by testing a series

of donor–acceptor polyenes with end groups of increasing acceptor strength, yielding a

range of BLAs from 0.11 Å for decatetraene to ≈ 0 Å for cyanine. The results indicated that

molecular polarizability (α) is maximized as BLA approaches zero.[58][59][60]

One method to planarize aromatic rings and reduce BLA is to use a spacer group that

impedes torsional twisting. The most successful example of this is fluorene, which is
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essentially two benzene rings fused by a C–C single bond and an sp2 carbon. Fusing the

rings ensures better π–orbital interactions, but also shortens the C–C linking bond and

elongates the C–C bonds within the five-membered rings, thus reducing the BLA (Figure

1.14). Polyfluorenes, therefore, are extremely popular organic semiconductors, exhibiting

good stability, interesting liquid-crystalline properties, as well as being excellent blue-light

emitters.[61] In many other π conjugated systems, such as polythiophenes, the rigidification

of molecules has proved to be a useful approach towards low-band gap materials.[62][63]

Fig. 1.14.: The fused spacer group in fluorene lowers BLA as compared to biphenyl. Aver-
aged bond lengths (Å) from [64] for biphenyl and from [65] for fluorene.

1.5.2 Fusing rings: Polycyclic Arenes
A different approach towards molecular rigidification, which does not require a spacer

group, is fusing aromatic rings together. Multiple fused rings will share π–orbitals so that

electrons are delocalized throughout the molecule, lowering the band gap of the molecule

and raising the HOMO levels. In acenes, however, extending the conjugation linearly

leads to increased biradical or “open-shell” character, making it vulnerable to oxidation

(Figure 1.15). Hexacene is the longest acene which is stable under ambient conditions.[66]

Higher order acenes form biradicaloids that are prone to intermolecular dimerization and

oxidation.[67]

Nonlinear polycyclic aromatic hydrocarbons (PAHs) exhibit higher band gaps and lower

HOMO levels than their linear counterparts. Phenanthrene, for example, with a HOMO

of -5.7 eV and a band gap of 4.7 eV, has energy levels closer to naphthalene than its

linear analogue anthracene. This increased stability is explained by Clar’s rule: the more

aromatic sextets present in a molecule, the more stable that molecule will be. This is also
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Fig. 1.15.: A drop in band gap and a raising of HOMO levels can be observed with
the expansion of linear acenes. Below are non-linear PAHs illustrating Clar’s
classification of 6-membered rings.

the rationalization behind the formation of open-shell species. Clar’s Rule classifies 6-

membered rings into four types: aromatic sextets, migrating sextets, empty rings, and rings

with localized double bonds (Figure 1.15). Fusing linear acenes can yield molecules with

two aromatic sextets, such as bistetracene. Bistetracene (two tetracenes fused at the 1,2,12

positions and substituted with triisopropylsilyl acetylene groups) contains 8 fused rings,

but its HOMO level is only -5.1 eV, allowing for air-stable FET devices and high mobilities

(μh = 6.1 cm2/Vs).[68] Picene, the “zigzag” analogue of pentacene, contains three aromatic

sextets and shows better environmental stability in p-channel FETs than pentacene.[69]

Thermally deposited thin films of alkylated-picene have, like pentacene, shown extremely

high mobilities (up to μh = 20 cm2/Vs), but are stable under atmospheric conditions.[70]
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Extending the conjugation does more than affect energy levels: it also lowers the BLA (as

discussed previously) and lowers the reorganization energy. As was discussed in Section

1.3 when a neutral molecule becomes charged it undergoes geometry modifications at an

energy cost called the reorganization energy, an important factor in charge transport. Figure

1.16 shows how reorganization energy decreases as the number of rings increase in a series

of molecules with different fused geometries. Reorganization energy is also affected by

heteroatoms, which are discussed next.

Fig. 1.16.: Molecular reorganization energies computed for (oligo)acenes (black trian-
gles), phenacenes (green squares), circum(oligo)acenes (blue circles), and
(oligo)perylenes (red diamonds), as a function of the inverse of the total number
of carbon atoms NC. Reprinted from [71] Copyright 2014 with permission from
Elsevier.
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1.5.3 Heteroatoms
Another design strategy in organic electronics is the use of heteroaromatics. Inserting

heteroatoms into a polycyclic system will have a large impact on the structure and the

electronic properties of the molecule or polymer. The work presented in this thesis focuses

on two heteroatoms: sulfur and nitrogen. Sulfur and nitrogen both have lone electron pairs

which can contribute to the aromaticity of a cycle, thus making aromatic five-membered

rings possible (Figure 1.17). These five-membered rings, thiophene and pyrrole, are smaller

and exhibit less torsional twisting in polymers than polyphenylenes. Thiophene and

pyrrole are less aromatic than benzene (according to thermodynamic stabilization), and

thus polythiophenes (PT) and polypyrroles (PPy) have stabler quinoidal forms, leading to

more delocalized electrons and smaller band gaps than poly(p-phenylene) (PPP) (theoretical

Eg PT = 2.0 eV, PPy = 2.9 eV, PPP = 3.8 eV).[72]

S N
H

N

S N

thiophene pyrrole thiazole pyridine

Fig. 1.17.: Pictured are several heteroaromatic structures. Electrons participating in the
aromaticity are labeled in red.

Though polypyrroles were among the first conductive organic materials studied[73][74], it is

polythiophene and thiophene-containing molecules that predominate in the field of organic

electronics. Thiophenes present many advantages,[1] not the least of which is their well

established and versatile chemistry. Derivatives of thiophene can be synthesized by selective

substitution via lithiation chemistry. Thiophene monomers are easily oxidized, either

electrochemically or chemically, to form radical cations which polymerize. If thiophene is

substituted unsymmetrically, this method produces to a regiorandom polymer. Brominated

thiophenes can be polymerized through transition metal-catalyzed cross-coupling reactions

to give regioregular homopolymers or to make copolymers. Thiophenes are electron rich

and oxidatively stable, making them good for p-type transport, and they self-assemble with

close π–π stacks. Furthermore the increased polarizability of the sulfur atom compared to
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carbon helps lower reorganization energies and can lead to intermolecular sulfur-sulfur

interactions. These interactions are described in more detail in Section 1.6.

Nitrogen heteroatoms can be incorporated into OSCs in 5- or 6-membered rings. In 5-

membered pyrroles, the lone pair on nitrogen contributes to the aromaticity of the ring

making the heterocycle electron rich. Conversely, in 6-membered pyridine, the lone pair

is perpendicular to the π–orbitals of the ring and therefore does not contribute to the

aromaticity, but rather enhances basicity. In this case the electronegativity of the nitrogen

atom makes the ring electron-poor and lowers the HOMO/LUMO levels of the molecule.

As a result OSCs containing nitrogen have been shown to be p-type, ambipolar, or n-type.

(See examples in Figure 1.31 in Section 1.7)

Thiazoles are five-membered rings containing both sulfur and nitrogen heteroatoms (Figure

1.17). They belong to the azole family of molecules, along with oxazoles and imidazoles.

Thiazole is slightly less aromatic than thiophene[75][76], with sulfur’s lone pair contributing

to the aromaticity of the ring, while the nitrogen atom is electron-withdrawing. This makes

thiazole an electron-accepting heterocycle in OSCs. (See examples in Figure 1.30 in Section

1.7)

1.5.4 Substituents
Introducing substituents is a convenient way to tune the properties of a molecule or polymer

since they provide an enormous potential for structural and electronic variation (Figure

1.18). They are also necessary for solution-processable materials. Substituents can affect the

energy levels of a material, as well as impact planarity, and reorganization energy.

Long alkyl chains are commonly used to impart solubility to a polymer or large polycyclic

molecule. The nature of that chain, linear or branched, and its location, will have an impact

on the solid-state packing of the material.[44] In polymers, a large part of the reorganiza-

tion energy comes from the rotation of the inter-ring dihedral angles between the neutral

and charged species. This rotational energy is greatly impacted by the size and type of

substituent present on the polymer backbone. Using substituents that form non-covalent

interactions that “lock” the conformation of the polymer backbone is advantageous for this
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Fig. 1.18.: A selection polymers illustrating different substituents.

reason. One recent example is the use of alkoxy or fluorine substituents on benzotriazole

in a benzotriazole-thiophene copolymer (Figure 1.19). The authors attribute tight inter-

chain ordering and improved carrier mobilities on the non-covalent interactions between

thiophene’s sulfur and the substituents.[77] A computational study on through-space in-

teractions performed by Jackson et al., however, warns that while S-S, O-S, N-S, and F-S

interactions all have some stabilizing influence, their non-covalent binding energies are too

low to provide conformational control in polymers. Only hydrogen-bonding interactions,

such as CH-N and CH-O, have high enough binding energies (≈2 kcal/mol) to act as

“locking” mechanisms.[78]

Electron-donating or electron-withdrawing substituents are often used to fine-tune the

HOMO and LUMO energy levels of a material. Replacing the hexyl chain in P3HT with an

alkoxy chain (see polymer 1.2) results in a 0.3 eV increase in the HOMO level, shrinking the

band gap of the polymer (1.6 eV compared to 1.9 eV for P3HT).[79] Fluorine is a popular

electron-withdrawing substituent because its van der Waals radius is not much larger than

hydrogen’s (135 pm vs. 120 pm) and therefore won’t significantly increase torsional twisting

when placed on a monomer unit, such as on benzotriazole in polymer 1.3.[80]
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Fig. 1.19.: Varying the benzotriazole substituents in these copolymers did not affect the
band gap, but led to tighter interchain ordering and higher mobilities. Reprinted
with permission from [77]. Copyright 2014 American Chemical Society.

Aromatic substituents can also be used to extend the conjugation pathway orthogonal

to the core of the molecule or polymer. Polymer 1.4 is an example of this strategy. Huo

et al. found that when alkylthienyl substituents were used in place of alkoxy groups on

benzodithiophene, the resulting material had a smaller band gap, higher hole mobilities,

and performed better in BHJ-solar cells.[81] Though sometimes improperly called “2D”

polymers, polymers with aromatic substituents exhibit high molecular ordering with strong

π–π stacking.[82]

Finally, a substituent can be designed to be removable[83], as in polymer 1.5. A thermally

cleavable ester substituent was used by Fréchet and then Krebs as a sacrificial solubilizing

group.[84][85] Once the material has been solution-processed, the ester functionality can be

removed to give insoluble, but planar, poly(thiophene).

1.5.5 Donor-Acceptor Strategy
One more design strategy for manipulating the band gap of a material is the donor-acceptor

strategy, which calls for combining electron-deficient units with electron-rich units. When

these units are in conjugation their orbital splitting results in a narrower band gap with

lower HOMO/LUMO levels (Figure 1.20a). This strategy is widely used in polymers for

OPVs where broad absorption is desired, but raising the HOMO would be detrimental to

the VOC. Using D-A units, the band gap of a material can be fine-tuned, either by altering a
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unit or by altering its ratio relative to other units. The “push-pull system” in D-A polymers

has other benefits as well. As was introduced in Section 1.5.1, BLA can be decreased and

polarizability increased by increasing the strength of the donor and acceptor moieties. This

has been extensively studied in polyenes [86], as well as other conjugated systems.[87][88]

As a result of their high polarizability, materials with D-A structures can exhibit nonlinear

optical properties, such as two photon absorption.[89][90]

Fig. 1.20.: a) The orbital splitting of donor and acceptor units results in a smaller band
gap without raising HOMO levels. Reproduced from [91] with permission of
The Royal Society of Chemistry. b) Tight interchain packing in D-A polymers is
favored by alternating donor-acceptor π–stacks.

Electron-rich and electron-deficient aromatics are well known to assemble in a face-to-face

manner.[92][93] The “push-pull” behavior of D-A units promotes intramolecular charge

transfer between units, leading to intramolecular dipoles. Thus dipole-dipole interactions

between polymer chains are expected to lead to smaller interchain distances and therefore

better charge transport between chains (Figure 1.20b). Indeed, short π–π distances are

frequently observed in X-ray diffraction experiments of D-A polymer films.[94][95] D-A

polymer PTB7, shown in Figure 1.18, has been used in OPVs with PCEs exceeding 9%.

Yet when Yu’s group attempted to make a similar polymer with a D-A-A structure, their

highest PCE was only 2%. By using two acceptor units, they lowered the local dipole
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moment causing charges to remain trapped in the A-A unit, and as a result observed faster

recombination rates and lower ISCs.[96]

Fig. 1.21.: A selection of electron-donating and electron-accepting monomers that have
been used in D–A copolymers.

Examples of oft-used donor and acceptor units are shown in Figure 1.21. Though these are

usually found in polymers, the D-A strategy is applicable to oligomeric molecules, unimolec-

ular rectifiers, or simply to the choice of substituents. Examples of D-A copolymers using

different building blocks are shown in Figure 1.22. All have shown excellent properties in

OPVs or OFETs. Bronstein et al. combined thieno[3,2-b]thiophene and diketopyrrolopy-

rrole, two particularly well studied units known for forming crystalline films with good

mobilities, in polymer 1.6. Though as-spun films of 1.6 showed no signs of crystallinity

in X-ray diffraction or differential scanning calorimetry studies, their charge mobilities

were among the highest for polymer FETs (μh = 1.95 cm2/Vs). Polymer/PC71BM OPV

devices gave a max PCE of 5.4%.[97] With polymer 1.7, Chen et al. present a heptacyclic

unit where the benzodithiophene core is covalently rigidified by two flanking thiophene

units. This monomer was copolymerized with thienopyrrolodione. FET devices of 1.7

exhibited modest mobilities (μh = 6.8× 10−2 cm2/Vs), but OPV devices with PC71BM gave

PCEs of 6.6%, a vast improvement compared to the un-rigidified analogue with a PCE
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of 0.2%.[98] Osaka et al. also utilized a fused ring approach with their D-A polymer 1.8

which features naphthodithiophene and naphthobisthiadiazole. The first iteration of 1.8

had no solubilizing chains on the naphthodithiophene units (R’ = 2-decyltetradecyl, R" =

H) and displayed an edge-on orientation with a π–stack distance of 3.43 Å. This polymer

yielded high performing FET and polymer/PCBM OPV devices (μh = 0.5 cm2/Vs, PCE =

5.2%). Adding linear dodecyl chains to naphthodithiophene changed the orientation of the

polymer films to have face-on π–stacks with a distance of 3.51 Å. The improved solubility

led to even higher PCEs of 8.0% while only lowering mobilities to μh = 0.1 cm2/Vs.[15]

Fig. 1.22.: Shown are three examples of D–A copolymers with impressive properties in
OFET or OPV devices.

1.6 Supramolecular Solid-State Assembly
Though design strategies can be used to tune the energy levels and reorganization energy

of a material, the electronic coupling will be dictated by the solid-state assembly of that

material. It is the sum of intermolecular π–orbital interactions in three-dimensions that will

determine the efficacy of charge transport. Four main types of packing-motifs, shown in

Figure 1.23 have been observed for most organic semiconductors. Close packing that favors

strong π–π overlap is beneficial for charge transport, but strong anisotropy may yield poor
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mobilities in the bulk material, where π–stacks many not align with the direction of current

measurement.

Fig. 1.23.: The four common packing motifs are a) herringbone, b) cofacial herringbone,
c) 1-D lamellar “slipped stacks”, and c) 2-D lamellar “brickwork” packing.
Directions of preferred charge transfer are shown by arrows. Reprinted with
permission from [21]. Copyright 2014 John Wiley & Sons, Inc.

It is important to remember that the conductance and valence bands are formed by molecu-

lar orbital interactions, so not only must the molecules be closely packed, but their frontier

molecular orbitals should be aligned as well. Figure 1.24 maps the electron coupling (t) of

two cofacial pentacene molecules with respect to long axis displacement. The molecular

overlap is at its maximum when the molecules are perfectly aligned and decreases in an

oscillatory pattern that correlates with the nodes of the HOMO orbitals. The electronic

coupling (t) in a material can be calculated from the crystal structures. In symmetric sys-

tems, t can be approximated by the energy splitting of the frontier orbitals in a dimer

(for example, ΔE = (HOMO – HOMO−1)/2 for hole transport).[99] This approximation,

called the energy-splitting-in-dimer approach (ESID), assumes both molecules in the dimer

have the same site energies, which will not be the case if the molecules inhabit different

environments in the crystal lattice. The ESID method is therefore not reliable for extended

systems where polarization effects of the crystal environment on the site energies should
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be taken into account.[100] A better calculation of t is the direct-coupling method, which

calculates t from the wave function of each molecule according to equation 1.6

t =
J− 1

2(ε1 + ε2)S

1 − S2 (1.6)

where J is the charge transfer integral, S is the orbital overlap, and ε1 and ε2 are the site

energies of the molecules.

Fig. 1.24.: Evolution of the HOMO and LUMO intermolecular electronic coupling (t) as a
function of displacement for two tetracene molecules with a π–stacking distance
of 3.74 Å. The dotted line indicates the magnitude of long-axis displacement
found in rubrene crystals. Reprinted with permission from [101]. Copyright
2005 John Wiley & Sons, Inc.

While predicting exact packing motifs is not yet possible, and the chance of polymorphism

is likely, morphological changes can be induced through molecular design. A few recent

reviews have addressed this subject as it applies to polymers and small molecules.[102][103]

What follows are a few examples of design strategies based on non-covalent intermolecular

interactions.

The solid-state packing of molecules is controlled by non-covalent effects, namely van

der Waals and coulombic interactions. For example, in pentacene, electron density lies in
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the π–orbitals above and below the plane of the molecule and slightly positively charged

hydrogen atoms lie along the periphery of the pentacene backbone. The equal, but opposing

dipoles normal to the plane of the molecule generate a quadrupole moment, represented as

a partial positive charge density sandwiched between two partial negative charge densities

(Figure 1.25a). Pentacene has many polymorphs[104], but all of them adopt a herringbone

arrangement in order to maximize electrostatic interactions between its partially negative

“face” and partially positive “edge.” (Figure 1.25a). This face-to-edge packing still allows for

high electronic coupling between the different molecular dimers, leading to high mobilities

in pentacene films (μh ≈ 1 cm2/Vs)[105] and single crystals (μh ≈ 40 cm2/Vs).[106]

Fig. 1.25.: a) Pentacene’s herringbone face-to-edge packing is due to its quadrupole mo-
ment. b) In perfluoropentacene the herringbone packing is orthogonal with
tighter π–π stacks. Section b) reprinted with permission from [11]. Copyright
2004 American Chemical Society

There are several ways to disrupt these electrostatic CH–π interactions and get tighter π–π

stacks. One way is to replace the hydrogens with heteroatoms. Perfluoropentacene, for
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example, has an inverse electron density distribution to pentacene and is a well known

OSC for n-type transport due to the electron-withdrawing nature of fluorine. The fluorine

atoms affect the packing of the molecules, in which CH–π interactions are replaced by F-F

interactions between nearly perpendicular molecules (Figure 1.25b). The CF–π interactions

between molecules of the same π–stack also greatly reduce their short-axis displacement

(3.15 Å vs. 5.34 Å in pentacene), thereby increasing the electronic coupling between cofacial

molecules.[11][107]

Fig. 1.26.: a) Brickwork packing of TIPS-pentacene induced through bulky substituents.
Reprinted with permission from [108]. Copyright 2001 American Chemical Soci-
ety. b) Aromatic donor-acceptor interactions between substituents gives a lamel-
lar brickwork assembly in 5-perfluorophenyl-11-phenyltetracene. Reprinted
with permission from [109]. Copyright 2011 American Chemical Society.

The use of bulky substituents is another oft-used strategy for controlling crystal packing.

Trialkylsilylethynyl groups have been extensively studied as substituents on oligoacenes

because their size can be easily controlled. Anthony et al. found that with smaller alkylsilyl
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groups (SiMe3, for example), pentacene derivatives assemble into slipped stacked, but if

the size of the substituent is approximately half the length of the acene backbone, then a

lamellar “brickwork” arrangement is observed.[110] This type of packing is observed in

crystals of bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) with good electronic

coupling between overlapping pentacene cores (54 and 65 meV) leading to high mobilities

(μh = 1.8 cm2/Vs) (Figure 1.26a).[111][112]

Okamoto et al. designed aryl and perfluoroaryl substituted tetracene as another way to

induce face-to-face packing of the acene core. Here, aromatic donor-acceptor interactions

between the substituents of coplanar tetracenes causes lamellar packing and close π–π dis-

tances between tetracene layers (Figure 1.26b).[109] Without the donor-acceptor interactions,

bis(phenyl)tetracene adopts a herringbone conformation with no π–π stacks.

Alkyl chains placed along the long axis of the molecule, on the other hand, do not dis-

rupt the packing of the molecules, but rather bring them closer together through van der

Waals interactions. Inoue et al. studied the crystal packing of phenyl–benzothieno[3,2-

b]benzothiophene (Ph-BTBT) with increasing lengths of alkyl chain substituents.[113] They

found that by increasing chain length (n = 10) they saw stronger attractive dispersion forces

between the chains, leading to much higher electronic couplings.

CH–π interactions can also be weakened by replacing carbon with heteroatoms along

the periphery of the molecule. Some heteroatoms, like O or N, can partake in hydrogen-

bonding which could compete for morphological control.[114] OSCs containing sulfur, a

larger and more polarizable atom than carbon, may benefit from intermolecular interactions

through S· · · S contacts. For such contacts to be useful to hole transport, however, there

must be large HOMO orbital coefficients on the sulfur atoms.[115] Even without short

S· · · S distances, having high orbital coefficients over the sulfur atoms can lead to better

electronic coupling. Figure 1.27 shows several thiophene containing OSCs, their HOMO

orbital contours, and hole transport mobilities in FETs.[116][117] The intensity of orbital

coefficients on sulfur varies with structure. Notably, [5]thienoacene has virtually no orbital

coefficients on its sulfurs, so that its HOMO orbital does not extend along its periphery. This

explains its relatively low mobility (μh = 0.045 cm2/Vs).[118] In DNT-V (μh = 1.1 cm2/Vs),

34 Chapter 1 An Introduction to Organic Electronics



Fig. 1.27.: Calculated HOMO orbital contours (B3LYP/6-31G(d)) and hole transport mo-
bilities for several thiophene-containing OSCs.

on the other hand, the HOMO coefficients reside heavily on the central sulfur atom.[119]

Unfortunately, other factors may affect charge mobilities. For example, the low lying HOMO

of BBBT (-5.6 eV) is thought to cause a large hole injection barrier and limit its mobilities

(μh = 0.01 cm2/Vs).[120][121]

In Figure 1.28 we see how changes in the linearity of a molecule affect preferences for face-to-

edge CH–π interactions versus face-to-face π–stacking. Dinaphtho[2,3-b:2’,3’-f ]thieno[3,2-

b]thiophene (DNTT) is an excellent p-type semiconductor, due in part to its acene-like

structure and electronic coupling in several directions.[122][123] “Bent” structural isomers

of DNTT, however, exhibit much lower charge mobilities due to one-dimensional electronic
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coupling or electronic coupling between isolated dimers. In addition, of the three isomers,

only DNTT shows HOMO orbital coefficients on the sulfur atoms.

Finally, processing techniques can have a huge impact on the morphology of the mate-

rial.[124] The same molecule will display vastly different electronic properties depending

on whether it was drop cast, spin coated, evaporated, annealed, or grown as a single crys-

tal. New solution processing techniques like solution-shearing, in which a top wafer is

dragged across the evaporating OSC solution, have succeeded in forming oriented crys-

talline thin films by physically straining the molecules as the solvent evaporates. Bao et al.

showed closer intermolecular distances and a five-time increase in mobility for thin films of

TIPS-pentacene using this solution-shearing technique.[125]
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Fig. 1.28.: Crystal packing of DNTT and two isomers, showing hole mobilities and elec-
tronic coupling t. Adapted with permission from [123]. Copyright 2010 Chemi-
cal Society of Japan.

1.7 Relevant Small Molecule OSCs

1.7.1 Sulfur-containing OSCs
Sulfur-containing molecules were the first high-mobility materials studied in organic elec-

tronics (Figure 1.29). It was the metal-like transport properties of tetrathiafulvalene (TTF)

complexes, in which TTF forms stable radical cations, that launched the quest for su-

perconductivity in organic materials. In the process countless derivatives of TTF were

synthesized and their conductive properties explored.[104] Crystals of TTF exist as two
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types of polymorphs: monoclinic or triclinic, each featuring S· · · S interactions. The mono-

clinic phase consists of infinite π–stacks, allowing for better charge transport than in the

triclinic phase where no π–stacks are formed (μh = 1.2 cm2/Vs vs. μh = 0.2 cm2/Vs).[126]

Oligothiophenes were among the first structures to be used in FETs. Of the unsubstitued

oligothiohenes, which are planar and adopt herringbone packing motifs, α-8T has the high-

est reported mobility of 0.33 cm2/Vs.[127] Many derivatives of oligothiophenes have since

been studied, including liquid crystalline 1.9 with long alkoxy side chains.[128] As spun

films of 1.9 exhibited good hole mobilities of 0.1 cm2/Vs, but single crystal devices gave

mobilities up to 6.2 cm2/Vs, one of the highest values amongst non-fused oligothiophene

semiconductors.

Fig. 1.29.: A selection of small molecule OSCs featuring thiophene.

Fused thienoacenes were introduced in the previous section and are a class of excellent hole

transporting materials. A record high mobility for thienoacenes of 9.1 cm2/Vs was recorded

for single crystals of C8-BTBT.[129] Average values were lower, however, indicating a
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preferred pathway for charge carriers in the crystal growth orientation. Anthradithiophene

was synthesized as a stable analogue to pentacene and is an example of the effect isomers

can have on charge transport. Isomerically pure anti (1.10) and syn (1.11) isomers of 2,8-

dimethyl-anthradithiophene were synthesized and tested in thin film FET devices.[130]

1.10 displayed a hole mobility five times higher than 1.11 (anti μh = 0.41 cm2/Vs vs. syn

μh = 0.084 cm2/Vs), a fact attributed to its centrosymmetric space group in the crystal

structure. Takimiya et. al. saw a similar 6-fold difference in the mobilities of unsubstituted

anthradithiophenes and reported stronger isomer effects in naphthodithiophenes (NDT),

where anti-NDT displayed hole mobilities over an order of magnitude higher than in syn-

NDT.[15] Contrarily, isomer effects were not observed with silylethynylated thienoacenes,

where the large substituents dictate solid-state packing and the heteroatoms are scrambled

in the crystal structure.[131] These examples demonstrate the subtler influences molecular

structure can have on supramolecular assembly and charge transport.

Many 2D-extended semiconductors have also been studied. Isomers of tetrathienoan-

thracene, 1.12 and 1.13, for example, have two different conjugation pathways, which only

extends into the thiophene moieties in 1.13. Both molecules adopt a cofacial herringbone

arrangement, but the peripheral sulfur atoms in 1.12 allow for more close S· · · S contacts and

leads to an order of magnitude higher hole mobilities in 1.12, highlighting the importance of

these contacts to charge transport.[132] Octathio[8]circulene (1.14), nicknamed “sulflower,”

which was synthesized by Chernichenko et. al., is entirely composed of peripheral sulfur

atoms. Without the possibility of CH–π interactions, the molecule adopts a cofacial herring-

bone packing motif with very close S· · · S distances (3.25 Å).[133] A low hole mobility of

9 × 10−3 cm2/Vs was reported for 1.14 due to pronounced one-dimensional growth in its

films, as evidenced by atomic force microscopy.[134] Perylothiophene 1.15 exhibits a similar

packing motif as 1.14 with short S· · · S contacts (3.51 Å) between neighboring columns. Sun

et. al. found that by modifying their SiO2 substrate they could promote the growth of

single-crystal micrometer sized wires. These wires showed better hole transport properties

(μh = 0.8 cm2/Vs) than thin films of deposited 1.15 (μh = 0.05 cm2/Vs).[135]
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1.7.2 Thiazolo-containing OSCs
Thiazoles are electron-accepting heterocycles and are often used as acceptors in donor-

acceptor polymers.[136] Small molecules with thiazole cores can be tuned to exhibit p-type

or n-ype charge transport through the use of electron donating or withdrawing substituents

(Figure 1.30). For example, benzobisthiazole 1.16, flanked by alkylated thiophenes displays

p-type transport (μh = 10−2 cm2/Vs).[137] Single crystals of 1.16 showed an interesting

packing motif consisting of orthogonal π–π stacks with close S· · ·N contacts linking the

orthogonal stacks (3.02 Å vs. 3.35 Å for the sum of the van der Waals radii). With electron

withdrawing substituents, such as perfluoroalkyl groups, thiazole-containing molecules

exhibit n-type charge transport. 1.17 and 1.18, synthesized by Ando et. al., have very

similar chemical structures, but vastly different conformations in the solid state.[138] While

1.17 displays excellent electron transport properties (μe = 1.83 cm2/Vs), devices of 1.18

showed no transport properties at all. This sharp difference in performance is attributed to

small torsional twists in 1.18, caused by sterics between the hydrogen atoms on the thiazole

unit and the phenyl end group. So while 1.17 is planar and forms an ordered brickwork

network, the unit cell of 1.18 contains molecules with different torsional angles creating a

disordered columnar structure. Fused thiazolothiazole moeties have no hydrogen bonds

and are therefore attractive building blocks for planar OSCs. 1.19, for example is nearly

planar with thiophene units adopting an all-trans conformation.[139] Short S· · · S contacts

(3.25 Å) were observed between the thiazolo sulfur atoms on neighboring slipped stacks.

High electron charge transport with mobilites up to 1.2 cm2/Vs was measured for thin

films of 1.19 on SiO2 modified with octadecyl-trichlorosilane.[140]

Fig. 1.30.: A selection of small molecule OSCs featuring thiazole.
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1.7.3 Nitrogen-containing OSCs
Hydrogenated N-heteroacenes, such as 1.20, were reported several decades before the

synthesis of their hydrocarbon analogue, pentacene in 1935 (Figure 1.31).[141] Unlike

pentacene, which oxidizes quickly in solutions, hydrogenated N-heteroacenes are stabilized

by multiple, isolated Clar’s sextets, though they can be oxidized to their fully conjugated

forms. In 2003 Miao et. al. demonstrated that 1.20 could serve as an environmentally

stable hole transport layer in FETs, exhibiting a mobility of 6 × 10−3 cm2/Vs.[142] In their

oxidized forms N-heteropentacenes have similar band gaps as pentacene, but their frontier

molecular orbitals can be lowered according to the number and location of the nitrogen

heteroatoms. Two isomers of silylethynylated N-heteropentacene were synthesized by

Liang et. al. with either internal (1.21) or terminal (1.22) pyrazine units.[13] They found that

N-heteroatoms placed internally were twice as effective at lowering the frontier orbitals of

the molecule as terminally N-heteroatoms. To date, 1.21 is still the most effective azaacene

for n-type transport with an electron mobility of 3.3 cm2/Vs. The silylethynyl groups on

1.21 lead to a brickwork packing motif in the solid state, as is seen for TIPS-pentacene in

Figure 1.26. Efficient charge transport is observed, however, even in 1.21’s precursor 1.23.

1.23 self-assembles into infinite π–stacks with quadruple C–H· · ·N/O hydrogen bonds

between stacks in a DDAA–AADD pattern. Thin films of deposited 1.23 behave as n-type

semiconductors with mobilities of 0.04 to 0.12 cm2/Vs.[143]

A few non-linear azaarene OSCs are known, such as 1.24, in which each azaacene is

separated by a pyrene core.[144] Asymmetrically pure chiral azahelicenes (1.25) have also

been studied in OFETs.[145] Although mobilities were low (μh = 1 × 10−4 cm2/Vs), a

highly specific photo-response to circularly polarized light was found.[146]

OSCs containing pyrrole nitrogens have been extensively studied as well. The carbazole

unit has a rich history in the xerographic industry, which used poly(vinyl carbazole) in

charge transfer complexes as photoconductors.[147] Carbazoles are attractive units for

OSCs because of their chemical and environmental stability, as well as the possibility to

tune the energy levels and solid-state packing of the material by altering the substituents on

the nitrogen atom. Indolo[3,2-b]carbazole 1.26 crystals, for example, adopt a herringbone
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Fig. 1.31.: A selection of small molecule OSCs featuring nitrogen heteroatoms.

arrangement that includes N–H· · ·π interactions, as well as C–H· · ·π interactions. Thin

film devices displayed good hole transport properties with a mobility of 0.1 cm2/Vs, an

order of magnitude more than was measured for N-substituted analogues in which there

were no N–H· · ·π interactions.[148] Of the many derivatives of indolo[3,2-b]carbazole, the

highest hole mobility was measured in thin films of 1.27 (μh = 0.14 cm2/Vs).[149]

Even a brief survey of the literature such as this illustrates a key issue in the study of

organic semiconductors: the charge mobilities acquired from devices, especially thin-film

devices, are far from the intrinsic charge mobility of the material. It is often the case that

substrate modifications or different annealing temperatures will lead to orders of magnitude

increases in mobility. Charge mobility measurements are therefore more a measure of

morphology and supramolecular ordering than of molecular structure properties. That
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being said, by studying many similar molecules, several structure-property relationships

can be defined. Substituents, for example, tend to dominate solid-state assembly. Long

linear alkyl chains can form ordered films through van der Waals interactions allowing for

solution-processed devices with mobilities matching those made from vacuum deposition.

Planar molecules generally outperform those that contain torsional twists, as those lead to

disorder in the solid-state. Finally, heteroatom placement has been shown to influence not

only HOMO/LUMO levels, but supramolecular assembly, with a preference for symmetrical

placement.
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2Tuning the Electronic

Properties of

Poly(thienothiophene

vinylene)s via Alkylsulfanyl

and Alkysulfonyl Substituents

In this chapter, all five of the design strategies discussed in Chapter 1 are utilized to design

low band gap polymers for solar cells. A vinylene spacer group is adopted to ensure a

planar conjugated backbone. The thienothiophene monomer unit is chosen for its fused

aromatic structure, which lowers BLA and promotes π–π stacking in the solid-state. Sulfur

heteroatoms are incorporated as heterocycles in the thienothiophene core and as substituents

in alkylsulfanyl and alkylsulfonyl side chains. The electronic effects of the substituents are

tuned via the oxidation of alkylsulfanyl to alkylsulfonyl. The role of the substituents in the

supramolecular ordering of the materials is also explored in the crystal analysis of model

dimers. Crystal analysis allows us to determine whether the substituents’ sulfur atoms

form beneficial S· · · S contacts. Finally donor–acceptor polymers are synthesized through

the copolymerization of thienothiophene monomer units bearing alkylsulfanyl or sulfonyl

substituents.

Reprinted with permission from: Schneider, J. A.; Dadvand, A.; Wen, W.; Perepichka, D. F.

Macromolecules 2013, 46, 9231–9239. Copyright (2013) American Chemical Society
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2.1 Abstract
The use of alkylsulfanyl and alkylsulfonyl side chains are demonstrated to be a useful syn-

thetic strategy for tuning the electronic properties of organic semiconductors, as shown in

thienothiophene vinylene polymers. By changing the oxidation state of sulfanyl to sulfonyl,

we lower the HOMO and LUMO energy levels of our substituted polymers, as well as

enhance their fluorescence. Fine-tuning of the energy levels was achieved by combining

sulfanyl and sulfonyl substituted thienothiophene monomers through random polymer-

ization, yielding polymers with low-band gaps (1.5 eV) yet benefiting from a structurally

uniform conjugated backbone. The effects of these functional side chains are presented

through DFT calculations, UV-vis, fluorescence, and electrochemical measurements, as

well as crystallographic analysis of sulfanyl substituted oligomers. The semiconducting

properties of the new polymers are studied in OFET and OPV devices.

2.2 Introduction
Thiophene-based conjugated polymers are important semiconducting materials with wide-

spread applications in organic light-emitting diodes (OLEDs), field-effect transistors (OFETs),

and photovoltaic solar cells (OPVs).[1] Polythiophenes are now ubiquitous in the field of

organic semiconductors since they are easily functionalized and show great charge transport

properties. Poly(3-hexylthiophene) (P3HT) for example, has become the benchmark donor

material for bulk heterojunction solar cells, though its efficiency is limited by a relatively

large band gap (Eg = 1.9 eV) and high HOMO level (–5.1 eV).[2]

Since P3HT, thiophene-based polymers have been tirelessly modified to create new high per-

formance materials. The dominant approach is incorporating electron-deficient monomer

units with electron-rich thiophene to create donor-acceptor systems that promote intrachain

charge transfer, lowering the band gap of the polymer.[3] This, however, requires the syn-

thesis of two different monomer units, complicates the structure-properties relationships

and creates a polarization along the conjugation backbone. Instead of altering the backbone,
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a polymer’s energy levels can be directly tuned through substituents, a method that is

underutilized in conjugated polymer chemistry.

For example, poly(3-alkoxythiophene) showed a smaller band-gap (1.60 eV) than P3HT

due to increased rigidity ascribed to S· · ·O interactions, but the electron donating effect of

the alkoxy group raised the HOMO level (–4.47 eV).[4] Poly(3-cyano-4-hexylthiophene),

conversely, was found to have a lower HOMO level (–6.1 eV), but a larger band gap (2.3

eV).[5] Substituents such as fluorine,[6] fluoroalkyl,[7] thienyl,[8] dicyanoethene,[9] alkoxy

groups,[10] nitro groups[11] and esters[12] have also been explored in polythiophenes.

Alkylsulfanyl substituents are of particular interest for several reasons: the van der Waals

radius of sulfur ( 0.18 nm) is less than that of –CH2 ( 0.20 nm) which slightly reduces steric

strain compared to alkyl substituents;[13] they impart solubility to the polymer; and, in

polythiophenes, they can act as mild electron acceptors, lowering the HOMO levels.[14][15]

Furthermore, their electron withdrawing effect can be tuned by changing the oxidation state

of sulfur from sulfanyl (–SR) to sulfoxyl (–SOR) or sulfonyl (–SO2R). Sulfonyl groups have

been shown to increase fluorescence in polymers[16] and oligomers.[17] They were also

employed as electron withdrawing substituents in donor-acceptor conjugated polymers for

OPV,[18] but there exists no detailed or comparative studies of their electronic effects in

semiconducting materials.

We were interested in a comparative analysis of the effect of alkylsulfanyl and alkylsul-

fonyl substituents on the electronic properties and behavior of conjugated polymers in

semiconducting device applications. We have chosen poly(thieno[3,2-b]thiophene viny-

lene) as the conjugated backbone, taking into consideration relative structural simplicity,

planarity, and a low expected band gap. Thieno[3,2-b]thiophene’s (TT) fused unit fos-

ters electron delocalization by reducing the bond length alternation (compared to simple

thiophene).[19] Owing to the 180◦ coupling geometry of TT (cf. ≈150◦ for thiophene),

its polymers strongly prefer a linear rod-like structure and show increased crystallinity

and charge mobilities.[20][21] A vinylene spacer reduces the twist caused by repulsions

between substituents and “dilutes” the aromatic nature of the TT moieties. Both of these

effects promote electron delocalization and shrink the band-gap of the polymer. In this

paper we report the synthesis and spectroscopic, structural and device characterization
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of poly(3,6-dialkylsulfanylthieno[3,2-b]thiophene vinylene), S-PTTV, its oxidized deriva-

tive poly(3,6-dialkylsulfonylthieno[3,2-b]thiophene vinylene), SO2-PTTV, and the random

copolymer incorporating both sulfanyl and sulfonyl units, S/SO2-PTTV. Comparing their

properties to the model unsubstituted H-PTTV and similarly substituted polymer without

vinylene linker (S-PTT) we explore the complex effect that substituents play in these conju-

gated systems. Two dimers S-2TTV and SO2-2TTV were also synthesized to understand

the substituent effects in a simplified system.
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Fig. 2.1.: Polymer structures reported or discussed in this chapter.

2.3 Results and Discussion

2.3.1 Theoretical Calculations
Density functional theory (DFT) calculations at the B3LYP/6-31G(d) level were performed

on a series of substituted TT oligomers (n=1, 2...7) as well as for the infinite polymers,

under periodic boundary conditions (PBC). The side chains were modeled with methyl

groups. The HOMO, LUMO, and band gap values of the corresponding polymers, along

with optimized dihedral angles are listed in Table 2.1. The model polymers S-PTT, H-PTTV

and P3MT (a model of regioregular poly(3-alkylthiophene)[19]) were not experimentally

studied in this paper, but are given for comparison.
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Tab. 2.1.: Calculated Energy Levels and Geometry of the Polymers.

HOMO (eV) LUMO (eV) Eg (eV) dihedral (deg)a

P3MT –4.31 –2.32 1.99 0
H-PTTV –4.53 –2.74 1.79 0
S-PTT –5.45 –2.23 3.22 55

–4.72 –2.79 1.93 0b

S-PTTV –4.67 –2.93 1.74 1
SO2-PTTV –5.60 –3.76 1.84 10
S/SO2-PTTVc –5.15 –3.34 1.81 4
a The dihedral angle between the thiophene ring and the next conjugated unit.
b The dihedral angle is restrained to 0◦, which destabilizes the structure by 1.35

kcal/mol.
c PBC calculations of an alternating polymer structure (AD)n. The block-

copolymer (AADD)n showed a 0.06 eV lower band gap: HOMO = –5.12 eV;
LUMO = –3.37 eV.

As expected based on the behavior of sulfanyl-substituted oligothiophenes,[22] the alkyl-

sulfanyl groups cause a large twist (55◦) in poly(thienothiophene) S-PTT, disrupting the

conjugation. Consequently, a very large band gap of 3.22 eV is predicted for this polymer

by DFT. This is higher than the ≈2.2 eV optical band gap reported[13] for alkylated S-PTT

in solution (in the solid state the band gap was further lowered to 1.74 eV). These obser-

vations suggest planarization of the polymer chain (see below); indeed, calculations of a

fully planarized S-PTT polymer predict a band gap of 1.93 eV. The steric repulsions of

the substituents is removed by separating the TT units with a vinylene spacer. Therefore,

S-PTTV is planar and is predicted to have a much smaller band gap of 1.74 eV. According

to calculations, the sulfonyl substituents in SO2-PTTV only cause a small twist (10◦) in

the polymer’s backbone, increasing the band gap by 0.10 eV. Both substituents induce an

electron-withdrawing effect, lowering both frontier orbitals by ≈0.15 eV for S-PTTV and

≈1.0 eV for SO2-PTTV, compared to unsubstituted H-PTTV (Figure 1). Lower HOMO lev-

els are beneficial for increased stability in air and are expected to produce larger open circuit

voltages (VOC) in OPVs.[23] At the same time, the substituents do not significantly affect the

π-conjugation along the chains. The trends of MO energy vs. reciprocal length of oligomers

(Figure 2.2) are shifted along the energy axis, but are otherwise nearly superimposable.

Also, the topology of the HOMO and LUMO of the S-PTTV, SO2-PTTV homopolymers
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Fig. 2.2.: Calculated HOMO and LUMO energy levels of oligomers and infinite chains
modeled with PBC. (N = number of repeat units.)

and the (alternating) copolymer S/SO2-PTTV are nearly superimposable (Figure 2.3). Thus,

the donor-acceptor motif should not alter the electron delocalization along the backbone or

the intermolecular orbital coupling. The rigidity of the conjugated backbone is an impor-

tant factor defining the material properties of polythiophenes and related structures.[24]

DFT predicts a very shallow rotation barrier (≈1.5 kcal/mol) for both TT-TT and SO2TT-V

connections (Figure 2.4). This means that non-planar S-PTT could planarize due to solid

state packing forces (as was in fact observed[13]). Similarly, SO2-PTTV, predicted to be

nearly planar in the gas phase, could adopt a twisted conformation under external factors

(solvation, inter-chain interactions). In fact, the energy penalty for twisting the TT/vinylene

dihedral angle by 50◦ is smaller than RT (0.6 kcal/mol at room temperature). In contrast,

a much larger rotation barrier (7.9 kcal/mol per TT/vinylene connection), which can be

considered a stabilization of the planar conformation, is predicted for S-PTTV. This can

be attributed to the smaller size of the alkylsulfanyl group and perhaps to weak attractive

S· · ·H interactions with the vinylene protons (the calculated S· · ·H distance is 2.80 Å).
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Fig. 2.3.: DFT-optimized structures of tetramers showing the topology of HOMOs and
LUMOs.

Fig. 2.4.: Energy barrier of rotation of thiophene/vinylene dihedral angles for S-2TT
(green), S-2TTV (blue), SO2-2TTV (red).
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2.3.2 Synthesis
Bisalkylsulfanyl-TT 2.1 was obtained from 3,6-dibromothieno[3,2-b]thiophene[25] by step-

wise lithiation, followed by quenching of the carbanion intermediate with dialkyldisulfide

(Scheme 2.1).[26] Brominating 2.1 with NBS yielded monomer 2.2. We note that partial

oxidation of the sulfanyl chains was occasionally observed, unless the excess of NBS is

quenched before an aqueous workup. Full oxidation of the alkylsulfanyl substituents

into alkylsulfonyl was achieved with meta-chloroperoxybenzoic acid (m-CPBA) to give

monomer 2.3. Polymers were synthesized through the Stille polycondensation of monomers

Scheme 2.1: Synthesis of Monomers 2.2 and 2.3

(i) [1 eq nBuLi, 1 eq RS-SR]x2, Et2O, –78◦C to 20◦C; (ii) NBS, CHCl3, –5◦C to 20◦C, Na2S2O3
work-up; (iii) m-CPBA, CHCl3, 0◦C to 20◦C.

2.2 and 2.3 with (E)-1,2-bis(tributylstannyl)ethene followed by end-capping with an ex-

cess of the stannylated mono-mer, followed by iodobenzene (Scheme 2.2). The polymers

were isolated by precipitation into MeOH and washed in a Soxhlet apparatus with EtOH,

acetone, hexane, and finally extracted with chloroform and chlorobenzene. S-PTTV was

obtained as a dark, shiny material. Hexylsulfanyl S-PTTVa precipitated during the reaction

and displayed poor solubility, signaling the need for longer side chains. Both dodecyl-

substituted S-PTTVb and branched 2-ethyhexyl substituted S-PTTVc showed high MWs,

but only S-PTTVc was soluble enough for film spin-coating. SO2-PTTV gave a lower per-

cent yield of soluble material and only low MWs could be achieved for both SO2-PTTVb

and SO2-PTTVc. Solid state 13C NMR confirmed the structure of the insoluble fractions

(see Supporting Information). This low solubility is likely attributable to dipole-dipole

interactions of the sulfonyl substituents.
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Scheme 2.2: Polymerization Reaction

Random copolymers have only recently been applied in OPVs, but they are easy to syn-

thesize and can show increased solubility and efficiencies.[27] It is also possible to quickly

realize a series of random copolymers by simply varying the feed ratios and thereby quantify

the effect of a certain unit.

S/SO2-PTTV was synthesized by the random copolymerization of a mixture of monomers

2.2 and 2.3 with (E)-1,2-bis(tributylstannyl)ethene. The copolymer was soluble, with a MW

that averaged those of S-PTTV and SO2-PTTV (Table 2.2). The relative fraction of the

sulfanyl/sulfonyl substituted TT units can be tuned by varying the ratio of the starting

monomers and easily quantified by 1H NMR. A 1:1 and 1:2 feed ratio of monomers 2.2:2.3

gave measured ratios of 1:0.88 and 1:1.6, respectively. Along with the lower MW of SO2-

PTTV, this indicates a reactivity preference for monomer 2.2 over 2.3, likely due to the

steric effect of the bulkier sulfonyl group and/or coordination to palladium in the catalytic

complex.[28]

To gain insight into the solid-state packing of the substituted TTV systems, we synthe-

sized two model dimers by the Stille coupling of monobrominated TTs 2.4 and 2.5 with

(E)-1,2-bis(tributylstannyl)ethene to afford dimers S-2TTV and SO2-2TTV, respectively.

Monobromination of 2.1d was accomplished by lithiation (nBuLi) followed by treatment

with carbon tetrabromide. 2.4 was then oxidized to 2.5 as described above (Scheme 2.3).

Single crystals of dimer S-2TTV were prepared as orange needles from a mixture of ethanol,
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Tab. 2.2.: Molecular Weights, Polydispersities, and UV-Vis Absorption of Synthesized
Polymers.

MW
(kg/mol)

PDI yield
(%)

λmax/onset
soln (nm)

λmax/onset
film (nm)

E
opt
g

filmc

(eV)

fwhm
(cm−1)
soln/film

S-PTTVa 13.0 1.9 73a 544/697 580/760 1.63
S-PTTVb 43.4 1.3 62b 607/730 585/770 1.61 4450/5980
S-PTTVc 42.7 2.2 62b 610/740 608/765 1.62 4540/6250
SO2-PTTVb 6.3 1.1 70b 486/640 471/680 1.82 4680/5130
SO2-PTTVc 7.6 1.3 41b 517/625 529/720 1.72 4810/5810
S/SO2-PTTV-1:1 27.0 2.1 75b 597/760 594/810 1.53 4770/6540
S/SO2-PTTV-1:2 12.9 2.5 54b 561/748 547/755 1.64 5340/6190
a Total yield of the MeOH precipitated product.
b Yield of polymer fraction(s) soluble in CHCl3 and PhCl.
c E

opt
g = 1240/λedge of film.

hexane, and toluene, and were subjected to X-ray analysis (Figure 2.5). In accordance with

Scheme 2.3: Synthesis of Model Dimers

(i) 1 eq nBuLi, 1 eq CBr4, Et2O, –78◦C to 20◦C; (ii) mCPBA, CHCl3, 0◦C to 20◦C; (iii) 0.5 eq
of Bu3SnCH=CHSnBu3, Pd(PPh3)4, 100◦C.

the DFT calculations, the conjugated backbone of S-2TTV is nearly planar (TT-vinylene

dihedral angle = 5.2◦). The crystals formed a slipped-stacked structure with an interplane

distance of 3.50 Å(Figure 2.5a). Importantly, the “inner” alkylsulfanyl substituents bend out

of the plane at ≈ 80◦, thus protruding above and below the aromatic plane. This confirms

the DFT prediction that placing this substituent in plane destabilizes the structure by ≈4

kcal/mol, compared to the optimal 83◦ twisted geometry (Figure S2.2). Similar out-of-plane
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geometry and even larger planarization penalty was calculated for SO2-2TTV (Figure S2.2).

To accommodate the out-of-plane protruding substituents, the molecules have to slip vs one

another along the short molecular axis, which significantly limits π · · ·π overlap between

the TT units (Figure 2.5b).

Fig. 2.5.: Crystal structure of S-TTV showing (a) S· · ·H distances with vinylene hydrogen
and the interplane distance and (b) the lack of π-overlap between TT units.

2.3.3 Optical Properties
The UV-vis absorption spectra of the prepared polymers were studied in chloroform solution

and in thin films (Figure 2.6, Table 2.2). All the polymers displayed broader absorption

spectra and red-shifts of the band edge in the solid state compared to solution. The spin-

coated films are highly reflective, with characteristic metallic luster (Figure 2.6b). The

variation of the solution absorption band with different alkyl side-chains (S-PTTVa/b/c) are

in line with the changes in molecular weights of these polymers. Interestingly, very little

difference was observed in the solid state. The absorption of solid S-PTTVc, λedge = 765 nm

(Eg = 1.62 eV) is red-shifted from analogous alkyl-substituted poly(3,6-dihexyl)thieno[3,2-

2.3 Results and Discussion 67



Fig. 2.6.: Absorption spectra of polymers in (a) chloroform solutions and (b) thin films.
The Inset shows a flask coated in a film of S-PTTVc.

b]thiophene vinylene C6-PTTV which showed a band edge at 700 nm (1.77 eV)[29] and

from poly(3,6-dioctylsulfanylthieno[3,2-b]thiophene), SC8-PTT, whose band edge appears

at 713 nm (1.74 eV).[13] Evidently, both the sulfanyl substituents and the vinylene spacer

play a part in shrinking the band gap.

Replacing sulfanyl sides chains with sulfonyl (SO2-PTTV) results in a ≈0.1 eV increase of

the optical band gap (720 nm, 1.72 eV), as predicted by DFT (Table 2.1). This increase should

in part be attributed to the low MW[30] of SO2-PTTV (Table 2.2) although its lower rigidity

(Figure 2.4) should also play a role and must be responsible for the unexpectedly large band

gap in solution (1.98 eV). SO2-PTTV displays the smallest increase in the FWHM between

solution and solid state, which suggests a weakened intermolecular exciton coupling caused

by the sulfonyl substituents.

Copolymer S/SO2-PTTV-1:1 retains the broad absorption (FWHM=6540cm−1) of S-PTTV

and shows a further lowered band gap of 1.53 eV, that can be attributed to the donor-

acceptor interactions between sulfanyl and sulfonyl-substituted units. The balance between

the latter appears important as the increased amount of –SO2 substituted TT units in S/SO2-

PTTV-1:2 increases the band gap (1.64 eV), possibly due to disrupted solid-state packing

(cf. small ΔFWHMfilm-sol = 850 cm−1, Table 2.2), but also due to a lower MW.

Comparing the absorption of the dimers S-2TTV and SO2-2TTV, unperturbed by the

uncertainty of polymer lengths, supports the above observations. Their 0-0 transitions (450
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and 444 nm, determined as a crossing of the absorption and emission curves) are 2.76 eV and

2.79 eV for S-2TTV and SO2-2TTV, respectively (Figure 2.7). DFT calculations predicted

somewhat higher HOMO-LUMO gaps of 3.14 eV and 3.08 eV, respectively. The sulfanyl-

substituted S-2TTV showed a more pronounced vibronic splitting of the absorption band,

as expected based on its predicted rigidity (Figure 2.4). Generally, oligo- and polythiophenes

Fig. 2.7.: Absorption (—) and emission (- -) spectra of S-2TTV and SO2-2TTV.

are weak-to-moderate emitters, a fact attributed to the heavy atom effect of sulfur enhancing

the intersystem crossing.[31] A majority of thienylenevinylene oligomers and polymers

and their derivatives are almost completely nonemissive. We have earlier reported a

dramatic enhancement of fluorescence in thienylene-vinylene oligomers and polymers

upon the introduction of sulfanyl side chains, which was unexpected due to the additional

sulfur atoms.[32] As a further surprise, we now observed that S-PTTV containing fused

thienothiophene rings, is again nonemissive, although the model dimer S-2TTV exhibits

a moderate emissivity (λmax = 485 nm, PLQY = 15%, Figure 2.5). We could not find a

good explanation for these variations, but we note that both alkyl-substituted PTTV (C6-

PTTV)[29] and alkylsulfanyl-substituted PTT (SC8-PTT, PLQY = 26%)[13] are reported to

show strong photoluminescence.

In line with previous reports,[16] oxidizing the sulfanyl group into sulfonyl enhances the

photoluminescence. The dimer SO2-2TTV shows a quantum yield three times larger (λmax

= 483nm, PLQY = 45%) than its sulfanyl analogue S-2TTV (Figure 6). Moderately strong
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luminescence was also observed for SO2-PTTV at λmax = 585 nm (PLQY = 17%), but

introducing sulfanyl-substituted units in the copolymer again quenches the luminescence,

and only very weak emission at 690 nm was observed for S/SO2-PTTV-1:1 (see Supporting

Information).

2.3.4 Electrochemical Properties
The redox behavior of the synthesized polymers was studied by cyclic voltammetry (CV)

for thin films drop-casted on Pt electrodes (Figure 2.8, Table 2.3). All three polymers

Fig. 2.8.: Cyclic voltammograms of synthesized polymers (0.1 M Bu4NPF6 / propylene
carbonate as electrolyte; scan rate 0.1 V/s).

show reversible reduction (n-doping) and oxidation (p-doping) waves, except for the most

electron-deficient SO2-PTTV, which revealed a quasi-reversible oxidation (ie. correspond-

ing cathodic peaks at much more negative potentials), indicating trapping of the positive

charges.

Compared to the alkyl-substituted C6-PTTV[29] the sulfanyl substituents show a moderate

electron withdrawing effect, shifting the oxidation and reduction of S-PTTV by 0.08 eV and

0.20 eV, respectively (Table 2.3). A much larger shift is observed for sulfonyl-substituted

polymer, SO2-PTTV (0.67 V and 0.63 V shifts for oxidation and reduction, respectively).

The random copolymers S/SO2-PTTV-1:1 and S/SO2-PTTV-1:2 show the electronic effects
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Tab. 2.3.: Redox Potentialsa, HOMO-LUMO Levelsb, and Band Gapsc of Polymers
Determined by CV of Thin Films.

Ered (V) Eox (V) LUMO (eV) HOMO (eV) ECV
g (eV)

C6-PTTV[29] –1.83 0.24 –2.97 –5.04 2.07
S-PTTV –1.63 0.32 –3.17 –5.12 1.95
SO2-PTTV –1.20 0.91 –3.60 –5.71 2.11
S/SO2-PTTV-1:1 –1.37 0.50 –3.43 –5.30 1.87
S/SO2-PTTV-1:2 –1.14 0.74 –3.66 –5.54 1.88
a All potentials reported versus Fc/Fc+ in 0.1 M Bu4NPF6/propylene carbonate.
b Calculated from the onset of the oxidation and reduction potentials, assuming

HOMO of Fc at –4.8 eV.[33]
c ECV

g = HOMO – LUMO.

of both monomer units with reduction and oxidation onsets between those of S-PTTV

and SO2-PTTV, giving them the smallest electrochemical gaps at 1.87 eV and 1.88 eV,

respectively.

2.3.5 Device Studies
S-PTTV and copolymer S/SO2-PTTV-1:1 were tested in OFETs and OPVs, but unfortu-

nately SO2-PTTV was not soluble enough to be spin cast into working devices.

Thin-film transistors were prepared from toluene solutions of the polymers spin-cast on

Si/SiO2 followed by the deposition of patterned Au electrodes. The output and transfer

characteristics of the S-PTTVc transistor are shown in Figure 2.9. A rather low hole mo-

bility of ≈ 1x10−5cm2/Vs was measured for S-PTTVc, and no further improvement was

achieved upon annealing. The copolymer-based devices showed no transistor activity

(μh < 10−7cm2/Vs) and no n-channel activity (electron conductance) was observed for

either polymers. This compares unfavorably with the reported OFETs based on C6-PTTV

with hole mobilities up to 1.9x10−2cm2/Vs (for annealed films, a 40× increase from unan-

nealed). The out-of-plane protrusion of the side chains and the resulting poor overlap

between TT units, as observed in the S-2TTV crystals, is likely the reason for poor transistor

characteristics of these materials.
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Fig. 2.9.: Output (left) and transfer (right) characteristics of transistors made from S-
PTTVc (μh ≈ 1x10−5cm2/Vs).

Tab. 2.4.: Photovoltaic Properties of ITO/PEDOT:PSS/Polymer:PC70BM
(1:1)/Ca/Al Devices.

HOMOCV

(eV)
ISC
(mA/cm2)

VOC

(V)
FF PCE

(%)

C6-PTTV[29] –5.0 1.27 0.60 0.37 0.28
S-PTTV –5.12 3.16 0.68 0.37 0.79
S/SO2-PTTV-1:1 –5.30 1.64 0.82 0.29 0.39
S/SO2-PTTV-1:1 and 3% CN 4.46 0.70 0.27 0.84
S/SO2-PTTV-1:2 and 0.5% DIO 4.07 0.66 0.29 0.78

Bulk-heterojunction solar cell devices from polymer:PC70BM blends were tested. Figure 2.10

shows the I-V curves of two of the polymers and the photovoltaic characteristics obtained

are listed in Table 2.4.

S-PTTV displayed slightly higher open-circuit voltages (VOC) than reported for C6-PTTV,

as is expected due to its lower HOMO level. The trend continues for S/SO2-PTTV-1:1,

which has a high VOC of 0.8 V.

The performances of both the S-PTTV and S/SO2-PTTV-1:1 devices are limited by low

short-circuit currents (ISC) and fill factors (FF). This can be related to the low charge

mobility seen in the transistor devices, although C6-PTTV, that showed higher hole mobility

in OFETs, produced even lower ISC in analogous OPV devices. Poor mobilities mean more

72 Chapter 2 Tuning the Electronic Properties of PTTVs



chances for recombination at the interface before the hole and electron can diffuse away

and increase the serial resistance which leads to the low FFs observed.[34] Similar results

were obtained with Ca vs Al electrodes, so poor charge extraction at the electrode interface

is unlikely to be the issue.

Preliminary optimizations attempts for S/SO2-PTTV-1:1 using chloronaphthalene (CN) and

1,8-diiodooctane (DIO) additives led to improvements in the current densities, but not to

FFs. The best ISC (4.5 mA/cm2) was achieved for devices with 3% CN additive, which

is still half the ISC seen in analogous P3HT devices without additives. The fact that the

FFs did not increase suggests that while the additives may reduce the phase segregation,

thereby improving the exciton dissociation, the larger interface area also increases charge

recombination, leaving the low mobility of the polymers as the limiting factor.

Fig. 2.10.: Current-voltage characteristics of bulk-heterojunction cells of S/SO2-PTTV-1:1
and S-PTTV in 1:1 PC70BM.

2.4 Conclusion
We have reported new thienothiophene vinylene polymers whose electronic properties can

be tuned by changing the oxidation state of the sulfur-containing side-chains. The sulfanyl

and sulfonyl substituents show moderate and strong electron-withdrawing effects and their

combination in random copolymers is a means to fine-tune the energy levels and achieve
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a low band gap (1.5 eV) without affecting the uniformity of the conjugated backbone.

Bulk-heterojunction photovoltaics based on the S/SO2-PTTV-1:1 random copolymer (with

PC70BM) displayed high VOC of 0.8 V, but suffered from low ISC due to poor charge

mobility. The latter was attributed to poor of π− π overlap between TT units caused by

out-of-plane substituents, as corroborated by X-ray analysis. The oxidation state of the side

chains controls the emissive properties of these materials; sulfonyl groups demonstrated

dramatically increased fluorescence in dimers (PLQY of 45% vs 15% for sulfanyl) and

polymers (PLQY of 17% vs ≈0% for sulfanyl).

Introducing a sulfur atom in various oxidation states (sulfanyl/sulfonyl) between the alkyl

chain and the conjugated backbone represents a simple and predictable method for tuning

the electronic and optical properties of organic semiconductors. This method can be a

welcome alternative to designing more complex donor-acceptor motifs for new polymeric

semiconductors.

2.5 Experimental Section

2.5.1 Polymer Characterization and Device Fabrication
Molecular weight measurements of the polymers were performed on a GPC PL 50 in THF
at 30◦C. UV/vis absorption and photoluminescence spectra were measured in CHCl3 with
a JACSO V670 UV–vis–NIR spectrometer and a Varian Eclipse Fluorometer, respectively.
The fluorescence quantum yields of the polymers were determined versus cresyl violet in
MeOH (PLQY = 0.54), while the quantum yields of the dimers were determined versus
fluorescein in 0.1 M NaOH (PLQY = 0.79). Cyclic voltammetry was performed on a CH670
potentiostat from CH-Instruments in a three-electrode cell using a propylene carbonate
solution of 0.1 M (TBA)PF6 as an electrolyte, at scan rates of 100 mV s−1. Pt disk and Pt
wire were used as the working and counter electrodes, respectively, and a Ag/AgCl or
Ag/AgNO3 electrode was used as the reference. All potentials were adjusted vs ferrocene
(internal standard).

OPV devices were prepared on ITO-coated glass substrates that had been cleaned with
detergent and rinsed by sonicating in deionized water, acetone, and finally isopropanol for
20 min each. PEDOT:PSS (Clevios P Al 4083) was spin-cast onto the ITO-coated glass at
4,000 rpm for 30 seconds and then baked at 140◦C for 10 minutes. Solutions of PC71BM
and polymer in 1:1 ratios and 1 mg/mL concentrations in chlorobenzene were prepared by
stirring overnight at 70◦C under inert atmosphere. The photoactive layer was spin-cast at
various rates for 60 seconds each. Next, thermal evaporation of 5 nm of Ca and/or 100 nm
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of Al was performed to form the top contacts. Standard solar cell characterizations were
carried out in a nitrogen environment under simulated 100 mW/cm2 AM1.5G irradiation
from a 300 W Xe arc lamp with an AM 1.5 global filter. All measurements were repeated on
at least 4 devices.

2.5.2 Computational Methods
DFT calculations were performed using the Gaussian 09W program at the B3LYP level with
a 6-31G(d) basis set.[35] All geometry optimization calculations were started with the sub-
stituents in the anti-orientation, at 90◦ angles to the TT plane. The dihedral angles reported
were averaged from internal TT–vinylene dihedrals in geometry-optimized oligomers. The
PBC calculation for polymer were performed at the same level, with various unit cell size
to enable different dihedral angles (one monomer per unit cell necessarily affords a planar
polymer; two monomers allow the optimization of the dihedral angle, with alternating
clock-wise/anticlockwise rotation; six monomers per units cell allows helical twisting with
60◦ pitch, close to the optimized 55◦ for S-PTT). The energy of rotation of a TT unit vs the
vinylene spacer was performed on optimized dimers while freezing the dihedral angle
to the second TT unit. The energy diagrams of full, 360◦ rotations of substituents were
calculated from optimized dimers with both TT–vinylene dihedral angles frozen.

2.5.3 Synthesis
All lithiation and polymerization reactions were performed under inert atmosphere, with
flame-dried glassware and anhydrous solvents. 3,6-dibromothieno[3,2-b]thiophene was
synthesized in four steps following literature procedures.[25][36]

3,6-Bis(hexylsulfanyl)thieno[3,2-b]thiophene (2.1a)
n-BuLi (0.60 mL, 1.5 mmol) was added at −75◦C to a stirring solution of 3,6-dibromothieno[3,2-
b]thiophene (0.379 g, 0.127 mmol) in diethyl ether (20 mL) and the reaction mixture stirred
for 1 h. Dihexyldisulfide (0.42 g, 1.4 mmol) was added and the reaction was allowed to
warm to room temperature overnight. The next day the reaction mixture was cooled back to
−75◦C and a second dose of n-BuLi added. After an hour, dihexyldisulfide was added and
the reaction was allowed to warm to room temperature and stirred overnight a second time.
The reaction was then quenched with H2O (20 mL), the organics were washed with NH4Cl
solution (20 mL), H2O (2 × 20 mL), then dried over Na2SO4, and concentrated in vacuo.
The crude oil was then distilled in a Kugelrohr apparatus (170◦C, 0.16 bar) to yield pure
2.1a as a colorless oil (0.319 g, 67%). 1HNMR (acetone-d6, 400 MHz): δ 7.54 (s, 2H), 2.99 (t,
J = 7.2 Hz, 4H), 1.63 (m, 4H), 1.44 (m, 4H), 1.27 (m, 8H), 0.87 (t, J = 6.8 Hz, 6H). 13CNMR
(CDCl3, 125 MHz): δ 141.2, 127.0, 125.0, 34.6, 31.3, 29.6, 28.2, 22.5, 14.0. HR-MS (ESI): m/z =
373.1150 [M+1] (calcd for C18H29S4, m/z = 373.1147).

3,6-Bis(dodecylsulfanyl)thieno[3,2-b]thiophene (2.1b)
The compound was synthesized in the same manner as described for 2.1a. Kugelrohr
distillation was not effective for separation, so the product was recrystallized from pentane
in a −18◦C in freezer to give tan crystals in a 30% yield. 1HNMR (acetone-d6, 400 MHz): δ
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7.54 (s, 2H), 3.00 (t, J = 7.2 Hz, 4H), 1.63 (m, 4H), 1.44 (m, 4H), 1.27 (m, 16H), 0.88 (t, J = 6.8
Hz, 6H). 1HNMR (CDCl3, 400 MHz): δ 7.24 (s, 2H, overlaps with CHCl3), 2.90 (t, J = 7.6 Hz,
4H), 1.61 (m, 4H), 1.40 (m, 4H), 1.24 (m, 16H), 0.88 (t, J = 7.2 Hz, 6H). 13CNMR (CDCl3, 125
MHz): δ 141.1, 126.9, 125.0, 34.6, 31.9, 29.6, 29.6, 29.5, 29.3, 29.1, 28.5, 22.7, 14.1.

3,6-Bis(2-ethylhexylsulfanyl)thieno[3,2-b]thiophene (2.1c)
The compound was synthesized and purified as described for 2.1a to give a clear oil in
78% yield. 1HNMR (CDCl3, 400 MHz): δ 7.24 (s, 2H), 2.92 (d, J = 6.0 Hz, 4H), 1.40 (m, 9H),
1.25 (m, 9H), 0.87 (m, 12H). HR-MS (ESI): m/z = 429.1782 [M+1] (calcd for C22H37S4, m/z =
429.1773).

3,6-Bis(butylsulfanyl)thieno[3,2-b]thiophene (2.1d)
The compound was synthesized and purified as described for 2.1a to give a clear oil in 43%
yield. 1HNMR (acetone-d6, 400 MHz): δ 7.53 (s, 2H), 2.99 (t, J = 8.0 Hz, 4H), 1.61 (m, 4H),
1.46 (m, 4H), 0.89 (t, J = 7.2 Hz, 6H). HR-MS (ESI): m/z = 317.0524 [M+1] (calcd for C14H21S4,
m/z = 317.0521).

2,5-Dibromo-3,6-bis(dodecylsulfanyl)thieno[3,2-b]thiophene (2.2b)
Thienothiophene 2.1b (82.4 mg, 0.152 mmol) was dissolved in CHCl3 (2 mL) and acetic
acid (2 mL) and cooled to −40◦C. NBS (82.6 mg, 0.464 mmol) was added and the reaction
warmed slowly to room temperature protected from light with foil. After being stirred
for 24 h, the reaction was treated with saturated Na2S2O3 solution (5 mL). The reaction
mixture was then diluted with H2O and extracted with CHCl3 (2 × 20 mL). The solvent was
removed in vacuo and the resulting product was passed through a silica plug with hexane
to yield pure bromide 2.2b as a white solid (77.5 mg, 73%). 1HNMR (CD2Cl2, 400 MHz): δ
2.89 (t, J = 7.2 Hz, 4H), 1.54 (m, 4H), 1.40 (m, 4H), 1.25 (m, 16H), 0.89 (t, J = 6.8 Hz, 6H).

2,5-Dibromo-3,6-bis(hexylsulfanyl)thieno[3,2-b]thiophene (2.2a)
The compound was synthesized as described for 2.2b to give an orange oil in 33% yield.
1HNMR (acetone-d6, 400 MHz): δ 2.97 (t, J = 7.2 Hz, 4H), 1.55 (p, J = 7.6 Hz, 4H), 1.44 (p,
J = 7.6 Hz, 4H), 1.26 (m, 8H), 0.86 (t, J = 7.2 Hz, 6H). 13CNMR (CDCl3, 75 MHz): δ 139.3,
125.5, 119.1, 34.6, 31.3, 30.0, 28.2, 22.5, 14.1. HR-MS (ESI): m/z = 528.9348 [M+1] (calcd for
C18H27Br2S4, m/z = 528.9357).

2,5-Dibromo-3,6-bis((2-ethylhexyl)sulfanyl)thieno[3,2-b]thiophene (2.2c)
Compound was synthesized as described above to give an orange oil in 42% yield. 1HNMR
(CDCl3, 300 MHz): δ 2.87 (d, J = 3.0 Hz), 1.42 (m, 9H), 1.25 (m, 9H), 0.87 (t, J = 7.2 Hz, 12H).
HR-MS (APCI): m/z = 584.9954 [M+1] (calcd for C22H34Br2S4, m/z = 584.9983).

2,5-Dibromo-3,6-bis(dodecylsulfonyl)thieno[3,2-b]thiophene (2.3b)
Sulfide 2.2b (0.1195 g, 0.1710 mmol) was dissolved in CHCl3 (5 mL) and cooled to 0◦C
under nitrogen gas. MPCBA, purified from commercial reagent by washing with pH 7.5
phosphate buffer, (0.1520 g, 0.8808 mmol) was added, and the reaction mixture was allowed
to warm to room temperature and stirred for 20 h. The reaction was then quenched with 0.1
M NaOH solution (25 mL), extracted with CHCl3 (2 × 20 mL), and dried over Na2SO4. The
solvent was removed in vacuo and the product was passed through a silica plug to afford
pure sulfone 2.3b as a white solid (0.122 g, 93%). 1HNMR (CDCl3, 300 MHz): δ 3.34 (t, J
= 7.5 Hz, 4H), 1.75 (p, J = 7.8 Hz, 4H), 1.40 (m, 4H), 1.24 (m, 16H), 0.87 (t, J = 6.6 Hz, 6H).
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13CNMR (CDCl3, 75 MHz): δ 135.9, 131.0, 122.1, 55.4, 31.9 29.5, 29.5, 29.4, 29.3, 29.2, 28.9,
28.1, 22.7, 22.2, 14.1. HR-MS (ESI) m/z = 761.1021 [M+1] (calcd for C30H51Br2O4S4, m/z =
761.1031).

2,5-Dibromo-3,6-bis(2-ethylhexylsulfonyl)thieno[3,2-b]thiophene (2.3c)
The compound was synthesized in the same manner as described above to give a yellow
solid in 82% yield. 1HNMR (acetone-d6, 300 MHz): δ 3.45 (d, J = 6.0 Hz, 4H), 1.44 (m, 10H),
1.24 (m, 8H), 0.86 (t, J = 7.2 Hz, 12H). 13CNMR (CDCl3, 125 MHz): δ 135.8, 131.8, 122.0,
58.8, 34.6, 32.5, 28.2, 25.9, 22.6, 14.0, 10.3. HR-MS (ESI): m/z = 648.9771 [M+1] (calcd for
C22H35Br2O4S4, m/z = 648.9779).

2-Bromo-3,6-bis(butylsulfanyl)thieno[3,2-b]thiophene (2.4)
3,6-Bis(butylsulfanyl)thieno[3,2-b]thiophene 2.1d (0.1667 g, 0.5266 mmol) was cooled to
−75◦C in dry Et2O. nBuLi was added dropwise and the reaction was stirred for 40 min
at −75◦C before being warmed to −10◦C for 1 h. The reaction mixture was then cooled
back to −75◦C, and carbon tetrabromide (0.1665 g, 0.5021 mmol), dissolved in 1 mL of dry
Et2O, was added dropwise. After 2 h, the reaction mixture was quenched with H2O (10
mL), diluted in Et2O (25 mL), washed with H2O and NaHCO3 solution, and then dried
over Na2SO4. The product was purified by silica-gel column chromatography with hexane
and CHCl3 as eluent (1:0 to 9:1 gradient) to afford a yellow oil (0.126 g, 61% yield). 1HNMR
(acetone-d6, 400 MHz): δ 7.65 (s, 1H), 2.985 (t, J = 7.2 Hz, 2H), 2.978 (t, J = 7.2 Hz, 2H) 1.61
(m, 4H), 1.46 (m, 4H), 0.895 (t, J = 7.2 Hz, 3H), 0.870 (t, J = 7.2 Hz, 3H).

2-Bromo-3,6-bis(butylsulfonyl)thieno[3,2-b]thiophene (2.5)
Compound was synthesized in the same manner as described for compound 2.3 to give a
yellow solid in 86% yield. 1HNMR (acetone-d6, 300 MHz): δ 8.59 (s, 1H), 3.50 (t, J = 7.5 Hz,
2H), 3.39 (t, J = 7.8 Hz, 2H), 1.72 (m, 4H), 1.45 (m, 4H), 0.89 (t, J = 6.9 Hz, 6H).

General Procedure for Stille Polycondensation Polymerization
The TT and (E)-1,2-bis(tributylstannyl)ethene monomers were weighed out and transferred
to a pear-shaped flask and placed under a stream of nitrogen gas. Pd(PPh3)4 (10 mol%)
was weighed out into a dry 25 mL Schlenk tube in a glovebox. The monomer mixture was
transferred to the reaction flask, rinsing with dry toluene (2 mL). The mixture was degassed
by freeze–pump–thaw (2 × 15 min at −75◦C). The reaction was then heated to reflux (110◦C)
and sealed under nitrogen gas. The polymerization was monitored by UV over 48 h, but no
further shift in the UV absorption onset was observed after 15 h. The reaction product was
then precipitated by dropwise addition into MeOH (100 mL) and collected by filtration on
PTFE membrane. The polymers are purified by Soxhlet extraction by sequential washing
with ethanol, acetone, and hexane and finally collected in chloroform or chlorobenzene.

(E)-1,2-Bis(3,6-bis(butylsulfanyl)thieno[3,2-b]thiophen-2-yl)ethene
(S-2TTV)
2.4 (49.9 mg, 0.126 mmol) and (E)-1,2-bis(tributylstannyl)-ethene (33.3 μL, 0.0632 mmol)
were loaded into a 25 mL Schlenk tube. Dry toluene (2 mL) was added and the tube was
flushed with N2 before the addition of Pd(PPh3)4 (15.5 mg, 0.0134 mmol). The reaction
was heated to 100◦C, sealed under N2, and stirred overnight. After cooling, the reaction
mixture was diluted in EtOAc and washed with NH4Cl solution (50 mL). The organics
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were then washed with 1 M KF solution (2 × 20 mL) with vigorous shaking. The combined
KF fractions were extracted with EtOAc and the organic phases dried with Na2SO4. The
organics were then filtered through cotton and the solvent removed in vacuo. The product
was flashed through silica with hexane and CHCl3 as eluent (9:1) and further purified by
recrystallization from hexane to afford 18.8 mg (46% yield) of S-2TTV as an orange powder.
1HNMR (CDCl3, 300 MHz): δ 7.49 (s, 2H), 7.22 (s, 2H), 2.887 (t, J = 7.2 Hz, 4H), 2.822 (t,
J = 7.2 Hz, 4H), 1.50 (m, 16H), 0.863 (t, J = 7.2 Hz, 6H), 0.830 (t, J = 6.9 Hz, 6H). 13CNMR
(dimethyl sulfoxide-d6, 500 MHz, 83◦C): δ 144.9, 143.7, 137.8, 128.2, 125.2, 124.0, 122.0,
35.1, 34.1, 32.0, 31.7, 21.42, 21.27, 13.67, 13.64. HR-MS (ESI): m/z = 657.0978 [M+1] (calcd
for C30H41S8, m/z = 657.0968). Single crystals were grown by dissolving S-2TTV in a hot
toluene/hexane/ethanol mixture and cooling overnight.

(E)-1,2-Bis(3,6-bis(butylsulfonyl)thieno[3,2-b]thiophen-2-yl)ethene
(SO2-2TTV)
The same procedure as above was used with 2.5 as starting material. The product was
flashed through silica with DCM, concentrated, then recrystallized from propanol and
centrifuged to remove the propanol supernatant to afford 30.2 mg (45% yield) of pure
SO2-2TTV as an orange powder. 1HNMR (CDCl3, 300 MHz): δ 8.20 (s, 2H), 8.01 (s, 2H),
3.24 (t, J = 8.1 Hz, 8H), 1.79 (m, 8H), 1.46 (m, 8H), 0.937 (t, J = 7.2 Hz, 6H), 0.913 (t, J = 7.2
Hz, 6H). 13CNMR (dimethyl sulfoxide-d6, 500 MHz, 83◦C): δ 148.5, 139.9, 139.2, 134.0, 132.6,
129.7, 123.9, 56.8, 55.9, 24.7, 24.7, 21.08, 21.05, 13.56, 13.55. HR-MS (ESI): m/z = 785.0569
[M+1] (calcd for C30H41O8S8, m/z = 785.0562). Mp >300◦C (dec.)
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3Polymorphism in New

Thienothiophene–

Thiazolothiazole Organic

Semiconductors

Whereas Chapter 2 focused entirely on sulfur heteroatoms, Chapter 3 discusses the incorpo-

ration of both sulfur and nitrogen heteroatoms. Again, a donor–acceptor strategy is adopted

in the combination of electron rich thienothiophene moieties and electron deficient thia-

zolothiazole moieties to form small molecular trimers. Calculations are used to determine

what effect the incorporation of thiazole-type nitrogens has on energy levels, reorganization

energy and BLA, as compared to an all-sulfur thienothiophene trimer. This chapter also

looks at the different heteroatom interactions in the solid-state packing of polymorphs of

the trimers.

Reprinted with permission from: Schneider, J. A.; Black, H.; Lin, H.-P.; Perepichka, D. F.

ChemPhysChem 2015, 16, 1173-1178. Copyright (2013) John Wiley & Sons, Inc.
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3.1 Abstract
Charge transport in organic semiconductors is heavily influenced by their solid-state pack-

ing. To separate intermolecular packing effects from molecular electronic effects, we have

synthesized two polymorphs of crystalline thienothiophene-thiazolothiazole trimers and

studied them by DFT calculations, optical spectroscopy, single-crystal X-ray diffraction

and charge-transport measurements in field-effect transistors. One polymorph was found

to be a p-type semiconductor with a hole mobility of 3.3 × 10−3 cm2/Vs, while the other

was insulating. The different charge-transport behavior and optical properties of the two

polymorphs are strongly related to the topology of their π–stacks. Subtle differences be-

tween the polymorphs, including S···S close contacts and bond-length alternation are also

discussed for their possible effects on charge transport.

3.2 Introduction
Undeniably, organic semiconductors will play an important role in future electronic tech-

nologies. Charge mobilities in organic semiconductors are continuously being improved

through the tuning of molecular structures and advances in fabrication techniques.[1] With

these performance improvements comes greater scrutiny into how supramolecular ordering

dictates charge transport. It is evident that the solid-state packing of a material will have a

critical impact on its transport properties,[2] yet there is no consensus as to which packing

motifs are most favorable.[3] Consequently, designing new semiconducting materials is

still an empirical exercise, with morphological justifications for device performance mostly

limited to after the fact discussions. Trends observed for one class of compounds do not

always hold true for the next since charge transport is controlled by both the molecular

structure and its supramolecular assembly.

The best way to isolate packing effects from molecular structure effects is to study poly-

morphs of the same material. Polymorphs of small molecules can indeed display vastly

different charge mobilities, demonstrating the importance of variations in solid-state pack-

ing. For example, one polymorph of dihydrodiazapentalene, DHDAP, exhibits a charge
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mobility 5,000 times greater than that of two other polymorphs.[4] Rubrene, one of the

most studied semiconductors, has several polymorphs, where the monoclinic, triclinic and

orthorhombic forms all display different hole mobilities.[5] Polymorphism has also been

observed in thiophene-based materials, most notably the high- and low-temperature forms

of sexithiophene.[6]

Thiophene-based materials are ubiquitous in organic electronics because of their synthetic

accessibility, relatively low aromatic stabilization (beneficial for extended electron delo-

calization) and the electronegativity of sulfur being close to that of carbon. Thieno[3,2-b]

thiophene (TT), a popular building block in organic semiconductors, has a fused bicyclic

structure that enhances electron delocalization, promotes π–π stacking, and forms rod-like

molecular structures owing to its 180◦ coupling geometry. TT units have been successfully

incorporated into conjugated polymers[7] and oligomers[8] leading to an increase in charge

mobility. Thiazolo[5,4-d]thiazole’s (TzTz) structure is isoelectronic to TT’s and is nearly

identical except for the addition of electron deficient nitrogen. A recent review[9] on TzTz

as a building block in organic electronics covers known structures very well so we will only

mention a few significant advances. Takimiya et al. achieved high efficiencies in OPVs

with thiophene–TzTz copolymers where the TzTz moiety imparted strong π–π stacking to

the crystalline films.[10] Ando’s group screened a series of TzTz-containing oligomers in

FET devices and found that good n-type properties could be achieved by combining TzTz

with electron withdrawing CF3Ph– groups, but that derivatives with thiophene rings at the

termini displayed only modest p-type mobilities.[11]

Combining both TT and TzTz building blocks creates a linear planar molecule with donor–

acceptor behavior, structural rigidity and the possibility of S···S close contacts. In this

work, we report on two polymorphs of novel thieno[3,2-b]thiophene-thiazolo[5,4-d]thiazole

oligomers, TT–TzTz–TT (3.1 and 3.2, Scheme 3.1) and analyze the structure-property rela-

tionships, including the effects of heteroatoms and packing geometry.
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Scheme 3.1: Synthesis of the TT-TzTz-TT oligomers.

3.3 Results and Discussion

3.3.1 Synthesis and Molecular Properties
The thiazolothiazole core of the oligomers was synthesized by heating thieno[3,2-b]thiophene-

2-carbaldehydes with dithiooxamide following the classic Ketcham synthesis (Scheme

3.1).[12] Hexyl groups were introduced in 3.2 to improve solubility and film-forming prop-

erties. The oligomers were purified by sublimation to yield bright orange solids. The

Fig. 3.1.: Absorption (—) and emission (- - -) spectra of 3.1 and 3.2 in CH2Cl2 solutions
and the solid-state emission of 3.1.

absorption and emission spectra of 3.1 and 3.2, recorded in CH2Cl2 solutions, both re-

veal pronounced vibronic structures (Δhν = 1200 cm−1), as expected for rigid non-polar

molecules of this type (Figure 3.1, Table 3.1). Introducing alkyl chains in 3.2 results in 10 nm
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Tab. 3.1.: Calculateda energy levels, reorganization energies, and bond-length alter-
nation and optical properties of 3.1, 3.2 and the heteroanalogues 3–TT and
3–TzTz.

HOMO
(eV)

LUMO
(eV)

Eg

(eV)
λh
(eV)

λe
(eV)

Abs
max
(nm)

Em
max
(nm)

BLAc

(Å)

3.1 –5.32 –2.35 2.97 0.317 0.231 420 465 0.0494
3.2 –5.12 –2.20 2.91 — — 431 482 —
3–TT –5.05 –1.97 3.08 0.330 0.302 401b 448b 0.0426
3–TzTz –5.97 –2.97 3.00 0.306 0.283 — — 0.0621
a Calculated on Gaussian 09 using B3LYP, 6-31G(d).
b Literature value (ref. [13]).
c Defined here as the average of the difference in length between adjacent single and
double bonds.

and 17 nm shifts of the absorption and emission peaks, respectively. This is due to increased

donor character from the hexyl–TT moieties which enhance the donor–acceptor interaction

in this D–A–D system. The 0–0 transitions for 3.1 and 3.2 (455 and 469 nm, determined as a

crossing of the absorption and emission curves) are 2.73 and 2.64 eV, respectively, slightly

lower than the DFT-calculated HOMO–LUMO gap of 2.97 and 2.91 eV (Table 3.1). 3.1 and

3.2 are both fluorescent with identical quantum yields of 37% in CH2Cl2 solution (lifetimes

τ=0.58 ns for 3.1).

We compared the electronic properties of 3.1 to those of terthieno[3,2-b]thiophene (3–TT)

and terthiazolo[5,4-d]thiazole (3–TzTz), which consist of only donor or acceptor units,

respectively (Table 3.1). All three compounds are isoelectronic, differing by the number of

nitrogen atoms in the TT framework (0, 2 or 6). As expected, the frontier orbitals of 3.1 lie

between those of 3–TT and 3–TzTz, and its HOMO–LUMO gap is slightly lowered due to

donor–acceptor interactions. This is confirmed by a ≈20 nm red-shift in the experimental

absorption maxima of 3.1 versus 3–TT.[13] Bond length alternation (BLA) in the trimers

was calculated given that BLA is a major contributor to band gap reduction in linear

conjugated systems and correlates with the ratio of aromatic versus quinoidal character in

polyaromatics.[14] The largest contributor to BLA is the bond-length difference between

the interring C—C single bond and the N=C double bond in the ring. It follows therefore
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that 3–TzTz has the largest BLA and 3–TT the smallest. The calculated BLA of TT–TzTz–TT

is lower, however, than the average of the other two trimers, implying a stabilization of

the quinoidal form through D–A effects. Reorganization energies were also calculated for

both holes and electrons. Not surprisingly, the λh of 3.1 fell between that of the other two

trimers, but the λe was significantly lower than both indicating good electron delocalization

through the TzTz moiety (Table 3.1).

Electrochemical measurements of 3.2 were performed in dichlorobenzene and the cyclic

voltammogram showed a reversible oxidation at 0.61 V (vs. Fc/Fc+) (Figure 3.2). This

indicates a HOMO level of –5.4 eV (assuming Fc HOMO at –4.8 eV). At 0.85 V a second,

quasi-reversible oxidation is visible. No reduction waves were observed in the accessible

electrochemical window owing to the relatively high band gap.

Fig. 3.2.: Cyclic voltammogram of 3.2 showing the first (red curve) and second (black
curve) oxidations (0.1M Bu4NPF6 in DCB as electrolyte; scan rate 0.1 Vs−1).

3.3.2 Solid–State Properties
Single crystals of 3.1 were grown by physical vapor transport in a horizontal temperature-

gradient oven and yielded two polymorphs: red needle-like crystals (3.1-Red) in the warmer

section and yellow crystals with a more plate-like appearance (3.1-Yellow) in the cooler

section (Figure 3.3a and 3.4a). The crystal structures of both were determined by X-ray
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analysis, revealing the same monoclinic P21/c space group for both polymorphs (CCDC

1045343–<1045344, also see the Supporting Information).

The TT–TzTz–TT core in both 3.1-Red and 3.1-Yellow polymorphs is nearly planar; the

average interring torsion angle is 1.5◦ and 3.0◦, respectively. X-ray analysis shows that

the BLA is very similar to the calculated gas-phase value (Table 3.1) and might be slightly

smaller for the 3.1-Yellow polymorph (0.049(3)Å) than for 3.1-Red (0.054(7)Å), although

the difference is not statistically significant. In 3.1-Red the molecules arrange in a slipped-

Fig. 3.3.: a) Images of the crystals under normal and UV light. Crystal structure of 3.1-Red
showing the b) lattice, c) unit cell and d) slipped-stacked packing. S· · · S close
contacts and π–π distances are labeled.

stacked packing architecture with an interplanar distance of ≈3.45Å(Figure 3.3d). However,

the resulting isolated π–stacks consist of only four molecules and these tetramers meet at

69.3◦ angles. Therefore, no continuous π–π stacking network capable of long-range trans-
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port exists (Figure 3.3b). This is not the case for 3.1-Yellow, which contains uninterrupted

π–stacks with a slightly smaller interplanar distance of ≈3.41Å(Figure 3.4d). Adjacent

molecules of the π–stacks in both polymorphs are laterally shifted along both the short and

the long axes, but they do so to a much greater extent in 3.1-Yellow than in 3.1-Red. The

adjacent π–stacks in 3.1-Red are co-parallel forming a continuous one-dimensional channel

(oriented vertically in Figure 3.3b). In 3.1-Yellow, the molecules of adjacent π–stacks meet

at an angle, forming a herringbone sheet-like arrangement, in both bc (Figure 3.4b) and

ab (Figure 3.4d) planes. The packing of 3.1-Yellow has four S···S close contacts, whereas

Fig. 3.4.: a) Images of the crystals under normal and UV light. Crystal structure of 3.1-
Yellow showing the b) lattice, c) unit cell and d) herring-bone packing. S···S and
S···H close contacts and π–π distances are labeled.

3.1-Red has only two (Figure 3.3c and 3.4c). In both polymorphs, the S···S contacts between

TzTz sulfur atoms were shorter than the contacts between TT sulfur atoms by ≈0.2–0.4Å.
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Tab. 3.2.: Calculated electronic couplings in three
directions.a

3.1-Red 3.1-Yellow

hole
(meV)

electron
(meV)

hole
(meV)

electron
(meV)

ta –194.9 –11.6 –88.5 54.0
tb 2.2 11.8 –0.4 –8.7
tb 0.3 –6.9 2.3 27.4
a Electronic coupling, V =

J−1/2(ε1+ε2)S
1−S2 , where J is the

transfer integral, S the overlap, and ε the site energy. Calcu-
lated using GGA:PW91, TZP with ADF software.

Using the experimental crystal structures, the electronic coupling between molecular dimers

was calculated (Table 3.2). Both polymorphs display a pronounced anisotropy of the valence

band: there is a strong electronic coupling of HOMOs between face-to-face pairs (along ta,

Figures 3.3d and 3.4d), but very little between edge-to-edge molecules (along tb, tc). The

highest electronic coupling (ta) for 3.1-Red is much larger than that of 3.1-Yellow, attributed

to the smaller lateral shift between adjacent molecules in the π–stack. Unfortunately, this

strong coupling in 3.1-Red is limited to the previously described π–tetramers and does not

result in a continuous p-channel. The strong coupling (ta) in 3.1-Yellow takes place along

the continuous π–stacks defining the direction of high-conductance. The absolute value of

coupling along ta is similar to that of high mobility semiconductors of comparable size, but

the coupling in the other direction is much lower (e.g. dianthra-TT: ta,b,c = 70, 88, 35 meV;

μh ≈ 3.0 × 10−5 cm2/Vs.[8]

Interestingly, we see much less anisotropy in the electronic coupling of the LUMOs, with

higher absolute values for the tb and tc pairs. The LUMO has a high coefficient at the sulfur

atoms, explaining why tb and tc, the pairs with S···S contacts, should experience stronger

electronic coupling.[15] The HOMO has a zero coefficient at sulfur, thus S···S contacts do

not contribute to HOMO coupling between those pairs (see the SI for MO surfaces).

The emission of the solid (powder) sample of 3.1 is deeply red-shifted compared to that in

solution (by 0.62 eV), signifying a substantial exciton delocalization (Figure 3.1). Fluores-

3.3 Results and Discussion 119



cence microscopy of the individual 3.1-Yellow and 3.1-Red polymorphs reveals emission

maxima of 591 and 622 nm, respectively (Figure 3.5). 3.1-Red is clearly more fluorescent

than 3.1-Yellow. However, both crystals show the same emission lifetimes (τ = 4.7 ns),

indicating a lower radiative rate in 3.1-Yellow (Kr = Φ/τ) (Figure S4). The red shift and

faster radiative transition of 3.1-Red are likely explained by the strong coupling of molec-

ular chromophores in this polymorph, and can be linked to the different packing modes

described above.

Fig. 3.5.: Fluorescence spectra of the crystal polymorphs of 3.1. The inset shows their rela-
tive emissive intensities. On the right are microscope images of the polymorphs.

3.3.3 Device Studies
Single-crystal field-effect transistors (SCFETs) were fabricated from both polymorphs.

We used a top-contact, bottom-gate geometry and tested the crystals on bare SiO2/Si,

poly(methyl methacrylate) (PMMA) and hexamethyldisilazane (HMDS) treated substrates,

with the HMDS-treated substrates giving the best results. 3.1-Yellow showed good trans-

fer characteristics and a hole mobility (μh) of 3.3x10−3cm2/Vs (Figure 3.6a). The linear

shape of the output curve at low VDS bias indicates that contact resistance is not a major

limiting factor in this device. We thus attributed the modest measured mobility primarily

to the distinct one-dimensional nature of the electronic coupling (Table 3.2). 3.1-Red, on

the other hand, showed no gate-modulated current (μh < 10−7cm2/Vs), as was expected
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from its crystal structure. For the alkylated oligomer 3.2, thin film transistors (TFTs) were

made on bare SiO2/Si substrates by high-vacuum deposition. The films exhibited p-type

semiconducting behavior with hole mobilities of 1.0 × 10−3 cm2/Vs, similar to that of

SCFET of 3.1 (Figure 3.6b). No substantial electron mobility was measured for any of the

materials/device configurations. This can be attributed to the rather high LUMO of both

materials, which leads to a large electron injection barrier from the high-work function gold

electrode (≈5.3 eV) and to facile charge trapping by O2 and H2O atmospheric impurities.

Fig. 3.6.: a) Output (top left) and transfer (top right) characteristics of single-crystal tran-
sistors made from 3.1-Yellow (μh = 3.3 × 10−3 cm2/Vs). b) Output (bottom left)
and transfer (bottom right) characteristics of thin-film transistors made from 3.2
(μh = 1.0 × 10−3 cm2/Vs).

3.4 Conclusions
In summary, we have synthesized new organic semiconductors combining isoelectronic

donor (thienothiophene) and acceptor (thiazolothiazole) building blocks and grew two
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crystal polymorphs of the material, namely, 3.1-Red and 3.1-Yellow. 3.1-Red was found

to have a slipped-stacked packing architecture and a large calculated electronic coupling

between face-to-face molecules, which gives rise to a pronounced bathochromic shift

of the absorbance and a characteristic red color. However, these π–stacking molecules

exist in isolated groups of tetramers, leaving no possibility for long-range transport. 3.1-

Yellow possesses a smaller electronic coupling (thus exhibiting a smaller bathochromic

shift), but also more S···S close contacts and a herringbone packing motif with continuous

π–π stacking. Both polymorphs were fluorescent and exhibited large red-shifts in their

solid-state emission. SCFETs were fabricated from both polymorphs, but only 3.1-Yellow

displayed semiconductive properties. TFTs were also fabricated from the alkylated oligomer

3.2. Though calculations suggest the possibility of n-type character, both 3.1-Yellow and 3.2

displayed only p-type behavior proceeding from poor charge injection due to gold’s high

work function, and possible electron trapping. Our study has made tangible the connection

between the crystal packing and device performance of thienothiophene–thiazolothiazole

semiconductors. An understanding of polymorphism and this type of structure-property

relationship will be paramount for further rational design of organic semiconductors.

3.5 Experimental Section

3.5.1 Optical Spectroscopy
UV/Vis absorption and photoluminescence spectra were measured in CH2Cl2 with a
JACSO V670 UV-Vis-NIR spectrometer and a Varian Eclipse Fluorimeter, respectively.
The fluorescence quantum yields were determined relative to fluorescein in 0.1 M NaOH
(PLQY=0.79). Solid-state fluorescence data was acquired for powders using an integrating
sphere.

3.5.2 Electrochemistry
Cyclic voltammetry studies were performed on a CH670 potentiostat from CH-Instruments
in a three-electrode cell using a 0.1 M TBAPF6/o-dichlorobenzene electrolyte solution, at
scan rates of 100 mV s−1. A Pt disk and a Pt wire were used as the working and counter
electrodes, respectively, and an Ag/AgCl electrode was used as the reference. All potentials
were adjusted versus ferrocene (internal standard).
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3.5.3 Synthesis
Thieno[3,2-b]thiophene-2-carbaldehyde was synthesized according to literature proce-
dures.[13]

Scheme 3.2: Synthesis of 5-hexylthieno[3,2-b]thiophene-2-carbaldehyde.

4-((2,2-diethoxyethyl)thio)-2-hexylthiophene
In a dry flask, 1.7 M tert-butyllithium in pentane (100 mL, 0.170 mol) was added dropwise to
a solution of 3-bromo-5-hexylthiophene (18.2 g, 0.074 mol) in ether (500 mL) at −78◦C under
a N2 atmosphere. The addition complete, the reaction stirred for 30 min at this temperature,
then 1,2-bis(2,2-diethoxyethyl)disulfide (24.6 g, 0.083 mol) was added dropwise and the
reaction mixture allowed to warm to room temperature. The reaction stirred for 2 days and
was quenched with water. The organic layer was extracted with ether (100 mL), washed
with 1 M aqueous NaOH (4 x 100 mL) and brine (100 mL). After drying the organic layer
over anhydrous Na2SO4 the solvent was removed in vacuo to yield a brown oil which was
used directly in the next step without purification.

2-hexylthieno[3,2-b]thiophene
Anhydrous amberlyst 15 ion exchange resin (50 g) was added to a stirring solution of crude
4-((2,2-diethoxyethyl)thio)-2-hexylthiophene in ether (500 mL) and the reaction mixture
was heated to reflux for 12 hours. The solution was then decanted and poured through a
Buchner funnel fitted with filter paper. Fresh ether (400 mL) was added to the amberlyst
beads and brought to reflux for 2 hours in order to extract the residual product. This
solution was combined with the reaction mixture upon decanting through the Buchner
funnel. After removing the solvent in vacuo the residue was passed through a silica plug
with hexane to afford a red oil. The product was purified by distillation at 70◦C, under a
pressure of 150 microns to afford a solid (2.53 g, 15% yield over two steps) with spectral
characteristics as previously reported.[16] 1HNMR (CDCl3, 500 MHz, 25◦C) δ 7.29 (d, J =
5.5 Hz, 1H), 7.20 (d, J = 5.5 Hz, 1H), 6.98 (s, 1H), 2.90 (t, J = 7.6, 2H), 1.74 (m, 2H), 1.41 (m,
2H), 1.33 (m, 4H), 0.91 (t, J = 7.1 Hz, 3H).

5-hexylthieno[3,2-b]thiophene-2-carbaldehyde
DMF (0.34 mL, 4.410 mmol) was cooled to 0◦C under a flow of N2 and POCl3 (0.41 mL, 4.399
mmol) was added dropwise. The reaction mixture warmed to room temperature and was
diluted in dry chloroform (15 mL). After stirring for 1 hour, 2-hexylthieno[3,2-b]thiophene
(0.399 g, 1.776 mmol) is added under positive pressure. A condenser is attached and the
reaction brought to reflux overnight. The next day, the reaction is cooled, a sodium acetate
solution in water is added (0.761 g in 5 mL) and the reaction is refluxed for 30 more minutes.
The reaction mixture is extracted with DCM (3 x 20 mL) and the organics are washed with a
saturated solution of NaHCO3 (2 x 50 mL) before being dried over Na2SO4. The solvent
is removed in vacuo to afford a dark oily solid. The product was purified by column
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chromatography using a 20% to 80% dichloromethane in hexane gradient eluent system to
afford peach-colored crystals (0.357 g, 80% yield) with spectral characteristics as previously
reported.[16] 1HNMR (CDCl3, 500 MHz, 25◦C) δ 9.94 (s, 1H), 7.87 (s, 1H), 7.04 (s, 1H), 2.94
(t, J = 7.2, 2H), 1.76 (m, 2H), 1.42 (m, 2H), 1.34 (m, 4H), 0.92 (t, J = 7.1 Hz, 3H). 13CNMR
(CDCl3, 125 MHz, 25◦C) δ 183.3, 156.3, 146.1, 143.7, 137.5, 129.4, 117.1, 31.6, 31.5, 31.2, 28.7,
22.6, 14.1.

2,5-bis(thieno[3,2-b]thiophen-2-yl)thiazolo[5,4-d]thiazole (3.1)
Thieno[3,2-b]thiophene-2-carbaldehyde (0.202 g, 1.20 mmol, 2.0 eq), dithiooxamide (0.073
g, 0.61 mmol, 1 eq), and phenol (0.248 g, 2.63 mmol, 4.3 eq) were loaded into a 25 mL
round-bottom flask equipped with a condenser. The reaction was refluxed at 180◦C for 45
min. Once cooled, the solid reaction mixture was dispersed in Et2O, filtered and washed
with Et2O. The dark solids were purified by sublimation at 230◦C, at pressures of ≈3×10−5

torr to yield a bright orange powder (0.031 g, 13% yield). Crystals were grown by physical
vapor transport (PVT) in a tube furnace at 300◦C under a flow of nitrogen. HR-MS (APCI)
m/z=418.8945 [M+1] (calcd. for C16H7N2S6: m/z=418.8928).

2,5-bis(5-hexylthieno[3,2-b]thiophen-2-yl)thiazolo[5,4-d]thiazole (3.2)
was synthesized as described above to yield an orange powder in a 14% yield. HR-MS
(APCI) m/z=587.0821 [M+1] (calcd. for C28H31N2S6: m/z=587.0806).

3.5.4 Computational Methods
Geometries were calculated at the B3LYP/6-31G(d) level of theory using the Gaussian
09W program.[17] The reorganization energies, shown in Table 3.1, are calculated based
on the four-point scheme neglecting the outer-sphere contributions.[18] The bond-length
alternation values in Table 3.1 were calculated as the average of the difference between
single- and double-bond lengths along the conjugation pathway. Charge-transfer integrals
were calculated according to the site-energy corrected method[19] with the PW91 functional
and Slater-type triple-ζ plus polarization (TZP) basis sets using the ADF (Amsterdam
Density Functional) package.[20]

3.5.5 Device Fabrication
For all FET devices, heavily n-doped Si wafers (Sb, ρ=0.005–0.025 ohm cm) with 200 nm
SiOx (Ci=17.2 nF cm−2) were used as gate electrode and dielectric, respectively. Wafers were
cleaned by submerging in “piranha” solution at 80◦C for 15 min, sonicated in isopropyl
alcohol for 30 min, then rinsed with distilled H2O and dried under N2. For HMDS-treated
substrates, the wafers were heated in a HMDS/toluene solution at 60◦C for one hour.
Crystals suitable for devices were then located under a magnifying lens and transferred to
the surface with the tip of a needle. A shadow mask was carefully placed over the crystals
and 80 nm Au source/drain electrodes were deposited via thermal evaporation at pressures
< 5x10−6torr. For thin-film devices, vacuum deposition of 3.2 for a nominal thickness of
50 nm was performed at pressures ≈ 1x10−6 torr with an evaporation rate of 0.1–0.2 Ås−1.
Gold (50 nm) was then evaporated through a shadow mask to define the source/drain
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electrodes. The active channel length was defined by the mask at 50 μm, while the channel
width was determined by the crystal size, as measured using an optical microscope.
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4A New Approach to Polycyclic

Azaarenes: Synthesis of

Diazabenzopyrene and

Diazaperylene.

While Chapter 3 demonstrated the efficacy of using nitrogen heteroatoms to lower the

frontier energy levels of a material, it also suggests that sulfur heteroatoms, if present,

will dominate self-assembly, as well as counteract the electronegativity of the nitrogen.

Chapter 4, therefore, focuses on the synthesis of novel nitrogen-containing π–conjugated

materials without sulfur. As was discussed in Chapter 1, extended non-linear fused arenes

are more stable than their linear counterparts, so the focus is on the synthesis of non-

linear polycyclic N-heteroaromatic compounds (N-PAHs), which are less well known

than azaacenes. Diazabenzopyrene and diazaperylene, which are structural isomers, are

synthesized and the location of the nitrogen heteroatoms in the π–conjugated core is shown

to impact the optical properties of the molecules in polar media and in the presence of

acid.

4.1 Introduction
Polycyclic aromatic hydrocarbons (PAHs) are an interesting class of π–functional materials,

comprised of linear acenes (for example, pentacene), non-linear PAHs (perylene), and

substituted PAHs (rubrene), all of which have been extensively studied as organic semicon-

ductors in transistor devices[1], emitters in organic light emitting diodes (OLEDs)[2] or as

fluorescent probes.[3]
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Perylene and its derivatives are widely used as blue, green, and red dopant materials

in OLEDs.[2] Indeed, the first multilayer electroluminescent device (the basis of today’s

OLED technology), employed perylene as an (orange) emitting layer.[4] Perhaps the most

studied PAHs in terms of photophysical properties, however, is pyrene.[5] Pyrene forms

excimers in concentrated solutions, which have a distinct fluorescence band from that of

the monomer.[6] This concentration dependent emission profile makes pyrene a useful

molecular probe to investigate surfactant micelle formation, phospholipid vesicles, and

polymer aggregates.[7] Pyrene also shows an affinity for the surface of graphene and

carbon-nanotubes, making it a popular moiety for the non-covalent functionalization of

these structures.[8]

Most PAHs show p-type charge transport, but they can be structurally modified to exhibit

n-type or ambipolar transport properties. Complementary circuits, desired for their low

power consumption, rely on a combination of p- and n-type transistors and their develop-

ment has been slow due in part to the relative scarcity of n-type semiconductors.[9] Current

approaches to access n-type transport in PAHs include employing anti-aromatic cores[10] or

electron withdrawing substituents[11], as well as the inclusion of nitrogen heteroatoms (see

Figure 4.1 for examples).[12] The high electronegativity of nitrogen can lower the LUMO

energy of polycyclic N-heteroaromatic compounds (N-PAHs) facilitating the injection of

electrons and increasing the stability of the resulting radical anion charge carriers. Impor-

tantly for charge transport, the introduction of nitrogen into the cyclic framework does not

increase the reorganization energy of the molecule as much as peripheral electron withdraw-

ing substituents. Accordingly, azaacene 4.i is one of the best n-type organic semiconductors

displaying impressive electron transport properties in thin film FETs (μe = 3.3 cm2/Vs).[13]

Nitrogen heteroatoms may also play an important role in the supramolecular ordering

of a material. Thus hydrogen bonding in N-PAHs has been used to direct and stabilize

certain assemblies.[14] For example, in quinacridone 4.ii, a widely used magenta pigment,

self-complementary hydrogen bonding causes a slipped stacked arrangement with closer

π–π distances than seen in the herringbone structure of pentacene.[15] Reasonably efficient

ambipolar charge transport (μh = 0.2 cm2/Vs, μe = 0.01 cm2/Vs) has been observed for

4.ii in thin film FETs.
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Fig. 4.1.: Polycyclic N-heteroaromatic compounds reported in the literature and some of
their synthetic pathways.
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It is useful to note that in pyrrole, a 5-membered N-heterocycle, the nitrogen is electron

donating as its lone pair is in conjugation with the aromatic ring. Accordingly, 6-membered

N-heterocycles with unsaturated nitrogens (C–N=C) are sought after for molecules with

lowered HOMO/LUMO energy levels. While there are multiple ways to synthesize 6-

membered N-heterocycles, only a few of these (i-iii) are easily applicable for larger N-PAHs.

(i) Nucleophilic condensation of ortho-diamines with ortho-quinones (or dihydroxybenzo-

quinones), as used in the synthesis of extended azaacenes such as 4.iii.[16] This method

is limited to the formation of pyrazine units, however, and reduced (hydrogenated) struc-

tures are common side-products. A similar nucleophilic cyclization reaction was used

to synthesize 4.iv via the condensation of an amide and a quinone.[17] (ii) Electrophilic

cyclization via a Friedel-Crafts-like attack of the (amino-containing) carbonyl precursor

on the neighboring aromatic ring, as used in the preparation of azaperylene 4.v[18] (yet

corresponding azapyrenes could only be formed in very low yields[19] or not at all[18]).

A related approach was very recently reported for the preparation of triazacoronene 4.vi

via the cyclization of the triphenylenetriamide in molten AlCl3–NaCl.[20] (iii) The cycliza-

tion of amines and internal alkynes to yield azapyrenes , though this technique leaves

the final structure adorned with difficult to remove substituents, such as phenyl or alkyl

groups.[21]

Therefore, it seems clear that additional synthetic avenues for the incorporation of nitrogen

heteroatoms into π–conjugated systems would benefit the development of novel N-PAH

materials with interesting optical and electronic properties.

Used in the synthesis of indoles and pyrroles, the Hemetsberger reaction begins with the

transformation of a vinyl azide to an azirine intermediate (discernable through IR and

NMR measurements and isolable depending on the substituents).[22] The thermolysis of

vinyl-2H-azirine produces a vinyl-nitrene intermediate (trappable with triphenylphosphine)

that through electrocyclization and a [1,5]-sigmatropic hydrogen shift forms the desired

indole or pyrrole (Scheme 4.1).[23] While pyrrole formation is generally favored, vinyl

azides have also been used to synthesize pyridine if an allylic or benzylic carbon is available

to form a 6-membered ring.[24] We theorized that 6-membered rings could also be achieved

on peri-substituted PAH where no ortho-position is free for pyrrole formation.
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Scheme 4.1: The Hemetsberger reaction proceeding via azirine and nitrene intermediates.

Here, we report the synthesis of two novel polycyclic N-heteroaromatic compounds, 1,8-

diazabenzo[e]pyrene and 3,9-diazaperylene from 9,10-disubstituted anthracene. We utilize a

Hemetsberger-type reaction in an unprecedented way to access fused pyridines and explore

the reaction’s regioselectivity under different conditions. The photophysical properties of

the compounds are compared to those of their homocyclic analogues. The incorporation

of nitrogen leads to the stabilization of the frontier orbitals of the compounds and new

stimuli-responsive behavior (dual-channel fluorescence sensing of acids) while maintaining

the optical band-gap and fluorescent efficiency of the parent compounds.

4.2 Results and Discussion
When Hemetsberger and Knittel first reported their reaction is 1972, they had also explored

6-membered ring formation, but concluded that “an insertion in the peri-position could not

be achieved if the 2-position was substituted, as in [1-(2-methoxy-naphthyl)] and [9-anthryl

precursors]. In these cases, only undefined resins occur.”[23] As the mechanistic reasons for

this failure were not clear, we decided to revisit Hemetsberger’s original reaction with 9-

anthryl derivatives. The reaction generates several unstable side-products and the expected

product 4.2 was not isolated, but we found that insertion at the peri-position does occur, as

evidenced by the formation of the oxidized polycyclic compound 4.3 (Scheme 4.2).

Deducing that fused pyridine 4.3 was the product of the spontaneous oxidation of 4.2

(calculated HOMO = –4.5 eV), we hypothesized that the cyclization of a bis(azidoacrylate)

would lead directly to the aromatized diazaarene (Scheme 4.3).
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Scheme 4.2: Synthesis of 4.3 demonstrating 6-membered ring formation.

Scheme 4.3: The synthesis of 4.10 and 4.11 via thermolysis or photolysis.

4.2.1 Synthesis
Bis(azidoacrylate) precursor 4.5 was prepared by the base-promoted Knoevenagel conden-

sation of ethyl azidoacetate and 9,10-anthracenedicarbaldehyde 4.4 (Scheme 4.3).[25] Two

cyclization routes could be anticipated for 4.5: “cis” nitrogen insertion at the 1,4-positions

to form diazabenzopyrene 4.6 and “trans” nitrogen insertion at the 1,5-positions to form

diazaperylene 4.7. Thermolysis of 4.5 under the classic Hemetsberger conditions (refluxing

in toluene) leads predominantly to the formation of 4.6 (80% isolated yield) with typically

less than 10% of 4.7. Such selectivity can be rationalized by the electronic effect of the mono-

cyclic intermediate (consider the structure of 4.2) that activates the substituted benzene

ring towards electrophilic attack, favoring the formation of 4.6. It should be noted that the
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dihydro analogues of 4.6 and 4.7 were never observed. Their high HOMO energies (–3.6 eV

and –4.1 eV, respectively) suggest that dehydrogenation is spontaneous.

While repeating the cyclization reaction, however, we occasionally noticed higher amounts

of 4.7. At the same time, we found that solutions of 4.5, a yellow solid, were quickly

turning green, which we initially assumed was an indication of decomposition. An in

situ NMR experiment revealed, however, that under visible light at room temperature,

4.5 undergoes a tandem photocyclization to form both 4.6 and 4.7 in a ∼1:1 ratio (Scheme

4.3). The observed green color could be due to charge transfer complexes between dihydro

precursors and the oxidized product. The photocyclization proceeds cleanly with no visible

side products, though at lower temperatures (−10◦C and below) we were able to identify

an azirine intermediate through its characteristic proton shift at 4.17 ppm (Figure 4.2).[26]

Fig. 4.2.: 1HNMR spectra showing the progress of the photocyclization at −50◦C in CDCl3.
The bottom spectrum is of the starting vinyl azide 4.5. A mixture of 4.5 and the
mono-azirine intermediate (characteristic peaks shown with black arrows) is
visible in the middle spectrum. The top spectrum shows that the cyclization has
completed and a ∼1:1 ratio of 4.6 (green) and 4.7 (purple) is present.
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It is known that the extrusion of nitrogen from vinyl azides to form azirines can proceed

thermally or photochemically and that azirines themselves are highly photochemically

active.[27] Only recently, however, Farney and Yoon demonstrated that visible light along

with a ruthenium photocatalyst could be used to synthesize pyrroles from dienyl azides via

an azirine intermediate.[28] In our case, the anthracene core of 4.5 likely acts as an antenna

chromophore, allowing it to react under visible-light without the aid of a photocatalyst.

The reaction, which proceeds quickly at room temperature, was also monitored by UV-vis

spectroscopy where the appearance of sharp vibronic bands indicated formation of cyclized

products (Figure S4.1). Both the thermolysis reaction and the photocyclization proceed

cleanly and in near quantitative yields. A proposed mechanism for the reactions, proceeding

via nitrene formation and subsequent insertion into the peri-position C-H bond, is shown in

Scheme 4.4.

Scheme 4.4: Proposed mechanism via nitrene C-H insertion.

The ester groups of the above cyclization products were removed by hydrolysis and de-

carboxylation, affording 95% pure 1,8-diazabenzo[e]pyrene 4.10 in 30% yields from the

thermolysis method or a mixture of 4.10 and 3,9-diazaperylene 4.11 (23% combined yield)

from photolysis (Scheme 4.3). Analytically pure 4.11 was separated from 4.10 in this mixture

by preparative reverse phase HPLC, as yellow and white solids, respectively.
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Tab. 4.1.: Calculated frontier orbitals,a HOMO–LUMO gaps, and optical propertiesb of
synthesized N-PAHs and their PAH analogues.

HOMO
(eV)

LUMO
(eV)

Eg

(eV)
Abs
max
(nm)

Em
max
(nm)

Em
max
solid
(nm)

PLQYc

4.6 –6.57 –2.49 4.08 336 407 0.03
4.10 –6.16 –2.06 4.11 368.5 370 480 0.12
4.10-2H+ 3.23 358d 459d 0.10d

Benzo[e]pyrene –5.41 –1.39 4.02 340[29] 391[29] 475[30] 0.04[29]
4.7 –6.06 –2.92 3.14
4.11 –5.67 –2.49 3.18 423 431 619 0.82
4.11-2H+ 2.99 451d 460d 0.78d

Perylene –4.95 –1.89 3.06 435e[31] 436e[31] 570[32] 0.94e[31]
a DFT calculations at the B3LYP, 6-31G(d) level.
b Measured in CH2Cl2 solutions unless noted.
c Anthracene in ethanol was used as the standard (PLQY = 0.27).
d Measured in 1% TFA in CH2Cl2.
e Measured in cyclohexane.

4.2.2 Optoelectronic Properties
In order to investigate the effect of nitrogen insertion on the optoelectronic properties of

N-PAHs, we performed DFT calculations and photophysical experiments on 4.10 and 4.11.

Calculations confirmed that the HOMO and LUMO energy levels of 4.10 and 4.11 were

stabilized by 0.6–0.7 eV compared to their hydrocarbon analogues benzo[e]pyrene and

perylene (Table 4.1), with a slightly stronger stabilizing effect in 4.10. The frontier orbitals

of 4.6 and 4.7 were both further lowered by two ester substituents by 0.4 eV.

The much smaller HOMO-LUMO gap of 4.11 vs 4.10 (3.18 eV vs. 4.11 eV) mirrors the

differences between their homocyclic analogues, perylene and benzo[e]pyrene (Table 4.1),

and could be rationalized by fewer aromatic Clar’s sextets and thus better electron delocal-

ization in 4.11. Accordingly, a large red-shift was observed for 4.11 vs 4.10 in the UV-vis

absorption spectra (Figure 4.3). Both the absorption and emission bands of 4.10 and 4.11

show a very pronounced vibronic splitting (Δhν ∼ 1300 cm−1), indicative of the molecules’

rigid π–conjugated structures. 4.11 emits strongly in solution (PLQY = 0.82 in CH2Cl2),
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while 4.10 is a much weaker emitter (PLQY = 0.12). These values are similar to the quantum

yields of their parent PAHs (Table 4.1) and are in agreement with TD-DFT calculations that

predict a lower transition oscillator strength for 4.10 (0.13) than for 4.11 (0.34). Curious to

see if 4.10 or 4.11 shared pyrene’s characteristic excimer formation at high concentration,

we studied their emission at increasing concentrations and in water fractions to induce

aggregation. Neither compound exhibited excimer formation, as evidenced by the lack

of red-shifted emission bands in concentrated solutions (Figure S4.3). In water/MeCN

solutions, however, 4.10 exhibits a continuous enhancement in fluorescence, likely due to

increase of the solvent polarity (Figure 4.4). The fluorescence of 4.11 is unaffected, probably

due to its lower polarity, which also causes it to precipitate in water fractions above 60%.

a) b)

Fig. 4.3.: Absorption (––) and emission (- -) spectra of 4.10 (a) and 4.11 (b) in CH2Cl2
solutions.

In the solid state, 4.10 is more emissive than 4.11 (Figure 4.5) and both materials show

large red shifts (110 nm for 4.10 and 188 nm for 4.11) indicating that fluorescence originates

from delocalized excitons. We also observe spectral broadening and the disappearance

of vibrational structures, details previously reported for the solid emission of perylene

and pyrene.[32] Excitation scans of the compounds reveal considerable overlap between

the absorption and emission regions of 4.10 and to a lesser extent of 4.11, which may be

partly responsible for the low observed quantum yields (Φ = 0.03 for 4.10 and 0.01 for

4.11) due to self-absorption. These values are much lower than those recorded in powder
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a) b)

Fig. 4.4.: a) Emission spectra of 4.10 in MeCN-water solutions show polarity-induced
enhanced emission. b) Plot of variations in PL peak intensities of 4.10 and 4.11
versus water fraction.

samples of perylene (Φ = 0.18) and pyrene (Φ = 0.67).[32] While the solid-state emission of

4.10 resembles that of benzo[e]pyrene, the solid-state emission of 4.11 is approximately 50

nm red-shifted compared to solid perylene (Table 4.1). This and its decreased solid-state

fluorescence could be due to stronger intermolecular coupling.

Fig. 4.5.: Solid-state emission spectra (––) and excitation (- -) spectra normalized to the
respective emissions of 4.10 and 4.11 with images of the material under UV and
natural light.

Due to the presence of basic nitrogen centers, 4.10 and 4.11 undergo pronounced spec-

troscopic changes when exposed to acids as a result of the nitrogen heteroatoms (Figure
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4.6). Titration experiments with trifluoroacetic acid (TFA) reveal a very quick broadening

and red-shift in the absorption spectra of 4.10 and 4.11 in MeCN with 0.01–0.05% TFA.

This is accompanied by quenching of fluorescence, attributed to the low emissivity of the

mono-protonated species, 4.10-H+ and 4.11-H+. Continued acidification of the solutions is

expected to produce the diprotonated species, 4.10-2H+ and 4.11-2H+, concomitant with

marked increases in fluorescence from 0.1% to 1% TFA. The emission bands of 4.10-2H+

and 4.11-2H+ are distinctly red-shifted from those of 4.10 and 4.11 (90 nm and 35 nm

respectively), suggesting that these compounds could be useful as dual-band fluorescence

pH sensors.[33] Of particular significance for applications in fluorescence imaging are the

comparable quantum yields between 4.10/4.11 and 4.10-2H+/4.11-2H+, suggesting these

compounds could be used as ratiometric probes (Table 4.1).

a) b)

Fig. 4.6.: The change in absorption (blue) and emission (red) spectra of a) 4.10 and b)
4.11 in MeCN solutions with increasing concentrations of trifluoroacetic acid.
Asterisks denote the 2nd order excitation peak.
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4.3 Conclusions
We have demonstrated that vinyl azide derivatives of PAHs with available peri-positions

can cyclize to form fused pyridine-like structures in near-quantitative yield, representing

a new avenue for the synthesis of novel polycyclic N-heteroaromatic compounds. The

regioselectivity of tandem cyclizations can be altered through the reaction conditions, as the

cyclization can be induced either thermally or photochemically without a metal catalyst or

high-energy light source. The two novel N-PAHs reported herein, 1,8-diazabenzo[e]pyrene

and 3,9-diazaperylene, are calculated to have significantly lower HOMO/LUMO levels

compared to their parent PAHs. Diazaperylene’s exhibits better electron delocalization and

high quantum yields in solution (82%) compared to diazapyrene (10%). The heteroatoms

greatly alter the optoelectronic properties, as exemplified, e.g., by the “turn-off” and “turn-

on” pH fluorescence sensing behavior of these compounds. We have demonstrated that

nitrogen heteroatoms can be used to tune the energy levels of known PAH emitters without

significantly changing the HOMO-LUMO gap or emission efficiency. The documented

properties of these molecules have positive implications for their potential use as n-type

semiconductors, fluorescent sensors, and light-emitting materials.

4.4 Experimental Section

4.4.1 Optical Spectroscopy
UV/Vis absorption and photoluminescence spectra were measured in CH2Cl2 with a
JACSO V670 UV-Vis-NIR spectrometer and a Varian Eclipse Fluorimeter, respectively.
The fluorescence quantum yields were determined relative to anthracene in EtOH (Φ =
0.27). Solid-state fluorescence was acquired for powders using an integrating sphere on a
FluoroLog-3 spectrofluorometer (Horiba Jobin Yvon Inc.).

4.4.2 Computational Methods
Geometries, molecular orbital energies, and electronic transitions were calculated at the
B3LYP/6–31G(d) level of theory using the Gaussian 09W program.[34]
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4.4.3 Synthesis
Ethyl 2-azidoacetate (Warning: Highly flammable liquid and vapour. Reaction per-
formed behind blast shield.)
Ethyl chloroacetate (10 mL, 0.093 mol) in EtOH (40 mL) was cooled to 0◦C in an ice bath.
Sodium azide (7.0 g, 0.11 mol) was weighed out, dissolved in H2O (20 mL) and added to the
cold reaction mixture. The solution was stirred at 0◦C for 20 minutes before being brought
to reflux for 4.5 hrs. After cooling, the reaction mixture was washed with H2O (60 mL) and
extracted with Et2O (3 × 50 mL). The combined organics were washed with H2O (3 × 50
mL), dried over Na2SO4, and the solvent was removed in vacuo to afford a clear oil (11 g,
95% yield). NMR data was in agreement with literature. 1HNMR (CDCl3, 500 MHz, 25◦C)
δ 4.29 (q, J = 7.2 Hz, 2H), 3.88 (s, 2H), 1.34 (t, J = 7.2 Hz, 3H). 13CNMR (CDCl3, 125 MHz,
25◦C) δ 168.3, 61.8, 50.3, 14.04.

Ethyl (Z)-3-(anthracen-9-yl)-2-azidoacrylate (4.1)
In a dry 2-neck flask, sodium (0.20 g, 8.7 mmol) was added to dry EtOH (15 mL) under
a N2 atmosphere and the solution was stirred till no sodium remained. In a second dry
flask, anthracene-9-carbaldehyde (0.39 g, 1.9 mmol) and ethyl 2-azidoacetate (1.20 g, 9.3
mmol) were combined with dry EtOH (15 mL) and cooled to −20◦C under a N2 atmosphere.
The fresh NaOEt solution was slowly transferred via cannula and the reaction mixture
was stirred overnight at −20◦C. The reaction mixture was then poured into saturated
NaHCO3 (10 mL) chilled with ice and extracted with ethyl acetate (3 × 25 mL). The solvent
was removed in vacuo and the product purified by column chromatography in 60:40
hexane:chloroform to afford a yellow solid (0.24 g, 40% yield). 1HNMR (CDCl3, 500 MHz,
25◦C) δ 8.51 (s, 1H), 8.07 (d, J = 7.5 Hz, 2H), 8.01 (d, J = 8.5 Hz, 2H), 7.86 (s, 1H), 7.54 (m,
4H), 4.54 (q, J = 7.0 Hz, 2H), 1.53 (t, J = 7.5 Hz, 3H). 13CNMR (CDCl3, 125 MHz, 25◦C) δ
162.7, 131.14, 131.12, 128.97, 128.95, 128.2, 126.9, 125.6, 125.4, 123.8, 62.6, 14.3.

Ethyl 7-oxo-7H-naphtho[1,2,3-de]quinoline-2-carboxylate (4.3)
Compound 4.1 (0.20 g, 0.62 mol) is dissolved in dry toluene (20 mL) and brought to reflux
under a N2 atmosphere. The reaction is monitored by TLC and when complete, cooled and
the solvent removed in vacuo. The crude product was purified by column chromatography
using a gradient of 100% hexane to 40% tetrahydrofuran to afford 4.3 as a dark solid (0.04
g, 22% yield). 1HNMR (CDCl3, 500 MHz, 25◦C) δ 9.03 (s, 12H), 8.83 (dd, J = 7.3, 1.3 Hz,
1H), 8.80 (d, J = 8.1 Hz, 1H), 8.57 (dd, J = 7.8, 1.1 Hz, 1H), 8.52 (d, J = 7.9 Hz, 1H), 8.08 (t, J
= 8.0 Hz, 1H), 7.84 (td, J = 7.6, 1.5 Hz, 1H), 7.76 (td, J = 7.6, 1.0 Hz, 1H), 4.68 (q, J = 7.1 Hz,
1H), 1.60 (t, J = 7.1 Hz, 1H). 13CNMR (CDCl3, 125 MHz, 25◦C) δ 182.1, 165.0, 149.1, 146.8,
137.2, 136.8, 134.0, 133.4, 132.2, 131.5, 131.2, 130.8, 128.64, 128.58, 124.4, 124.3, 116.7, 62.8,
14.4. HR-MS (APCI) m/z = 304.0962 [M+1] (calcd. for C19H14NO3: m/z = 304.0968).

Diethyl 3,3’-(anthracene-9,10-diyl)(2Z,2’Z)-bis(2-azidoacrylate) (4.5)
In a dry 2-neck flask, sodium (2.2 g, 0.095 mol) was added to dry EtOH (100 mL) under a
N2 atmosphere and the solution was stirred till no sodium remained. In a second dry flask,
4.4 (2.6 g, 0.011 mol) and ethyl azidoacetate (11.4 g, 0.088 mol) were combined with dry
EtOH (150 mL) and cooled to −20◦C under a N2 atmosphere. The fresh NaOEt solution was
slowly transferred via cannula and the reaction mixture was stirred overnight at −10◦C.
The reaction mixture was then poured into saturated NaHCO3 (20 mL) and ice and let
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stand in at 6◦C for 3 hours. The resulting yellow precipitate was collected by filtration and
washed with water to afford a bright yellow solid (3.0 g, 59%) The product can be used
without further purification or purified by column chromatography using a gradient of
100% hexane to 100% dichloromethane, however solutions of 4.5 will react if exposed to
light. 1HNMR (CDCl3, 500 MHz, 25◦C) δ 8.02 (dd, J = 6.7, 3.3 Hz, 4H), 7.79 (s, 2H), 7.55 (dd,
J = 6.8, 3.2 Hz, 4H), 4.52 (q, J = 7.2 Hz, 4H), 1.51 (t, J = 7.2 Hz, 6H). 13CNMR (CDCl3, 125
MHz, 25◦C) δ 162.6, 131.5, 128.7, 128.4, 126.2, 126.1, 123.5, 62.7, 14.3. HR-MS (ESI) m/z =
495.1187 [M+K]+ (calcd. for C24H20KN6O4: m/z = 495.1178).

Diethyl dibenzo[f,lmn][2,9]phenanthroline-2,7-dicarboxylate (4.6)
Thermolysis Method Compound 4.5 (0.74 g, 1.6 mmol) is suspended in dry toluene (50 mL)
and brought to reflux under a N2 atmosphere. After refluxing overnight the reaction is
cooled and the solvent removed in vacuo. The crude product was purified recrystallization
from hot tetrahydrofuran to afford a tan powder of 4.6 (0.52 g, 80% yield) containing 6% of
4.7 as an impurity). 1HNMR (CDCl3, 500 MHz, 25◦C) δ 9.56 (s, 2H), 9.03 (dd, J = 6.1, 3.4 Hz,
2H), 8.75 (s, 2H), 8.03 (dd, J = 6.2, 3.3 Hz, 2H), 4.71 (q, J = 7.2 Hz, 4H), 1.61 (t, J = 7.1 Hz, 6H).
13CNMR (CD2Cl2, 125 MHz, 25◦C) δ 165.4, 148.3, 147.4, 136.92, 133.7, 130.7, 129.5, 124.9,
119.0, 115.6, 62.4, 14.3. HR-MS (ESI) m/z = 421.1156 [M+Na]+ (calcd. for C24H18N2NaO4:
m/z = 421.1159).

Dibenzo[f,lmn][2,9]phenanthroline-2,7-dicarboxylic acid (4.8)
NaOH (0.079 g, 2.0 mmol) was added to a suspension of 4.6 (0.30 g, 0.75 mmol) in a
THF/H2O (40 mL/10 mL) solution. The reaction is stirred for 2 hrs and then acidified
with HCl. The THF is removed in vacuo and the product dissolved in a minimum amount
of H2O. HCl is added to the aqueous solution until no more precipitate is observed. The
product is then filtered, washed with H2O and MeOH, and fully dried to afford a dark
brown acid 4.8 (0.25 g, 98% yield) which was used in the next step without purification.
1HNMR ((CD3)2SO), 500 MHz, 25◦C) δ 13.64 (s, br, 2H), 9.37 (s, 2H), 9.06 (d, br, 2H), 8.52 (s,
2H), 7.99 (d, br, 2H). 13CNMR (((CD3)2SO), 125 MHz, 25◦C) δ 167.0, 148.4, 147.8, 136.6, 133.7,
131.4, 129.2, 125.6, 118.5, 115.7. HR-MS (ESI) m/z = 343.0717 [M+] (calcd. for C20H11N2O4:
m/z = 343.0713).

Dibenzo[f,lmn][2,9]phenanthroline (1,8-diazabenzo[e]pyrene 4.10)
A dry flask was charged with 4.8 (0.25 g, 0.73 mmol) and diphenyl ether (20 mL). The flask
was evacuated and refilled with N2 and then brought to reflux for 3.5 hrs. The diphenyl
ether is distilled off under vacuum and the resulting solids are sonicated into Et2O and
filtered to afford yellow powder of 4.8 (0.06 g, 31% yield) containing 6% of 4.11 as an
impurity. The product was further purified by sublimation at 140◦C. 1HNMR (CDCl3, 500
MHz, 25◦C) δ 9.39 (d, J = 5.2 Hz, 2H), 8.87 (dd, J = 6.1, 3.3 Hz, 2H), 8.66 (d, J = 5.3 Hz, 2H),
8.56 (s, 2H), 7.93 (dd, J = 6.2, 3.3 Hz, 2H). 13CNMR (CDCl3, 125 MHz, 25◦C) δ 148.7, 148.2,
135.5, 132.8, 130.0, 129.7, 124.6, 118.2, 114.3. HR-MS (APCI) m/z = 255.0928 [M+] (calcd. for
C18H11N2: m/z = 255.0917).

Diethyl dibenzo[f,lmn][2,9]phenanthroline-2,7-dicarboxylate (4.6) and
diethyl benzo[1,2,3-de:4,5,6-d’e’]diquinoline-2,8-dicarboxylate (4.7)
Photocyclization Method Compound 4.5 (52 mg, 0.11 mmol) is loaded into a dry reaction
vessel under a N2 atmosphere and dry CH2Cl2 (10 mL) is syringed in. The reaction is
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stirred at −80◦C under illumination from a 100W compact fluorescent bulb with a 5,000K
color temperature. The reaction is monitored by UV-vis and when complete the solvent
is removed in vacuo to afford a dark green solid (48 mg, >100% yield). The mixture of
products was used in the next reaction without purification. 1HNMR (CDCl3, 500 MHz,
25◦C) δ 9.43 (s, 2H), 8.91 (dd, J = 6.1, 3.4 Hz, 2H), 8.642 (s, 2H) 8.635 (s, 2H), 8.39 (d, J = 6.9
Hz, 2H), 8.22 (d, J = 8.4 Hz, 2H), 7.93 (dd, J = 6.1, 3.3 Hz, 2H), 7.77 (t, J = 8.0 Hz, 2H), 4.63 (q,
J = 7.1 Hz, 4H), 4.54 (q, J = 7.1 Hz, 4H), 1.62 (t, J = 7.1 Hz, 6H), 1.57 (t, J = 7.1 Hz, 6H).

Dibenzo[f,lmn][2,9]phenanthroline-2,7-dicarboxylic acid (4.8) and
benzo[1,2,3-de:4,5,6-d’e’]diquinoline-2,8-dicarboxylic acid (4.9) were prepared in the same
manner as described above for compound 4.8 in a 70% yield. The mixture of products was
used in the next reaction without purification.

Dibenzo[f,lmn][2,9]phenanthroline (1,8-diazabenzo[e]pyrene 4.10) and
benzo[1,2,3-de:4,5,6-d’e’]diquinoline (3,9-diazaperylene 4.11) were prepared in the same
manner as described above for compound 4.10 in a 23% yield after sublimation. The two
isomers are then separated on a C18 prep HPLC column running a gradient from 100%
H2O to 100% MeCN.

(4.10) Spectroscopic data is identical to the product prepared (above) by thermolysis
method.

(4.11) 1HNMR ((CD3)2SO), 500 MHz, 50◦C) δ 8.88 (d, J = 4.8 Hz, 2H), 8.55 (d, J = 7.5 Hz, 2H),
8.25 (d, J = 4.8 Hz, 2H), 7.99 (d, J = 8.3 Hz, 2H), 7.81 (t, J = 7.9 Hz, 2H). 13CNMR (((CD3)2SO),
125 MHz, 70◦C) δ 152.1, 149.5, 137.6, 131.6, 130.4, 128.8, 123.6, 123.3, 115.2. HR-MS (ESI) m/z
= 255.0909 [M+] (calcd. for C18H11N2: m/z = 255.0917).
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5Conclusions

The effect sulfur and nitrogen heteroatoms have on the properties of organic semiconductors

has been examined through the synthesis and analysis of novel small molecules and

polymers. Different structure-property relationships related to these heteroatoms were

explored, from effects on energy levels, to supramolecular ordering, to pH sensitive optical

properties.

While alkyl and alkoxy side chains are frequently used as substituents on conjugated poly-

mers, examples of alkylsulfanyl side chain are scarce in the literature. We synthesized

alkylsulfanyl-substituted thienothiophene vinylene polymers and fined-tuned the energy

levels and band gaps of those polymers by oxidizing monomer side chains to electron

withdrawing sulfoxyl and sulfonyl groups (Appendix, Chapter 2). The sulfonyl groups had

a strong electron withdrawing effect compared to the modest effect of the sulfanyl groups.

The sulfonyl groups also imparted greater disorder due to a lower rotation barrier, while

sulfanyl substituted materials appeared more rigid. Copolymerization of alkylsulfanyl

and alkylsulfonyl-substituted monomers yielded low band gap Donor-Acceptor polymers

whose π–conjugated backbones are structurally homogeneous. While the polymers gave

excellent open circuit voltages in PCBM bulk heterojunction solar cells, low short circuit

currents limited efficiencies. AFM studies of the devices revealed large domains and very

high surface roughness, suggesting charge transport was limited by the film’s morphology.

Single-crystal analysis of model dimers confirmed that alkylsulfanyl chains lie orthogo-

nal to the conjugated backbone and inhibit π–π overlap between thienothiophene units.

While this was likely detrimental for charge carrier mobility, fewer π–π interactions led

to enhanced fluorescence compared to thiophene vinylene polymers with simple alkyl

chains. Elucidating the electronic and structural effects of alkylsulfanyl and alkylsulfonyl

substituents, has led to their subsequent use in new polymeric OSCs.

As we learned in Chapter 2, supramolecular ordering in the solid-state is critical to charge

transport, yet discussions of structure-property relationships are usually limited to the
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specific molecule being studied. To compare packing motifs in the absence of molecular

structure effects, we studied two polymorphs of thienothiophene-thiazolothiazole trimers

by measuring their charge transport properties in single-crystal field effect transistors.

The polymorph with the stronger electronic coupling between cofacial molecules showed

no charge transport, however, due to its slipped π–stacks being isolated into groups of

tetramers. The second polymorph had weaker electronic couplings between molecules, but

formed infinite π–stacks in a herringbone motif with S· · · S contacts in multiple directions,

and therefore did display transistor properties. In both polymorphs only short S· · · S

distances were observed, while the thiazolo nitrogen heteroatom appeared to have little

influence on the solid-state packing of the molecule.

With the discovery of new nitrogen-containing polycyclic aromatic materials as our objective,

we repurposed the Hemetsberger indolization reaction to synthesize fused pyridines. We

found that an extended π–conjugated core allowed for the rare visible-light activation of

vinyl azides without the use of a metal photocatalyst or a photoredox catalyst. Through

high yielding photochemistry we synthesized diazabenzo[e]pyrene and diazaperylene. The

insertion of nitrogen-heteroatoms proved an effective way to lower the energy levels of the

PAH parent compounds. Both diazabenzo[e]pyrene and diazaperylene, as well as their

protonated forms, retain the fluorescent properties of their respective PAH analogues, while

introducing pH sensitive shifts in emission wavelengths.

Overall, this dissertation presents several novel organic semiconductors. The observed

structure-property relationships of these materials is explained through the lens of het-

eroatom effects, thereby bettering our understanding of design strategies based on het-

eroatom incorporation. This has led to further progress in the synthesis of OSCs for high

performance devices.
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5.1 Future Work
Since our publication of Chapter 2, several polymers demonstrating high efficiencies in

solar cells have been synthesized with alkylsulfanyl side chains.1,2,3,4 In these examples

the alkylsulfanyl substituent is placed away from the backbone of the polymer through

the use of a thienyl or thioester group. This removed placement of the sulfanyl group

may aid the materials’ supramolecular assembly since, as we discovered, alkylsulfanyl

chains have a propensity to lie orthogonal to the conjugated core, disrupting π-π stacking.

This may not be the case, however, with longer linear chains that form lamellar structures

through van der Waals interactions. Alkylsulfanyl substituents are readily introduced from

thiols or disulfides onto halogenated aromatics and large variety of thiols are commercially

available. This offers us the possibility of examining a series of substituents and comparing

their dihedral angles (as –SR and –SO2R). By studying crystalline small molecules, like

substituted anthracenes for example, the effect of these substituents on supramolecular

ordering, especially π-π distances, will be better understood. These findings will allow

us to select appropriate side chains to alter the crystallinity or emissivity of conjugated

polymers.

1Cui, C.; Wong, W.-Y.; Li, Y. Energy Environ Sci., 2014, 7, 2276
2Ouyang, D.; Xiao, M.; Zhu, D.; Zhu, W.; Du, Z.; Wang, N.; Zhou, Y.; Bao, X.; Yang, R. Polym. Chem.,

2015, 6, 55
3Zhu, D.; Sun, L.; Bao, X.; Wen, S.; Han, L.; Gu, C.; Guo, J.; Yang, R. RSC Adv., 2015, 5, 62336
4Zhu, D.; Sun, L.; Liu, Q.; Wen, S.; Han, L.; Bao, X.; Yang, R. Macromol. Rapid. Commun., 2015, 36,

2065
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Two thiols are especially interesting as possible substituents: semifluoroalkyl thiol and

cyclohexyl thiol. Though fluoroalkyl substitutents have limited solubility they are often

used as electron withdrawing groups to lower the energy levels of materials for n-channel

transport. Fluroalkyl sulfanyl groups have not yet been studied in OSC and the possibility

of further lowering HOMO/LUMO levels via oxidation to fluroalkyl sulfonyl is particularly

interesting.

A second substituent of interest that has gone underutilized in organic electronics is the

cyclohexyl group. Often seen in glassy polymers, cyclohexyl groups have a transition from

their “chair” to “boat” conformation that grants the material molecular motion. Bao demon-

strated that small molecule OSCs with cyclohexyl side chains exhibited vastly different film

morphologies dependent on substrate temperature, while also being more soluble than

hexyl-substituted versions of the same molecule.5 By functionalizing small molecule OSCs

with cyclohexylsulfanyl and cyclohexylsulfonyl groups, the electronic properties of the

molecules could be tuned while exploring possible liquid crystalline behavior and changes

in film morphologies. This could lead to high performance devices by means of controlling

the crystallinity of thin films of OSCs with high mobilities, such as dinaphtothienothio-

phene.

The use of –SR and –SO2R substituents in the formation of donor-acceptor polymers was

successfully demonstrated in Chapter 2, but in a random copolymer. The difference in the

reactivity of the monomers causes uncertainty in the backbone structure of the polymer. By

copolymerizing bromo- and stanyl-monomer units the alternating nature of the polymer

would be guaranteed, which is expected to increase D—A interactions. This requires remov-

ing the vinylene spacer that reduced steric repulsions between the monomers. An attractive

alternative is a benzodithiophene homopolymer where substituents do not contribute to

the sterics between monomer units. Recently bulk heterojuction solar cells made with

homopolymers of benzodithiophene were reported with efficiencies up to 6%.6 By utilizing

sulfanyl and sulfonyl substituents, new copolymers could be synthesized that would benefit

5Locklin, J.; Li, D.; Mannsfeld, S. C. B.; Borkent, E.-J.; Meng, H.; Advincula, R.; Bao, Z. Chem. Mater.
2005, 17, 3366

6Kang, T. E.; Kim, T.; Wang, C.; Yoo, S.; Kim, B. J. Chem. Mater. 2015, 27, 2653
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from both the low band gap of a donor-acceptor polymer and the crystalline behavior of a

homopolymer.

In Chapter 4 we demonstrated the visible-light activation of vinyl azides bound to an

extended π-conjugated system. The scope of this reaction and its tolerance to functional

group on the π-conjugated core should be explored. Electron donating and electron with-

drawing substituents could potentially alter the regioselectivity of the reaction. Visible-light

activation should also be applicable to the synthesis of indoles. Preliminary experiments

showed that cyclization does occur in A.17 (Figure A.7) under illumination, though a

mixture of products was observed. Successful cyclization would yield benzodipyrrole, a

nitrogen-analogue of benzodithiophene, a very popular building block in OSCs.

The regioselectivity of the cyclization can also be controlled by blocking certain positions

with a heteroatom. For example a 1,5-diazaanthracene precursor would yield a perylene-

like structure, with no possibility of forming benzopyrene. The same approach could also

be used to access smaller structures such as 1,4,6,9-tetraazapyrene from a 2,6-naphthyridine

precursor, though there is the risk of N–N bond formation, as observed in the synthesis

of azaindoles via the thermolyis of vinyl azides.7 Derivatives of 1,3,6,8-tetraazapyrenes

have been previously reported to be strongly fluorescent and promising building blocks for

n-type OSCs, while fused pyrazoles have yet to be studied for organic electronics.

7Roy, P. J.; Dufresne, C.; Lachance, N.; Leclerc, J. P.; Boisvert, M.; Wang, Z.; Leblanc, Y. Synthesis,
2005, 16, 2751

5.1 Future Work 179



Finally, while the Hemetsberger reaction has been shown to form 5- and 6-membered rings,

the formation of 7-membered rings by this method has yet to be studied. Recently Miao

reported the first PAH OSCs containing 7-membered rings.8 Their excellent charge transport

properties demonstrated that heptagon- embedded PAHs are promising candidates for

organic electronic materials. Starting from benzene trimers, shown below, the synthetic

strategies from Chapter 4 could be used to achieve novel azepine-containing structures.

The final structure is formally antiaromatic and benefits from a small band gap (2.0 eV), all

the while being stabilized by its extended conjugation (HOMO = –4.7 eV, R = CH3). These

planar structures would be likely candidates for organic electronic materials and would

represent the first azepine-containing small molecule OSCs.

8Yang, X.; Liu, D.; Miao, Q. Angew. Chem. Int. Ed. 2014, 53, 6786

180 Chapter 5 Conclusions



AAppendix

A.1 Nonathio[9]circulene
Octathio[8]circulene, nicknamed Sulflower, is a circulene comprised of fused thiophene
rings containing no hydrogen atoms.[1] The packing motif of the structure features several
close S...S contacts. Octathio[8]circulene and nonathio[9]circulene were calculated to exist at
a strain energy minimum and therefore be planar–the only two planar structures of the thio-
cirulene series. This project was an attempt to synthesize unreported nonathio[9]circulene
(Scheme A.1). Thieno[2,3-b]thiophene was synthesized with the help of Violetta Toader,
halogenated and coupled into dimers via an Ullmann-type nickel catalyzed reaction. We
were unable to form cyclic tri-thieno[2,3-b]thiophene, however, owing to a high degree of
cyclic strain which we calculated to be 39 Kcal/mol. By comparison, cyclic tetra-thiophene,
the intermediate to Sulflower, has a calculated ring strain of only 4 Kcal/mol.

Scheme A.1: Synthetic Route to Nonacirculene.

Tetrabromothieno[2,3-b]thiophene A1
Bromine (5.5 mL, 107 mmol) was added to a 0◦C solution of thieno[2,3-b]thiophene (1.86 g,
13.3 mmol) in CHCl3 (200 mL). The reaction was refluxed for 5 days and then quenched
with 10% Na2SO3 solution (125 mL). The organics were extracted into CHCl3 (50 mL)
and washed with NaHCO3 (150 mL). The solvent was removed in vacuo to yield A1 in
quantitative yields as a fluffy yellow powder. FTIR confirmed the disappearance of aromatic
hydrogens.

3,4-Dibromothieno[2,3-b]thiophene A2
Freshly activated zinc (2 minutes in 10% HCl)(0.454 g, 6.94 mmol) was added to a stirring
solution of tetrabromothieno[2,3-b]thiophene A1 (0.871 g, 1.91 mmol) in acetic acid (10
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mL). The reaction mixture was refluxed for 4 hours, then cooled and diluted with H2O (70
mL). The aqueous mixture was kept in the cold room overnight and the resultant yellow
precipitate was filtered an washed with H2O to afford A2 in quantitative yields. The solids
can be further purified by recrystallization from hot hexane (0.393 g, 69% yield). 1HNMR
(CDCl3, 400 MHz): δ 7.32 (s, 2H).

4,4’-Dibromo-3,3’-bithieno[2,3-b]thiophene A3
Bis(cyclooctadiene)nickel(0) (0.299 g, 1.09 mmol), 1,5-cyclooctadiene (0.14 mL, 1.1 mmol)
and dimethylformamide (1 mL) were loaded into a 50 mL schlenk tube and degassed by
freeze-pump-thaw. 2,2’-bipyridine (0.184 g, 1.18 mmol) was added and the reaction stirred
at room temperature until a deep violet color was achieved (10 min). A2 (0.294 g, 0.985
mmol) was added and the mixture was heated to 77◦C and stirred for a week. The reaction
mixture was cooled to room temperature, 5% HCl (5 mL) was added, and the mixture
stirred for 5 minutes. The mixture was then diluted with H2O (15 mL), extracted into CHCl3
(3 × 10 mL), dried over Na2SO4, concentrated in vacuo, and passed through a silica plug
washing with CHCl3. The solvent was removed in vacuo and the resultant brown oil was
dissolved in a minimum of DCM (1 mL). The product was crashed out with hexanes to
afford A3 (0.063 g, 29% yield) as a fine tan powder. 1HNMR (CDCl3, 400 MHz): δ 7.38 (s,
2H), 7.31 (s, 2H).

3,4-Bis(tributylstannyl)thieno[2,3-b]thiophene A4
n-Butyllithium (0.60 mL, 1.5 mmol) was added to a stirring solution of A2 (0.199 g, 0.668
mmol) in dry diethyl ether (5 mL) at −75◦C and the reaction mixture was stirred for 1
hour. Tributyltin (0.40 mL, 1.5 mmol) was added and the reaction was allowed to warm to
room temperature. After stirring overnight the reaction was quenched with H2O (25 mL),
extracted into CHCl3 (2 × 15 mL), dried over Na2SO4, and concentrated in vacuo to yield
crude A4 as a yellow oil in quantitative yields. 1HNMR (CDCl3, 400 MHz): δ 7.31 (s, 2H),
and several aliphatic signals due to excess tributyltin.

A.2 Poly(thiophenevinylene)s with Alkylsulfanyl,
Alkylsulfoxide, and Alkylsulfonyl Substituents
Concurrently to the work presented in Chapter 2, we also explored the effect of oxidation of
the alkylsulfanyl substituents on poly(thiophenevinylene)s. Poly(thiophenevinylene) with
alkylsulfanyl substituents had previously been reported, but the controlled oxidation of
the substituent had not.[2] To this end we synthesized the polymers S-PTV, SO-PTV, and
SO2-PTV via Stille polycondensations with (E)-1,2-bis(tributylstannyl)ethene (Scheme A.2).
The trends in the optical properties were consistent with those reported in Chapter 2 for
poly(thienothiophenevinylenes) (Figure A.1). Only SO2-PTV was emissive with a PLQY of
16%.
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Scheme A.2: Synthesis of monomers and polymerization reactions of
poly(thiophenevinylene)s.

Fig. A.1.: Absorption (—) and emission (- -) spectra of S-PTV, SO-PTV and SO2-PTV in
chloroform solutions.

3,4-bis(dodecylthio)thiophene A5
n-BuLi (1.4 mL, 3.5 mmol) was added at −75◦C to a stirring solution of 3,4-dibromothiophene
(0.842 g, 3.48 mmol) in diethyl ether (60 mL) and the reaction mixture stirred for 1 h. Di-
dodecyldisulfide (1.40 g, 3.48 mmol) was added and the reaction was allowed to warm to
room temperature overnight. The next day the reaction mixture was cooled back to −75◦C
and a second dose of n-BuLi added. After an hour, didodecyldisulfide was added and the
reaction was allowed to warm to room temperature and stirred overnight a second time.
The reaction was then quenched with H2O (20 mL), the organics were washed with NH4Cl
solution (50 mL), H2O (2 × 50 mL), then dried over Na2SO4, and concentrated in vacuo.
The crude oil was distilled in a Kugelrohr apparatus (160◦C, 0.16 bar) to yield A5 (1.03 g,
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61% yield) as a yellow oil. 1HNMR (CDCl3, 400 MHz): δ 7.08 (s, 2H), 2.86 (t, J = 7.6 Hz, 4H),
1.64 (p, J = 7.6 Hz, 4H), 1.41 (m, 4H), 1.25 (m, 32H), 0.88 (t, J = 6.8 Hz, 6H). 13CNMR (CDCl3,
75 MHz): δ 133.9, 122.9, 34.4, 31.9, 29.7, 29.64, 29.60, 29.5, 29.4, 29.2, 29.0, 28.8, 22.7, 14.1.

2,5-Dibromo-3,4-bis(dodecylthio)thiophene A6
3,4-bis(dodecylthio)thiophene A5 (0.243 g, 0.502 mmol) was dissolved in CHCl3 (2.5 mL)
and acetic acid (2.5 mL) and cooled to −20◦C. NBS (0.200 g, 1.12 mmol) was added and
the reaction warmed slowly to room temperature protected from light with foil. After
being stirred for 24 h, the reaction was treated with saturated Na2S2O3 solution (5 mL). The
reaction mixture was then diluted with H2O and extracted with CHCl3 (2 × 30 mL). The
solvent was removed in vacuo and the resulting product was passed through a silica plug
with hexane. The product was further purified by column chromatography (100% hexane)
to yield A6 (0.173 g, 54% yield) as a white solid. 1HNMR (CDCl3, 400 MHz): δ 2.85 (t, J =
7.2 Hz, 4H), 1.52 (p, J = 7.2 Hz, 4H), 1.25 (s, 36H), 0.88 (t, J = 6.6 Hz, 6H). 13CNMR (CDCl3,
75 MHz): δ 136.3, 117.9, 36.0, 31.9, 29.7, 29.64, 29.60, 29.5, 29.4, 29.2, 29.1, 28.6, 22.7, 14.1.

2,5-Dibromo-3,4-bis(dodecylsulfinyl)thiophene A7
m-CPBA (37.0 mg, 0.214 mmol) was added to a stirring solution of A6 (68.3 mg, 0.106 mmol)
in CHCl3 (2 mL) at 0◦C under inert atmosphere. The reaction was allowed to warm to room
temperature and stirred overnight. The reaction was quenched with 0.1 M NaOH (20 ml)
and extracted with CHCl3, dried over Na2SO4, and concentrated in vacuo to afford a yellow
oil. The product was purified by column chromatography (4:1 hexane/ethyl acetate eluent
mixture) to afford A7 (32.2 mg, 45% yield) as a white crystalline solid. 1HNMR (CDCl3, 300
MHz): δ 3.67 (ddd, J = 12.7, 9.2, 5.4 Hz, 1H), 3.39 (ddd, J = 12.7, 9.4, 5.5 Hz, 1H), 3.33 (ddd, J
= 12.7, 9.4, 6.6 Hz, 1H), 3.18 (ddd, J = 12.7, 9.6, 6.7 Hz, 1H), 1.77 (m, 4H), 1.45 (m, 4H), 1.24
(m, 32H), 0.87 (t, J = 6.5 Hz, 6H). 13CNMR (CDCl3, 75 MHz): δ 141.4, 139.8, 116.8, 115.1, 54.6,
54.4, 31.9 29.6, 29.5, 29.3, 29.2, 29.2, 28.6, 28.6, 23.4, 22.7, 14.1. HR-MS (ESI) m/z = 673.1396
[M+1] (calcd. for C28H51Br2O2S3: m/z = 673.1412).

2,5-Dibromo-3,4-bis(dodecylsulfonyl)thiophene A8
Same procedure as A7, but with 5 equivalents of m-CPBA. (87% yield) 1HNMR (CDCl3, 400
MHz): δ 3.57 (t, J = 8.4 Hz, 4H), 1.85 (m, 4H), 1.43 (m, 4H), 1.25 (m, 32H), 0.88 (t, J = 7.2 Hz,
6H).

All polymerization were carried out as described in Chapter 2.
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A.3 Ladder Polymers
In 2007, Takimiya’s group reported the synthesis of dinaphthohtienothiophene (DNTT)
via the iodine mediated cyclization of two methylsulfanyl substituents and vinylene.[3]
Our S-PTV and S-PTTV polymers contain these same features, so we suspected a similar
cyclization reaction could be possible, generating ladder polythiophene (LPT) (Scheme
A.3). LPT was prepared on glass slides from spin-coated samples of polymers by exposing
the slides to iodine vapors at 120◦C (Figure A.2). Samples of LPT were also prepared
with iodine in acetic acid solutions under pressure at 130◦C. Samples were treated with
hydrazine to reduce the iodine doped LPT.

Scheme A.3: The reported synthesis of DNTT. Below is the proposed synthesis of LPT
from S-PTV and S-PTTV polymers.

From the absorption spectra of the iodine treated films (Figure A.2) we see a significant
blue-shift vs the untreated polymer films (Day 0) consistent with theoretical calculations
predicting a band gap of 2.20 eV for LPT. Treatment with hydrazine causes a red-shift and
the disappearance of a charge transfer band at 950 nm. Experiments on films of S-PTTV
gave identical results. Unfortunately XPS measurements did not show the desired 2:1
carbon atom to sulfur atom ratio for the fully cyclized ladder polymer. Instead the ratio
increased from 7:1 to 16:1. An increase in oxygen was also observed. From these results, we
concluded that while some cyclization may be occurring, yielding an insoluble product, a
majority of alkyl chains must still be present.
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Fig. A.2.: Absorption spectra of a S-PTV film exposed to iodine vapors for several days
and the film after after treatment with hydrazine. On the right is a picture of
films in iodine chambers.

A.4 Pyrrolopyrrole
As a means to compare sulfur and nitrogen heteroatoms in conjugated polymers, we
synthesized the nitrogen analogue of thienothiophene: pyrrolopyrrole (Scheme A.4). The
pyrrole nitrogen on A9 must be protected for the cyclization to proceed.[4] We found that
the protecting group and pyrolle hydrogen could subsequently be replaced with alkyl
groups in one step, though A12 appeared less stable than A11. The goal of the project was
to form a pyrrole-based semiconductive polymer, but was abandoned before polymers were
made. We hoped to form pyrrolopyrrole vinylene monomers via McMurray coupling, but
tests with pyrrole-2-carboxaldehydes gave impure polymerized material. Therefore we did
not attempt to remove the ester substituent of A12. Another approach for this project in the
future is the possible electropolymerization of 1,4-dihexylpyrrolo[3,2-b]pyrrole.

Methyl (Z)-2-azido-3-(1H-pyrrol-2-yl)acrylate A9
Into anhydrous methanol (6 mL) cooled to −20◦C, was added solid sodium (0.345 g, 19.6
mmol). The reaction was stirred till all the sodium dissolved. 2-Pyrrolecarboxaldehyde
(0.584 g, 6.14 mmol) was combined with methyl 2-azidoacetate (1.92 g, 16.7 mmol), then
slowly added to the cold reaction via a syringe pump (0.05 mL/min). The reaction was kept
at −20◦C and stirred overnight. The reaction mixture was then poured into ice-cold water
and extracted with diethyl ether. The solvent was removed in vacuo without warming and
the resultant oil was purified by column chromatography using a gradient of 100% hexane
to 20% ethyl acetate to afford A9 (0.481 g, 41% yield) as a dark oil. 1HNMR (acetone-d6, 400
MHz) δ 7.06 (br, 1H), 6.90 (s, 1H), 6.63 (br, 1H), 6.23 (m, 1H), 3.84 (s, 3H).

186 Chapter A Appendix



Scheme A.4: Synthesis of pyrrolopyrrole and functionalization with alkyl groups.

tert-Butyl (Z)-2-(2-azido-3-methoxy-3-oxoprop-1-en-1-yl)-1H-pyrrole-1-carboxylate A10
Di-tert-butyl dicarbonate (0.86 mL, 3.74 mmol) was syringed into a solution of A9 (0.481 g,
2.50 mmol) in dry acetonitrile (4 mL). 4-Dimethylaminopyridine (0.032 g, 0.26 mmol) was
added and the reaction was covered in foil and allowed to stir overnight. The next day the
reaction was diluted with DCM, poured into NaHCO3, and extracted with more DCM. The
organics were washed with NH4Cl and brine before being dried over Na2SO4. The solvent
was removed in vacuo to afford crude A10 as a yellow oil. (Product can be used in the next
cyclization step without further purification, but excess di-tert-butyl dicarbonate adds to
the new pyrrole ring.) 1HNMR (CDCl3, 500 MHz): δ 7.90 (s, 1H), 7.41 (dd, J = 3.3, 1.6 Hz,
1H), 7.31 (dd, J = 3.7, 1.6 Hz, 1H), 6.31 (t, J = 3.5 Hz, 1H), 3.91 (s, 3H), 1.64 (s, 9H). 13CNMR
(CDCl3, 125 MHz): δ 164.2, 146.7, 128.6, 124.6, 122.3, 120.0, 115.4, 111.8, 84.7, 52.8, 28.0.

1-(tert-Butyl) 5-methyl pyrrolo[3,2-b]pyrrole-1,5(4H)-dicarboxylate A11
Crude A10 was dissolved in dry toluene (3 mL) and slowly added to 10 mL of refluxing
toluene via a syringe pump (0.12 mL/min). Two hour after the completion of the addition,
the reaction was cooled and the solvent was removed in vacuo. Purification by column
chromatography in 100% hexane afforded A11 (0.360 g, 55% yield) as a white solid. (Also
collected 22% of di-Boc product.) 1HNMR (CDCl3, 500 MHz): δ 8.82 (br, 1H), 7.43 (br, 1H),
6.92 (br, 1H), 6.22 (s, 1H), 3.91 (s, 3H), 1.68 (s, 9H). (t, J = 3.5 Hz, 1H), 3.91 (s, 3H), 1.64 (s,
9H).

Methyl 1,4-dihexyl-1,4-dihydropyrrolo[3,2-b]pyrrole-2-carboxylate A12
Under inert atmosphere, tBuOK (0.160 g, 0.589 mmol) was transferred to a 25 mL Schlenk
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tube. The tube was evacuated and refilled with nitrogen. Dry THF (2 mL) was added and
the mixture cooled to 0◦C. A11 (0.033 g, 0.126 mmol) was added under positive pressure and
the reaction was allowed to warm to room temperature over thirty minutes. 1-Iodohexane
(0.20 mL, 1.35 mmol) was added and the reaction was warmed to 60◦C and stirred for 2
hours. The reaction mixture was then poured into NH4Cl and extracted with Et2O (2 × 25
mL). The organic fractions were washed with H2O and dried over Na2SO4 before removing
the solvent in vacuo to afford A12 (0.042 g, 95% crude yield) as a dark oil. 1HNMR (CDCl3,
500 MHz): δ 6.85 (br, 1H), 6.77 (s, 1H), 5.92 (br, 1H), 4.40 (t, J = 7.3 Hz, 2H), 3.92 (t, J = 7.1
Hz, 2H), 3.90 (s, 3H), 1.83 (m, 4H), 1.32 (m, 12H), 0.89 (m, 6H).
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A.5 Dithienothiophene anthracene
While attempting to make thieno[3,2-b]thiophene-2,5-dicarbaldehyde we instead synthe-
sized thieno[3,2-b]thiophene-2,3-dicarbaldehyde (A13). This ortho lithiation was surpris-
ing and was thought to occur due to the stabilization of the ortho-dianion by TMEDA.
Thiophene-2,3-dicarbaldehyde had been used to synthesize acenedithiophenes with inter-
esting crystal packing motifs and charge transport properties.[5][6] Following literature
procedures we synthesized the novel dithienothiophene anthracene analogue (A16) (Scheme
A.5. A16 was emissive with a quantum yield of 40% (Figure A.3). The two regioisomers,
which are formed in equal amounts, appeared to be separable by recrystallization, but
the proper conditions were not found and pure isomers were not collected. The project
was not submitted for publication because the formation of A13 could not be predictably
reproduced.

Scheme A.5: Synthesis of TIPS-anthradithienothiophene.

Thieno[3,2-b]thiophene-2,3-dicarbaldehyde A13
Thieno[3,2-b]thiophene (0.107 g, 0.762 mmol) in diethy ether was cooled to −75◦C under N2.
TMEDA (0.25 mL, 1.65 mmol) and nBuli (0.67 mL, 1.68 mmol) were added successively via
syringe and the reaction turned yellow. The reaction was heated to reflux for 30 minutes,
then cooled back to −75◦C. The reaction was quenched with DMF (0.50 mL, 6.5 mmol)
and slowly allowed to warm to room temperature overnight. The next day the reaction
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Fig. A.3.: Absorption (—) and emission (- - -) spectra of dithienothiophene anthracene
A16.

was clear. Precipitates were observed after quenching with 2M HCl (30 mL) at −20◦C. The
reaction mixture was diluted in H2O and extracted with DCM. The solvent was removed in
vacuo to afford A13 (0.1142g, 76% yield) as a yellow solid. 1HNMR (CDCl3, 300 MHz): δ
10.70 (s, 1H), 10.48 (s, 1H) 7.82 (d, J = 5.2 Hz, 1H), 7.38 (d, J = 5.1 Hz, 1H). 13CNMR (CDCl3,
75 MHz): δ 182.6, 181.7, 154.8, 148.7, 143.3, 138.7, 136.3, 119.1. HR-MS (APCI) m/z = 196.9718
[M+1] (calcd. for C8H5O2S2: m/z = 196.9725). Note: This reaction was successfully repeated
twice, but failed with freshly distilled TMEDA. A 1HNMR of the “old” TMEDA, however,
showed no major impurities, but were shifted slightly up-field.

Anthra-dithieno[3,2-b]thiophene-dione A14
Thieno[3,2-b]thiophene-2,3-dicarbaldehyde A13 (0.082 g, 0.42 mmol) was stirred in EtOH (8
mL) at 60◦C till dissolved. 1,4-cyclohexane dione (0.024 g, 0.21 mmol) was added, followed
by 15% aqueous KOH (0.34 mL, 0.91 mmol). The reaction mixture was stirred at 60◦C for
1.5 hours. The dark reaction mixture for cooled and filtered. The bright yellow solids were
washed with EtOH to afford A14 (0.082 g, 91% yield), which was used without further
purification. 1HNMR (CDCl3, 500 MHz): δ 8.90 (s, 1H), 8.88 (s, 1H), 8.85 (s, 1H), 8.84 (s, 1H),
7.74 (d, J = 5.0 Hz, 2H), 7.42 (d, J = 5.0 Hz, 2H). HR-MS (APCI) m/z = 432.9489 [M+1] (calcd.
for C22H9O2S4: m/z = 432.9480).

Bis((triisopropylsilyl)ethynyl)-dihydroanthra-dithieno[3,2-b]thiophene-diol A15
Triisopropyl silyl acetylene (0.25 mL, 1.1 mmol) in dry THF (10 mL) was cooled to −75◦C
under inert atmosphere. nBuLi (0.44 mL, 1.1 mmol) was slowly added drop-wise. The
reaction mixture was stirred at −75◦C for 15 minutes and was then allowed to warm to 0◦C
for 15 minutes more. A14 (0.082 g, 0.189 mmol) was added at 0◦C under positive pressure,
the reaction was warmed to room temperature and stirred overnight. The reaction was then
quenched with saturated NH4Cl (1 mL) and poured into H2O (25 mL). The product was
extracted into diethyl ether (2 x 20 mL) and dried over Na2SO4 before being concentrated
in vacuo to afford a reddish brown oil. The product dissolved in a minimum of DCM and
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crashed out in hexanes to afford A15 (0.078 g, 52% yield) as red crystals. 1HNMR (CDCl3,
500 MHz): δ 8.80 (s, 1H), 8.70 (s, 1H), 8.69 (s, 1H), 8.60 (s, 1H), 7.58 (dd, J = 5.1, 1.2 Hz, 2H),
7.37 (d, J = 5.1 Hz, 2H), 1.11 (s, 36H).

Bis((triisopropylsilyl)ethynyl)anthra-dithieno[3,2-b]thiophene A16
A15 (0.069 g, 0.087 mmol) was dissolved in 2 mL of dry THF and the red solution was
degassed with bubbling N2. Tin(II) chloride dihydrate (0.051 g, 0.22 mmol) was added and
the solution was degassed for 2 more minutes. The reaction was stirred for 4.5 hours and
then filtered. The product was dissolved in refluxing hexane/DCM and quickly passed
through a small silica plug while hot. The solvent was removed in vacuo to afford A16
(0.044 g, 67% yield) as red solids. 1HNMR (CDCl3, 500 MHz): δ 9.20 (s, 1H), 9.17 (s, 1H), 9.14
(s, 1H), 9.12 (s, 1H), 7.66 (d, J = 5.0 Hz, 2H), 7.36 (d, J = 5.0 Hz, 2H), 0.91 (s, 36H). HR-MS
(APCI) m/z = 763.2437 [M+1] (calcd. for C44H51S4Si2: m/z = 763.2407).

A.6 Bispyrrolobenzene
Using the chemistry learned from the synthesis of pyrollopyrroles, we theorized that we
could synthesize benzodipyrrole, a nitrogen analogue to the well known benzodithiophene
building block. The use of the Hemetesberger indolization reaction had previously been
shown to work in very similar reactions.[7][8] In our hands, however, we were not able to
obtain the desired cyclized product, though we tried several methods (Scheme A.6).

Scheme A.6: Synthesis of dimethoxy-phenylene-bis(2-azidoacrylate) and failed cyclization
attempts.

Fearing that the methoxy groups in A17 were interfering with the cyclization, we also tried
synthesizing the thiophene-substituted starting material A22, though this failed to cyclize
as well (Scheme A.7).

Dimethyl 3,3’-(2,5-dimethoxy-1,4-phenylene)(2Z,2’Z)-bis(2-azidoacrylate) A17
Into anhydrous methanol (4 mL) cooled to −20◦C, was added solid sodium (0.140 g, 6.06
mmol). The reaction was warmed to room temperature and stirred till all the sodium
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Scheme A.7: Synthesis of dithiophenylphenylene-bis(2-azidoacrylate).

dissolved. At room temperature methyl 2-azidoacetate (0.890 g, 7.74 mmol), diluted in 4 mL
of anhydrous methanol, and 2,5-dimethoxyterephthalaldehyde (0.249 g, 1.28 mmol) were
added in alternating portions keeping the temperature constant. The reaction was then
warmed to 30◦C and stirred for 3 hours. The turbid reaction mixture was quenched with
NaHCO3 (15 mL), stirred for 5 minutes, then poured onto ice. The mixture was kept at 6◦C
for 1 hour before filtering and washing solids with H2O. The solids were dried overnight
under vacuum to yield an orange powder (0.179 g, 36% yield). 1HNMR (CDCl3, 500 MHz):
δ 7.86 (s, 2H), 7.41 (s, 2H), 3.95 (s, 6H), 3.91 (s, 6H).

1,4-Dibromo-2,5-bis(dibromomethyl)benzene A18
Followed procedure from literature: Angew. Chem. Int. Ed., 2014, 53, 6786. Collected A18
(48% yield) as a white powder. 1HNMR (CDCl3, 500 MHz): δ 8.15 (s, 2H), 6.96 (s, 2H).

2,5-Dibromoterephthalaldehyde A19
Followed procedure from literature: Angew. Chem. Int. Ed., 2014, 53, 6786. Collected A19
(83% yield) as pale yellow needle-like crystals. 1HNMR (CDCl3, 500 MHz): δ 10.37 (s, 2H),
8.18 (s, 2H). 13CNMR (CDCl3, 125 MHz): δ 189.8, 137.3, 135.0, 125.5.
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2,5-Di(thiophen-2-yl)terephthalaldehyde A20
2,5-Dibromoterephthalaldehyde A19 (0.506 g, 1.73 mmol) and toluene (25 mL) were loaded
into a schlenk tube and placed under inert atmosphere. Tetrakis(triphenylphosphine)palladium(0)
(0.165 g, 0.143 mmol) was added under positive pressure, followed by tributyl(thiophen-
2-yl)stannane (1.5 mL, 4.7 mmol) via syringe. The reaction mixture was heated to 88◦C
and stirred for 2 days while monitoring progress by TLC. Once the reaction complete, the
mixture was cooled, diluted with ethyl acetate, and filtered through cotton to remove excess
palladium. The solution was washed with 1M KF (25 mL), H2O, and brine, dried over
Na2SO4, and concentrated in vacuo. The product was purified by column chromatography
using a gradient of 100% hexanes to 50% DCM to afford A20 (0.488 g, 94% yield) as a yellow
solid. 1HNMR (CDCl3, 500 MHz): δ 10.29 (s, 2H), 8.17 (s, 2H), 7.56 (dd, J = 5.1, 1.2 Hz, 2H),
7.22 (dd, J = 5.1, 3.5 Hz, 2H), 7.17 (dd, J = 3.5, 1.2 Hz, 2H). 13CNMR (CDCl3, 125 MHz): δ
191.2, 137.3, 137.0, 136.8, 130.9, 130.1, 128.3, 128.1.

Diethyl 3,3’-(2,5-dibromo-1,4-phenylene)(2Z,2’Z)-bis(2-azidoacrylate) A21
In a dry 2-neck flask under N2, solid sodium (0.137 g, 5.96 mmol) was added into anhydrous
ethanol (10 mL) cooled to −20◦C, and stirred till all the sodium dissolved. 2,5-Dibromo-
terephthalaldehyde A19 (0.206 g, 0.704 mmol) was combined with ethyl 2-azidoacetate
(0.738 g, 5.72 mmol) and ethanol (10 mL) and cooled to −20◦C in a separate flask. The
freshly prepared NaOEt/EtOH solution was then slowly transfered to the reaction flask
via cannula. The reaction was warmed to −10◦C and stirred overnight under N2. The
reaction mixture was then poured into saturated NaHCO3 (6 mL) and ice and kept at 6◦C
for one hour. The resultant precipitates were filtered and washed with H2O. The product
was purified by column chromatography (100% DCM) to afford A21 (0.034 g, 9% yield) as a
yellow powder. 1HNMR (CD2Cl2, 500 MHz): δ 8.50 (s, 2H), 7.19 (s, 2H), 4.43 (q, J = 7.1 Hz,
4H), 1.44 (t, J = 7.1 Hz, 6H).

Diethyl 3,3’-(2,5-di(thiophen-2-yl)-1,4-phenylene)(2Z,2’Z)-bis(2-azidoacrylate) A22
Followed similar procedure as for A21, but did not cool the reaction. Instead warmed to
30◦C after the addition of NaOEt and stirred for 5 hours. The reaction mixture was then
poured into saturated NaHCO3 (6 mL) and ice and kept at 6◦C for one hour. The resultant
precipitates were filtered and washed with H2O to afford A22 (44% crude yield) as light
orange solids.

A.7 Thio-Coronene
The goal of this early project was to synthesize coronene with fused thiophene rings on its
periphery. The hexakis(thiophenyl)benzene precursor was easily synthesized (Scheme A.8),
but the complete bromination of A26 was more difficult. Questions as to the selectivity of
the following cyclization reaction led to the abandonment of this project.
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Scheme A.8: Synthesis of thio-coronene precursors.

((5-Hexylthiophen-3-yl)ethynyl)trimethylsilane A23
To palladium(II)chloride (0.034 g, 0.19 mmol), copper(I)iodide (0.041 g, 0.21 mmol), and
triphenylphosphine (0.10 g, 0.39 mmol) under inert atmosphere, was added 2-hexyl-4-
bromothiophene (2.14 g, 8.65 mmol) via syringe. Dimethylformamide (12 mL) and triethy-
lamine (5 mL) were subsequently added and the resulting solution was heated to 90◦C
and stirred for 30 minutes. Trimethylsilylacetylene (1.5 mL, 11 mmol) was then added to
the reaction flask and the solution was stirred at 90◦C overnight. The reaction mixture,
containing crystals, was combined with DCM (80 mL) and the organic phase was washed
with water (3 x 200 mL) and brine (2 x 200 mL). The organic fractions were then dried over
MgSO4 and passed through a silica plug. THe solvent was removed in vacuo to afford A23
(2.20 g, 96% yield) as a bright orange oil. 1HNMR (CDCl3, 400 MHz): δ 7.26 (s, 1H), 6.79 (s,
2H), 2.74 (t, J = 7.2 Hz, 2H), 1.63 (m, 2H), 1.29 (m, 6H), 0.88 (t, J = 6.4 Hz, 3H), 0.23 (s, 9H).

4-Ethynyl-2-hexylthiophene A24
To a stirring solution of A23 (2.19 g, 8.30 mmol) in ethanol (100mL) was added potassium
carbonate (3.30 g, 23.9 mmol). After stirring at room temperature for 48 hours the reaction
mixture was poured into water (100 mL), extracted with petroleum ether (3 x 50 mL),
washed with brine (100 mL), and dried over MgSO4. The solvent was removed in vacuo to
afford crude A24 (1.66 g, +100% yield) as an orange oil. 1HNMR (CDCl3, 400 MHz): δ 7.30
(s, 1H), 6.81 (s, 1H), 2.99 (s, 1H), 2.76 (t, J = 7.6 Hz, 2H), 1.65 (m, 2H), 1.31 (m, 6H), 0.88 (t, J =
6.8 Hz, 3H).
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1,2-Bis(5-hexylthiophen-3-yl)ethyne A25
To palladium(II)chloride (0.023 g, 0.13 mmol), copper(I)iodide (0.027 g, 0.14 mmol), and
triphenylphosphine (0.058 g, 0.22 mmol) under inert atmosphere was added 2-hexyl-4-
bromothiophene (1.33 g, 5.39 mmol). Degassed dimethylformamide (4 mL) and triethy-
lamine (2.8 mL) were then added and the resulting solution was heated to 60◦C. After
stirring for 30 minutes, 4-ethynyl-2-hexylthiophene A24 (0.912 g, 4.744 mmol) was added
and the reaction mixture was stirred overnight at 65◦C. The reaction mixture was then
diluted in DCM (50 ml), washed with water (3 x 100 mL), dried over MgSO4, and concen-
trated in vacuo. The product was purified by column chromatography (100% hexanes) to
afford A25 (0.723 g, 47% yield) as a bright orange oil. 1HNMR (CDCl3, 400 MHz): δ 7.26
(s, 2H), 6.83 (s, 2H), 2.77 (t, J = 7.6 Hz, 4H), 1.66 (m, 4H), 1.30 (m, 12H), 0.89 (t, J = 6.8 Hz,
6H).

1,2,3,4,5,6-Hexakis(5-hexylthiophen-3-yl)benzene A26
A mixture of A25 (0.257 g, 0.715 mmol) in 1-4 dioxane (10 mL) was degassed by “freeze-
pump-thaw.” To this was added octacarbonyl dicobalt (0.047 g, 0.14 mmol) and the reaction
mixture was refluxed overnight under N2. The reaction mixture was then cooled and
poured into water (40 mL) and extracted with DCM (3 x 30 mL). The organic fractions were
combined and washed with brine (50 mL), dried over NaSO4 and concentrated in vacuo.
The product was purified by column chromatography (100% hexanes to 10% EtOAc) to
afford A26 (0.226 g, 88% yield) as a sticky dark brown solid. 1HNMR (CDCl3, 400 MHz): δ
6.32 (s, 6H), 6.15 (s, 6H), 2.53 (t, J = 7.2 Hz, 12H); 1.42 (m, 12H), 1.22 (m, 36H), 0.88 (t, J = 7.2
Hz, 18H).

A.8 Additional known compounds
Scheme A.9: Synthesis of 2,5-di(pyridin-4-yl)thiazolo[5,4-d]thiazole.

Knighton, R. C.; Hallett, A. J.; Kariuki, B. M.; Pope, S. J. A. Tetrahedron Lett.
2010, 51, 5419–5422.
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Scheme A.10: Synthesis of thieno[3,2-b]pyrroles.
Jiang, X.-D.; Zhang, H.; Zhang, Y.; Zhao, W. Tetrahedron 2012, 68, 9795–9801.

Scheme A.11: Synthesis of dihydrothieno[3,2-b:4,5-b’]dipyrrole.
Nguyen, H. Q.; Rainbolt, E. A.; Sista, P.; Stefan, M. C. Macromol. Chem. Phys.
2012, 213, 425–430.
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