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Abstract
An Investigation of Electroactive, Conducting, Thiophene-Based Oligomers:
Electronic Structure, Synthesis, Characterization, and Device Analysis

Sharon Eunmee Koh

Theoretical studies on electronic structure governing charge transport properties
are investigated to understand and improve the prediction of electron charge carrier
organic semiconductors used in field-effect transistors.

Perfluorinated oligothiophene

semiconductors have shown experimental n-type behavior, but placement of fluorinated
aryl groups changes charge polarities.

Models were developed to investigate how

geometric, electronic, and energetic properties of these systems allowed for the promotion
of electron carriers. Density functional theory (DFT) is utilized in the analysis of simple
tight-binding dimer and band structure models allowing for the evaluation of transport
properties in these materials.

In addition, investigations of reorganization energies,

ionization potentials, and electron affinities, elucidate further chemical and electrical
properties resulting in observed transport behavior. Results from these analyses indicate
that most organic semiconductors should exhibit ambipolar behavior under favorable
fabrication conditions.
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To improve further transport properties in organic semiconductors, the design of
self-assembling organic conductors through the utilization of hydrogen-bonds is
investigated. The unique architecture obtained by self-assembly is believed to be a tool for
overcoming fabrication defects such as grain-boundaries in crystalline materials that lead to
poorer conduction. Quadruple hydrogen-bonding ureidopyrimidone groups have been
selected to be tethered synthetically to oligothiophene semiconducting cores.

DFT

methods were used to model geometrically planar structures, with solubilizing alkyl groups
on the oligothiophene core.

Synthesis and characterization of final hexathiophene

structures were optically, thermally, and structurally investigated.

Unique thermal

properties gave promising results for a thermoplastic semiconductor.
Electrochemical supercapacitors with n-dopable electroactive polymer electrodes
are investigated for improving future instantaneous power density devices.

Two

polythiophene-based polymers are used to fabricate asymmetric polymer-only based
devices. Ionic liquids used in these devices have been varied for optimum performance,
and a new device configuration for electrochemical supercapacitors is reported.
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Introduction
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With the increasing interest of flexible displays, higher demand for energy and
charge storage devices, and the rapid growth of technology, scientists are turning towards
organics as alternative sources of materials. Since the discovery of conducting polymers,
organic-based electronics have gained great interest in the scientific community. In the
past several decades, conducting small molecules and polymers have been used in various
applications, including charge/energy storage applications,1-4 radio frequency identification
(RFID) tags,5-7 sensors,8-10 flexible displays,11-18 and medical applications.19-22
fundamental science behind these materials is still being explored.

The

For instance, the

transport properties of these materials are not fully understood. The mechanisms of
transport via charge hopping and band transport are usually used to explain the transport
through these materials.23-30 It is commonly known that materials with good planarity lead
to optimum crystal packing and higher conductivities. Everyday, the discovery of new
architectures and chemical/molecular properties is improved to further the performance of
these materials.
In this section, the history of conducting polymers will be reviewed, as well as the
applications investigated in this thesis.

Organic semiconductors allow for different

favorable properties than traditional inorganic semiconductors.

Organics promote

lightweight and flexible devices as well as ease of processability, using materials that are
anti-corrosive and synthetically tailorable.31,32 However, organics are less attractive than
inorganic semiconductors because of their lower performance in mechanical robustness,
high mobility/conductivity, and stability. Organic semiconductors borrow much of the
terminology from traditional semiconductor theory.

Unlike traditional inorganic

semiconductors, many organic-based semiconductors utilize the intrinsic charge transport
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properties (i.e. no dopant is added). Systems in which dopants are added undergo a redox
process, and it should be noted unlike inorganic semiconductors where the “impurities”
added for doping are at low concentrations, organic dopants are at much higher ratios
(such as one dopant charge per four to six repeating conducting polymer units). However,
these systems form quasi-continuum states, like the bands seen in traditional
semiconductors. Removing charge from these bands p-dopes (hole transport) the system
and adding charge n-dopes (electron transport).
Doping polymers is a process of oxidation (p-dopes) or reduction (n-dopes). The
π-bonds in a conjugated system allow charge to travel across the molecular chain, and
between chains, through the π-π overlap. In some conducting polymers, this charge
transport may be limited to the hopping motion.23-27 In others like the acenes, there is
some band transport similar to transport seen in inorganic conductors.28-30 Doping leads to
changes in the electronic and geometric structures. The electronic changes occur from the
oxidation or reduction process which leads to the formation of carbocation or carbanion
and sometimes “midgap” electronic states between the HOMO and the LUMO gap. The
geometric change can involve formation of a “polaron” or other chain defect as the charge
(either hole or electron for p- or n-doped species) moves along the conjugated πbackbone.33-35
Since the discovery of the electrical properties of doped-polyacetylene reported by
Shirakawa et. al. in 1977,36,37 the new materials have gained significant interest in the
scientific community. Shirakawa synthesized polyacetylene using Ziegler-Natta catalysis
and found that excess catalyst led to a shiny product.36 This material not only appeared
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metallic, but also conducted. By a new synthetic route, it was discovered that cis vs transpolyacetylene could be synthesized, and the new shiny product isolated was transpolyacetylene. It was found that upon doping polyacetylene with iodine, conductivities
increased from an initial 3.2 x 10-6 Ω-1 cm-1 to 38 Ω-1 cm-1 at room temperature.36 This
discovery merited the Nobel prize in Chemistry 2000 for Heeger, MacDiarmid, and
Shirakawa.38

Prior to Shirakawa, Heeger, and MacDiarmid’s publications, Weiss in

Australia had published some work on electrical conduction in polypyrrole.39-41 Weiss and
coworkers discovered that the conductivity in oxidized iodine-doped polypyrrole lead to
low resistance materials with conductivities displaying both n- and p-type behavior.41
Conjugated polymers have comparable conductivities to silicon and copper. Upon
doping, it is found that the conductivities of these materials increase significantly. Figure
1.1 shows the conductivity scale. Conjugated polymers span a range of 10-12 to 106 S/cm,
comparable to conductivities ranging from that of glass to copper.

These transport

properties are tuned through various methods of chemical functionality ranging from
different classes of semiconductors (i.e. different heteroatom species – polyacetylene vs.
polyfurans vs. polythiophenes vs. polypyrroles and many more) to functionalization of the
core conjugated backbone.

Conjugated Polymers

Figure 1.1. Conductivity scale for insultators to metals.

27

Through chemical functionalization, various structural and electrical properties may
be tuned. Conjugated ring-systems have been of interest due to the chemical tunablility via
heteroatom inclusion and functionalization of the conjugated carbon-backbone. These
hereroatom ring systems including polypyrrole, polyaniline, polyfuran, and polythiophenes
allow for varying chemical and electrical properties with changes in heteroatom
electroactivity seen in electrochemical, electronic, structural, transport, and ionization
properties

(Figure

1.2a).

Other

ring-systems

include

poly(p-phenylene),

polyphenylenevinylene, polyfluorene, polynaphthalene, polyanthracene, and many chemical
atoms of the above compounds. Other oligomeric systems such as the pentacene, rubrene,
rylenes, have also been investigated (Figure 1.2b). Substituent additions are also studied as
ways of altering the electronic structure properties or increasing solubility.
One of the greatest challenges faced in the world of organic electronics is the lack
of intrinsic electron carriers. Most organic semiconductors are intrinsically p-type,42-52 and
since many electronic devices require p-n junctions, the need to develop better n-type
materials is important. Polythiophene-based systems have been of great interest due to
their relatively low-energy lowest unoccupied molecular orbital (LUMO) levels that may
permit these materials to be better electron transporters.53,54 LUMO levels may allow for
better electron transport because of easier reduction. Among heteroatoms N, P, O, S, and
Se, sulfur and selenium appear to have the greatest electron affinity and lowest band gap,55
suggesting potential improved stabilization of electron carriers.

Therefore, thiophene

systems are of particular interest due to the potential electron stabilization as well as their
synthetic availability and less toxic chemical properties compared to selenium compounds.
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To obtain better organic semiconductors, a number of desired properties may be
modified. As previously mentioned, planarity and π-π stacking are important structural
properties desired in organic semiconductors. A favorable energetic situation for hole
transport is the alignment of the HOMO or valence band with the Fermi energy level; and
favorable for electron transport is the alignment of the LUMO or conduction band with
the Fermi energy level.

Processability is also a significant factor in designing high

performing organic semiconductors.

Different processability techniques are used for

various applications. For thin film fabrication, solution or vapor casting methods are
common.

Vapor depositing requires volatile materials, which are stable at high

temperatures for depositing the molecules onto a substrate. Solution casting requires
solubility

in

desired

solvents;

common

organic

solvents

include

chloroform,

dichloromethane, xylenes, and alcohols. The considerable synthetic tailorability provided
by organic molecules allows for tunable properties of organic conjugated polymers; the
introduction of alkyl or alkoxy chains to the polymer/oligomer backbone improves
solubility in standard organic solvents.
A number of families of conductors have been explored to attain better n-type
semiconductors.

Known n-type materials include C60 and fluorinated copper

phthalocyanine (Figure 1.2c).56,57 More recently substituted thiophene systems and rylenes
have been added to this category.54,58-66 Many of the electronic structure properties of
conjugated polymers are tailorable, allowing for functionalization of the polymer backbone
with electron-withdrawing substituents for better electron transporting materials. These
substituents typically have an inductive effect on the electronic states of the molecule and
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show very little contribution to the frontier orbitals, but lower the energy levels of these
frontier orbitals, allowing for improved electron transport.67

a

b

c

Figure 1.2. Molecular structures of common families of organic conductors. (a) Common
classes of organic conducting polymers. (b) Fused ring organic semiconductors. (c)
Typically n-type organic conductors.
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One of the testing devices for transport properties is the organic field effect
transistor (OFET). This is a hybrid inorganic-organic device, with traditional inorganic
components for the gate, dielectric, and source/drain contacts with the semiconductor
being an organic conducting material. The device configuration may be seen in Figure 1.3,
where the gate is Si, the dielectric is SiO2, and the source/drain contacts are Au. There are
three main parameters used to evaluate the quality of the device performance: charge
carrier mobility (µ), threshold voltage (Vth), and current on/off ratios (Ion/Ioff), which may
be calculated in the so-called saturation regime (VG > VSD) from equation 1:

I DS =

W
µC i [VG − Vth ]2
2L

(1)

where W/L is the channel width/length respectively, Ci is the gate dielectric capacitance
per unit area, VG is the source-gate voltage, and Vth is the threshold voltage.

Figure 1.3. Organic field effect transistor device scheme.
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The OFET devices have been studied by numerous groups to better understand
transport properties of organic semiconductors. The initial organic transistor work was
published by Ebisawa et. al., who characterized a transistor built with undoped
polyacetylene interfaced with polysiloxane.68

This initial work showed very low

conductivity, but suggested promise for future applications in transistors for organic
semiconductors.

Following this work came a paper in 1986 by Tsumura et. al.

demonstrating that polythiophene may be used in thin film transistors as the
semiconductor with mobilities of ~10-5 cm2/Vs.69 This work was followed by Assadi et. al.
who also demonstrated the fabrication of thin film organic-based transistors with poly(3hexylthiophene) obtaining carrier mobilities of ~10-4 cm2/Vs.70 Small molecule organic
transistors were also fabricated with enhanced mobilities up to 0.01 cm2/Vs.71-73
From this initial work on poly- and oligothiophenes has stemmed further efforts in
improving thin film transistors. An evaluation of unsubstituted oligothiophenes ranging
from 4T (four thiophene units) to 8T has shown µ values ranging from 10-4 cm2/Vs to 0.03
cm2/Vs.74 The 6T and 8T systems show superior performance over smaller oligothiophene
semiconductors.74 With the addition of substituents, electronic properties may be tailored
for changes in charge polarity and improvements of charge transport. Bao and coworkers
have found that functionalization with fused aryl groups has lead to hole mobilities of up
to 0.14 cm2/Vs.75 Functionalization of the thiophene core with electron-withdrawing
substituents has shown to change predominant hole transport in transistors devices to
electron transport.59-65,76

Due to the lack of intrinsic electron carriers, this particular

modification of the parent conductor core has been of great interest.

Frisbie and

coworkers have used cyano-functionalization to modify electron transporting materials.64,65
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Their work has exhibited remarkable transport improvements with µ up to 0.005 cm2/Vs.65
Sirringhaus and coworkers have discovered that most organic semiconductors conduct
both electrons and holes under proper energetics in the device layer interfaces.77
The Marks group has explored several different thiophene-based systems with
various electron-withdrawing substituents, including fluorinated systems through aryl or
alkyl substitution and carbonyl-based substituents. The Marks group has been highly
successful in developing small molecule n-type materials, however, to this day few high
performing n-type polymers exist. Some of the n-type oligomers were developed through
functionalization of the oligothiophene cores with perfluorinated alkyl groups58-60 and
through perfluoroarene groups.61,62 Most recently, additional withdrawing groups coupled
to the fluorinated substituents. Upon adding carbonyl groups onto the thiophene core,
these electron-withdrawing effects are enhanced, providing devices stable operation in
ambient conditions (previous n-type devices only showed transport properties under N2 or
vacuum).54,78 Cylic-imido modified thiophene systems were also chemically polymerized
for potential electron transport; however, no FET mobility was seen.79
Theoretical tools are employed to understand better charge transport properties
within these materials. Density functional theory (DFT) has proved to be an accurate
theoretical method for modeling chemical and structural properties of organic
systems.24,25,80-85 Though exact energy values may not necessarily be calculated, the trends
among families of molecules is found to parallel experimental findings.59,60 Bond lengths
and angles however are found to be quite comparable to experimental crystal structures.67
Several groups, including those of Bredas and Ratner, has utilized these tools to understand
charge polarities and prediction of favorable structural, electrical, and chemical properties
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leading to n-type behavior.23-25,55,67,83,86,87

Investigations of geometric and electronic

structure properties from Brédas and coworkers have investigated topics ranging from
characterization of charge mobility to electronic coupling and electron-phonon
interactions.23 Results from the Brédas group has shown models have elucidated the
intricacies involved in modeling charge transport within the semiconductor crystal. Ratner
and coworkers have found also utilized electronic structure methods to understand how
electronic coupling and models like charge hopping govern overall transport measured
experimentally in transistor-type devices.24,25,87
In addition to the quest for n-type conducting oligomers and polymers, new
architectures are of great interest for efficient packing and assemblies that may improve
structural and electrical properties for various applications. One of the most important
novel methods of assembly is through the utilization of hydrogen-bonding which allows
for controlled and strong molecular interactions.88-94 Hydrogen bonds are prevalent in the
biological world and may be utilized in the world of assembly to allow for thermal control
(as well as tunability in intermolecular strength) by varying the number of hydrogenbonding interactions.95 Through self-assembling techniques, better control of architecture
through the hydrogen bonds may be obtained, leading to good molecular packing, control
of grain boundaries in films leading to better control of microstructure, and better
mechanical robustness.
Hydrogen-bonds are well known in the biological world, where the natural building
blocks include carbohydrates, amino acids, and nucleic acids. In particular, hydrogen
bonds play a crucial role in many biological processes such as recognition between DNA
base pairs, ligand-binding to receptors sites, enzyme catalysis and α-helix or β-sheet
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formation.91

Based on the balance of the attractive and repulsive forces the strength of

the hydrogen-bonding interactions/dimeric strengths may be established.96,97
By combining the known properties of assembly in hydrogen-bonding and the
conducting properties utilized in our group with thiophenes, the thermoplastic conducting
polymers may be designed.

Hydrogen bonds allow for dimensional control over

temperature, programming intermolecular interactions by permitting hydrogen-bonding to
be a reversible temperature dependent property. With hydrogen-bonding interactions
allowing oligomers to behave like polymers, unique semiconducting properties may be seen
with thermal dependence.95,98,99
In addition to transport applications, conducting polymers have found a unique
place in charge and energy storage applications. The electrochemical properties of these
molecules allow for charge storage in stable oxidation and reduction potentials and for
switching behavior.100-104 The availability of multiple redox states may permit more stable
and longer charge storage device lifetime.

These materials have applications in

electrochemical supercapacitors,104-110 rechargeable storage batteries,1 electrochromics
devices,111,112 burst energy applications, and electrical vehicles.2,3 We are most interested in
the electrochemical supercapacitor.
Supercapacitors exist with many different device configurations and genres of
materials. Three types of supercapacitors are the metal-oxide, double-layer carbon, and
polymer-based devices.

What we will focus on is the polymer-based supercapacitor

devices. Within the electrochemical polymer-based supercapacitor, various device setups
exist.

Much of the earlier developmental work for this field was pioneered by

Gottesfeld105,106,113 and Conway.114-116 In 1994, Rudge et. al.106 showed a cartoon version of

35

what transport mechanism is believed to take place within these electrochemical
supercapacitor devices (Figure 1.4).

Figure 1.4. A schematic of the charging and discharging process within a polymer-based
electrochemical supercapacitor. (a) Shows the p-doping process at the polymer electrodes,
and (b) shows the n-doping.106
Among polymer-based supercapacitors, there are four types of device
configurations. Type I is a symmetrical supercapacitor based on a p-dopable conducting
polymer.

Type II is an asymmetric supercapacitor where two different p-dopable

conducting polymers are selected, with differences of the potential ranges in which they
become p-doped. Type III is a supercapacitor in which the same polymer is used and may
be p-dopable and n-dopable.

New to the community is the type IV supercapcitor,

fabricated with a n-dopable polymer and a different p-dopable polymer.104 The type III
and type IV supercapacitors are of greatest promise in terms of energy density and have
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advantages over the type I and type II devices in conducting states and greater
instantaneous power density.105,106,117 However, due to the paucity of n-doped and n-type
polymers, type III and type IV device are the least developed.
Polymer-based supercapacitors developed by Ferraris and Rudge pioneered the
model of charge transport and design of these devices.106 Rudge et. al. constructed Type
III devices using polythiophene derivatives including structures like poly-3-(4fluorophenyl)-thiophene as an n-dopable material resulting in 1.2 F/cm2 capacitance
values.106 Most previously reported polymer-based Type III supercapacitors use hybrid
structures with n-dopable polymers either electrochemically grown onto carbon paper, or
fabricated electrodes with mixtures of carbon black/carbon blends with polymer.107,118,119
Capacitances obtained from these device structures yield values ranging from tens to
hundreds of F/g.103,107,117-119 These devices measure polymer capacitances as well as carbon
pseudocapacitance, therefore it is difficult to elucidate polymer capacity.120
This thesis will discuss three different topics in conducting organic materials. In
the first section, titled “Understanding the Electronic Structural Differences between
Electron and Hole Carriers in Oligothiophene-based Semiconductors,” a theoretical
discussion of charge polarities and transport in various oligothiophene semiconductors will
be undertaken using density functional theory (DFT).

DFT will be used to explore

electronic structure properties and ionization energetics. Simple tight-binding models will
be used to estimate the electronic coupling, and band structure studies will be used to
investigate the full three-dimensional crystal structure to understand how symmetry affects
transport. This section includes chapters 2 through 4.
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Chapter 2 details “Theoretical Studies on the Electronic Structure of Conducting
Oligomers: Understanding Charge Transport and Favored Charge Polarities in Fluorinated
vs non-Fluorinated Systems.” DFT is employed to investigate structural, electronic and
transport properties of several isomeric fluoroarene-oligothiophene-based semiconductors.
Three oligothiophene systems varying in perfluoroarene group positions within the
molecule are studied to understand the electronic structure, leading to the observed
mobility values and to n- and/or p-type behavior in these structures. Analyses of both
intermolecular interactions in dimers and extended interactions in crystalline structures
afford considerable insight into the electronic properties and carrier mobilities of these
materials as well as the polarity of the charge carriers. From the calculated carrier effective
masses, we found that sterically-governed molecular planarity plays a crucial role in the
transport properties of these semiconductors.

Our calculations correlate well with

experimentally deduced geometries, highest occupied molecular orbital (HOMO)/lowest
unoccupied molecular orbital (LUMO) energies, and the observed carrier mobility trends
among the systems investigated.
Chapter 3 details “Differentiating Preferential Electron vs. Hole Transport in
Perfluorinated-Oligothiophene Semiconductors: Investigation of Geometric and Electronic
Structure Properties.” A theoretical study using density functional theory (DFT) is
undertaken to gain insight into how the structural, electronic, and electron-transfer
characteristics of three perfluorinated-oligothiophene semiconductors influence the
preferred transport of electrons versus holes in field-effect transistor applications. The
intermolecular electronic coupling interactions are analyzed through both the simplified
energy-splitting in dimer (ESID) model and evaluated as a function of the entire dimer
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Hamiltonia (EDH) in order to understand the impact of site energy differences; our results
indicate that these differences are generally negligible for the series and, hence, use of the
ESID model is valid. In addition, we also investigate the reduction and oxidation ionization
processes to understand the magnitudes of the intramolecular reorganization energy for the
charge-hopping process and expected barrier heights for electron and hole injection into
these materials. From the electronic coupling and intramolecular reorganization energies,
estimates of the nearest-neighbor electron-transfer hopping rate constant for electrons are
obtained. The ionization energetics suggest favored electron injection for the system with
perfluoroarene groups at the end of the thiophene core, in agreement with experiments.
The combined analyses of the electron-transfer properties and ionization processes suggest
possible ambipolar behavior for these materials under favorable device conditions.
Chapter 4 details “Theoretical Studies on the Electronic Structure of PhenacylQuarterthiophene Semiconductors.” DFT is used to investigate the structural, electronic,
ionization, and transport properties of two phenacyl-oligothiophene semiconductors.
These two semiconductors differ by the substitution of phenyl versus fluorinated phenyl
groups at the ends of a tetramer thiophene core. Experimentally, n-type transport is
measured for the system substituted with perfluorinated phenyl groups. A theoretical
understanding of the electronics, symmetry, and structure allows us to better determine
why electron transport dominates in this fluorinated phenyl substituted thiophene
semiconductor. Analyses of dimer intermolecular interactions in the crystal structure are
evaluated with a tight-binding model. Ionization energetics are studied to understand
electron affinities and ionization potentials. Internal reorganization energies are computed
to evaluate the required energy for oxidation or reduction. An extended crystal structure
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investigation is undertaken utilizing band structure plots of these materials to understand
transport through the analysis of directional effective masses. Our calculations are able to
predict dominant charge carrier polarities, sign and magnitude measured experimentally.
In the second section titled “Novel Self-Assembling Architectures for Organic
Semiconductors,” new architectures designed with hydrogen bonding schemes will be
explored. Chapter 5 details an “Investigation of Hydrogen-Bonding as New Self-Assembly
Architecture in Conducting Oligothiophenes.” Design of new architectures and assembly
motifs are important in building new nanostructures for future organic-based electronic
materials. This study presents two unique hydrogen-bonding derivatized oligothiophene
molecules, designed via computational modeling and synthesized for conducting
thermoplastic

properties.

These

two

systems,

5,5'''''-bis(1-ethyl-3-(4-oxo-1,4-

dihydropyrimidin-2-yl)urea)-4',4'',3''',3''''-tetrahexyl[2,2';5',2'';5'',2''';5''',2'''';5'''',2''''']sexithiophene (DGE-6T-Hx) and 5,5'''''-bis(1-ethyl-3-(4-oxo1,4-dihydropyrimidin-2-yl)urea)-4',4'',3''',3''''-tetrahexyl2,2';5',2'';5'',2''';5''',2'''';5'''',2''''']sexithiophene (DGO-6T-Hx) were fully characterized in
regard to unique optical, thermal, and transport properties.

Differential scanning

calorimetry and thermogravimetric analysis are used to understand thermal properties.
Fourier-transform infrared (FT-IR) spectroscopy is utilized to understand how hydrogenbonding is affected by temperature and solid-state processing. Absorption and emission
spectra are taken to understand optical electronic structure properties.

1

H NMR

spectroscopy is used for structural characterization as well to understand intermolecular
hydrogen bonding interactions in solution. It is found that DGO-6T-Hx exhibits
temperature dependence in thermal, optical, and transport properties which are very
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promising for thermoplastic applications. Transport properties are evaluated using organic
field effect transistor (OFET) devices to measure field effect hole carrier mobility, which is
on the order of 10-5 - 10-6 cm2/Vs. In addition, pulse-radiolysis time-resolved microwave
conductivity measurements are used to estimate hole mobility. These mobility values are
three orders of magnitude greater than those measured by OFET.
In the last section titled “Charge Storage Applications for Oligo/PolythiopheneDerivatives” the study of two chemically polymerized thiophene based systems will be
investigated in an electrochemical supercapacitor device. Chapter 6 titled “PolythiopheneBased Semiconductors as Electron Transporters in Polymer-Based Electrochemical
Supercapacitors” will investigate two chemically polymerized electron transporting
materials in a Type IV supercapacitor configuration. Electrochemical supercapacitors with
n-dopable polymer electrodes are of great interest as high energy density and instantaneous
power density devices.

With proper functionalization of the conjugated backbone

polythiophenes possess favorable energy levels for electron transport. This paper reports
two

modified

polythiophenes,

poly2,5-N-n-dodecyl-3,4-cyclicimidothienyl-co-2’,5’-

bithiophene) (PCIT) and tetrafluoro-p-phthaloyl-tetrathiophene copolymer (PFPT) for
electron transport in asymmetric p- and n-doped electrochemical supercapacitors. These
devices were fabricated with poly(propylenedioxythiophene) as the p-doped polymer
coupled with either of two n-dopable thiophene polymer, PCIT or PFPT. Two device
configurations were employed using varying organic solvent and ionic liquids as
electrolytes. PCIT devices fabricated in an ionic liquid medium without solvent exhibited
the highest performance with a charge capacity of 12.0 C/cm3. This device showed an
80% depth of discharge after 100 cycles. Though these values are lower than those
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reported for Type III devices, the Type IV device configuration allows for an accurate
assessment of pure polymer capacitances.
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Section I:
Understanding the Electronic
Structural Differences between
Electron and Hole Carriers in
Oligothiophene-based
Semiconductors
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Chapter 2:
Quantum Chemical
Analysis of Electronic
Structure and n- and pType Charge Transport
in PerfluoroareneModified Oligothiophene
Semiconductors
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I. Introduction
Conducting soft materials are important for the development of organic-based
electronics and opto-electronics.1-3 However, many fundamental questions concerning
how charge is transported through functional organic molecular solids are currently
unresolved. For instance, why certain molecular materials have particular majority chargecarriers (electrons or holes) and how molecular and crystal structure parameters influence
relative magnitudes of carrier mobility are far from being completely understood.2,4,5 For
these materials to achieve full potential requires better understanding of both molecular
properties and intermolecular interactions. It is well known that the carrier mobility of
organic conductors depends crucially on the geometry of molecular packing, and that the
carrier sign may be altered through introduction of substituents on the conjugated core.6-8
In this regard, thiophene-based conductors are of great interest due to their attractive
properties,

including

chemical/thermal

stability,

synthetic

tailorability,

solubility/processability, and relatively large carrier mobility.9-15 The transport properties of
oligothiophene skeletons have been shown to be strikingly sensitive to the nature of the
skeletal functionalization.7,8,16

For instance, by introducing electron-withdrawing

fluorocarbon substitutents, the energies of unoccupied orbitals can be lowered, making ntype transport channels available.7,8,17-24 To date, most organic semiconductors have been
found to be p-type charge transporters.25-40 However, carriers of both signs are critically
needed for organic CMOS (complementary metal oxide semiconductor) to increase
operating speeds and to reduce power consumption.
In the quest for n-type organic conductors, recent research in this laboratory has
focused on fluorocarbon-oligothiophene isomers containing variously positioned
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perfluorinated-arene and alkyl substituents.14,15,17,41 Experimentally, we have used fieldeffect transistor (FET) measurements to observe substantial mobilities and n-type carrier
dominance, a striking variance from the p-type transport typical of unfunctionalized and
hydrocarbon-functionalized

oligothiophenes.7,8,17,28,42-45

This

contribution

provides

theoretical investigations of perfluoroarene-modified oligothiophenes that are of interest
due to their unusual semiconducting properties; in particular, relatively large carrier
mobilities combined with favorable reduction properties resulting in n-type transport.17,41
Here we focus on the electronic and structural properties of three electrically and
crystallographically characterized mixed-polarity molecules with perfluoroarene groups
sequentially located in different skeletal positions; each molecule contains six rings, two
perfluoroarene units and four thiophene rings (see Figure 2.1). As Table 2.1 shows, both
TFTTFT and FTTTTF exhibit large field-effect transistor (FET) mobilities, with the
latter exhibiting n-type transport.

The archetypical p-type conductor 6T is also

investigated for comparison.46 To understand the effect of the molecular structure on the
electronic and transport properties (i.e., the majority carrier sign inversion and variation in
the carrier mobility magnitudes) in the three perfluoroarene-modified thiophene
semiconductors, the electronic and geometric structures were investigated using two
Density Functional Theory (DFT) methods.

First, a molecular quantum chemical

approach focused on understanding frontier orbital interactions and charge density
distributions arising from pair-wise intermolecular interactions, starting from the crystal
packing of dimers and idealized π-π stacked models.

Second, we study electronic

properties of the corresponding crystalline structures with an infinite three-dimensional
network by calculating their electronic band structures, conduction/valence band
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topologies, and electron/hole effective masses. The later approach contrasts with most of
the band structure studies of organic conductors performed to date which have
predominantly been limited to one-dimensional analyses in reciprocal space (due to the
inherent structural complexity of most molecular crystals).47-51

FTTTTF

TFTTFT

TTFFTT

6T

Figure 2.1. Molecular structures of the molecules examined in this study.
Table 2.1. Experimental electrochemical data (in eV) where electron affinity (EA) and
ionization potentials (IP) are estimated via redox potentials measured vs. SCE.17,41
Experimental mobilities (measured in field-effect transistors) are also reported where the
temperature reported is the deposition temperature (TD) of the organic film. Computed
band gaps (in eV) are also summarized. Note that the gaps calculated for the band
structure were with a pure DFT (LDA) functional and the molecular calculations were with
a hybrid functional; a n-type conductor, b p-type conductor.
Experimental Electrochemistry Data
(eV)

17

EA
THF

IP
THF

Egap
THF

EA
Film

IP
Film

Egap
Film

FTTTTF

-2.85

-5.48

2.63

-2.69

-5.27

TFTTFT

-2.82

-5.64

2.82

-2.67

TTFFFT

-2.81

-5.81

3.00

6T

-2.65

-5.20

2.55

Calculated Band Gaps
(eV)

17,41

Measured
µ FET (cm2V-1s-1)

Egap
Molecular

FET µ
(TD in °C)

2.58

Egap
Band
Structure
1.44

2.80

-5.32

2.65

1.72

2.91

-2.53

-5.40

2.87

1.97

3.18

-2.36

-4.78

2.42

1.38

2.61

0.08 (60)a
0.43 (90)a
0.01 (60) b
0.004 (90) b
-5
4x10 (60) b
Not active (90)
0.03 (60) b
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The band structure calculations reported here suggest, for each of the three
perfluoroarene-modified oligothiophene semiconductors, similar transport properties for
both hole and electron carriers. It will be shown that molecular geometry and packing
dictate the π-π overlap connected with the crystallographic direction of the highest
transport observed in most organic conductors as well as in the present calculations.
Importantly, our calculations agree well with experimentally obtained crystal structure
geometries, electrochemically measured redox potentials, and the observed mobility trends.

II. Computational Methods
Density Functional Theory (DFT) has been found to be an accurate formalism for
calculating chemical and structural properties of many molecular systems, including organic
conductors.52-58

DFT methodology has also been shown to predict accurate band

structure diagrams, bandwidths, and densities of states for conventional inorganic
semiconductors and provide reliable trends for organic conductors.59-61 Despite the wellknown overbinding effects of pure DFT functionals which results in underestimations of
the energy band gaps, full band structure analyses can provide information on the band
topology for the top of the valence band and the bottom of the conduction band and thus
illuminate features such as carrier effective masses, carrier mobilities, and transport
symmetries that are difficult to extract from simple dimer models. The two methods used
in this study are detailed below.
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A. Molecular Approach
Monomer and dimer calculations were performed with DFT using the Q-Chem 2.1
program62 with the B3LYP hybrid functional63,64 and a 6-31G* basis set.

Optimized

monomer geometries were compared to those obtained experimentally via x-ray
diffraction.17 Three dimer models were investigated: the true dimer, a modified dimer, and
the perfect dimer models (see Figure 2.2). In the true dimer model, the atomic geometry is
extracted directly from the crystallographically-determined unit cell. In the FTTTTF and
TTFFTT systems, the true dimer is significantly slipped from a cofacial arrangement, with
two neighbor half-molecules overlapping. Therefore a modified dimer was investigated for
FTTTTF and TTFFTT where two half-molecules interact with one full molecule. In the
perfect dimer, optimized monomers are used to construct the dimer with two monomers
spaced at the crystallographically-determined co-facial distance (see Figure 2.3a for co-facial
packing). This distance is 3.2 Å for FTTTTF, 3.4 Å for TFTTFT, and 3.36 Å for
TTFFTT.
Single point energy calculations were performed for all dimer structures, retaining
the crystal geometry in the two models referred to here as the true dimer and the modified
dimer, and freezing the co-facial spacing in the third model, the perfect dimer. DFT
calculations were performed in Q-Chem 2.1 and Jaguar 5.065. Orbital plots were calculated
using single point energy calculations with Spartan ’04 for Windows62,66 using DFT with a
B3LYP functional63,64 and 6-31G* basis set.

49
(a)

FTTTTF

TFTTFT

TTFFTT
(b)

TTFFTT

FTTTTF
(c)

TFTTFT

FTTTTF

TTFFTT

Figure 2.2. (a) Schematics of the true dimers from the crystal, (b) schematics of the
modified dimers from the crystal, and (c) schematics of the perfect π-π overlap dimers.
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3.20
Å

3.40
Å

b
a
FTTTTF - Triclinic

c

b
a
c

3.36
Å

b
c

TFTTFT - Monoclinic

TTFFTT - Orthorhombic

(a)

FTTTTF - Triclinic

TFTTFT - Monoclinic

TTFFTT - Orthorhombic

(b)
Figure 2.3. Experimental crystal packing diagrams10 for the molecules examined in this
study, (a) Projections showing the co-facial packing (b) Projections showing molecular
packing.
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B. Band Structure Calculations
Electronic structure calculations were performed with DMol3 3.853,67 using DFT
with the Perdew-Wang exchange-correlation functional68,69 and a DND basis set.67 The
lattice parameters and the atomic positions were taken from experimentally determined
crystal structures.17 For sexithiophene (6T), structural parameters were taken from the
Cambridge Crystal Database.70,71

For all systems under investigation, the internal

geometries were optimized by the total energy and atomic force minimization; during the
relaxation, the volume of the corresponding unit cell was fixed to the experimental value.
The results showed that the binding energies changed ~1%, while, as expected, the band
gap values became smaller upon optimization ranging from 0.09 eV to 0.21 eV.
The electronic band structures were calculated along the high-symmetry directions
in the corresponding standard Brillouin zone of the designated crystal system. For better
comparison among the systems and due to the peculiar space orientation of the molecules,
additional band structure calculations were performed including other directions in
reciprocal space. Densities of states were calculated using the tetrahedron method72 and a
8x8x4 k-point mesh (see Figure 2.1 for molecular structures for FTTTTF, TFTTFT, and
TTFFTT). Finally, both hole and electron effective masses were calculated according to:
 1 
1 ∂2E
=
±
 m * (k ) 
ℏ 2 ∂k i ∂k j

 i, j
(1)
Here, m* is the effective mass, E is the band energy, and k is the wavevector. Note, the
estimation of curvature can be dependent on different numerical methods for estimating
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the second derivative of energy with respect to k-space. Here we use a variation of the
three-point method commonly used for estimating second derivatives.

III. Results
In the discussion below, differences in structural and electronic properties are
compared for FTTTTF, TFTTFT, and TTFFTT in both optimized gas-phases and
crystalline structures. Dimer interactions are evaluated using three different models to
understand intermolecular interactions.

Additionally, band structure calculations are

utilized to understand the extended polycrystalline networks of these organic
semiconductors.

From these calculations, the electronic structure properties defining

charge transport are then evaluated.

A. Energetics and Structural Properties of Monomers
DFT optimized gas phase structures generally correspond well to the experimental
crystallographic data. For the systems herein, we find that DFT overestimates the C-S
bond lengths within the thiophene ring (0.02 Å) and the conjugated C-C bonds lengths
within the thiophene ring (0.01 Å), while the C-C single bond lengths between rings are
underestimated by <0.008 Å. In comparison to the computed geometry, the experimental
dihedral angles in FTTTTF are smaller between the two cis thiophene rings by 5.5°, but
slightly larger between the perfluoroarene groups and the two sets of cis thiophene groups
(by 1.5°).

For TFTTFT, the dihedral angles are all slightly (1°-7°) greater in the

experimental crystal geometry.

For TTFFTT, the dihedral angle between the two
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perfluoroarene groups is measured to be 53.9(0.32)° in the crystal structure17 versus 52.6°
in the optimized structures. All other dihedral angles in the crystal geometry are greater (by
2°-7°) than in the optimized single-molecular structure of TTFFTT.
Orbital contour plots for the three molecules in both optimized gas-phase and
crystal geometries reveal that both highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs) consist of linear combinations of
individual thiophene and perfluoroarene groups. The HOMOs reside predominately in the
thiophene rings and show the typical cis-butadiene HOMO pattern (Figure 2.4); there is
some, but minimal, contribution from the perfluorarene segments. The LUMOs, on the
other hand, are more delocalized with more equal contribution from both the thiophene
and perfluoroarene groups. Substantial contributions from the sulfur atoms are also seen
in the LUMO orbital plots, whereas the fluorine atoms make little direct contribution to
either HOMO or LUMO orbitals (in keeping with the traditional role of fluorine as an
inductive substituent). Additionally, the carbon-centered orbitals of the perfluoroarene
fragments in TFTTFT and TTFFTT show significantly more charge density localization
as compared to FTTTTF. HOMO/LUMO energies from the crystal geometries exhibit
slightly larger energy gaps than in the optimized gas-phase structures by 0.082 eV for
FTTTTF, 0.109 eV for TFTTFT, and 0.190 eV for TTFFTT.
Molecular orbital contour plots for the dimers [denoted as (FTTTTF)2,
(TFTTFT)2, and (TTFFTT)2] in the enforced perfect π-π overlap model reveal significant
intermolecular orbital overlap between the LUMO oribitals in both (FTTTTF)2 and
(TFTTFT)2. This is especially significant between corresponding C…C and the S…S pairs
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FTTTTF HOMO

FTTTTF LUMO

TFTTFT HOMO

TFTTFT LUMO

TTFFTT HOMO

TTFFTT LUMO

Figure 2.4. Monomer molecular orbital contour plots of the HOMO and LUMO orbitals
of FTTTTF, TFTTFT, and TTFFTT.
in the two co-facial molecules, which exhibit intermolecular contacts of 3.2 and 3.4 Å,
respectively.

In (TTFFTT)2, orbital overlap is far smaller than in (FTTTTF)2 and

(TFTTFT)2 due to the pronounced twist from planarity in the molecular geometry, which
leads to a far larger interplanar spacing. See Figure 2.5 for example of contour plot of the
(FTTTTF)2 dimer in the perfect model.
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Figure 2.5. Example orbital plot; contour plot of (FTTTTF)2 in the perfect dimer
model. Molecular orbital contour plot reveals the overlap in charge density.

B. Bandwiths in Dimers: Tight-Binding Model
In a simple tight-binding model picture, bandwidths arising from orbital splittings
directly determine the mobility (increased bandwidth leads to increased mobility). This
bandwidth follows from the tight-binding model picture where the monomer HOMO and
LUMO orbitals split upon forming an interacting dimer (see Figure 2.6).73

Orbital

splittings are defined by the absolute energy difference between the HOMO and the
HOMO-1 (2βHOMO), and the LUMO and the LUMO+1 (2βLUMO) orbital energies (see
Figure 2.2). Computed bandwidths are 4β74 and are summarized in Table 2.2.

Figure 2.6. Energy splittings used to determine bandwidths. Cartoon of a monomer
evolving into a dimer band diagram. The leftmost dimer model corresponds to the band
diagram for the dimers in the perfect and true dimer models. The dimer band diagram on
the right corresponds to the modified dimer model. Here orbital splitting corresponds to
2β and Egap the HOMO/LUMO energy gap (H=HOMO, L=LUMO). Note that in this
model the bandwidth is 4β.74
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1. True dimers.

Dimers with the atomic positions taken directly from the

corresponding crystal geometry were also evaluated (Figure 2.2a). In (TFTTFT)2 there is
little slippage in the packing, with a slight displacement in the parallel planes between the
two molecules in the dimer. Obtained bandwidths for (TFTTFT)2 are 0.164 eV (HOMO)
and 0.272 eV (LUMO). In both (FTTTTF)2 and (TTFFTT)2, the monomer cofacility is
slipped, reducing the interaction. For (FTTTTF)2, bandwidths of 0.284 eV (HOMO) and
0.112 eV (LUMO) are computed, while (TTFFTT)2

has bandwidths of 0.224 eV

(HOMO) and 0.096 eV (LUMO) (Table 2.2). In 6T the herringbone pattern of the
molecular structures are perpendicular, leading to reduction in perfect π-π overlap.
Obtained bandwidths for (6T)2 are 0.276 eV (HOMO) and 0.271 eV (LUMO).
2. Modified dimers. The interactions within (FTTTTF)2 and (TTFFTT)2 were
further investigated with a modified dimer model, using two half molecules interacting with
a full molecule in the corresponding crystal lattice packing (Figure 2.2b). The scission
points of the half-molecules were capped with hydrogen atoms.
A comparison of the energy splitting patterns traced from the monomers to the
modified dimers reveals that the presence of the two half molecules results in the
appearance of additional orbitals having energies both lying within 0.001 hartree (0.027
eV), Figure 2.2 (designated as HOMO-1a and HOMO-1b for the HOMO levels and
similarly LUMO+1a and LUMO+1b for the LUMO).

Here the HOMO-1a and

LUMO+1a have orbital energy values close to the HOMO and LUMO orbitals.
Bandwidths were calculated from the HOMO/HOMO-1a and LUMO/LUMO+1a energy
differences. As expected, the bandwidths of the modified dimers are increased by 1-3 and
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6-8 times for HOMO and LUMO, respectively, as compared to the true dimers, see Table
2.2, showing the significance of the interactions: (FTTTTF)2 is found to have bandwidths
of 0.878 eV (HOMO) and 0.852 eV (LUMO), and (TTFFTT)2 has bandwidths of 0.262
(HOMO) and 0.612 eV (LUMO) (Table 2.2).
3. Perfect dimers. To understand the perfect π-π stacked system for the three
molecules under investigation, orbital energy calculations on fully eclipsed dimers with
incrementally varied z-axis spacings (distances between the co-facial molecular π-π
stacking) were also performed (Figure 2.2c).

Bandwidths were found to decrease

exponentially with respect to the distance between the two molecules. As z becomes
greater than 5 Å, the two molecules in the dimer behave essentially like two isolated
monomers with orbital energies corresponding to those of the monomer.
Bandwidths (4β) reported from this model are for crystallographically determined
π-π co-facial distances [(FTTTTF)2 3.2 Å, (TFTTFT)2 3.4 Å, and (TTFFTT)2 3.36 Å].

Bandwidths are estimated to be 1.688 eV (HOMO) and 1.198 eV (LUMO) for
(FTTTTF)2, and 1.414 eV (HOMO) and 1.306 eV (LUMO) for (TFTTFT)2.

In

(TTFFTT)2, the large dihedral angle between the two perfluoroarene groups leads to small
bandwidths - - 0.544 eV (HOMO) and 0.380 eV (LUMO). The corresponding bandwidths
for (6T)2 are found to be 1.258 eV (HOMO) and 1.244 eV (LUMO). Bandwidths obtained
via this orbital splitting analysis are summarized in Table 2.2.
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Table 2.2. Summary of HOMO and LUMO splittings from molecular orbital calculations
at the B3LYP/6-31G* level of theory. See Figures 2.2 (a, b, c) to for dimer configurations
chosen for the molecular systems. The co-facial spacing for the perfect dimer model is as
follows: FTTTTF (3.2 Å), TFTTFT (3.4 Å), and TTFFTT (3.36 Å).
Dimer
type

True Dimer from
Crystal (a)
HOMO
LUMO
eV
eV

FTTTTF
TFTTFT
TTFFTT
6T

0.284
0.164
0.224
0.552

0.112
0.272
0.096
0.542

Modified Dimer from
Crystal (b)
HOMO
LUMO
eV
eV
0.878
NA
0.262
NA

0.852
NA
0.612
NA

Perfect π-π overlap
Dimer (c)
HOMO
LUMO
eV
eV
1.688
1.414
0.544
1.252

1.198
1.306
0.380
1.197

C. Band Structures of the Crystals
Band structures were investigated by evaluating band dispersion along standard
Brillouin zones and additional directions in the reciprocal space for all four systems –
FTTTTF (triclinic), TFTTFT (monoclinic), TTFFTT (orthorhombic), and 6T
(monoclinic). Using the standard Brillouin zone directions (Figure 2.7), we found less
dispersion than with the inclusion of additional directions in reciprocal space in the band
structure plots, where larger energy dispersion of both the conduction and valence bands is
found for all structures investigated, but most pronounced in the FTTTTF system. This
additional band dispersion is due to a more thorough sampling in reciprocal space of the
molecular packing (Figure 2.8).

Thus, we may conclude that more directions – as

compared to the standard directions in the Brillouin zone – are required in order to obtain
accurate band dispersions and, therefore, to describe more accurately the charge transport
properties through analysis of the effective masses at the conduction and valence band
edges. Herein, we discuss the findings in band structure plots taken from the additional
reciprocal space evaluation as seen in Figure 2.9; the results are summarized in Table 2.3.
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FTTTTF

TTFFTT

TFTTFT

6T

Figure 2.7. Band structure and density of states (DoS) plots for the indicated
semiconductors in the standard Brillouin zone directions, where the yellow region is the
band gap.
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The effective mass values calculated at the conduction band edge (CBE) and valence band
edge (VBE) predict the following mobility trends: FTTTTF > TTFFTT > TFTTFT >
6T. It is expected that the geometric twist in TTFFTT should lead to a much lower
charge transport; however, this is not seen in the comparison of effective mass calculation
at the CBE and VBE. Overall band dispersion, as monitored by the bandwidths seen in
the band structure plots (Figure 2.9) is smaller in TTFFTT compared to the other three
systems (FTTTTF, TFTTFT, and 6T) (Table 2.3). Aside from TTFFTT, the trend
otherwise agrees with the measured FET mobility trends where FTTTTF is predicted to
have higher mobilities than TFTTFT and 6T, which is greater than TTFFTT. The
magnitudes of the hole vs electron effective masses do not show significant enough
differences to estimate theoretically the favoring of

n- vs p-type charge transport.

According to these calculations, it appears these systems would be ambipolar, however all
of the fluorinated-arene systems appear to favor hole transport, and 6T is predicted to
have favored electron transport. To understand better the directional mobilities within the
crystal packing, plots of the planes in real space corresponding to the directions calculated
in reciprocal space were made utilizing the program Mercury75-77 (Figures 2.10 and 2.11).
Table 2.3. Comparison of calculated effective masses in the directions indicated for the
semiconductors examined here.
Valence Band
FTTTTF
TFTTFT
TTFFTT
6T

Conduction Band

0.29 me (Y-L)
0.41me (N-R)
0.88me (Γ-Z)
1.32me (Lα-Z)
0.38me (Γ-X)
0.52me (Γ-X)
2.74me (Z-M)
1.20 me (Lα-Z)
α
is an indication that the exact location of the band minimum is not precisely at the indicated special point,
the direction for this effective mass value remains valid.
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(a)

Triclinic

Monoclinic

Orthorhombic

(b)

Figure 2.8. (a) Brillouin zone directions for Triclinic, Monoclinic, and Orthorhomibic
systems used to computed band structures seen in Figure 2.7. (b) Schematic of the
additional points evaluated in reciprocal space used to generate the band structure plots
seen in Figure 2.9.

62

FTTTTF

TFTTFT

TTFFTT

6T

Figure 2.9. Band structure and density of states (DoS) plots of reciprocal space sampling
where yellow region corresponds to the band gap.
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Figure 2.10. FTTTTF crystal packing showing planes of high transport probability. The
 −
red plane indicates the direction of favored n-type and p-type transport  00 1 , though the


displacements in reciprocal space differ. The abc vectors for the crystallographic repeat
unit are indicated by the red (a), green (b), and blue (c) lines.
(a)

(b)

Figure 2.11. (a) TFTTFT crystal packing showing planes of highest transport; the blue


 −
and red plane indicates the favored n- and p-type transport  010  and  001 respectively.




(b) TTFFTT crystal packing showing the plane of highest transport; the red plane
− 
indicates the favored n- and p-type transport direction 1 00  . The abc vectors for the


crystallographic repeat unit are indicated by the red (a), green (b), and blue (c) lines.
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Bandwidths from the HOMO/LUMO tight-binding model dimer splitting cannot
be directly compared to the calculated band structures due to the degenerate nature of the
conduction bands found in TFTTFT, TTFFTT, and 6T. It should also be noted in the
band structure calculations that the bandwidths of the valence and conduction bands are
from multiple split bands. However, the bandwidths can be estimated by evaluating the
width of the bands from the total density of states (TDOS); these are summarized in Table
2.4. FTTTTF does not show band degeneracy.
Table 2.4. Bandwidths computed from the total densities of states.
Valence Band
(eV)

Conduction Band
(eV)

0.43
0.188
0.26
0.45

0.313
0.25
0.175
0.65

FTTTTF
TFTTFT
TTFFTT
6T

An analysis of the partial densities of states (PDOS) allows us to clarify the origin
of the charge densities contributing to the frontier bands. We found that the majority of
the charge density contributions arise from p-orbitals which comprise the π-conjugation –
in agreement with the above molecular orbital analysis. In general, the three systems show
contributions mainly from the conjugated carbon backbone for both the valence and
conduction bands. The sulfur p-orbitals contribute mainly to the conduction band, and the
electron-withdrawing fluorocarbon fragments appear to make little contribution to the
valence/conduction energy level interactions, in agreement with the molecular orbital
analysis above.

As expected, the calculated band gap values are significantly

underestimated. A comparison of the band gap values for three modified structures and
the 6T structure shows a good agreement with experimental trends,17 where 6T has the
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smallest band gap (1.38 eV) followed in order by FTTTTF (1.44 eV), TFTTFT (1.72 eV),
and TTFFTT (1.97 eV), see Table 2.1. FTTTTF, TFTTFT, and 6T have an indirect
band gap, whereas TTFFTT has a direct band gap.

IV. Discussion
For the perfluoroarene oligothiophene molecules investigated, orbital contour plots
indicate that the greatest charge density contributions to the valence bands are from the
conjugated carbon backbone of the molecular π-system while the sulfur atoms contribute
principally to the conduction band, in agreement with previous work on thiophene
oligomers.61 Very little direct charge density contribution to the HOMOs and LUMOs is
derived from the fluorocarbon groups, although the fluorinated components inductively
stabilize the electronic levels of the molecular systems. The analyses from the density of
states calculated from the band structures indicate similar trends in charge density
distribution within the molecular structures as was seen in the dimer studies. Previous
work showed that the S…S as well as C…C and C…S intermolecular interactions are key
contributors to dispersion in the bands. In particular, it has been suggested that the sulfursulfur overlap leads to the dispersion seen in the band structures and dominates the
transport properties.78 In the present study, the band structure calculations agree with
previous work revealing substantial sulfur-sulfur interactions, also seen in the present
molecular orbital contour plots for the LUMOs. Additional investigation is needed to
probe the exact nature of S…S effects on the transport properties, in particular when
vibronic coupling is important.
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The applicability of the quantum chemical tight-binding type approach is based on
the assumption that in the absence of other effects such as polaron formation,79-82 one may
assume, all other things being equal, that the greater the bandwidth, the greater the carrier
mobility (effectively, because scattering out of the band is minimized). The general trend
(see Table 2.2) observed here is that FTTTTF has a greater bandwidth than TFTTFT
and TTFFTT, in accord with experimental data showing that FTTTTF has a greater
carrier mobility than TFTTFT, followed by TTFFTT.

In the true dimer model,

TTFFTT appears to have larger bandwidths over TFTTFT; this is due to the
crystallographic packing where the best orbital overlap for TFTTFT is along the slippage
plane (see Figure 2.10). The computed 6T bandwidths indicate smaller mobilites than
FTTTTF, but approximately the same as TFTTFT, in agreement with experiment.17
However, the transition to n-type conduction in FTTTTF is not suggested by the present
calculations.

In the true and modified dimer models from the crystal cell, smaller

bandwidths are observed, indicating reduced molecular interactions. The orbital overlap in
(FTTTTF)2 and (TTFFTT)2 is greater in the modified dimer model than in the true dimer
which shows staggering (Table 2.2). Though the general trends of HOMO vs LUMO
bandwidths in the modified dimer model may not concur with observed charge polarity,
the modified dimer model may give a better indication of the real crystal interactions since
in the crystal structure, staggering is seen where half molecules are interacting with other
half molecules for the FTTTTF and TTFFTT molecular systems. When comparing the
true to modified dimer models, the bandwidths of FTTTTF are seen to increase
significantly in the latter, indicating good orbital overlap whereas in TTFFTT there is less
increase seen due to orbital overlap disruption from the twist in molecular geometry. In
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the dimer models from the crystal cell, the HOMO splitting is again seen to be greater than
that of the LUMO for (FTTTTF)2 and (TTFFTT)2, but not for (TFTTFT)2 in variance
with the perfect dimer model, but does correspond to the wider LUMO band seen in the
calculated total DOS (Table 2.4). In the perfect dimer model, greater HOMO than LUMO
orbital splittings are observed (Table 2.2). The greater bandwidths calculated in the perfect
dimer model arise from the assumed idealized π-π stacking. Energy gaps for the three
models are ordered as follows, Egap: modified dimer > true dimer > perfect dimer.
Both sterics and electronic interactions are important in determining molecular
interactions in the π-π stacking direction. In FTTTTF and TFTTFT, the molecules are
nearly planar. So these molecular systems stack well in the z-direction and have strong π-π
stacking interactions, as indicated in the calculations (e.g., Table 2.2).

However, in

TTFFTT due to the significant torsional angle between the two central perfluoroarene
rings, the π-π stacking interactions are much weaker.

This disruption in molecular

interaction correlates well with the lower observed charge carrier mobilities of this system.
This trend is evident in the molecular orbital picture (the bandwidths are substantially
smaller than in the other two systems). In the band structure results, the predicted mobility
based on effective mass agrees with FTTTTF and TFTTFT trends, but does not seem to
consider the geometric twist in TTFFTT and will be further investigated.
The band structure calculations agree with experimental trends in band gaps (Eg)
where Eg: FTTTTF < TFTTFT < TTFFTT.

However, due to the well-known

overbinding effects of the DFT functional used,83 band gap magnitudes are underestimated
by ~0.5 to 0.8 eV. While DFT-derived trends should be reliable, molecular band gaps
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calculated using a hybrid functional are, as expected, in much better agreement with the
experimentally measured gaps (see Table 2.1).
Previous electronic structure calculations for 6T focused on dispersion relations
evaluated in four different reciprocal space directions.78 In this study we evaluate the
structure by including additional directions in reciprocal space to attain a better
understanding of the extended electronic structure for comparison to the dimer
calculations. In the present reciprocal space evaluation, band dispersions are observed that
agree with previously published work by Haddon, et. al.78 Evaluating the CBE and VBE in
our 6T investigation of the standard Brillouin zones, we find in the forward directions of
 −




the CBE  00 1 and the VBE 101 to have very flat bands, while the unconventional






− 
reciprocal space directions shows the greatest dispersion in the 1 0 0  direction for the




valence band and in the  010  direction for the conduction band.


The band structures calculated for the standard Brillouin zone directions and the
sampling of reciprocal space both reveal band degeneracy dominately in the conduction
bands for TFTTFT, TTFFTT, and 6T (energy degeneracy for particular points in kspace) – all three systems have p-type charge carrier mobilities found experimentally
through FET measurements. Band degeneracy may arise because of the symmetry of the
molecular system leading to degenerate energy levels.84,85 No band degeneracy is seen in
FTTTTF, a system with one molecule in the crystal unit cell. In systems with more than

69

one molecule in the crystal unit cell, band degeneracy – which can facilitate phonon
scattering86 and hence reduce carrier mobility – is commonly observed.
The lowest effective mass is found for FTTTTF, which correlates with the highest
experimental charge carrier mobility determined in this series.

However, for the

perfluorinated-oligothiophene systems all effective masses estimate holes lower than those
calculated for electron transport, suggesting that all three systems studied should favor ptype carrier mobilities. For 6T, it appears that electron transport may be favored; however
LUMO/conduction band levels are much higher in energy than in the perfluorinated
systems. Effective masses for holes and electrons for all systems are on very similar
numeric scales, though these systems may appear to slightly favored hole transport, they
may also have similar transport probabilities for electrons – indicating these systems should
all be ambipolar.
Though bandwidths may not be directly compared due to band degeneracy seen in
TFTTFT, TTFFTT, and 6T, both 6T and TFTTFT show larger bandwidths for the
conduction band, indicating the capacity for n-type charge transport. We believe the rather
large conduction bandwidths of TFTTFT and 6T, although contributed by degenerate
bands, indicate potential n-type behavior under optimum processing/fabrication
conditions.
The large widths of the 6T conduction band are in agreement with electronic
structure calculations for polythiophene indicating that the conduction bandwidth is greater
than the valence bandwidth.61

The conditions under which the organic FETs are

fabricated (and mobility and charge carrier signs are measured) may introduce interfacial
artifacts and other effects that are not accounted for in the present calculations.87-92 Chua
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et. al. recently reported an organic semiconductor electron affinity in agreement with our
earlier work,14,15 and showed, not unexpectedly, that removing hydroxyl trapping sites at the
semiconductor-dielectric interface can be important for mobilizing n-type FET charge
carriers.93 The present calculations indicate, generally, that oligothiophene-fluoroarenes
should exhibit ambipolar transport;43 (based on idealized behavior with perfect molecular
crystals). The experimental electron affinities obtained from the film electrochemistry
suggest little difference between FTTTTF and TFTTFT, also shown in our theoretical
models. The effective masses also suggest that all these materials may be ambipolar, with
carrier sign determined by the experimental fabrication conditions and measurement
schemes.
To understand better the origin of the mobility in certain crystallographic
directions, planes were plotted in real space corresponding to the directions calculated in
reciprocal space (Figures 2.10 and 2.11). In plotting the planes that correspond to the
directions of highest predicted mobility for the three systems, it is found that the greatest
mobility is in the π-π stacking direction. For FTTTTF the largest mobility predicted for
 −
both n- and p-type carriers is in the π-π stacking direction, the  00 1 vector direction at


different displacements in reciprocal space. Figure 2.10 shows a plot of the planes for
FTTTTF. For TFTTFT, the highest symmetry plane for both the n- and p-type regime
−


shows favorable transport in the π-π stacking direction,  01 0  and  0 01 respectively.





Based on crystal packing motifs, FTTTTF has one defined orientation in which the long
axis of the molecule may align flat with the substrate, whereas in TFTTFT there are
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several directions of orientation for this alignment. The twist in TTFFTT renders it
difficult to discern what planes intersect, but it appears that the π-π stacking interactions
are also important although substantially disrupted by the molecular twist, leading to lower
carrier mobilities. Figure 2.10 shows the planes of high transport probability for TFTTFT
and TTFFTT.

V. Conclusions
In summary, we find that analyses of computed orbital splitting trends and band
structure can elucidate charge transport behavior in these unusual isomeric molecular
crystals. We find narrow bands and comparable effective masses in both conduction and
valence bands in all systems studied. This suggests that transport is intrinsically ambipolar,
with other issues (trapping, injection, phonon coupling, measurement technique) possibly
dominating the result of any given sample set or measurement method. Steric effects in
TTFFTT compromise molecular planarity and render it a far poorer conductor than
planar TFTTFT or FTTTTF. This indicates (in agreement with a simple tight-binding
picture) that the extent of π-π overlap determines the dominant transport direction.
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Chapter 3:
Differentiating
Preferential Electron vs.
Hole Transport in
PerfluorinatedOligothiopene
Semiconductors:
Investigation of
Geometric and
Electronic Structure
Properties
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I. Introduction
π-conjugated molecular, oligomeric, and polymeric materials are of immense
interest as alternatives to traditional inorganic materials for many low-cost organic-based
electronics applications – including thin-film transistors (OTFTs),1-6 light-emitting diodes
(OLEDs),7-11 and photovoltaic cells12-14 – due to device processing ease, mechanical
flexibility, and a large synthetic palette from which properties can be designed into the
molecular or polymeric structures.15-17 However, many fundamental questions concerning
how charge is transported through these functional organic molecular solids remain
unresolved. In particular, why certain molecular materials favor the transport of holes
versus electrons (i.e., positive and negative polarons, respectively) and how molecular and
crystal structure parameters influence relative carrier mobility magnitudes are far from
being completely understood.18-20
In typical organic transport media, very small bandwidths (<1 eV) dictate that
charge motion occurs by hopping. The electron-hopping process is generally portrayed as
a self-exchange electron-transfer reaction between two neighboring molecules within the
framework of Marcus theory and extensions thereof.18,21 The rate constant for electron
transfer (i.e., polaron hopping) is then defined in an Arrhenius-like form:
kET =

4π
h

 −λ 
t122 exp

4πλkBT
 4kBT 
1

(1)

where λ is the reorganization energy for the intermolecular electron transfer, t12 is the
electronic coupling element (transfer integral) between neighboring molecules, h Planck’s
constant, kB the Boltzmann constant, and T the temperature. The reorganization energy λ
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can be separated into the sum of two primary components: i) the medium solvent
reorganization energy (i.e., outer-sphere reorganization energy, λo) that arises from
modifications to the medium polarization due to the presence of an excess charge and ii)
the intramolecular reorganization energy (i.e., inner-sphere reorganization energy, λi) that
provides a measure of the electron-vibration (phonon) interaction for the sequential
reduction and oxidation processes of polaron hopping. Along with the original dielectric
continuum model put forth by Marcus, numerous explorations into expressions to describe
λo are currently ongoing.22-29 λi can be determined quantum-chemically from the individual
relaxation process energies for the neighboring electron-donor and electron-acceptor
species; as an example, λi for the reduction of an electron-acceptor (neutral species, λ1) via
oxidation of a doublet electron-donor (radical-anion, λ2), see Figure 3.1, can be obtained by
the expression shown in Equation 2:

λi = λ1 + λ 2 = (E0−1 − E00 ) + (E −01 − E −−11 )

(2)

where λi is the total intramolecular reorganization energy and λ1 [λ2] is the reorganization
energy of the electron-acceptor [electron-donor].

Figure 3.1. Energy diagram of ionization processes to form anions.
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Following the work of Siebbeles et al.1, 2 and Coropceanu et al.3, 4, the electronic
Hamiltonian of a simple two-site (i.e., dimer pair) tight-binding model5 can be written as

ˆ =  e1 t12 
Η
t

 21 e2  .

(3)

The electronic coupling (transfer integral) is defined by the matrix element
t12 = t 21 = Ψ1 Hˆ Ψ2

,

where Ψ1 and Ψ2 are diabatic state wave functions for neighboring

molecules. Within the one-electron approximation, the diabatic states are associated with
localized monomer orbitals ϕi, here considered to be orthogonal. Assuming that the dimer
highest-occupied molecular orbital (HOMO) [lowest-unoccupied molecular orbital
(LUMO)] and HOMO-1 [LUMO+1] result solely from the interaction of the monomer
HOMOs [LUMOs], the transfer integrals for hole (Equation 3a) [electron, Equation 3b]
transfer can be expressed as:
t12H = ϕ1H Hˆ ϕ 2H
t12L = ϕ1L Hˆ ϕ 2L

(4a)

.

(4b)

The diagonal elements of this matrix are the site energies – which originate from
differences in either molecular geometry or intermolecular polarization of localized
electronic states – and are expressed as:
e1 = ϕ1H [ L ] Hˆ ϕ1H [ L ]
e2 = ϕ 2H [ L ] Hˆ ϕ 2H [ L ]

(5a)
(5b)
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Solving the determinant of this matrix provides the relationship between the transfer
integral, site energy, and expected degree of energetic splitting of the dimer molecular
orbitals (∆E12) via

∆E12 =

(e1 − e2 )2 + (2t12 )2

(6)

However, as stated above, the tight-binding approximation assumes an orthogonal basis
and the Löwdin’s symmetric transformation can be applied to a nonorthogonal basis to
generate an orthonormal one that maintains as much as possible the initial local character
of the monomer orbitals.4 Usually, in the one-electron approximation, the monomer
orbitals used to define the diabatic states of the dimer are nonorthogonal. Therefore, ∆E12
in a nonorthogonal basis should be written as
∆E12 =

where

ε~1( 2)

(ε~2 − ε~1 )2 + 4(~t12 − ~t12 S12 (ε~1 + ε~2 ) + ε~1ε~2 S122 )
2
1 − S12

(7)

~
and t12 are the site energies and electronic coupling in the nonorthogonal basis

and S12 is the spatial overlap between the molecular orbitals on the monomers.4 Equation 6
is rewritten as Equation 7 in a symmetrically orthonormalized basis when

ε 1( 2) =

~
2
~ ~
~ ~
1 (ε 1 + ε 2 ) − 2 t12 S12 ± (ε 1 − ε 2 ) 1 − S12
2
2
1 − S12

(8)

and

t12

1
~
t12 − (ε~1 + ε~2 )S12
2
=
2
1 − S12

.

(9)
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This full expression incorporating the overlap is utilized herein.
As with the reorganization energy, quantum-chemical calculations can provide
access to estimates for the electronic coupling element. The most common means of
estimating t12 is the energy-splitting in dimer (ESID) model.34 Due to computational ease
and feasibility, the transfer integral for hole [electron] transfer is generally taken as half the
energetic difference of the HOMO and HOMO-1 [LUMO and LUMO+1] energy levels of
a molecular dimer; the ESID model strictly implies that differences in the site energies
given in Equations 5a and 5b are necessarily zero or negligible (e1≅e2). Recent work,32,33
however, has indicated that this assumption is often invalid in organic crystalline
semiconductors and, thus, t12 should be evaluated as a function of the entire dimer
Hamiltonian (EDH).30,32,33 As Equation 6 reveals, neglect of site energy inequality can lead
to overestimations of the transfer integral. For example, along the diagonal direction of
herringbone crystals (e.g., pentacene, when only one inequivalent molecule is present in the
crystal structure), the molecular sites are equivalent as long as all the neighboring molecules
are taken into account. However, when a dimer is extracted from the crystalline
environment, the two herringbone-packed molecules are no longer equivalent and an
artificially created site energy difference has to be properly taken into account to evaluate
the electronic coupling.33
To date, most organic semiconductors have been found to be hole-channel charge
transporters.35-45

However, for diode-based applications, electron-channel organic

conductors are important. Empirical evidence suggests that the addition of electronwithdrawing substituents to the core of the oligomer/polymer provide stronger electron
affinities (often estimated from the LUMO), promoting electron transport. Fluorocarbon-
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oligothiophene isomers containing variously positioned perfluorinated-arene and alkyl
substituents5,6,46,47 are of particular interest as the thiophene-based semiconductors have
stabilized LUMO energies in comparison to other heteroatom aromatics, as well as other
favorable properties including chemical and thermal stability, synthetic tailorability, and
relatively large carrier mobilities.5,6,48-53 Indeed, substantial mobilities and n-type carrier
dominance have been observed in these materials, a striking variance from the p-type
transport

typical

of

unfunctionalized

and

hydrocarbon-functionalized

oligothiophenes.34,42,45,50-57
In this work, we focus on the structural, electronic, and transport properties of
three electrically and crystallographically characterized mixed-polarity molecules with
perfluoroarene groups sequentially located at different skeletal positions; each molecule
contains six rings, two perfluoroarene units and four thiophene rings (see Figure 3.2).54 The
archetypical p-type conductor 6T is also investigated for comparison.2,55 We are interested
in detailing further how the placement of the perfluoroarene units affects the ionization
processes and electronic coupling in these structurally analogous oligomeric systems, with
the ultimate goal of understanding how these properties result in the observed differences
in majority carrier sign and kET.
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Figure 3.2. Molecular structures of perfluoroarene-modified oligothiophenes.

II. Theoretical Methodology
Geometry optimizations of the neutral and radical-ion states were performed at the
DFT level using the B3LYP hybrid functional56,57 and a 6-31G** basis set. Analyses of the
neutral and radical-ion states were also carried out with the PW91 functional;58,59 the
optimized geometries and electronic structures were found to be quite comparable for the
two functionals. All isolated molecular calculations were performed with Q-Chem (version
2.1).60
The electronic coupling was evaluated with both the ESID and EDH models (vide
supra) using the ADF code. The ESID model was evaluated for a series of crystal dimer
structures (vide infra) with both the B3LYP/6-31G** and PW91/6-31G** functionals. The
transfer integral was also evaluated via EDH with the PW91 functional.

All EDH

80

calculations are performed using the generalized gradient approximation (GGA) and a
triple-ζ STO basis set with one polarization function on each atom (TZP basis in ADF).
Dimers along specific directions were extracted from the crystal structures and the
electronic coupling tH[L]1,2 was evaluated as the matrix element <ϕH[L]1|H|ϕH[L]2> (where
ϕH[L]1,2 are the localized HOMO and LUMO molecular orbitals).

III. Results.
A. Geometry
Selected geometric parameters for the optimized neutral, radical-anion, and radicalcation states of 6T, FTTTTF, TFTTFT, and TTFFTT are listed in Tables A1 – A8 in
Appendix A (Figure A.1 provides the reference bond numbering scheme). The DFT
calculated neutral states for FTTTTF, TFTTFT, TTFFTT are in good agreement with
the crystal structures. Calculated structures in B3LYP showed better agreement with crystal
geometries and will be discussed in this section. Calculated dihedral angles measured from
thiophene-thiophene (S-C-C-S) reveal a planar core for FTTTTF with φ1 being 180o;
however, the remainder of the molecule appears slightly twisted with φ2 and φ3 21.6o and
11.8o respectively (dihedral notation is given in Appendix A). TFTTFT also possesses a
relatively planar core as well as a fairly planar thiophene-phenyl interaction with φ2 and φ3
both having angles of 0.7o. For TTFFTT, the fluoroinated-phenyl ring junction in the
middle of the molecule provides a significant twist with a torsion of 52.6°; the thiophenephenyl ring interaction appears planar (~0.6°) for φ2 and the thiophene-thiophene
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interaction also seems to be relatively planar with φ3= 176.8°. All three compounds have
more twist compared to the planar 6T structure. We note that FTTTTF shows a
preferred syn-conformation between outer pairs of thiophene rings in the experimental
crystal structure.46,47 The DFT results, however, show that anti-conformer is energetically
stabilized by 1.6 kcal/mol versus the syn-conformer – an energetic difference that could be
overcome by crystal packing effects and lead to the syn-conformer in the solid-state.
Reduction and oxidation of the four molecular systems bring about substantial
bond-length alternation (BLA)61 along the C-C backbone of the oligomeric structures. The
BLA shifts for both reduction and oxidation in 6T predominately occur within the four
central thiophene units; minimal changes occur for the two external thiophene rings; while
there is nominal change in the S-C bond lengths for oxidation, the S-C bonds lengthen by
0.02 Å upon reduction. Similar geometric changes occur upon reduction and oxidation for
both FTTTTF and TFTTFT – structures in which the central aryl rings are thiophenes.
The BLA in the C-C backbone of the central thiophene units alters significantly upon both
reduction and oxidation, while the external thiophene ring in TFTTFT shows modest
modifications; changes to the S-C bond lengths also show similar patterns for reduction
and oxidation. The perfluoroarene units undergo relatively modest BLA changes compared
to the thiophene units. For TTFFTT, with central perfluoroarene groups, the structural
changes due to oxidation are predominately localized on the thiophene units. Reduction
leads to more delocalized modifications to the geometry, including more significant
changes in the perfluoroarene units and less change within the thiophene rings versus the
other structures. Both radical-ion species for each system are more planar than the neutral,
with the most pronounced difference between neutral and charged species in FTTTTF.
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B. Energetics of Ionization
Vertical and adiabatic ionization potentials and electron affinities are given in Table
3.1. Substitution of the perfluoroarene groups into 6T stabilizes the radical-cation state on
the order of 0.4 – 0.6 eV. The energetic stabilization of the radical-cation increases as the
perfluoroarene units are moved towards the center of the oligomeric structure. Electron
affinities reveal a similar energetic stabilization (~0.1 – 0.3 eV) of the radical-anion state.
However, the electron affinities are most energetically-stabilized when the perfluoroarenes
are on the oligomer exterior.
From Equation 2 we determine the intramolecular contribution to the total
reorganization energy (λi); the individual relaxation components and total intramolecular
reorganization energies for reduction and oxidation are given in Table 3.1.

The

reorganization energies for both reduction and oxidation are on the order of 0.20 – 0.34
eV. The results for these inter-ring structures are two-to-three times larger than those for
the fused-ring oligoacene structures (e.g., pentacene: 0.097 eV for oxidation and 0.130 eV
for reduction).62,63 The reorganization energies for each structure are similar for both
reduction and oxidation – results in line with the similar geometric changes observed for
both ionization processes. Amongst the structures, 6T, TFTTFT, and TTFFTT have
comparable reorganization energies, while those for FTTTTF are appreciably larger.
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Table 3.1. Vertical and adiabatic ionization potentials (VIP and AIP, respectively) and
electron affinities (VEA and AEA, respectively), and the relaxation energies and total
reorganization energies associated with the respective oxidation and reduction processes as
determined at the B3LYP/6-31G** level. All energies are in eV.
Oxidation
Reduction
VIP AIP λ1
λ2
λox VEA AEA λ1
λ2
λred
6T
5.86 5.75 0.13 0.12 0.25 -1.14 -1.25 0.11 0.11 0.22
FTTTTF 6.29 6.11 0.13 0.19 0.32 -1.36 -1.56 0.14 0.20 0.34
TFTTFT 6.38 6.27 0.12 0.11 0.23 -1.36 -1.48 0.12 0.12 0.24
TTFFTT 6.48 6.39 0.10 0.09 0.19 -1.24 -1.36 0.11 0.11 0.22

C. Electronic Coupling
Both the ESID and EDH models rely on information pertaining to the monomer
electronic structure; therefore, HOMO and LUMO energies are given in Table 3.2 and
pictorial representations of the monomer and dimer molecular orbitals are contained in
Appendix A. The trends in the HOMO and LUMO energies match those of the ionization
potentials and electron affinities. The perfluoroarene units stabilize the HOMO versus 6T,
Table 3.2. DFT-derived and Experimentally-Estimated HOMO and LUMO Energies at
the B3LYP/6-31G**54 and PW91/6-31G**.
B3LYP/6-31G**
PW91/6-31G**
HOMO LUMO HOMO LUMO
6T
-4.79
-2.20
-3.05
-1.71
FTTTTF
-5.20
-2.39
-3.44
-1.87
TFTTFT
-5.33
-2.39
-3.56
-1.84
TTFFTT
-5.47
-2.29
-3.71
-1.70
* Electrochemical redox values were obtained both in
measurements.

Exp.*46,47
HOMO
LUMO
-5.20 (-4.78)
-2.65 (-2.36)
-5.48 (-5.27)
-2.85 (-2.69)
-5.64 (-5.32)
-2.82 (-2.67)
-5.81 (-5.40)
-2.81 (-2.53)
THF and thin-film (parentheses)

with the stabilization increasing as the perfluoroarene groups are moved towards the center
of the oligomeric structures. The computed HOMO values are in good agreement with the
experimentally

derived

ionization

energy

values

extrapolated

from

thin-film
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electrochemistry;46,47

electrochemically-measured redox potentials are often used as

estimates to HOMO/LUMO energies by adding 4.4 eV from the Eonset to obtain ionization
potential (IP) or electron affinity (EA). [Eonsetoxidation = IP – 4.4; and for Eonsetreduction = EA4.4].50,64-67 The LUMO energies, likewise, are stabilized versus 6T with perfluoroarene
substitution; however, the LUMO is more energetically stabilized with the perfluoroarenes
on the exterior. The molecular orbital density distributions have been described
previously.54 The majority of the molecular orbital density in both the HOMO and LUMO
resides on the C-C backbone. Contributions from the sulfur atoms are found to contribute
predominantly in the LUMO, while the fluorine atoms act chiefly through inductive
effects.
Previous estimates54 of t12 for these materials have been made with the ESID
method using the B3LYP functional54 with atomic positions taken directly from the
corresponding crystal geometry. The results,54 along with estimations using the PW91
functional to compare with the full EDH calculations (vide infra), are given in Table 3.3.
The B3LYP and PW91 ESID calculations are in good agreement. These results reveal that
the electron and hole transfer integrals for 6T are significantly larger than any of the
perfluoroarene-thiophene systems. For electron transport, t12 is estimated to be
approximately equal for FTTTTF and TTFFTT with TFTTFT being smaller; t12 for
hole transport, on the other hand, is significantly larger for TFTTFT versus the other two
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Table 3.3. Electronic coupling for hole and electron transport from the ESID model at
the B3LYP/6-31G** and PW91/TZP levels of theory and the EDH model. All energies
are in eV.
ESID
EDH
B3LYP
PW91
PW91
Hole
Electron
hole
electron
Hole
Electron
6T
0.135
0.132
0.133
0.129
--------FTTTTF 0.057
0.011
0.056
0.017
0.053*
0.030*
TFTTFT 0.034
0.069
0.033
0.062
0.026
0.062
TTFFTT 0.051
0.020
0.052
0.015
0.034
0.013
* Note these values are obtained along different crystal vectors, but represent the largest
electronic coupling seen in this system.
species. We note, however, that FTTTTF and TTFFTT have slipped oligomer stacking
that produces overlap interactions over only half of the molecule; a condition that can lead
to a significant drop in the calculated t12.
The EDH calculations were performed within the experimentally found crystal cell
parameters for a collection of dimers; those listed herein provided the largest degree of
electronic coupling and, hence, the most likely ‘conduction pathways’ for electrontransport through the crystal. FTTTTF has strongly interacting dimers along more than
one direction. In particular, three sets of dimers were found to have reasonably large
electronic couplings for both holes and electrons: a) 9 meV holes and 27 meV electrons; b)
-13 meV holes and 30 meV for electrons; and c) 53 meV holes and -9 meV electrons (see
Figure 3.3 a, b, and c for for the dimer interaction geometries). For TFTTFT, only one
dimer has non-negligible hole or electron coupling. Along the b crystallographic axis, the
slipped co-facial arrangement with an interplane distance of ~3.5 Å (measured using the
central bithiophene) produced hole and electron couplings of 26 meV and 62 meV,
respectively; the 62 meV coupling for electrons was the largest for this series of three
fluorinated molecules (Figure 3.4.). TTFFTT, as well, has only one dimer with non-
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negligible electronic coupling, with the hole and electron couplings found to be -34 meV
and 13 meV, respectively (Figure 3.5). We note that the sign of the electronic coupling
arises from the symmetry of the orbitals and has no impact on the evaluation of kET.

a
b

c

Figure 3.3 Dimer interactions for FTTTTF along different crystal axes with (a) couplings
of 9 meV for holes and 27 meV for electrons; (b) couplings of -13 meV for holes and 30
meV for electrons (c) couplings of 53 meV for holes and 9 meV for electrons. EDH
method used. (Note, that the sign of the electronic coupling arises from the symmetry of
the orbitals.)
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Figure 3.4. Dimer interactions along the b-crystal axis for TFTTFT (EDH method)
resulting in couplings of 26 meV for the holes and 63 meV for electons.

Figure 3.5. Dimer interactions for TTFFTT (EDH method) resulting in couplings of -34
meV for the holes and 13 meV for electons.
From the EDH theoretical parameters calculated above, estimates for kET using
Equation 1 were made as a function of outer-sphere reorganization energy, see Figure 3.6.
As expected, there is a strong dependence on the outer-sphere reorganization energy,
which typically overshadows the inner-sphere component to the total reorganization
energy. The electron transport trends are determined to follow as TFTTFT > FTTTTF
> TTFFTT, while the hole transport trends are predicted to be TTFFTT > FTTTTF >
TFTTFT.
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Figure 3.6. Estimated near neighbor electron-transfer constant for electron (solid line) and
hole (dashed line) transport as a function of solvent (outer-sphere) reorganization energy.

IV. Discussion
In general, the electronic coupling results for the ESID and EDH models show
negligible differences (~1 meV) for these oligomeric species. Therefore, it is apparent that
site energies are of minimal consequence in these systems and that the assumptions made
under the ESID model are reasonable. There are two exceptions, however, to these trends
in the series: the electronic coupling for electrons in FTTTTF is predicted to be 1.8x
larger in the EDH model versus the ESID model; and, the hole electronic coupling of
TTFFTT is 1.5x smaller in the EDH model. These results indicate two important
limitations of the calculations, which have a precision on the order of 3 meV. First, there
are numerical errors within the calculations that contribute to the limited precision. Second,
and more importantly, there are instances in which other monomer molecular orbitals may
contribute to the dimer molecular orbitals for which the t12 is being evaluated; recall
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Equation 3 relates t12 to only single orbitals, not linear combinations of orbitals, on each
molecular unit in the dimer. For example, there is considerable contribution (~20%) from
the monomer HOMO-1 of TTFFTT in the dimer HOMO. Therefore, such limitations
need to be taken into account when evaluating t12 within the EDH model. For all
calculations, the perfluoroarene-thiophene oligomers have a smaller electronic coupling
(for both holes and electrons) compared to 6T.
As a comparison to the crystal structure dimer, further analysis through the ESID
model was performed with a perfect cofacial dimer model at a spacing of 3.20 Å for
FTTTTF, 3.40 Å for TFTTFT, and 3.36 Å for TTFFTT see Figure 3.7. In the cofacial
arrangement, there is a substantially larger HOMO and HOMO-1 [LUMO and LUMO+1]
splitting versus the crystal dimer model (see Appendix A for energy values). So, if these
materials could be designed to pack in such a manner, large bands would be evident and
higher hole and electron mobilities may be expected.

Figure 3.7. Monomer and dimer HOMO – HOMO-1 splitting for crystal and cofacial
dimer (π-π stacking distance 3.2 Å).
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An additional factor besides the intermolecular electron-transfer parameters (λi and
kET) that may affect overall device performance is the barrier for hole [electron] injection
from the electrode. The injection barrier is often crudely estimated as the energetic
difference between the ionization potential [electron affinity] and the Fermi energy of the
source electrode (Ef(Au) = 5.2 eV).68,69 The calculated vertical ionization potentials then
would indicate that hole injection should be significantly easier for 6T versus the
perfluoroarene compounds, with hole injection barriers for the perfluoroarene compounds
following FTTTTF < TFTTFT < TTFFTT. The opposite is the case for the electron
injection where reduction of the perfluoroarene compounds is easier (FTTTTF >
TFTTFT > TTFFTT) than 6T.
The question now arises: how does the interplay of these calculated parameters
relate to the empirically-observed hole and electron mobilities? For electron transport, the
calculated results seem to indicate that TFTTFT and FTTTTF could have similar
mobilities measured in an OFET configuration: kET is better for TFTTFT, but the system
is charge-injection limited for FET mobility versus FTTTTF.

Previous mobility

measurements.46,47 reveal that FTTTTF has the best overall mobility in this series;
however, these larger mobility values were obtained for FTTTTF devices made with
higher deposition temperatures. With thermal deposition temperature of 60°, FTTTTF
and TFTTFT have similar charge carrier mobility values though opposite in charge
polarity.47

The results for hole transport are more obscure. Analysis of the various

parameters for hole transport indicates that FTTTTF should exhibit the highest hole
transport. However, the experimental results46,47 show no measureable hole mobility for
this system. This result, along with the changes in electron mobility upon differing
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deposition temperatures, point to a number of macroscopic device properties – including
film morphology, dielectric polarizability, charge traps and interfacial variations – that we
do not take into account in these theoretical analyses appear to have significant control
over hole and electron mobilities of these systems. Further analysis of device structure,
and how those properties affect the intrinsic transport properties, needs to be undertaken
to understand fully their implications.
From the calculated electron-transfer parameters for holes and electrons, one might
expect ambipolar transport properties for these materials under proper operating
conditions. This is in agreement with previously reported band structure analysis,54 where
the same conclusion was drawn based on effective mass values. Thus these materials
should be ambipolar, with majority carrier depending on fabrication conditions. The
concept of ambipolar behavior in organic semiconductors has been discussed by
Sirringhaus and coworkers, who indicate that most organic systems should show both nand p-type behavior under proper fabrication conditions.11,70

Variations in these

fabrication conditions may include monolayer treatments on the SiO2 dielectric or changing
the dielectric medium to induce preferred charge carriers.

V. Conclusions
We have presented a detailed theoretical analysis of the electron and hole transport
properties of a series of perfluoroarene-thiophene oligomers. The results indicate that there
is a delicate interplay between the calculated electron-transfer characteristics and chargeinjection barriers that needs to be taken into account in the evaluation of such systems.
The calculated data also suggest that macroscopic properties within the device architecture
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can overwhelm this balance and significantly alter the expected favored carrier mobilities.
We expect these materials to act as ambipolar charge transporters under the right
macroscopic conditions.
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Chapter 4:
Electronic Structure
Investigation of High
Electron Mobility
PhenacylOligothiophene
Semiconductors: A
Comparison of p- and nType Transport
Properties
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I. Introduction
To obtain advanced organic-based electronics, a better understanding of electron
transporting materials is imperative. Since the discovery of organic-based electronics, the
field has grown with many different applications in electronics and optoelectronics.1-4
Organic light-emitting diodes (OLEDs),5-9 polymer light-emitting diodes (PLEDs),10-13 and
organic field effect transistors (OFETs)12,14-19 are just a few of the devices utilizing both
hole and electron transporting conducting organic materials.

The efficiency in p-n

junctions is highly dependent on the energy alignment between the ionization energy
(approximated by the highest occupied molecular orbital (HOMO) energy level) with the
Fermi energy level of one electrode and the affinity level (approximated roughly by the
lowest unoccupied molecular orbital (LUMO) energy level) with the Fermi energy level of
the other electrode.

However, most organic conducting oligomers/polymers are

intrinsically p-type.20-30
Though the electronics of transport are governed by electronic energies, structural
properties of organic semiconductors also influence charge transport. Transport properties
of organic semiconductors depend on the molecular packing, and carrier signs may be
altered through the functionalization of substituents on the parent conductor core.4,24,31-38
Thiophene-based semiconductors are of great interest due to their attractive properties
including chemical/thermal stability, synthetic tailorability, solubility/processability, and
relatively large charge carrier mobilities.17-19,39-43

Oligothiophenes with fluorinated

functionalities are known to have lower LUMO energy levels which allows for better
electron transport.30,34
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To develop better electron transporting materials, this laboratory has functionalized
oligothiophene cores with perfluoroarene groups,31,34 fluorinated alkyl chains,18,19 and most
recently functionalization with carbonyl groups.34,44 Experimental characterization with the
organic field effect transistor (OFET) allowed for the assessment of carrier mobility of
these materials. Experimentally, all of these molecular changes to the thiophene core have
led to functional electron transporting materials. However, the theory governing electron
transport is still not completely understood.
investigation

of

perfluoroarene-modified

Previously, the electronic structure

oligothiophene

semiconductors

inconclusive results in distinguishing dominant charge polarities.45

led

to

The results obtained

led us to believe these systems should be ambipolar and highly dependent on the crystal
packing. The π-π stacking direction dominates the transport of holes or electrons, and
corresponds to the predicted plane of highest transport in band structure analysis.
In this paper, we will investigate two oligothiophene modified structures both with
phenacyl (DPCO-4T) and fluorinated-phenacyl (DFCO-4T) group substitutions at the
ends of the thiophene core, allowing us to tune the frontier orbital energetics resulting in
disparate charge transport properties (molecular structures in Figure 4.1). Theoretical
models will be used to understand the difference seen in charge carrier polarities as well as
magnitudes of mobilities. A geometric analysis will analyze the packing motifs of these
systems found experimentally through crystal structures and optimized gas-phase
structures, and to understand the directional orbital overlap, assessing the potential
transport along the crystal symmetry directions. Vibronic and ionization analyses will be
investigated to understand better charged species and the energetic reorganization required
for anionic and cationic systems. A three dimensional crystal structure study will be
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performed using band structure analysis to assess better the electronic structure properties
relevant to transport by assessing carrier mobility trends from calculated effective masses.

Figure 4.1. Molecular structures studied in this paper.

II. Computational Methodology
Density Functional Theory (DFT) has been found to be an accurate formalism for
calculating chemical and structural properties of many molecular systems, including organic
conductors.46-53

DFT methodology has also been shown to predict accurate band

structure diagrams, bandwidths, and densities of states for conventional inorganic
semiconductors and provide reliable trends for organic conductors.54-56 Despite the wellknown overbinding effects of pure DFT functionals which results in underestimations of
the energy band gaps, full band structure analyses can provide information on the band
topology for the top of the valence band and the bottom of the conduction band and thus
illuminate features such as carrier effective masses that are difficult to extract from simple
dimer models. The two methods used in this study are detailed below.
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A. Molecular Approach
Monomer and dimer calculations were performed with DFT using the Q-Chem 2.1
program57 with the B3LYP hybrid functional58,59 and a 6-31G* basis set.

Optimized

monomer geometries were compared to those obtained experimentally via x-ray
diffraction.44 Dimer model calculations were performed in each crystallographic direction,
A, B, and C. The atomic geometry was extracted directly from the crystallographicallydetermined unit cell.44 Monomers were optimized using Q-Chem to compare to crystal
structure geometry as well as calculate reorganization energy and ionization of each system
by studying the anionic and cationic species. Orbital plots were calculated using single
point energy calculations with Spartan ’04 for Windows57,60 using DFT with a B3LYP
functional58,59 and 6-31G* basis set.

B. Band Structure Calculations
Electronic structure calculations were performed with DMol3 3.854,61 using DFT
with the Perdew-Wang exchange-correlation functional62,63 and a DND basis set.61 The
lattice parameters and the atomic positions were taken from experimentally determined
crystal structures.44

For all systems under investigation, the internal geometries were

optimized by total energy and atomic force minimization; during the relaxation, the volume
of the corresponding unit cell was fixed to the experimental value.44 The results showed
that the binding energies changed ~1%, while, as expected, the band gap values became
smaller upon optimization by ~0.1-0.2 eV.
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The electronic band structures were calculated along the high-symmetry directions
in the corresponding standard Brillouin zone of the designated crystal system. For better
comparison among the systems and due to the peculiar space orientation of the molecules,
additional band structure calculations were performed including other directions in
reciprocal space. Densities of states were calculated using the tetrahedron method64 and a
8x8x4 k-point mesh. Finally, both hole and electron effective masses were calculated
according to:
 1 
1 ∂2E
=
±
 m * (k ) 
ℏ 2 ∂k i ∂k j

 i, j

(1)

where m* is the effective mass, E is the band energy, and k is the wavevector. Note, the
estimation of curvature can be dependent on different numerical methods for estimating
the second derivative of energy with respect to k-space. Here we use a variation of the
three-point method commonly used for estimating second derivatives (shown to be in
good agreement to five-point methodology).

III. Results
In the discussion below, differences in the structural and electronic properties are
compared for DFCO-4T and DPCO-4T in both the optimized gas phase and crystal
structure geometries. A tight-binding model is used to estimate bandwidths in dimer
systems to determine potential charge carrier mobility trends. Total energy and ionization
analyses are investigated to understand how charged species reorganize energetically and
how this may affect transport in the semiconductor as well as which process would be
more favorable, oxidation or reduction. Band structure analyses are used to understand the
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extended polycrystalline networks of these organic semiconductors. Effective masses are
calculated from the band dispersions obtained.

A. Energetics and Structural Properties of Monomers
DFT-optimized

gas-phase

structures

correspond

well

with

experimental

crystallographic data. For DPCO-4T, DFT overestimates the C-S bond lengths within the
thiophene ring (0.02 Å) and the conjugated C-C bond lengths within the thiophene ring (by
approximately 0.01 Å). The C-C single bond lengths between the thiophene rings are
slightly underestimated by 0.002 Å to 0.01 Å. Carbonyl bond lengths are approximately the
same (within 0.001 Å), and C-C bond lengths within the phenyl group are slightly
overestimated by DFT. The inter-thiophene dihedral angles are significantly overestimated
in the DFT geometry of DPCO-4T monomer.

According to the crystal structure

geometry, the inter-thiophene ring angles are fairly planar (0.5° - 1.5°) whereas in the DFT
geometry the inter-thiophene ring angles are slightly twisted (8.3° - 11.6°). The thiophenecarbonyl dihedral angle is understimated in DFT by 1.3°. The thiophene core and carbonyl
group reside in the same plane; however, the phenyl group is significantly out of plane.
This dihedral angle between the planar core and the phenyl group is underestimated in
DFT by 3°.
For DFCO-4T similar trends are seen comparing the crystal structure geometry to
the DFT optimized structure. Again the C-S bond lengths in the thiophene rings are
overestimated by 0.02 Å. The C-C conjugated bond lengths are overestimated by DFT by
approximately 0.01 Å to 0.02 Å. The C-C single bond lengths in between the thiophene
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rings are underestimated by DFT by 0.006 Å to 0.018 Å. Carbonyl bond lengths are
approximately the same (within 0.008 Å), and C-C bond lengths within the fluorinatedphenyl group is overestimated by DFT. The C-F bond lengths are equal (within 0.004 Å).
DFT underestimates the thiophene-thiophene dihedral angles, but overestimates the
thiophene-carbonyl dihedral angle by 2.5°. Again the thiophene-carbonyl are fairly in
plane, however the fluorinated phenyl group is out of the plane shared by the thiophene
rings and carbonyl groups. This dihedral angle between the thiophene-carbonyl plane and
the fluorinated phenyl group is underestimated by 3°.
Orbital contour plots reveal that both the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) consist of linear
combinations of the individual thiophene, carbonyl, and phenyl/perfluorinated phenyl
groups (see Figure 4.2). The HOMOs reside predominately in the conjugated backbone of
the thiophene rings and on the carbonyl groups. The LUMOs are delocalized along the
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Figure 4.2. Frontier orbital contour plots for DPCO-4T and DFCO-4T.
inter-ring sigma bonds and carbonyl groups. No charge density is seen on the phenyl or
fluorinated phenyl groups in the HOMO or LUMO because of the break in planarity
between the conjugated thiophene core and the phenyl groups.

The HOMO-1 and

HOMO plots reveal charge delocalization along the π-π backbone of the thiophene rings
extending to the carbonyl group again with no contribution from the phenyl groups. The
LUMO+1 and LUMO plots show that charge is delocalized along the inter-ring sigma
bonds, however, now charge density is also seen in the phenyl and fluorinated phenyl
groups.
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Electronic structure changes upon optimization of geometry.

HOMO energy

values for DFCO-4T change from -5.76 eV (crystal geometry) to -5.66 eV (DFT gas-phase
geometry) and LUMO energy values from -2.85 eV (crystal geometry) to -2.99 eV (DFT
gas-phase geometry). Band gap values change by 0.25 eV upon optimization of the crystal
structure geometry (Egap = 2.92 eV) to the gas-phase DFT geometry (Egap = 2.67 eV). For
DPCO-4T smaller changes were seen in the HOMO energy values changing from -5.38
eV (crystal geometry) to -5.36 eV (DFT gas-phase geometry). Larger electronic structure
changes were seen in the LUMO energy values for DPCO-4T, -2.47 eV (crystal geometry)
and -2.61 eV (DFT gas-phase geometry).

These HOMO/LUMO values led to energy

gaps of 2.91 eV (crystal geometry) and 2.75 eV (DFT gas-phase geometry).

The

experimental ionization energy corresponds to the computed DFT value for DPCO-4T
with good agreement. The electron affinity trends for DPCO-4T and DFCO-4T agree
experimentally with those calculated both in the crystal structure geometry and optimized
geometry where the LUMO energy value is lower in DFCO-4T than DPCO-4T. Due to
the absence of the observable oxidation in the cyclic voltammetry of DPCO-4T, ionization
and HOMO energy values and energy gaps may not be compared. Table 4.1 summarizes
experimentally obtained electrochemical ionization potentials and electron affinity values,
and for comparison, DFT HOMO and LUMO values obtained for monomeric structures.
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Table 4.1. Ionization potentials (IP) and electron affinity (EA) values and Egap values
obtained through experimental electrochemistry and theoretical oligomer DFT calculations
(unoptimized crystal structure geometry single-point energy calculations in parentheses).

DPCO-4T
DFCO-4T

Experimental (Electrochemistry)
IP
EA
Egap (eV)
(eV)
(eV)
-5.35
NA
NA
-5.45

-3.33

2.12

Theoretical (crystal geometry)
HOMO
LUMO
Egap (eV)
(eV)
(eV)
-5.36
-2.61
2.75
(-5.38)
(-2.47)
(2.91)
-5.66
-2.99
2.67
(-5.76)
(-2.85)
(2.92)

B. Bandwidths in Dimer: Tight-Binding Model
Bandwidth (4β) calculations were undertaken to better understand orbital
overlapping. In the simple tight-binding model picture, bandwidths arise from orbital
splittings which are directly related to the charge carrier mobility (increased bandwidths
lead to increased mobility).65 The bandwidth follows from the tight-binding model picture
where the monomer HOMO and LUMO orbitals split upon formation of an interacting
dimer (Figure 4.3). Computed bandwidths are 4β and are summarized in Table 4.2. The

Figure 4.3. Dimer model: two single molecules with HOMO/LUMO energy values upon
interacting for dimer energy values with orbital splittings of 2β.
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Table 4.2. Bandwidth calculations (calculated using the dimer splitting scheme) in
crystallographic directions with crystal structure geometry. Calculation parameters: DFT,
B3LYP, 6-31G*.
DPCO-4T
DFCO-4T
HOMO (eV) LUMO (eV) HOMO (eV) LUMO (eV)
A – direction
0.039
0.285
0.021
0.165
B – direction
0.313
0.272
0.195
0.143
C – direction
0.318
0.260
0.198
0.138

A-direction for DFCO-4T appears from the crystal structure and from the bandwidth
calculations to have the least intermolecular interaction. This is the long axis of the
molecules and has no π-π overlap in this direction. Because of the slipped nature of the
crystal packing in DPCO-4T, the C-direction still shows substantial intermolecular
interaction and the A-direction shows little intermolecular interaction as verified by the
bandwidth calculations. (See Figure 4.4 for crystal packing directions). The computed
HOMO and LUMO bandwidths in the B- and C-directions are similar. This indicates that
these systems should be ambipolar. Based on the bandwidths, DPCO-4T should have
higher mobility values than DFCO-4T.

DPCO-4T

DFCO-4T

c

a
b
Figure 4.4. Directional crystal packing.

b
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C. Energetics of Charged Species: Ionization Potentials, Electron
Affinities, and Reorganization Energies
Vertical and adiabatic ionization potentials and electron affinities were calculated.
These values are summarized in Table 4.3. Figure 4.5 shows how these values were
computed. Ring fluorination results in a more stable radical cation state by approximately
0.3 eV as well as a more stable radical anion state, indicating that DFCO-4T should be a
more stable charged structure than DPCO-4T. Based on the radical anion state

Table 4.3. Vertical and adiabatic ionization potentials (VIP and AIP, respectively) and
electron affinities (VEA and AEA, respectively), and the relaxation energies and total
reorganization energies associated with the respective oxidation and reduction processes as
determined at the B3LYP/6-31G* level. All energies are in eV.
Oxidation
Reduction
VIP AIP λ1
λ2
λox VEA AEA λ1
λ2
λred
DPCO-4T
6.51 6.35 0.15 0.16 0.31 -1.56 -1.71 0.15 0.16 0.31
DFCO-4T
6.82 6.66 0.18 0.16 0.34 -2.09 -1.94 0.16 0.14 0.30

Figure 4.5. Scheme for energetics in determining ionization processes and reoganization
energies.
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stabilization seen in the vertical electron affinity (VEA) of 0.53 eV, it appears that DFCO4T would be a more efficient electron transporting material.
From the analysis of the neutral and radical-ion states, it is possible to determine
the intramolecular contribution to the total reorganization energy (λ); the individual
relaxation components and total intramolecular reorganization energies for reduction and
oxidation are given in Table 4.3. The reorganization energies for both anionic and cationic
species were evaluated are very similar in reduction of for both molecules, but about 0.03
eV different in oxidation.

D. Band Structure of the Crystals
Band structures were investigated by evaluating band dispersion along standard
Brillouin zones and additional directions in reciprocal space for both systems.

Both

DPCO-4T and DFCO-4T are monoclinic with different symmetry space groups; DPCO4T (P21/n) and DFCO-4T (C2/c). Crystal structures are shown in Figure 4.6.

DFCO-4T

DPCO-4T

Figure 4.6. Crystal structures of DPCO-4T and DFCO-4T obtained experimentally.
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(a)

DPCO-4T

DFCO-4T

DPCO-4T

DFCO-4T

(b)

Figure 4.7. Band structure plots. The band structure (a) plots are from the standard
Brillouin zone directions, and (b) plots are from the additional directions sampled in
reciprocal space.
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The band structure plots obtained evaluating the standard Brillouin zone directions
showed lower dispersion than those obtained from investigating additional directions in
reciprocal space. Both sets of plots are shown in Figure 4.7. Due to the lower dispersion
seen from the plots obtained in the standard Brillouin zone directions, effective masses
were evaluated from the data obtained investigating additional directions in reciprocal
space. The additional directions investigated are shown in Figure 4.8. Calculated band
gaps from the band structures reveal an indirect 1.56 eV energy gap for DPCO-4T, and an
indirect 1.58 eV energy gap for DFCO-4T.

Figure 4.8. Schematic of the points evaluated in reciprocal space used to generate the
band structure plots seen in Figure 4.7(b).
Effective mass values were calculated at the conduction band edge (CBE) and
valence band edge (VBE) as well as additional points close to the CBE and VBE.
Effective masses at the VBE and CBE obtained from evaluating points in reciprocal space
(Figure 4.7b) are summarized in Table 4.4. Note that both of these structures have indirect
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band gaps. For DPCO-4T, the VBE is at the Γ−point and the CBE is at the B-point
(symmetric with the Γ-point). For DFCO-4T, the VBE is at the Γ-point and the CBE is at
the A-point (symmetric to the M-point). Evaluating the effective masses at the symmetric
point to the VBE and CBE,
Table 4.4. Calculated effective masses from band structure plots (Figure 4.7b).

DPCO-4T
DFCO-4T

Valence Band
4.05me (Y-Γ)
3.05me (Y-Γ)

Conduction Band
6.25me (B-Γ)
8.96me (A-Z),
0.23me (M-X)

it may be noted that the B-point is symmetric with the Γ-point and shows no minimum in
band curvature in the conduction band at the Γ-point. Therefore, the effective masses
obtained for DPCO-4T are 4.05me (Y-Γ) for the valence band, and 6.25me (B-Γ) for the
conduction band. The A-point is symmetric with the M-point for DFCO-4T, and it may
be noted that several directions from the M-point have minima near the CBE. These
curvatures were evaluated and the lowest point’s effective mass reported in Table 4.4 The
effective masses calculated for DFCO-4T are 3.05me (Y-Γ) for the valence band, and
8.96me (A-Z) and 0.23me (M-X) for the conduction band.
Partial densities of states correspond well to the orbital contour plots where the pstates from the conjugated backbone and the sulfur p-states contribute mostly to the
valence and conduction bands. The orbitals from the carbonyl groups also contribute,
whereas the phenyl and fluorinated phenyl groups show no contribution to the valence or
conduction band.
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The directions of predicted charge transport as confirmed by the VBE and CBE
are plotted for each system using the program Mercury.66-68 For DPCO-4T the favored p

type transport direction is in the  010  plane, and the favored n-type transport in the


 −
10 1 plane shown in Figure 4.9. For DFCO-4T the favored p-type transport direction is






in the  010  plane, and the favored n-type transport in the  00 1 plane shown in Figure





4.10.

Figure 4.9. Crystal packing for DPCO-4T showing planes of high transport probability.


The red planes indicates the direction of favored p-type transport  010  , and the blue


−


plane indicates the favored n-type transport 10 1 . The abc vectors for the crystallographic


repeat unit are indicated by red (a), green (b), and blue (c) lines.

Figure 4.10. Crystal packing for DFCO-4T showing planes of high transport probability.


The red planes indicates the direction of favored p-type transport  010  , and the blue
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plane indicates the favored n-type transport  00 1 . The abc vectors for the crystallographic


repeat unit are indicated by red (a), green (b), and blue (c) lines.

IV. Discussion
The two modified oligothiophene semiconductors investigated in this study both
showed the greatest charge density in the frontier orbital contour plots along the
conjugated backbone of the molecular π-system; the partial density of states also confirms
this finding. The sulfur atoms contribute mainly to the LUMO and conduction band, in
agreement with previous work on thiophene oligomers.56,45 Very little charge density
contribution is seen from the fluorines from the perfluoroarene group as expected from an
inductively stabilizing substituent,45 in agreement with previous work where it was shown
that the sulfur-sulfur and carbon-sulfur interactions were most important in dispersion and
in charge transport.69
From the oligomeric analyses, it is understood that the carbonyl in between the
thiophene ring and the phenyl (or fluorinated-phenyl) group forces the phenyl group out of
plane and out of conjugation with the planar thiophene core. This is confirmed by the
orbital contour plots as well as seen in the x-ray crystallography seen experimentally.44 This
break in planarity and conjugation is not seen in the similar structure where the carbonyl
group is absent and there is a direct link between the thiophene core and the fluorinated
phenyl group.31,34,45 One might expect this to lower the intermolecular overlap, however,
the dimer studies and band structure confirm that the intermolecular overlap in the πdirection is quite strong.
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The tight-binding model assumes a direct relationship between the calculated
bandwidth and carrier mobility; the greater the bandwidth the greater the charge carrier
mobility. The general trend we see from Table 4.2 is that for holes the A-direction has the
smallest bandwidth. The B- and C-directions appear to have favorable charge transport for
both holes and electrons. These directions correspond to the π-π overlap directions in the
crystallographic packing seen in Figure 4.4. According to the bandwidths calculated for
both systems, the B- and C-directions have comparable transport properties. However,
when comparing DPCO-4T to DFCO-4T, the bandwidths are larger for DPCO-4T over
DFCO-4T. Both systems appear to have comparable bandwidths for HOMO and LUMO
supporting ambipolar transport. This does not follow experimentally measured organic
field effect transistor (OFET) mobilities which show p-type transport for DPCO-4T of µh
= 0.043 cm2/Vs (Ion/Ioff = 106) and n-type transport for DFCO-4T of µe = 0.45 cm2/Vs
(Ion/Ioff = 108).44 Also, the magnitudes of bandwidths do not suggest the experimental
findings of an order greater charge carrier mobility for DFCO-4T.
From the energetics of ionization, it appears that both systems require similar
reorganization energies for reduction. DFCO-4T appears slightly more difficult to oxidize
(∆λ ~0.03 eV), however the vertical and adiabatic electron affinities indicate much more
stable radical-anion energies for DFCO-4T indicating favorable electron transport.
Experimental electrochemistry and theoretical calculated LUMO values also indicate lower
LUMO energy levels for the fluorinated system, again supporting more favorable n-type
behavior.

113

Since the simple dimer and oligomeric calculations do not clarify the originals of
the observed experimental charge transport properties, band structure calculations were
undertaken to understand better the charge polarities of these two systems only differing
by the fluorinated phenyl group.

Upon fluorination of phenyl group, the electron

withdrawing group allows both electron transport domination and an increase in charge
carrier mobility.

The extended band structure calculation captures all the spatial

interactions which dimer model does not.
From the band structure calculations in the standard Brillouin zone directions
(Figure 4.7a), greater band dispersion is seen in DFCO-4T. Both systems have indirect
band gaps – VBE and CBE do not coincide at the same point in reciprocal space. The
band gap values for both DPCO-4T and DFCO-4T are shown to be very similar (1.56 eV
and 1.58 eV respectively). This disagrees with the above oligomeric calculations where
DPCO-4T has a wider band gap over DFCO-4T. It may also be noted from these
calculations that energy degeneracy with respect to k-space is seen in both systems studied.
Due to the lower band dispersions seen in these calculations, effective mass calculations
were not undertaken and further directions in reciprocal space were studied.
The band structure calculations evaluating additional directions in reciprocal space
(Figure 4.7b) allow for greater band dispersion. The additional curvature allows us to
evaluate effective masses at the VBE and CBE as well as points close the band edges. The
lowest effective mass calculated is for DFCO-4T and at the symmetric point in reciprocal
space to the CBE. This effective mass, 0.23me (M-X) is an order of magnitude smaller than
those seen in DPCO-4T indicating higher electron mobility for DFCO-4T. The effective
mass calculated for DFCO-4T in the VBE however, is comparable to those found in
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DPCO-4T. In DPCO-4T the valence band effective mass is lower than the conduction
band value, indicating slightly more favorable p-type conduction.

In DFCO-4T the

valence band effective mass is significantly higher than the conduction band value,
indicating favorable n-type transport.
It is probable that since the values for DPCO-4T are on the same order of
magnitude, ambipolar behavior may be possible. Even for DFCO-4T, under optimum
fabrication conditions, a measurable hole transport may be observed.

However, in

DFCO-4T the band structure models show favored electron transport. To understand
better the directions of transport, the directional planes corresponding to the effective
mass numbers calculated are seen in Figures 4.9 and 4.10. In Figure 4.9, the crystal packing


for DPCO-4T reveals the probable direction for hole transport is in the  010  direction


 −
shown by the red plane, and the favored electron transport direction is 10 1 . Both



planes parallel the long molecular axis. However, the plane for hole transport intersects
the π-plane of the thiophene core where as the electron transport plane parallels it. In


DFCO-4T, the direction of probable hole transport is  010  and for electron transport




 00 1 . Again, both these planes parallel the long molecular axis. However, the plane for



electron transport intersects the π-plane of the thiophene core and the hole transport plane
parallels the thiophene core and bisects the π-plane of the fluorinated phenyl groups. It
appears the favored transport directions are in the π-π stacking direction of the thiophene
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core. The phenyl groups play an important role in the inductive and electronic effects for
charge polarities, but the thiophene core dominates the transport mechanism.

V. Conclusions
In summary, analysis of computed orbital splitting shows that the B- and Cdirections in the crystal structure are the most prominent in charge transport, with the
higher bandwidth material being DPCO-4T. This however is not the material with the
highest OFET mobility measured experimentally. The reorganization energies of both
these materials are approximately on the same order of magnitude (300 to 340 meV)
indicating similar energy requirements for oxidation and reduction. However, the higher
electron affinity value for DFCO-4T indicates a more stable radical-anion species favoring
n-type transport in agreement with experimental findings.

From the band structure

analysis, effective masses calculated show favorable electron transport for DFCO-4T and
hole transport for DPCO-4T in agreement with experimental measurements.

The

effective mass calculated for DFCO-4T is also an order of magnitude higher than DPCO4T predicting DFCO-4T to show higher carrier mobility, also in agreement with
experimental measurements. The direction of dominant transport is found to be in the π-π
stacking direction.
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Section II:
Novel Self-Assembling
Architectures for Organic
Semiconductors
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Chapter 5:
Hydrogen-Bonding as a
Self-Assembling
Architecture in
Conducting
Oligothiophenes

118

I. Introduction
Organic semiconductors offer a vast variety of device applications including fieldeffect transistors,1-5 photovoltaic cells,6-8

organic light-emitting diodes,9-14 flexible

electronics,15-17 artificial muscle/skin,18-21 and opto-electronics.22-25

With an increasing

demand for improved device performance, novel, efficient ways of designing and
synthesizing new materials are needed. Through these materials better control over, and
improved, chemical, electrical, and mechanical properties may be attained.

With the

number of classes of organic semiconductor building blocks now well-developed and
transport phenomena reasonably well-understood, strategies to better imbue and optimize
processability, charge transport, and other desirable properties are of central importance.
Processability

is

a

key

factor

in

materials

fabrication,

and

many

organic

molecules/macromolecules are amendable to either solution phase spin-coating or dropcasting or melt processing for film formation. If the organic molecules are sufficiently
volatile and thermally stable physical deposition techniques may also be employed for film
formation.

As a strategy for imposing molecular organization, various self-assembly

strategies26 can be employed to enhance intermolecular interactions, hence charge transport
properties, which are predominately governed by intermolecular carrier hopping.27-31
Self-assembly is a process of spontaneous molecular or intermolecular ordering to
attain the thermodynamically most stable structural form.32 In molecular systems, such
processes may occur through covalent, electrostatic, and hydrogen-bonding interactions.33
Furthermore, self-assembly may be reversible in nature, allowing controlled modulation of
assembly dynamics.

In particular, the thermal reversibility of hydrogen-bonding

interactions offers a potential means to assemble/disassemble/anneal molecular arrays
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hence to optimize processing characteristics and structural order. Through self-assembling
structures, novel materials with supramolecular design may be fabricated.34-39

For

conducing molecular/macromolecular solids, such characteristics suggest new ways to
enhance both charge transport and processability.
As building blocks for new electroactive materials, oligothiophene-based
semiconductors exhibit remarkable chemical and electrical properties.25,40-46

It is also

known that their charge transport properties can be substantially manipulated by chemical
functionalization of the molecular/macromolecular architecture and intermolecular
packing.25,41,42,47-50 Importantly, these families of materials exhibit good-excellent charge
transport and environmental stability that makes them attractive for numerous electronic
and opto-electronic applications.51,52
New approaches to assembly and materials organization are anticipated to enhance
the properties of molecule/macromolecule-based electronics. Of these, self-assembly has
proven to be a valuable tool in building complex structures for nanoscale materials.53-60 For
organic-based semiconductors, an important structural chemical property to incorporate
into new architectures is close π-π stacking for efficient intermolecular charge
transport.28,61-63 In regard to this structural characteristic, assembly via directed hydrogenbonding offers controlled intermolecular interactions and, as noted above, is attractive for
creating semiconducting architectures capable of reversible assembly and disassembly.64-66
Hydrogen-bonds are key structure-directors in biology and may be utilized in abiotic
materials to control thermal properties as well as to tune intermolecular interactions by
varying the number and nature of hydrogen-bonding interactions.67 Through hydrogenbonding based self-assembling approaches, better control of intermolecular architecture
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may be obtained, affording close and regular molecular packing, and control of grain
boundaries, yielding improved control over microstructure and enhanced mechanical
robustness.
Some foundations of this field come from biology, where the hydrogen-bonding is
a natural organizing force for building blocks in carbohydrates, amino acids, and nucleic
acids. In particular, hydrogen-bonds play a crucial role processes such as recognition
between DNA base pairs, ligand-binding to receptor sites, enzyme catalysis and α-helix or
β-sheet formation.68 Rich et. al. found in 1967 that the assembly constants of triply

hydrogen-bonded dimers ranges from 102 to 105 M-1in CHCl3, (Figure 5.1) indicating the
number of hydrogen bonds is not the governing factor.69,70 It was later shown theoretically
by Jorgensen and co-workers that these differences in assembly stabilities may be attributed
principally to attractive and repulsive secondary interactions, and stabilization derives from
electrostatic attractions between positively and negatively polarized atoms in the triatomic
hydrogen-bonds and destabilization derives from proximate like charges.71 Based on the
proximity of the attractive and repulsive forces, the strength of hydrogen-bonding
interactions can be reliably computed.71-74

Figure 5.1. Schematic of triple interactions involving hydrogen-bond donor-acceptor
arrays. A depicts a D-A-A interacting with a A-D-D, and B depicts a A-D-A interacting
with D-A-D .68
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Based on the aforementioned work characterizing hydrogen-bonding strengths and
structures, several groups have investigated materials organization via hydrogen-bonding
arrays.34,75-83 Jorgensen and coworkers have reported various MM methods for modeling
both hydrogen-bonding homo-dimerization and interactions with H2O.71-74 Zimmerman
and coworkers have extensively developed triply and quadruply hydrogen bonded
complexes as well as ureido-naphthyridine oligomers associated via eight contiguous
hydrogen bonds.35,80,84-97 Lehn and coworkers studied biological and barbiturate systems,
and have demonstrated heterocomplementary monomers linked via hydrogen bonding
arrays,98-101 as well as hydrogen-bond directed assembly in barbituric acid and melamine
derivatives to form mesophases.102 Others groups have studied molecular recognition and
intermolecular interactions involving hydrogen bonds.103-106 Meijer’s group has explored
hydrogen-bonding donor-acceptor arrays in substituted pyridines, pyrimidines, and
triazines, and advanced the concept of molecular self-assembly with hydrogen-bonds in
donor-acceptor arrays (Figure 5.2).107-111

This led to quadruple hydrogen-bonded

systems110-113 and abiotic hierarchical self-assembly processes.114-119

Figure 5.2. Quadruple hydrogen-bonding in ureidopyrimidones. Equilibria between
tautomeric forms lead to D-D-A-A interactions with A-A-D-D structures (seen in the
4[1H]-pyrimidone dimer) or D-A-D-A interactions with A-D-A-D structures (seen in the
pyrimidin-4-ol dimer).110
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Furthermore, hydrogen-bonded thermoplastic materials were synthesized to demonstrate
molecular recognition characteristics (Figure 5.3).120 Thermoplastics are materials that
soften upon heating and regain their solid form when cooled.121 They may reshape upon
repeatedly cycles and their mechanical properties enable applications ranging from pulse
power alternators122 to lower extremity prosthetics,123 and improving resin blend properties
in multiple polymer applications.124
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Figure 5.3. Schematic representation of molecular recognition in processable hardsegment polymers where the gray circle represents a functional substituent.120
These developments raise the intriguing question of whether, by designing a
suitable self-assembling semiconducting core, it might be possible to synthesize a
conducting thermoplastic where the semiconducting core is functionalized with hydrogenbonding end-groups that disassociate and associate125,126 upon thermal processing (Figure
5.4).
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Figure 5.4. Schematic depiction of a self-assembling conducting thermoplastic material,
where the rectangular core is the π-electron semiconductor, and the red end-groups are
hydrogen-bonding linkers.
Meijer’s group previously reported a low molecular weight embodiment by tethering
hydrogen-bonding groups to one end of a phenylenevinylene dimer (DPV) core to afford
self-assembling dimers with semiconducting properties (Figure 5.5).127 These structures
exhibit field effect transistor (FET) mobilities of ~10-6 cm2/Vs,127 while contactless timeresolved microwave techniques reveal mobilities of 3 x 10-3 cm2/Vs for hole transport and
9 x 10-3 cm2/Vs for electron transport.128 The fabrication of p-n junctions was also
demonstrated using hydrogen-bonding linked donor-acceptors.129

Figure 5.5. Molecular structure of a functionalized phenylenevinylene dimer (DPV) with a
self-assembling hydrogen-bonding linkage.127
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In this contribution, we discuss the design and realization of members of a unique
new hydrogen-bonding oligothiophene semiconductor family (Figure 5.6) with potential as
conductive thermoplastics. Oligothiophenes were selected in designing these conducting
self-assembling structures for their remarkable chemical and electrical properties as
discussed above, while the hydrogen-bonding ureidopyrimidone end-group “connectors”
(Figure 5.4) were selected on the basis of anticipated hydrogen-bonding strengths.110 The
exact structure designs were optimized using high-level theoretical models.

The

presentation begins with a detailed analysis of the computed structural, electronic, and

Figure 5.6. Molecular structures of self-assembling oligothiophenes.
chemical properties of the target building blocks. Next, the synthesis and characterization
of the target molecules and their precursors are discussed, and then structural
characterization of the new materials as well as implementation in thin film transistors to
evaluate charge transport properties.

The unique, hydrogen-bond related thermal

characteristics of these materials are also discussed. In addition to the field effect transistor
(FET) measurements to quantify carrier mobilities, contactless pulse-radiolysis timeresolved microwave conductivity measurements are also carried out. From the transport
measurements, room temperature field-effect hole mobilities on the order of 10-5 – 10-6
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cm2/Vs are determined for DGE-6T-Hx and DGO-6T-Hx. Pulse-radiolysis time-resolved
microwave conductivity measurements reveal three orders of magnitude greater carrier
mobilities.

II. Experimental Section
A. Materials and Methods
The reagents 2-thiophenecarboxylic acid, bromine, thionyl chloride, ethyl
acetoacetate,

guanidinium

carbonate,

ethyl

isocyanate,

octyl

isocyanate,

n-

bromosuccinimide, 3-hexylthiophene, 1,3-bis(diphenylphosphino)propane nickel (II)
chloride, and n-butyllithium were used as received from Aldrich Chemical Company.
Tributyltin chloride obtained from Aldrich Chemical Company was purified by vacuum
distillation prior to use. Palladium tetrakis(triphenylphosphine) was used as received from
Strem Chemicals. Anhydrous ethanol and pyridine were used as received from Aldrich
Chemical Company.

Anhydrous THF and diethyl ether were distilled from

sodium/benzophenone. Anhydrous toluene and DMF were dried by passing through two
packed columns of activated alumina and Q5 under N2 pressure. For the syntheses which
follow, the reader is referred to Schemes 5.1-5.3 in the text. The detailed synthesis of the
building blocks in Schemes 5.1 and 5.2 are described in the Appendix B.
All synthetic products were characterized by 1H NMR on Varian INOVA 500 MHz
and/or Mercury 400 MHz instruments in either CDCl3 or DMSO-d6.

Variable-

temperature 1H NMR studies were performed on Varian INOVA 400 MHz in DMSO-d6.
Masses for the final targets were verified by MALDI-TOF on a PerSeptive Biosystem
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Voyager D.E. Pro instrument (no matrix). The purity of all final targets was also verified
by elemental analysis (Midwest Microlabs) using V2O5 as a combustion catalyst.

Optical

absorption spectra were recorded on a Varian Cary 5000 UV-Vis-NIR spectrophotometer
using 1.0 cm path length cuvettes. Emission spectra were obtained on a PTI photocounting spectrofluorimeter also using a 1.0 cm path length cuvette. Vibrational spectra
were acquired with a FTS60 BioRad Fourier-transform infrared spectrometer (FT-IR) at
both room temperature and variable-temperature studies (home built variable temperature
cell). Cyclic voltammetry was performed on a BAS C-3 system. Platinum wire electrodes
were used as both working and counter electrodes, and Ag wire was used as the pseudoreference electrode. A ferrocene/ferrocenium redox couple was used as an internal
standard and potentials obtained in reference to a silver electrode were converted to the
saturated calomel electrode (SCE) scale. Powder x-ray diffraction data on DGO-6T-Hx
were acquired with a STOE IPDS II diffractometer using graphite monochromatized Mo
Kα radiation and were calibrated with silicon (NIST). Thin films were analyzed by X-ray
diffractometry using both θ-2θ and surface-sensitive grazing angle geometries using
monochromated Cu Kα radiation on a Rigaku ATXG instrument.

Atomic force

microscopic (AFM) images were obtained using a JEOL-5200 Scanning Probe Microscope
with silicon cantilevers in the tapping mode, using WinSPM Software. Thermogravimetric
analysis (TGA) was performed using a Mettler Toledo TGA/SDTA851 thermogravimetric
analyzer at a heating rate of 5 °C/min under a N2 gas flow.

Differential scanning

calorimetry (DSC) was performed with a Mettler Toledo DSC822 differential scanning
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calorimeter. The sample was encapsulated in an aluminum pan and heated and cooled at a
rate of 10 °C/min under a N2 gas flow and data was acquired from the second scan.
Synthesis of DGO-6T-Hx (5,5'''''-bis(1-ethyl-3-(4-oxo-1,4-dihydropyrimidin2-yl)urea)-4',4'',3''',3''''-tetrahexyl[2,2';5',2'';5'',2''';5''',2'''';5'''',2''''']sexithiophene).

The

reagents

1-(6-(5-

bromothiophen-2-yl)-4-oxo-1,4-dihydropyrimidin-2-yl)-3-octylurea (1h, Scheme 5.1) (1.79
g,

4.18

mmol)

and

2-(4-hexyl-5-(5-(3-hexyl-5-(tributylstannyl)thiophen-2-yl)-3-

pentylthiophen-2-yl)thiophen-2-yl)-3-pentyl-5-(tributylstannyl)thiophene (2f, Scheme 5.2)
(2.51 g, 2.01 mmol) were coupled via Stille reactions using Pd(PPh3)4 (0.241 g, 0.209
mmol) as the catalyst in dry DMF (25 mL). The reaction mixtures were stirred under N2 at
90 °C overnight.

The resulting red solids were then isolated by vacuum filtration.

Purification of DGO-6T-Hx was carried out by dissolution in hot cyclopentanone and
gravity filtration. The resulting mother liquors were allowed to cool, and the resulting
solids isolated by vacuum filtration and washed with hexanes. After this purification step,
the isolated yield for DGO-6T-Hx was 55%.

1

H NMR (DMSO): δ 11.383 (s, 2H), 9.316

(s, 2H), 7.749 (d, J = 4.0 Hz, 2H), 7.528 (s, 2H) 7.375 (d, 2H), 7.294 (s, 2H), 7.158 (s, 2H),
6.398 (s, 2H), 3.237 (d, J = 7.2 Hz, 4H), 2.783 (m. 4H), 2.595 (m, 2H), 1.646 (m, 14H),
1.295 (m, 44H), 0.851 (d, J = 3.5 Hz, 18H). Anal. Calcd. for DGO-6T-Hx: C, 65.35; H,
7.52; N, 8.24; Found C, 64.99; H, 7.50; N, 8.21. M.S.: 1359.6 (calculated 1360.04).
Synthesis of DGE-6T-Hx (5,5'''''-bis(1-ethyl-3-(4-oxo-1,4-dihydropyrimidin2-yl)urea)-4',4'',3''',3''''-tetrahexyl[2,2';5',2'';5'',2''';5''',2'''';5'''',2''''']sexithiophene).

The

reagents

1-(6-(5-
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bromothiophen-2-yl)-4-oxo-1,4-dihydropyrimidin-2-yl)-3-ethylurea (1g, Scheme 5.1) (0.253
g,

0.728

mmol)

and

2-(4-hexyl-5-(5-(3-hexyl-5-(tributylstannyl)thiophen-2-yl)-3-

pentylthiophen-2-yl)thiophen-2-yl)-3-pentyl-5-(tributylstannyl)thiophene (2f, Scheme 5.2)
(0.439 g, 0.353 mmol) were coupled via Stille reactions using Pd(PPh3)4 (0.00817 g, 0.00694
mmol) as the catalyst in dry DMF (1.3 mL). The reaction was stirred under N2 at 90 °C
overnight. The resulting red solids were then isolated by vacuum filtration and washed
with hexanes.

Purification of DGE-6T-Hx was carried out by dissolution in hot

cyclopentanone and gravity filtration. The resulting mother liquors were allowed to cool,
and the resulting solids isolated by vacuum filtration and washed with hexanes. After this
purification step, the isolated yield for DGE-6T-Hx was 52%. (Crude yield = 82%) 1H
NMR (DMSO): δ 7.738 (d, J = 3.5 Hz, 2H), 7.363 (d, 2H), 7.292 (s, 2H), 7.164 (s, 2H),
6.385 (s, 2H), 3.257 (m, 4H), 2.782 (m, 4H), 2.592 (m, 4H), 1.598 (m, 8H), 1.130-1.430 (m,
30H), 0.859 (d, J = 8.1 Hz, 12H). Anal. Calcd. for DGE-6T-Hx: C, 62.49; H, 6.60; N,
9.40; Found C, 62.07; H, 6.55; N, 9.04. M.S.: 1191.9 (calculated 1191.72).

B. Thin Film Fabrication and Characterization
Thin films of DGO-6T-Hx and DGE-6T-Hx were fabricated via solution dropcasting methods.

The optimized film-casting temperature was 90 °C, with solution

concentrations of ~5 x 10-4 M in cyclohexanone. For further removal of residual solvent,
films were dried in vacuo at 70 °C overnight. Field-effect transistors (FET) were fabricated
on p+-Si gate-substrates having a 300 nm SiO2 dielectric layer. Au contacts (50 nm) were
vapor deposited at ~10-6 Torr using shadow masking techniques for patterning 100 µm x
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500 µm (1000 or 2000 µm) contacts.22,41,44 The lowest molecular weight member of the
quaterthiophenes, DGE-4T, was also vapor deposited (30 nm films) onto Si/SiO2, and Au
contacts were thermally vapor deposited using shadow masking techniques.
All FET (see schematic in Figure 5.20a) characterization measurements were
carried out under a vacuum (1x10-5 Torr) using a Keithley 6430 subfemtoammeter and a
Keithley 2400 source meter, operated by a local Labview program and GPIB
communication. Triaxial and/or coaxial shielding was incorporated into the probe station
to minimize the noise level.22,41,44 Mobilities (µ) were calculated in the saturation regime
using the relationship:130
I SD=

W
µCi [VG − Vth ]2
2L

(1)

where ISD is the source-drain saturation current, W and L are the width and length of the
channel respectively (L = 50 – 100 µm; W= 0.50 – 4.0 mm), Ci is the gate dielectric
capacitance per unit area, VG is the source-gate voltage, and Vth is the threshold voltage.

C. Pulse-Radiolysis Time-Resolved Microwave Conductivity
Conductivity measurements were performed on solid samples (30 mg) in a perspex
container. The sample was placed in microwave cells consisting of a rectangular waveguide
with inner dimensions of 3.55 x 7.00 mm2 that was short-circuited with a metal end plate.
The materials were uniformly ionized with a nanosec pulse of 3 MeV electrons from a Van
de Graaff accelerator. The energy absorbed by the sample (the radiation dose, D) was
accurately know from dosimetry and leads to the formation of charge carrier pairs with
concentrations of ~1021 m-3. If the charge carriers formed by ionization are mobile, the
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sample conductivity will increase upon irradiation. The change in conductivity of the
sample was measured as a function of time by monitoring the decrease in microwave
power reflected by the cell. The conductivity increases during the irradiation pulse due to
the formation of mobile charge carriers. After the pulse, the conductivity decays because
of trapping and/or recombination of positive and negative charges. From the value of the
conductivity at the end of the pulse, an estimate of the charge carrier mobility may be
obtained if the concentration of charge carriers generated by irradiation is known.
The change in conductivity, ∆σ , upon irradiation is related to the concentration of
charge carrier pairs generated in the pulse, Np, and the sum of the mobilities of positive and
negative charges,

∑µ = µ

+

+ µ − , by:

∆σ = eN p (∑ µ )

(2)

where e is the elementary charge. The initial concentration of charge pairs formed during
the pulse may be calculated from the irradiation dose and the average pair formation
energy, Ep, according to:
N p (0) = D eE p

(3)

The mobility may then be calculated from the conductivity at the end of the pulse by:

∑µ =

E p [∆σ / D]eop
Weop

(4)

Here, Weop is the fraction of the initially formed charge carrier pairs which survive charge
recombination within the pulse.
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For high-energy radiation, Ep may be estimated using an empirical equation derived
by Alig131 that relates the pair formation energy (in eV) in semiconductors to their band gap
(Eg in eV) or the onset of ionization in molecular materials.
E p ≈ 2.73Eg + 0.5

(5)

Although this relation was derived for inorganic semiconductors, it has been found to
provide reliable estimates of pair formation energies for a variety of materials ranging from
inorganic semiconductors with a band gap of 1 eV to organic hydrocarbon liquids for
which the onset of ionization is close 10 eV. If a material consists of components with
different pair formation energies (in the present case, the material may be considered to be
composed of a conjugated back bone (Ep, bb) and aliphatic side chains (Ep, sc), the fraction of
the energy deposited in both fractions of the material is proportional to the electron
density. The total pair formation energy for the material is then given by
 f
f 
E p =  bb + sc 
 E p,bb E p,sc 

−1

(6)

where fbb and fsc are the fractions of electrons in the conjugated backbone and in the side
chains, respectively.
The value of Weop in eq. 4 is largely determined by the average thermalization
distance of the electrons from their sibling positive ions and the probability of escape by
diffusion of the charges at this distance. For high-energy irradiated hydrocarbon liquids
this thermalization distance has been found to be ~50 Å,132 and the escape probability is
usually between 1% - 10% at room temperature.133,134 The typical escape distance of 50 Å is
considerably larger than the distance between neighboring molecules in the present
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materials, which gives a high probability for the positive and negative charges to become
situated on different conjugated chains separated by aliphatic side chains. Therefore, it is
reasonable that the survival probability of initial charge carriers on a nsec timescale should
be at least 10%. However, since the actual value of Weop is not known, it was assumed that
all charge generated survives recombination during the pulse, leading to an upper limit of
the concentration of charge carriers. The use of this upper limit for the concentration of
charges gives an estimate of the minimum value of the charge carrier mobility,

∑µ

min

.

D. Theoretical Methodology
Density Functional Theory (DFT) was used to model oligothiophene molecular
geometries and electronic structure. Using the Q-Chem 2.1 program135 with the B3LYP
hybrid functional136,137 and a 3-21G* basis set, dihedral angles and geometries were analyzed
for n-hexyl group placement on the hexathiophene core. Using Q-Chem 2.1 with the
B3LYP hybrid functional and a 6-31G** basis set, quaterthiophene core final target
molecules DGE-4T, DGE-4T-Me, DGE-4T-Hx, and DGO-4T were computed for
preliminary comparison of electronic structure and examination of substituent effects on
the thiophene core planarity. Jaguar 5.04 was used in the evaluation of the hydrogenbonding interaction with second order Moller-Plesset perturbation theory (MP2) with a 631G** basis set. Finally, DGO-6T-Hx and DGE-6T-Hx were re-optimized using a higher
basis set, 6-31G* in Q-Chem 2.1 for final computation of geometries and electronic
structure.
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III. Results
The use of hydrogen-bonds in the designing the present target molecules was
inspired in part by the work of Meijer and others where strong diguanidine-ethyl
derivatized end-groups also known as ureidopyrimidones (Figure 5.2) were extensively
explored.110,112,125,138-142

Our target molecules were designed with thiophene cores for

semiconducting properties and diguanidine-alkyl derivatized hydrogen-bonding end-groups
(Figure 5.6). To render these materials more processable with the present non-polar cores
and polar end-groups, n-hexyl chains were appended to the core to increase solubility of
the hexathiophene structures. It has been shown that planar oligothiophenes which allow
close π-π stacking, most effectively mediating solid state charge transport.28,41,42,63,143-147 To
achieve closely packed oligothiophene cores with n-hexyl substituents, theoretical modeling
was used to better understand the inner thiophene ring-ring dihedral angles. Through this
modeling, a better understanding of where synthetically to place these hexyl substituents
with the least steric hindrance to the molecular packing was achieved. Specifics of the
theoretical analyses are presented below. This is followed by a detailed discussion of
materials synthesis and characterization. Details of processability, film microstructure, and
charge transport for DGO-6T-Hx and DGE-6T-Hx conclude this section.

A. Molecular Design
Density functional theory (DFT) was used to better anticipate the chemical and
electronic properties of the target molecules. DFT has been shown to be an accurate
method in calculating electronic structure and geometries of many molecular systems
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including organic semiconductors.29,148-153 However, DFT is well known to overestimate
hydrogen-bonding interactions.154-156 Therefore, MP2 level theoretical models were used to
assess the strength of the hydrogen-bonding interactions of the selected end-groups. MP2
calculations have been shown to be comparable to benchmark CCSD methods, and have
shown to be superior to DFT in describing the hydrogen-bonding interactions in organic
molecules.157,158 In the present work, it was found that the bonding interaction of the
ureidopyrimidone quadruple hydrogen-bond is -21.2 kcal/mol. This is in good agreement
with literature estimations of single hydrogen-bond species found both experimentally and
computationally to be on the order of ~5 kcal/mol.68,159-161 The computed bond distances
for this interaction range from 1.850 Å to 2.027 Å, which appear to slightly underestimate
those found determined by diffraction.110 The modeled interaction is shown in Figure 5.7.
Hydrogen-bonding

interactions

are

typically

found

both

experimentally

and

computationally to be ~1.5 – 2.2 Å.81,160,161

a.

b.
1.850
2.027
2.026
1.850

Figure 5.7. Hydrogen-bonding end group interaction model where (a) is a schematic of
the hydrogen-bonding intermolecular interaction, and (b) is the computed MP2/6-31G**
interaction with bond distances labeled in Å.
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To better design soluble/processable oligomers, n-hexyl groups were introduced
into the oligothiophene cores. To optimize the location of these substituents for minimal
steric hinderance and closest intermolecular packing, calculations (DFT, B3LYP, 3-21G*)
were carried out with progressively larger basis sets to assess the dihedral twisting which
would result in different backbone locations. The molecular conformations examined are
shown in the Figure 5.8 with computed dihedral angles (φ) summarized in Table 5.1. Each
of these structures with varying n-hexyl placement is assigned to a particular core.

a.

b.

Figure 5.8. (a) Molecular structure of DGE-6T (n-hexyl groups represent Core 2)
molecule with core dihedral angles (φ) measured as indicated with φ = 0° indicating
coplanarity with the Hx groups in an anti relationship(Table 5.2). (b) DGE-6T-Hx
computed DFT geometry for Core 2.
Core 5 substituted exclusively with hydrogen atoms along the thiophene core is found to
be the most planar structure, as expected. Core 3 has the greatest planarity with the hexyl
substitutions, however, this scheme allows the possibility of regioirregular packing – the nhexyl tails orient in random opposite directions (see Figure 5.9). Core 4 has the least
favorable packing conditions with the largest dihedral angles computed. Core 1 and Core
2 are the most favorable candidates with respect to regioregular packing, and fairly small
dihedral angles. Core 2 was targeted first due to the anticipated ease of synthesis and
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favorable regioregular packing potentials. Core 2 in this model appears to have a more
planar oligothiophene core over Core 1, contrary to previously published oligothiophene
results.162-166 Upon final optimization with a larger basis set, it is found that Core 2 is not
as planar as sexithiophene. However, Core 2 allows for less hindered chemical coupling of
the hydrogen bonding end-group to the oligothiophene core. Computed energy gaps (Eg)
correspond approximately to lower energy gaps (Eg) for the more planar structures.
Table 5.1. Summary of computed dihedral angles (φ) for placement of n-hexyl groups on
the DGE-6T-Hx and DGO-6T-Hx oligothiophene cores, where R = ethyl-substituted
hydrogen-bonding end-group. DFT, B3LYP, 3-21G* basis set. See Figure 5.8 for dihedral
angle labels.
Core
Hexyl Group
φ1 (°) φ2 (°) φ3 (°) φ4 (°) φ5 (°) Eg (eV)
Positions
1

Hx
R S

Hx
S

S

S

S

Hx

2

R S

S

Hx Hx
S

S

S

Hx
R S

S

Hx
R S

S

S

R S

S

5.00°

2.61

2.83°

7.29°

8.88°

9.03°

3.87°

2.42

4.21°

5.74°

4.13°

8.43°

2.18°

2.48

14.9°

18.3°

44.0°

24.6°

2.20°

2.72

8.64°

6.16°

12.5°

11.1°

20.0°

2.59
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Figure 5.9. Scheme of (a) possible packing motifs for Core 3, (b) the only possible
packing motif for Core 2 (and Core 1).
From the computationally optimized structures of DGE-6T-Hx and DGO-6T-Hx,
evaluation of the thiophene core dihedral angles reveals greater planarity in DGE-6T-Hx,
while the other principal metrical features for both systems are comparable. Both of these
structures exhibit significantly greater torsional angles when optimized in the more
elaborate basis set (6-31G* vs 3-21G*). For DGE-6T-Hx computed on the 6-31G* level
revealed dihedral angles of 6.50°, 29.0°, 65.2°, 26.9°, and 20.0° corresponding to φ1, φ2, φ3,
φ4, and φ5 respectively. For DGO-6T-Hx computed on the 6-31G* level exhibited dihedral

angles of 1.35°, 42.3°, 68.0°, 30.6°, and 4.95° corresponding to φ1, φ2, φ3, φ4, and φ5
respectively.

Slight differences (~0.02 eV) are observed in the computed electronic

structure, where for DGE-6T-Hx computed EHOMO = -5.20 eV and ELUMO = -2.34 eV (Egap
= 2.86 eV), and for DGO-6T-Hx computed EHOMO = -5.22 eV and ELUMO = -2.29 eV (Egap
= 2.93 eV). By varying the hexyl group positions, it is found that Core 2 exhibits the
greatest hexathiophene planarity with potential regioregularity. Therefore, this was the
core that was targeted for synthesis.

138

B. Self-Assembling Oligothiophene Synthesis and Characterization
Target molecules (Figure 5.6) were synthesized via a two-step strategy as outlined in
Schemes 5.1-5.3.

The hydrogen-bonding end-groups and thiophene cores were

synthesized separately, and these two components were then coupled using Stille
reactions167 to yield the final products.

The hydrogen-bonding end-groups were

synthesized according to a modification of the procedure of Beijer et. al.,110 starting with 2thiophenecarboxylic acid, which was brominated168 to yield 5-bromothiophene-2-carboxylic
acid, and then converted to the corresponding acid chloride via halo-dehydroxylation with
thionyl chloride, yielding 5-bromothiophene-2-carbonyl chloride (Scheme 5.1).

Scheme 5.1. Hydrogen-bonding end-group synthesis.
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The thiophene oligomer cores were synthesized via a series of coupling reactions
starting with the bromination of 3-hexylthiophene (2a) (Scheme 5.2).169,170

This was

followed by a Kumada coupling process171,172 to yield the dimer (2c), which was then
subjected to lithium-halogen exchange and stannylation to yield 3-hexyl-2-(3-hexyl-5(tributylstannyl)thiophen-2-yl)-5-(tributylstannyl)thiophene (2d). This dimer then subjected
to Stille coupling with monomer 2b to yield the corresponding tetrameric core. This
tetrameric core was subsequently subjected to lithium-halogen exchange to yield 3-hexyl-2(4-hexyl-5-(3-hexyl-5-(3-hexyl-5-(tributylstannyl)thiophen-2-yl)thiophen-2-yl)thiophen-2yl)-5-(tributylstannyl)thiophene (2f, Scheme 5.2).

Finally, the end-groups and

oligothiophene cores were coupled via Stille reactions to yield the target self-assembling
oligothiophenes (Schemes 5.3).
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Scheme 5.2. Oligothiophene core synthesis.

141

Scheme 5.3. Synthesis of final hexathiophene structures.

The structure and purity of these compounds was verified by 1H NMR (Figure
5.10), MALDI-TOF, and elemental analysis. 1H NMR reveals aliphatic proton resonances
in the δ 0.8 – 3.3, and downfield the heterocyclic protons from the thiophene and endgroup rings in the δ 6.0 – 7.8 region. The amine protons appear broad in DGO-6T-Hx,
and hydrogen-bonded species seen at δ 9.3 and 11.4 in agreement with expectation.110 The
amine protons from hydrogen-bonding are not detected in DGE-6T-Hx, and the reason
will be discussed below.
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Figure 5.10. (a) 1H NMR spectrum (400 MHz) of DGO-6T-Hx in DMSO-d6 at 105 °C.
(b) 1H NMR spectrum (400 MHz)of DGE-6T-Hx in DMSO-d6 at 105 °C.
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Optical Properties of Final Target Molecules. Optical spectroscopic studies
were undertaken to characterize oligomeric electronic absorption and emission properties,
which provide information on electronic structure, molecular planarity, and the optical
band gap. Optical absorption spectra were acquired from 220 nm to 800 nm in THF
solution (Figure 5.11), while photoluminescence (PL) spectra were also recorded in THF
solution. All compounds exhibited at least one emission peak. From these combined data,
optical band gaps can be estimated.173 Data are compiled in Table 5.2 and optical band gap
data compared to those computed using DFT methods.

DGE-6T-Hx
DGO-6T-Hx

Absorbance (a.u.)

0.3

0.2

0.1

0.0
300
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700

800

Wavelength (nm)

Figure 5.11. Optical absorption spectra of hydrogen-bonding α,ω-oligothiophene
molecules in THF solution. Plots are offset vertically for better viewing.
Table 5.2. Summary of optical spectroscopic data for oligothiophene compounds taken in
dry THF.
Compound

λabs1 (nm) λabs2 (nm)

λe (nm)

Egap Optical

Egap DFT

DGE-6T-Hx

275

408

546

2.53

2.86

DGO-6T-Hx

261

408

546

2.58

2.93

-------

436

505*, 539

2.61

2.61

Hexathiophene†
† Values

taken from published results of Facchetti et. al.42
* Most intense absorption.
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Electrochemistry of DGO-6T-Hx. Electrochemical studies were undertaken to
better understand HOMO/LUMO energetics as well electron affinities and ionization
potentials. Cyclic voltammetry (CV) of DGO-6T-Hx solutions was performed under N2 in
0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) in anhydrous THF solution
with scanning rates of 70 mV/s. Solution-cast DGO-6T-Hx films on ITO were also
examined under N2 in anhydrous acetonitrile with scanning rates of 70 mV/s. Reversible
and/or quasi-reversible one-electron oxidation and reduction waves were within the range
of the solvent and electrolyte window. Due to the limited solubility of this oligothiophene
series, only DGO-6T-Hx could be accurately analyzed by CV. When voltammograms are
reversible/quasi-reversible, formal potentials (E1/2) can be extracted at the midpoints
between peak potentials for forward and reverse scans.

Data comparing the orbital

energies obtained from electrochemical data and theoretical methods are summarized in
Table 5.3, and compared to those for hexathiophene (6T).42

It appears that the addition

of hydrogen-bonding groups and n-hexyl groups to DGO-6T-Hx stabilize hole formation
versus unsubstituted hexathiophene (6T). LUMO energetics are very similar to those of
the parent hexathiophene.
Table 5.3. Orbital energies calculated from electrochemical redox potentials and
electronic structure computation for DGO-6T-Hx.
DGO-6T-Hx
6T
THF Film Theory THF Film Theory
HOMO (eV)
-5.47 -5.66 -5.03 -5.20 -5.40
-4.80
LUMO (eV)
-3.37 -2.68 -2.39 -2.65 -2.53
-2.19
Energy Gap (eV) 2.10 2.98
2.64
3.00 2.87
2.61
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From the measured redox potentials, HOMO/LUMO energies can be estimated.
Measured redox potentials may be converted to HOMO/LUMO estimations by adding 4.4
eV from the Eonset to obtain the ionization potential (IP) or the electron affinity (EA).
(Eonsetoxidation = IP – 4.4; and for Eonsetreduction = EA-4.4).174-178

The theoretical

HOMO/LUMO values are good agreement with those measured experimentally, and the
energy gap is found to lie between the measured solution and thin film electrochemical
values.
Thermal Properties of DGO-6T-Hx and DGE-6T-Hx.

Themogravimetric

analysis (TGA) was used to assess the thermal stability of DGO-6T-Hx and DGE-6T-Hx.
Samples were heated at 5 oC/min under N2. DGO-6T-Hx exhibits two decompositions
steps with onset temperatures at ~220 °C and 400 °C. DGE-6T-Hx also exhibits two
decompositions steps with onset temperatures at ~230 °C and the second process at ~400
°C (Figure 5.12). The first decomposition may correlate with the scission of the amide

fragment from the ureidopyrimidone group on both ends of the molecule in DGO-6T-Hx
with a 20.2% mass loss (calcd 20.8%) and for DGE-6T-Hx with a 11.5% mass loss (calcd
11.9%).

The second mass loss corresponds to the decomposition of the remaining

molecule with residual mass due to carbon residue. Based on this analysis, the alkyl chain
length on the end-group does not appear to have any major affect on the thermal stability.
Additional thermal properties were analyzed by differential scanning calorimetry
(DSC). The thermal properties of DGO-6T-Hx and DGE-6T-Hx were examined by DSC
at a scanning rate of 10 oC/min under N2. For DGO-6T-Hx, a reversible endotherm is
found at 120 °C and an exotherm at 71 °C (Figure 5.13). While the thermal transitions
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seen in DGO-6T-Hx may suggest liquid crystalline behavior, further investigations argue
otherwise (see below). No features are found in the range examined (< 230 °C) for DGE6T-Hx, and higher temperatures could not be evaluated due to the thermal decomposition
process seen in the TGA. Based on the thermal analysis, further investigations of the
exo/endotherm seen in DGO-6T-Hx via DSC were undertaken by variable-temperature
NMR and FT-IR. Annealing experiments on thin films were also carried out to better
understand how this transition might affect the charge transport performance of this
material.
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Figure 5.12. TGA for DGO-6T-Hx and DGE-6T-Hx at a temperature ramp rate of 5
°C/min under a N2 gas flow.
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Figure 5.13. DSC graph of DGO-6T-Hx. Note, the endotherm at 120 °C and exotherm
at 71°C.
Variable-Temperature NMR Studies of DGO-6T-Hx.

From variable-temperature

solution phase 1H NMR spectroscopy (DMSO-d6), it is found that in the DGO-6T-Hx
amine protons visible below 120 °C broaden severely at higher temperatures (Figure 5.14),
as previously reported.179,180 The broadening occurs because inequivalent N-H groups with
different chemical shifts are exchanging. This indicates that the amine hydrogen-bonding
groups in aggregated structures dissociate reversibly. Studies of dissociation/assocation of
hydrogen-bonding species have been reported by both Mather et. al.181 and Beijer et al.110
who used 1H NMR to investigate changes in the hydrogen-bonding strength of uracil and
ureidopyrimidone compounds respectively, by varying solvent polarity and concentration,
leading to shifts in the hydrogen-bonded NH resonances.

Additionally, addition of

trifluoroacetic acid was shown to cause amine resonances to broaden into the baseline.182
In the present work, DGO-6T-Hx and DGE-6T-Hx at room reveal the disappearance of
the NH resonances disappear upon dissolving in trifluoroacetic acid-d. As expected, the
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acid dissociates the hydrogen-bonding and now the amine protons are free to exchange
with the deuteria/proton species in the solvent medium.182
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Figure 5.14. Comparison of the amine region in 1H NMR spectra of DGO-6T-Hx in
DMSO-d6 at 105 °C and 130 °C. (Temp = 105 oC (r) corresponds to the spectra taken
after heating the sample to 130 oC and cooling down to 105 oC).
FT-IR reveals significant assignable features for DGE-6T-Hx solids at 1605 cm-1
(C=O), 1674 cm-1 (C=O), 2932 cm-1 (aromatic), 3233 cm-1 (NH – hydrogen-bonded), and
3430 cm-1 (NH – free); and for DGO-6T-Hx at 1605 cm-1 (C=O), 1674 cm-1 (C=O), 2928
cm-1 (aromatic), 3227 cm-1 (NH – hydrogen-bonded), and 3418 cm-1 (NH – free) (Figure
5.15).110 The lower frequency NH modes observed in both the DGO-6T-Hx and DGE-
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6T-Hx spectra correspond to the hydrogen-bonded NH groups (typically seen around
3200-3300 cm-1) and non-hydrogen-bonded NH groups (typically observed around 34003460 cm-1), respectively.183,184 Hydrogen-bonded NH groups exhibit sharper line shapes
versus non-hydrogen-bonded NH groups which exhibit broad lineshapes.184 The carbonyl
stretching transitions observed in both DGE-6T-Hx and DGO-6T-Hx are in agreement
with studies by Versteegen, Sijbesma, and Meijer126 where urea derivatives exhibit a
transition at lower frequencies corresponding to stronger hydrogen-bonding interactions
between two end-groups and the 1674 cm-1 peak corresponds to a weaker hydrogenbonded interaction.

In the IR spectra of a DGO-6T-Hx film drop-cast from

cyclohexanone solutions on a NaCl window and dried in vacuo, only the NH stretch
corresponding to the hydrogen-bonded NH groups ~3200 cm-1 is observed. This agrees
with solution IR data of aggregated hydrogen-bonded benzenetricarboxamide derivatives
where in low polarity cyclohexane only aggregated species with υN-H ~3240 cm-1 are
present, while in slightly polar CHCl3, the hydrogen-bonded species are dissociated, and an
NH stretch at 3450 cm-1 is observed.185 In the present hydrogen-bonded oligothiophenes,
it appears that in the solid state (powder), both hydrogen-bonded and non-interacting
species co-exist. However, once the material is solution-processed into thin films and
dried in vacuo, only hydrogen-bonded NH groups are observed. The present υN-H energies
are similar to solid state FT-IR data on ureidopyrimidone derivatives reported by Meijer
and coworkers.185,186 Only one dominating amine species is observed in FT-IR spectra
taken of DGE-6T-Hx (3430 cm-1) and DGO-6T-Hx (3225 cm-1) drop-cast onto a NaCl
window from cyclohexanone.
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Figure 5.15. (a) FT-IR spectrum of DGE-6T-Hx as a KBr pellet. (b) FT-IR spectrum of
DGO-6T-Hx as a KBr pellet. (c) FT-IR spectrum of DGE-6T-Hx solution-cast onto
NaCl window. (d) FT-IR spectrum of DGO-6T-Hx solution-cast onto NaCl window.
The higher frequency transitions correspond to υN-H “free” or non-hydrogen-bonded NH
groups, and the NH (hb) correspond to υN-H modes of hydrogen-bonded. The C=O (w)
are the carbonyl groups resulting from weaker hydrogen-bonding interactions and the
C=O (s) are the bands resulting from stronger hydrogen-bonding interactions.
Temperature-dependent FT-IR studies were taken over a 55 °C – 195 °C
temperature range on a DGO-6T-Hx film that was fabricated via drop-casting onto a NaCl
pellet. Slight shifting of the υN-H transition from 3226 cm-1 to 3217 cm-1 is observed on
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raising the temperature (Figure 5.16). This suggests that as temperature increases, the
hydrogen-bonding becomes slightly weaker. However, the υN-H band observed is still the
hydrogen-bonded form of NH. In the carbonyl region, the weaker hydrogen-bonding
interaction peak at 1664 cm-1 broadens and dominates as a function of increased
temperature, and the stronger hydrogen-bonding interaction peak at 1603 cm-1 remains
sharp but weakens in intensity, in agreement with previously reported results on similar
systems showing an intensity increase in the lower frequency carbonyl peaks upon
increasing hydrogen-bonding interactions.126
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Figure 5.16. FT-IR spectrum of DGO-6T-Hx as a function of temperature.

Optical spectroscopic films studies were also undertaken on DGO-6T-Hx films.
The DGO-6T-Hx films were drop-cast onto quartz from cyclohexanone solutions, dried in
vacuo (70 °C, overnight), and annealed at different temperatures. The first film was
annealed at 70 °C in vacuo for 2 h (λabs = 405 nm), and the second film was annealed at
130 °C in vacuo for 2 h (λabs = 410 nm). The absorption maxima red-shifts as the
annealing temperature is increased.

The red-shifting suggests closer, more ordered
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interchain packing on annealed films. The optical properties of oligothiophene systems
generally exhibit red-shifting upon closer molecular packing.187,188
X-Ray Diffraction. XRD studies were undertaken to better understand the
microstructure and molecular packing of DGO-6T-Hx films drop-cast at 90 °C from
cyclohexanone on both bare Si/SiO2 and Si/SiO2 treated with HMDS. Additionally, a
slow-growth film of DGO-6T-Hx drop-cast from cyclohexanone solutions at room
temperature on bare Si/SiO2 was also investigated. Thin film XRD θ-2θ scans of DGO6T-Hx drop-cast onto bare Si/SiO2 reveal diffraction corresponding to d-spacings of 40.0
Å and 28.0 Å, and grazing incident scans afford reveal a broad peak and d-spacing
corresponding to ~4.0 Å. XRD θ-2θ scans of DGO-6T-Hx drop-cast onto HMDStreated Si/SiO2 reveal diffraction corresponding to a d-spacing of 20.5 Å, with similar
results seen in grazing incident studies seen on bare Si/SiO2. Slow growth films of DGO6T-Hx on bare Si/SiO2 reveal very little diffraction in the θ-2θ scans, however, grazing
incident scans exhibit a pronounced broad peak (d-spacing ~4.0 Å) seen previously in the
the bare Si/SiO2. DGO-6T-Hx drop-cast via slow growth techniques yieled no significant
diffraction in θ-2θ scans, however with grazing incident XRD a broad peak corresponding
to an average d-spacing of 4.22 Å, suggestive of the π-π stacking distance (Figure
5.17).189,190 Sirringhaus, et. al.189 found a similar diffraction maximum in drop-cast films of
poly-3-hexylthiophene (P3HT). The broad P3HT diffraction feature was assigned to the
(010) Bragg reflection (d-spacing ~ 3.8 Å) attributed to interplanar
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Figure 5.17 (a) XRD θ−2θ scan (Cu Kα radiation) of DGO-6T-Hx solution drop-cast
from cyclohexanone at 90 °C on Si/SiO2 (black) and HMDS-treated Si/SiO2 (red) and
dried in vacuo. Slow growth on Si/SiO2 (green) drop-cast at room temperature under
ambient conditions over one week time period. (b) Grazing incidence XRD of DGO-6THx thin film examined in (a). Note, all peaks labeled with * are diffraction from Au.
π-π stacking.189 DGO-6T-Hx annealing experiments and temperature-dependent powder

XRD measured in situ did not reveal significant changes in the diffraction, indicating that
the endotherm/exotherm seen in the DSC may not correspond to a liquid crystalline
transition. Powder XRD measurements revealed more reflections in the inter-stacking
distance regions than the thin film XRD with sharper definition, but still broader than
typically observed highly ordered crystalline oligothiophenes.41 The powder XRD indicates
small-range order among non-crystalline domains. The average d-spacings calculated from
the powder XRD are 4.70 Å and 3.36 Å (Figure 5.18). Variable-temperature powder XRD
revealed no changes in the diffraction pattern seen in Figure 5.18.
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Figure 5.18 Powder XRD θ−2θ scan (Mo Kα radiation) of DGO-6T-Hx in Kapton
capillary. Noteable peaks from diffraction of DGO-6T-Hx are indicated with an arrow.
The remaining peaks are from diffraction of the Kapton capillary.
Atomic Force Microscopy (AFM) Studies. Tapping mode AFM was used to
assess film morphology. Micrographs were recorded of solution-cast (cyclohexanone)
DGO-6T-Hx films on hexamethyldisilazane (HMDS) treated Si/SiO2 and on bare Si/SiO2
with deposition temperatures of 90 °C and dried in vacuo. In addition, a DGO-6T-Hx
film was grown by slow evaporation at room temperature using dilute concentrations for
comparison. The images reveal some crystallite formation in agreement with the XRD
data. The films appear uniform with multiple pinholes more prevalent in the film cast on
the HMDS-treated Si/SiO2 surface which has a lower root-mean-square (rms) roughness of
5-6 nm compared to 7-10 nm for films grown on bare Si/SiO2. The film grown by slow
evaporation exhibits significantly fewer pinholes, however, film formation was less uniform
as confirmed by the greater rms roughness of 8-10 nm. The increased pinhole density
observed in the film cast on the HMDS-treated surface may result from the deposition
procedure – the interaction of the hydrophobic HMDS-treated surface with the relatively
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hydrophilic solvent (cyclohexanone) may result in poor wetting of the surface. Although
the mechanism of pinhole formation is unclear, film deposition rate and conditions are
known to impact pinhole formation.191 The present observations support such findings
that fewer pinholes result with longer film growth times and more dilute solutions. (Figure
5.19).

a.

b.

c.

Figure 5.19. AFM images of DGO-6T-Hx solution cast films on (a) bare Si/SiO2, (b)
HMDS-treated Si/SiO2 , and (c) slow evaporative film growth on bare Si/SiO2. All images
are 10 µm x10 µm.
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Organic Field-Effect Transistor (OFET) Characterization. DGE-6T-Hx and
DGO-6T-Hx devices were fabricated from cyclohexanone solutions on both bare and
HMDS-treated Si/SiO2 substrates with the typical top-contact thin film transistor
configurations (Figure 5.20a).

The oligothiophene-based OFET devices operate in

accumulation with source-drain current enhanced by the application of a negative sourcegate voltage, consistent with p-channel semiconduction.192 When the source-gate voltage is
zero, the device source-drain current must be very low to ensure efficient current
switching. The key parameters describing FET device performance are the semiconductor
charge carrier mobility (µ), the current on/off ratio (Ion/Ioff), and the threshold voltage
(Vth). Drop-cast semiconductor film thicknesses varied, but were on the order of tens to
~100 nm, and the top source-drain contacts were thermally evaporated Au, 50 nm (Figure
5.20).
The growth conditions for the DGO-6T-Hx and DGE-6T-Hx films were
optimized to maximize OFET performance. Deposition temperatures and solvents for the
organic semiconductor were varied to determine the conditions for optimum film
microstructure formation, as well as the underlying dielectric surfaces modified via selfassembled structures. Annealing temperatures were also varied for optimum performance.
It was found that the ideal growth temperature for drop-casting the oligothiophene
semiconductor film is 90 °C as judged by a series of growth experiments over temperature
range and the corresponding OFET response. Cyclohexanone is found to be the most
effective drop-casting solvent. It is also found that HMDS-treated SiO2 surfaces yield far
better OFET performance with lower threshold voltages and higher on/off ratios.
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Thermal processing effects very little change in the OFET device performance when
annealing temperatures are maintained below 125 °C;
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Figure 5.20. Field effect transistor measurements: (a) device configuration for organic
field-effect transistors; (b) IV plot of DGO-6T-Hx with VSD = -100 V; (c) corresponding
transfer plot in linear scaling; (d) corresponding transfer plot in logarithmic scaling.

however, when films are annealed above 130 °C, devices performance is degraded
significantly. FET data are summarized in Table 5.4. Maximum FET mobilities measured
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for DGO-6T-Hx were 1.57 x 10-5 cm2/Vs with Vth = -21.5 V, and Ion/Ioff = 103, and for
DGE-6T-Hx, 1.10 x 10-6 cm2/Vs with Vth = -26.9 V, and Ion/Ioff = 102.
Pulse-Radiolysis Time-Resolved Microwave Conductivity Measurements.
The transient radiation induced conductivity of DGO-6T-Hx is shown in Figure 5.21 for
irradiation pulses ranging from 2 – 20 ns. The signals initially increase during the (square)
pulse and subsequently decay over thousands of ns. The decay in conductivity is
independent of the pulse length, indicating that the charges disappear by a first-order
process such as trapping or geminate recombination. From the conductivity at the end of
the pulse an estimate of the minimum values of the microwave charge carrier mobility can
be obtained. The values for ∑µmin at the end of the pulse are 1.24 x 10-3 cm2/Vs and 1.15 x
10-3 cm2/Vs for DGO-6T-Hx and DGE-6T-HX, respectively. Note that these mobilities
denote a lower limit, assuming that all charged pairs initially generated by irradiation escape
from geminate recombination. These mobility values are approximately 10x lower than the
lower-limit mobilities previously measured by the same method in poly-3-hexylthiophene
and other oligothiophenes.193,194 The present mobilities are, however, considerably greater
than previously measured in solid oligophenylenevinylenes (unpublished). These results
indicate that the hydrogen bonding units have a negative effect on local scale charge
transport properties. In Figure 5.22, the minimum mobility is plotted vs. 1/T in an
Arrhenius fashion. The temperature dependence of the charge carrier mobility at
microwave frequencies is rather weak, and the mobility increases by less than a factor of
three for DGO-6T-Hx upon increasing the temperature from -100 ºC to +180 ºC. For
DGE-6T-Hx, the temperature dependence is even weaker, although the room temperature
mobility is close to that of DGO-6T-Hx.
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Figure 5.21. Radiation-induced transient microwave conductivity in DGO-6T-Hx for
different irradiation doses.

Figure 5.22. Temperature dependence of ∑µmin for DGO-6T-Hx (open squares) and
DGE-6T-Hx (filled squares). Lines are least-square fits to the data points.
The present observed mobility temperature dependence is much weaker than
generally observed in DC experiments (e.g., in OFETs), where the mobility typically
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decreases by more than an order of magnitude over the same temperature range.195 This
large difference in temperature dependence has been observed before for other materials
and is attributed to the different distance scale over which the charge motion is
probed.195,196 In a microwave experiment, charge motion is probed over a much smaller
distance scale. A charge can move back and forth between two high barriers (e.g., within a
single crystalline domain) in the oscillating microwave field and still contribute to the
mobility, while in a DC experiment the charge must overcome all barriers it encounters to
contribute to the mobility. At high temperatures, the present mobilities obey an Arrheniustype dependence (Figure 5.22) with activation energies of 0.039 eV and 0.024 eV for
DGO-6T-Hx and DGE-6T-Hx, respectively. These values are on the same order of
magnitude as previously reported for poly-3-hexylthiophene (0.028 eV).193,197
The conductivity decay kinetics for DGO-6T-Hx are displayed as a function of
time in a double-log plot for three temperatures (Figure 5.23). For DGE-6T-Hx the trends
are very similar and therefore only the results for DGO-6T-Hx are presented. Clear
changes in the decay kinetics are observed – the conductivity decay becomes more rapid as
the temperature increases. As noted above, the dependence of the decay on the initial
concentration of charge carriers indicates a first-order process in which charge carriers are
either trapped on impurities or recombine geminately. At low temperatures (173 K), the
conductivity decay approximately follows an inverse power law, indicative of charge carrier
relaxation in a landscape of shallow traps, leading to a charge carrier mobility that decreases
with time. At higher temperatures, the end-of-pulse conductivity increases but the decay
also becomes more rapid. At these higher temperatures, the charge may move more freely
through the landscape of shallow traps and can access sites where it is irreversibly trapped.
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The change in decay kinetics with temperature follows the same trend as previously found
for P3HT, however even at the highest temperatures the decay in the present case is
considerably slower than observed for P3HT.197 This slower decay is attributed to a lower
absolute value of the mobility, leading to a slower motion of charges to the trapping sites,
i.e. both the end-of-pulse conductivity and the decay kinetics are indicative of a lower
mobility of charges in the present materials compared to P3HT.
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Figure 5.23. Decay kinetics of charge carriers in DGO-6T-Hx for different temperatures
for a 10 ns electron pulse at 173 K (full line), 293 K (dashed line) and 453 K (dotted line).
Table 5.4. Summary of FET data and pulse-radiolysis time-resolved microwave
conductivity (PR-TRMC) mobilities for DGO-6T-Hx and DGE-6T-Hx.
Material
OFET
PR-TRMC
µh (cm2/Vs)

Vth (V)

Ion/Ioff

µh (cm2/Vs)

DGO-6T-Hx

1.57 x 10-5

-21.5

103

1.24 x 10-3

DGE-6T-Hx

1.10 x 10-6

-26.9

102

1.15 x 10-3
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IV. Discussion
From the theoretical modeling, the design of a self-assembling relatively planar
oligothiophene semiconductor was refined. The synthesis was then undertaken and the
two molecular structures shown in Figure 5.6 were completed using the approaches of
Schemes 5.1-5.3 and characterized both in solution and in the solid state. These systems
are soluble in cyclopentanone, cyclohexanone, and trichlorobenzene in relatively good
concentrations (10-3 – 10-4 M). Low solubility is observed in THF. The most effective
drop-casting solvent for film growth was found to be cyclohexanone, and the resulting
films exhibited the highest FET carrier mobilities (see below).
The optical properties of DGO-6T-Hx and DGE-6T-Hx were studied in solution.
From the optical spectra (Figure 5.11) it can be seen that both compounds exhibit two
absorption maxima in the 260-275 nm and ~408 nm regions, consistent with typical
oligothiophene optical spectra. The absorption spectra exhibit a characteristic peak at high
energy (260-275 nm) originates from excitations within the thiophene ring.42,198,199 The
absorption at ~408 nm corresponds to the π-π* transition in the molecule and is known in
oligothiophenes to be affected by the planarity of the conjugated core.42,198,199 As the interring torsion angles increase and conjugation of the 6T core decreases, higher energy
transitions are expected in agreement with comparison to the planar hexathiophene
absorption at 436 nm.42,198,199 Minimal changes are observed between DGE-6T-Hx and
DGO-6T-Hx, where the low energy (408 nm) absorption peaks coincide, and the high
energy absorption peak is slightly blue-shifted with increasing end-group alkyl chain length.
From the photoluminescence data, no significant changes in luminescence maxima are
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observed between DGE-6T-Hx and DGO-6T-Hx, indicating that the end-group alkyl
chain length has little impact on the emissive properties of these molecules.

The

experimentally estimated optical band gaps correspond to the trends computed via DFT
methods, where the long alky chain leads to a slight increase in Egap (Table 5.2).
Electrochemical data could only be acquired for DGO-6T-Hx due to solubility
limitations.

From the measured redox potentials, HOMO/LUMO energy levels are

estimated for both the solutions and cast films, and electrochemical band gaps can be
calculated. Computed DFT HOMO/LUMO energy levels are generally in good agreement
with the electrochemical data, and the DFT energy gap lies between the solution and film
measured data (Table 5.3).

Compared to previously reported oligothiophene

electrochemical data such as those for sexithiophene, DGO-6T-Hx appears to be
comparable in ease of oxidation, but more difficult to reduce by at least 0.2 eV.143 These
estimated HOMO/LUMO energies are consistent with FET hole mobilities dominating
charge transport measurements with Au contacts.63

With higher LUMO values and

favorable energy alignment of the HOMO level with the Au Fermi energy, hole transport is
expected to dominate in transistor devices.
The DSC of DGE-6T-Hx is featureless, while DGO-6T-Hx displays a reversible
endotherm/exotherm. No melting is observed in either of these compounds. For DGO6T-Hx, the endotherm at 120 °C and exotherm at 71 °C appear very similar to those seen
in liquid crystalline oligothiophene and/or other hydrogen-bonded materials.182,200,201
However, in situ variable-temperature XRD scans reveal no changes upon heating above
the transition temperature. Liquid crystalline (LC) behavior has been observed in variously
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substituted

oligothiophenes

α,ω-substituted

including

oligothiophenes,

phenylquaterthiophenes, and alkoxy-derviatized oligothiophenes. LC behavior has been
verified through correlation of XRD changes with temperature and DSC thermal
transitions.200,202,203

In the present case, liquid crystallinity assignable to the

endotherm/exotherm seen in the DSC should be accompanied by changes in the XRD
with temperature which are not obvious. Thus, the endotherm/exotherm features may
reflect changes in the end-group hydrogen-bonding interactions.

Previous studies of

polyurethanes analyzed by DSC coupled with FT-IR reveal temperature dependencies of
the hydrogen-bonding υN-H transitions in the FT-IR as well as formations of different
polymorphs due to changes in hydrogen-bonding interactions as a function of
temperature.204-206 From this study, DSC observed thermal transitions may result from
structural changes not always observable by XRD.207 At temperatures below the DGO-6THx endotherm, it is likely that this material exists as a highly aggregated structure, and
when the temperature is increased to near the endotherm, less aggregated or monomeric
species are formed as the hydrogen-bonds begin to dissociate. Further thermal analyses
were undertaken by studying temperature dependent 1H NMR, FT-IR, and absorption
changes of annealed films (UV-Vis).
Variable-temperature 1H NMR spectroscopy of DGO-6T-Hx in DMSO-d6 reveals
well-resolved N-H resonances at lower temperatures. However, on heating above ~130
°C, the amine peaks reversibly broaden (Figure 5.14), indicating that the hydrogen-bonding

aggregated structures dissociate reversibly.

1

H NMR N-H broadening at higher

temperatures was observed previously by Haushalter et. al. in urea and thiourea
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compounds, and with temperature variance investigations by Wojciechowski in Mannich
base-biphenol derivatives, and assigned to the hydrogen-bonding dissociation/association
process.179,180 The observed amine peak in DGO-6T-Hx with 1H NMR shifts at δ 11.4 and
9.3 ppm correspond to amine resonances in the ureidopyrimidone hydrogen-bonding
dimerization previously observed by Beijer et. al.110 Beijer and coworkers confirmed these
peaks to be involved in extensive hydrogen-bonding via NOE (nuclear overhauser effects)
studies, and confirmed the 4[1H]-pyrimidinone dimer geometry in solution.110 Note that
the corresponding N-H 1H NMR resonances in DGE-6T-Hx are not observable at 90 °C
or above. The N-H 1H NMR resonances in DGO-6T-Hx also disappear when the 1H
NMR spectrum is recorded in trifluoroacetic acid-d (TFA-d) at room temperature where
the acid protons disrupt hydrogen-bonding interactions, similar to observations made by
Meijer’s group where significant N-H resonance positions changes are observed on
addition of small amounts of TFA.182
FT-IR spectra taken of DGE-6T-Hx and DGO-6T-Hx pressed into a KBr pellet
reveals both free and hydrogen-bonded υN-H bands. However, solution drop-cast films of
both these materials show a dominance of one species. In DGE-6T-Hx only non-bonded
amine species are present at 3430 cm-1, where as in DGO-6T-Hx only hydrogen-bonded
amine species are observed at 3225 cm-1. Variable-temperature FT-IR spectroscopy of
DGO-6T-Hx films cast on NaCl was carried out and red-shifting of the υN-H normal
modes was observed with increasing temperature.

The behavior of the stretching

transitions in the carbonyl region also support weakening of the hydrogen-bonding
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interactions at elevated temperatures, indicated by the broadening and increasing
dominance of the weaker hydrogen-bonding interaction peak at 1664 cm-1.
Optical spectra of DGO-6T-Hx films on quartz were taken after annealing at
temperatures – above and below the endotherm. The spectrum of the film annealed above
the endotherm temperature exhibits a 5 nm red-shift in comparison to the film annealed
below the endotherm. This may reflect a structure annealing/reorganization effects with
resulting closer π-system-π-system packing.208 It has been shown in comparing substituted
oligothiophene species to the parent conductor, that the optical absorption maxima redshifting for more ordered molecular packing.187,188
Optimization of OFET devices to yield higher mobilities included efforts to
varying the semiconductor film deposition temperature, annealing procedures, modifying
the underlying dielectric surface, and solvent effects. The optimum film casting conditions
were found to be 90 °C from cyclohexanone. At this temperature, film formation appears
to be sufficiently slow to allow greater macromolecular ordering on the surface and more
uniform coverage as evidenced by the XRD, AFM, and visual film clarity. Measured
OFET mobilities for films annealed at temperatures close to or lower than the DSC
endotherm temperature revealed negligible variance from those for unannealed devices.
However, when the annealing temperature is significantly increased above the endotherm,
device performance is significantly reduced. It was found that fabricating devices on
trimethylsilylated (HMDS) Si/SiO2 gate dielectric surfaces also yields improved
performance with greater parameter reproducibility.

To better understand these

microstructure variations, AFM images were recorded of DGO-6T-Hx films grown at 90
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°C on HMDS-treated Si/SiO2, bare Si/SiO2, and on bare Si/SiO2 with slow film growth at

room temperature. Both films grown at 90 °C exhibit multiple pinholes, however the
HMDS-treated surface reveals a greater pinhole density of larger size. DGO-6T-Hx films
fabricated on HMDS-treated Si/SiO2 have the lowest rms roughness despite pinholes. The
pinholes present in the DGO-6T-Hx films fabricated on HMDS-treated surfaces
presumably arise from the hydrophobic/hydrophilic mismatch of the surface and solvent
medium and/or the kinetics of film deposition. This deduction is supported by the fact
that the slow grown film on the bare SiO2 (hydrophilic) surface affords more uniform with
significantly fewer pinholes. One might suspect this would yield a superior film, but no
FET activity was observed. The films grown on the HMDS-treated surface shows greater
fiber-like island growth. These fiber-like island growths are significantly reduced on bare
SiO2 and appear more sheet-like in the slow growth film. These additional microstructural
features seem to have an effect on the FET activity; as the features become more sheetlike, FET activity decreases. Although AFM images reveal more pinholes for DGO-6T-Hx
films grown on HMDS-treated Si/SiO2, this does not appear to adversely affect the FET
mobility.

In contrast, films grown on HMDS-treated Si/SiO2 give superior device

performance in accordance with the XRD results which reveal greater crystallinity for films
drop-cast at 90 °C on both the Si/SiO2 and the HMDS-treated Si/SiO2 surfaces. Films
cast onto bare Si/SiO2 exhibit two diffraction peaks corresponding to the long molecular
axis (d-spacing ~20 – 40 Å)and interplanar stacking distances (d-spacing ~ 4.0 Å), whereas
the film cast onto HMDS-treated Si/SiO2 show only one diffraction peak assigned to the
long molecular axis. The slow growth film on bare Si/SiO2 revealed low crystallinity, and
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only a diffraction feature corresponding to the π-π stacking distance.

The lower

crystallinity observed in the slow growth films may account for the absence of FET
activity. The threshold voltages of these devices are significantly reduced by using the
HMDS treated gate dielectric.
From time-resolved microwave conductivity measurements, significantly greater
mobility values are obtained in comparison to those measured in FET devices; 1.24 x 10-3
cm2/Vs vs. 1.57 x 10-5 cm2/Vs for DGO-6T-Hx and 1.15 x 10-3 cm2/Vs vs. 1.10 x 10-6
cm2/Vs for DGE-6T-Hx (Table 5.5). The FET mobilities obtained are lowed than the
time-resolved microwave conductivity measurements due to various other factors
contributing to the measurement of charge transport in FET devices. In the FET devices
factors such as interfacial energetics and charge trapping sites may significantly reduce the
measure carrier mobilities. The measured FET mobility appears to be dominated by the
oligothiophene substituent-substituent interactions, which has been shown to depress the
mobility of the parent conductor in n-octyl substituted terthiophene polymers (Figure
5.24).209,210 McCulloch et. al. observed similar mobilities to those measured in DGO-6THx and DGE-6T-Hx, indicating that the hydrogen-bonding does not have an adverse
effect on mobility, but rather the substituent-substituent interaction in the thiophene core

Figure 5.24. Molecular structure studied by McCulloch, et. al. where the head-head
interactions (circled in blue) in the thiophene core exhibit a reduced measured FET
mobility.
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leads to decreased mobility.209 Contrary to the FET mobilities, this contactless technique
reveals approximately the same mobility values for both DGO-6T-Hx and DGE-6T-Hx.
These carrier mobilities evidence slightly more efficient transport properties versus those
time-resolved microwave conductivity measurements for hydrogen-bond derivatized
phenylenevinylene dimer also using discussed above (3 x 10-3 cm2/Vs and 9 x 10-3 cm2/Vs
for holes and electrons respectively).128

Compared to previously measured poly-3-

hexylthiophene and other oligothiophene species, the present mobilities are about an order
of magnitude or more lower.193,194

Variable-temperature time-resolved microwave

conductivity measurements show that charge carrier mobility of DGO-6T-Hx is thermally
activated whereas DGE-6T-Hx exhibits weaker temperature dependence. The activation
energies for DGO-6T-Hx and DGE-6T-Hx are on the same order of magnitude as these
of poly-3-hexylthiophene, indicating the local charge transport properties are very
similar.193,197

V. Conclusions
Two self-assembling conducting oligomers were synthesized as designed by
theoretical models. Two were solution processable and found to be synthetically pure.
These two systems were fully characterized to identify unique optical, thermal, and
transport properties. FT-IR was used to identify hydrogen-bonding interactions by unique
υN-H and υC=O frequency modulations based on intermolecular strengths. DSC scans

identified an endotherm/exotherm in DGO-6T-Hx that was assigned to the hydrogenbonding interaction modulated with temperature. Variable-temperature XRD confirmed

170

this thermotropic transition was not from a liquid crystalline material, and variable
temperature FT-IR and 1H NMR confirmed modulations in hydrogen-bonding strengths
with elevated temperatures.

AFM confirmed the superior DGO-6T-Hx film

microstructure quality on the HMDS treated Si/SiO2, which was found to yield the best
OFET device performance. XRD scans revealed greater crystallinity in films fabricated at
90 °C over slow formed films at room temperature. OFET mobilities obtained for the two
systems are 1.57 x 10-5 cm2/Vs for DGO-6T-Hx and 1.10 x 10-6 cm2/Vs for DGE-6T-Hx.
Charge

carrier

mobilities

derived

from

time-resolved

microwave

conductivity

measurements show three orders of magnitude greater values which are comparable to
those observed in hydrogen-bond derivatized oligophenylenevinylene. Unique thermal
properties are observed in DGO-6T-Hx and time-resolved microwave conductivity
measurements confirm this temperature dependency by observing an increase in mobility
with increase in temperature. From the synthesized molecules, DGO-6T-Hx is the most
promising conducting thermoplastic material.
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Section III:
Charge Storage Applications
for Polythiophene-Derivatives
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Chapter 6:
Polythiophene-Based
Semiconductors as
Electron Transporters in
Polymer-Based
Electrochemical
Supercapacitors
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I. Introduction
Electroactive materials are of great current interest for applications in
charge/energy storage devices.1 In particular, dopable π-electron conducting polymers are
capable of charge storage and have diverse redox states that support switching behavior.2-6
In principle, the availability of multiple redox states may permit storage of charge in
multiple reduction or oxidation levels, thus allowing more stable performance and longer
charge storage device lifetimes.

Such conducting polymers have applications in

electrochemical supercapacitors,6-13 rechargeable storage batteries,14 electrochromic
devices,15,16 burst energy applications, and electrical vehicles.17,18

In this paper, we

investigate two new polymeric materials for supercapacitor device structures. In particular,
we focus on n-type electronically conducting polymers for supercapacitor electron
accumulation and transport.

We also investigate performance as a function of

electrolyte/solvent composition.
For polymer-based supercapacitors, there are four basic types of device
configurations (Figure 6.1).8 Type I is a symmetrical supercapacitor having one p-dopable
conducting polymer used for both electrodes. Type II is an asymmetric supercapacitor in
which two different p-dopable conducting polymers are selected, based on the differences
in the potential ranges over which they can be p-doped. Type III is a supercapacitor design
in which the same polymer is used for both electrodes, and which is both p-dopable and ndopable. New to the community is the Type IV supercapcitor, fabricated with a n-dopable
polymer and a different p-dopable polymer.6 Type III and Type IV supercapacitors are of
greatest promise in terms of achievable energy density and have advantages over the Type I
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and Type II devices in terms of available conducting states and greater instantaneous
power density.7,8,19

Pine electrode with
polymer at cathode
Teflon® or
polyethylene body
Separator paper
Electrolyte
Pine electrode with
polymer at anode

Figure 6.1. Supercapacitor device configuration and experimental setup. Depending on
the type of supercapacitor, different polymers may be used at the cathode and anode.
Because most known polymeric semiconductors are p-type,20-22 the development of
more efficient Type III and Type IV supercapacitors has been slow. Although many newly
developed organic semiconductors exhibit n-type behavior,23-27 these systems are usually
low molecular weight oligomers.

The fabrication of supercapacitors with oligomeric

electrodes rather than polymeric usually leads to more rapid organic microstructure film
degradation upon cycling, reduced surface area, reduced electrolyte intercalation into the
organic microstructure, and lowered mechanical robustness.1

Oligomeric species are

therefore generally not suitable for supercapacitor fabrication, and the availability of
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suitable n-type and n-dopable polymers would be of great interest for improved Type III
and Type IV supercapacitors.
Polymer-based supercapacitors by Ferraris and Rudge

8

pioneered the model of

charge transport and design of these devices. Rudge et. al. constructed Type III devices
using polythiophene derivatives including structures such as poly-3-(4-fluorophenyl)thiophene as an n-dopable material resulting in 1.2 F/cm2 capacitance values.8 Most
previously reported polymer-based Type III supercapacitors use hybrid structures with ndopable polymers either electrochemically grown onto carbon paper, or fabricated
electrodes with mixtures of carbon black/carbon blends with polymer.9,28,29 Capacitances
obtained from these device structures yield values ranging from tens to hundreds of
F/g.5,9,19,28,29

These devices measure polymer capacitances as well as carbon

pseudocapacitance, therefore it is difficult to quantify polymer capacity.11
In this investigation, we report the first Type IV supercapacitors utilizing separate
polymers at cathode and anode electrodes fabricated onto Pt/Au electrodes to measure the
intrinsic polymer capacity. Two thiophene-based polymers are investigated for use as
anode electrodes in this study. Thiophene-based semiconductors are of particular interest
due to the energetic tunability of the LUMO (lowest unoccupied molecular orbital)
energies, rendering them more conducive to n-doping and n-type (electron) transport.30,31
In this paper, we investigate two polymeric thiophene-based systems which have been
modified for reduced LUMO energies via addition of electron-withdrawing substituents on
the polymer backbones. These are a tetrafluoro-p-phthaloyl-tetrathiophene copolymer
(PFPT)32 and poly(n-alkyl-3,4-cyclic-imidothiophene) (PCIT)33. The polymer structures
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are shown in Figure 6.2.

We investigate the properties of Type IV supercapacitors

fabricated with these two newly developed n-type polythiophenes.

Figure 6.2. Molecular structures of the n-dopable polymers used in this study. Note, for
PFPT the number of repeating units is ~10, and for PCIT the number of repeating units is
~15.

II. Experimental
The

ionic

liquid

1-ethyl-3-methyl-1H-imidazolium

bis(trifluoro-

methylsulfonyl)imide (EMI-BTI) was synthesized as previously reported by StengerSmith, et.al.10 Tetraethylammonium bis(trifluoro-methylsulfonyl)imide (TEA-BTI) was
used as received from Fluka Chemical Company, and 1-ethyl-3-methyl-1H-imidazolium
hexafluorophosphate (EMI-PF6) was used as purchased from Aldrich Chemical Company.
In this study, poly(propylenedioxythiophene) (ProDOT) was used as the p-doped material
and was deposited via electropolymerization onto a Pt/Au/glassy carbon button electrode
using cyclic voltammetry.

PFPT and PCIT were used as previously synthesized at

Northwestern.32,33 PFPT and PCIT were each used for the n-dopable electrode and were
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drop-cast onto Pt or Au button electrodes as dichlorobenzene solutions mixed with ionic
liquids (TEA-BTI and EMI-BTI for the first device configuration, EMI-BTI and EMIPF6 the for second). All fabrication and device analysis procedures were performed in a
glove box under an inert atmosphere.
Cyclic voltammetry was performed on a BAS C-3 system. Platinum wire electrodes
were used as both working and counter electrodes, and Ag wire was used as the pseudoreference electrode. A ferrocene/ferrocenium redox couple was used as an internal
standard and potentials obtained in reference to a silver electrode were converted to the
saturated calomel electrode (SCE) scale.
All polymer films were first cycled in electrolyte solution (0.1 M EMI-BTI in
propylene carbonate) to define electroactivity and redox characteristics. The films were
cycled through the n-doping region (0.0 V to -1.75 V) until a stable n-doping potential was
found. For PFPT and PCIT, a maximum reducing potential of -1.5 V vs Ag/Ag+ was
determined for each system to allow for maximum charge storage within the reduction
potential. Next, the capacities of the films were determined by integration of the total
charge accumulation under the reduction peak. The charge capacities reported here are the
measured device capacities, with the capacity per unit polymer volume calculated from the
estimated 2 x 10-4 cm3 volume of polymer (electrode area = 0.2 cm2, film thickness 1.0 µm).
The PFPT was found to have a capacity of approximately 1.75 C/cm3 at a sweep rate of
100 mV/s, while PCIT material had a much higher capacity of approximately 14.0 C/cm3.
ProDOT electrodes with matching capacities were fabricated, and the devices were
assembled as shown in Figure 6.1.

178

Studies of device configuration I.

The first device configuration discussed is that

fabricated with ProDOT as the p-doped material and either PFPT or PCIT as the ndopable material. The ProDOT was electropolymerized onto a Pt/Au/glassy carbon
button electrode, whereas the n-dopable materials were drop-cast onto a Pt/Au button
electrode with a 65:35 by weight polymer to electrolyte ratio. The ionic liquids used in this
device configuration were the 1:1 EMI-BTI:TEA-BTI. The electropolymerization was
carried out in a solution of monomeric propylenedioxythiophene in a mixture of ionic
liquids and propylene carbonate, and the polymer electrode was then coated with a gel
electrolyte (70% tetraethylene glycol dimethyl ether, 20% ultrahigh molecular weight
PMMA, and 10% 1:1 by weight EMI-BTI:TEA-BTI). The p- and n-doped electrodes
were separated with a 20 µm sheet of battery separator paper, with additional gel
electrolyte used to wet the paper.

For the p-doped electrode, ProDOT was fully

neutralized at -0.5 V (end-point of electropolymerization). The two electrodes were next
pressed together and device properties characterized.
Studies of device configuration II. The second device configuration included the same
polymeric components in an electrolyte environment where the two electrodes coated with
the ionic liquid mixture, EMI-BTI + EMI-PF6 (1:1 by weight) were inserted into the
device with separator paper between the electrodes, which were then pressed together.
This device configuration used a neat ionic liquid electrolyte without additional PMMA,
tetraglyme, or propylene carbonate. The n-dopable polymers were drop-cast from a 7%
solution of the respective polymer in dichlorobenzene and mixed ionic liquids (1:1 by
weight EMI-BTI:EMI-PF6).
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Supercapacitors were analyzed using a Pine model AFCBP1 Bitpotentiostat. The
devices were cycled from 0 to 0.5 V and back at 100 mV/s, examined for electroactivity
and coulombic efficiency and then the upper voltage limit was increased in 0.5 V
increments.

The upper limit for each device was found to be around 2.5 V. Lower

voltage limits than 2.5 V produced lower charge storage capacity, and voltage limits higher
than 2.5 V produced poor coulombic efficiency and/or evidence of irreversible activity.
Cycle lifetime studies (1000 cycles) were performed at 250 mV/s. The charge capacity of
the devices was measured at this sweep rate and it was determined that the approximately
80% of the initial film capacity was being used (80% depth of discharge). Faster sweep
rates allowed more cycles in a given time period, but the depth of discharge dropped off
rapidly above 500 mV/s (below 50% at 500 mV/s). The typical device setup is the twoelectrode configuration shown in Figure 6.1.

III. Results and Discussion
Initial

electrochemical

studies

were

undertaken

to

better

understand

HOMO/LUMO energetics as well electron affinities and ionization potentials. Cyclic
voltammetry of PCIT and PFPT solutions was performed under N2 in 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) in anhydrous THF solution with
scanning rates of 70 mV/s. Reversible and/or quasi-reversible one-electron oxidation and
reduction waves were within the range of the solvent and electrolyte window. When
voltammograms are reversible/quasi-reversible, formal potentials (E1/2) can be extracted at
the midpoints between peak potentials for forward and reverse scans. Redox potential
values and estimated HOMO and LUMO energies are summarized in Table 6.1. PFPT
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undergoes a reversible two-electron reduction at -1.23 V plus an additional irreversible
reduction at -1.60 V and three single-electron oxidations at +0.96/+1.13 V (reversible) and
+1.40 V (irreversible).32 PCIT exhibits two irreversible one-electron reductions at -1.08 V
and -1.17 V. No oxidation is observed.

Table 6.1. The solution electrochemistry data for PCIT and PFPT in THF.
Eox (V)

Ered (V)

EHOMO (eV)

ELUMO (eV)

Egap (eV)

PCIT

NA

-1.08,* -1.17*

NA

-3.32

NA

PFPT

0.96, 1.13,

-1.23, -1.60*

-5.36

-3.17

2.19

1.40*
*

Indicates irreversible redox wave.

From the results for device configuration I, it was found that the PFPT material
exhibits only a small charge storage capacity, barely above that of baseline (electrodes and
electrolyte only). The measured capacity is about 1.10 C/cm3. The coulombic efficiency
(the ratio of the integrated cathodic and anodic charge capacity) is found to be about 78%,
however the cathodic and anodic capacities of 1.10 C/cm3 and 1.40 C/cm3 respectively, are
marginally above the baseline of 0.40 C/cm3 (Figure 6.3). For the PCIT material, a far
greater charge storage capacity is measured with cathodic and anodic capacities of 11.0
C/cm3 and 14.5 C/cm3 respectively, leading to 75% coulombic efficiency (Figure 6.3). For
PFPT, the current peak is 20 µA and for PCIT, 150 µA.

PCIT clearly exhibits far

greater charge storage capacity than PFPT, which may be due to the overall conjugation of
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the polymer.

The polymer backbone conjugation in PFPT is interrupted with the

perfluoroarene groups twisted out of the oligothiophene plane.
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Figure 6.3. Potential vs. current plot for Type IV supercapacitors fabricated with PFPT
and PCIT in device configuration I (see experimental). A baseline is included for
reference. The PCIT device has a 250 µC per device capacity and PFPT device has a 22
µC per device capacity up to 2500 mV potential.
The lifetime studies of the configuration I devices fabricated with the PFPT or
PCIT evidence substantial decay in capacity over time. For PFPT, rapid decay of the
capacity is observed after about 10 cycles, whereas PCIT evidences significant decay after
300 cycles. Part of the decay may reflect chemical instability intrinsic to the n-dopable
polymer or may include reactivity with respect to the particular electrolyte. Alternatively,
the declining current/capacity may be due to dissolution of the charged polymeric species
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in the highly polar electrolyte. We have observed experimentally that films of these
polymers cast onto ITO, upon cycling multiple times in an electrochemical cell, are
solubilized in polar solvents such as acetonitrile and propylene carbonate. Thus, less
material would be available on the electrode surface for efficient cycling of stored charge.
Using the second, neat ionic liquid electrolyte device configuration, the present ndopable polymers appear to be far more stable and exhibit considerably longer operational
lifetimes.

The experimental charge storage capacity in these devices does not vary

significantly from that in device configuration I, however, presumably due to the absence
of organic solvent, the charged species are now more stable, affording greater long-term
stability on prolonged cycling. For the configuration II devices, slightly greater charge
storage values for PFPT are observed, 2.10 C/cm3 cathodic and 3.50 C/cm3 anodic, with a
60% coulombic efficiency after 56 cycles. For PCIT, a capacity of 8.45 C/cm3 cathodic
and 11.95 C/cm3 anodic is observed with 70% coulombic efficiency after 56 cycles. After
1000 cycles, the charge capacity of the PFPT supercapacitor was nearly indistinguishable
from the baseline (around 0.75 C/cm3 cathodic and 1.10 C/cm3 anodic), while the capacity
of PCIT supercapacitor is found to be 3.90 C/cm3 cathodic and 4.35 C/cm3 anodic. See
Figure 6.4 for decay over cycling of each material and Figure 6.5 for a PCIT current vs.
time plot after 1000 cycles.
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Figure 6.4. Decay of anodic/cathodic averaged capacity as a function of number of cycles
for supercapacitors fabricated with polymers PCIT and PFPT in device configuration II
(see experimental).
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Figure 6.5. Current vs. time plot for configuration II PCIT supercapacitor measuring
capacity after 1000 cycles of device operation.
The PCIT capacity value of 12.0 C/cm3 corresponds to a capacitance of 2.19
F/g.35 Although this value appears to be lower than the reported literature values of Type
III n-dopable materials, our measured capacitance values are a direct evaluation of the ndopable polymer capacitance in the Type IV device configuration. The supercapacitors
fabricated in this study utilize noble metal electrodes, and therefore only the polymer
capacitance is measured in this configuration. As expected, measured capacitances here are
lower than those obtained from device structures that also measure pseudocapacitance
from carbon binders or electrodes.
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Optimization of film processing results in enhanced device performance using
films drop-cast with ionic liquid. The n-type polymers were initially drop-cast from neat
dichlorobenzene. Optical micrographs of PCIT films obtained via this method evidence
some slight grains, however, the bulk of the film appears fairly uniform (Figure 6.6a).
Devices tested with such films exhibited minimal charge storage capacity.

This is

presumably due to the lowered surface area and decreased porosity, resulting in inefficient
ion transport within the polymer. However, when the present polymers are drop-cast from
solvents containing ionic liquids, ionic liquid microdroplets become imbedded in the
polymeric film, affording a more porous polymer film. This presumably allows more
efficient ion transport through the polymeric material and results in increased charge
storage capacity. Figure 6.6b shows optical micrographs of a PCIT film drop-cast from
35% dichlorobenzene and 65% EMI-BTI by weight. In these films, phase-separated
islands of polymer and ionic liquid are clearly visible.

It is believed using

electropolymerization (rather than drop-casting) of the n-dopable monomers, to control
density and therefore the access of electrolyte to polymer films lead to an increase in
conductivities,34 and the film morphologies will become even more open to electrolyte
intercalation leading to rapid switching and higher device performance.
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a.

1 µm

Reflection

1 µm

Transmission

b.

1 µm

1 µm

Reflection
Transmission
Figure 6.6. (a) Optical micrographs of a PCIT film (cast from dichlorobenzene at room
temperature) in both reflection and transmission modes at the same film location (b)
Optical micrographs of a PCIT film (cast with EMI-BTI in dichlorobenzene (65:35 by
weight) at room temperature) in both reflection and transmission modes at the same film
location (note, the EMI-BTI droplets are on the size of the thickness of the films, and all
four pictures in Figures 6.6 are at the same magnification)
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IV. Conclusions
Supercapacitors

were

successfully

fabricated

oligothiophene-based semiconducting polymers.

using

two

new

n-dopable

Devices fabricated with propylene

carbonate and ionic liquid gel exhibit more rapid decay in charge storage capacity on
cycling versus the ionic liquid-only devices. PCIT exhibits far greater charge storage
capacity than does PFPT, which may be due to the greater overall conjugation. Overall,
supercapacitor performance was found to be superior in the devices fabricated without
organic solvents but with ionic liquids including hexafluorophosphate ions in the
electrolyte.

Devices fabricated with PCIT and neat EMI-BTI/EMI-PF6 as the

electrolyte retained ~30% of the initial charge capacity 12.0 C/cm3 after 100 cycles at
approximately 80% depth of discharge.
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Chapter 7:
Conclusions
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In this thesis, investigation of theoretical models to under electronic and transport
properties governing conducing oligothiophene-based semiconductors are undertaken.
The initial project on the study of electronic structure for fluorinated-oligothiophenes
stemmed from the availability of experimental results that was unexplainable. The three
perfluorinated oligothiophene semiconductors studied in Chapter 2 were previously
synthesized and characterized. Through this analysis, the lower mobilities seen in TTFFTT
were confirmed by experimentally obtained crystal structures which showed the high twist
in the molecular core.

However, FTTTTF and TFTTFT both had relatively planar

structures with TFTTFT being almost completely planar and small (average ~10°) dihedral
angles measured for FTTTTF. The other spectroscopic analysis of these systems through
optical and electrochemistry showed little differences that should result in vastly different
electronics leading to the experimentally observed variance in measured FET mobility sign.
However, in the OFET device, these two systems exhibit opposite charge carrier signs and
FTTTTF shows much higher charge carrier mobilities.
The theoretical study in this first section was designed to understand better the
structural and electronic properties seen in these systems that led to such variance in
experimental results. From the analysis in Chapter 2, we find that analyses of computed
orbital splitting trends and band structure can elucidate charge transport behavior in these
unusual isomeric molecular crystals. We find narrow bands and comparable effective
masses in both conduction and valence bands in all systems studied. This suggests that
transport is intrinsically ambipolar, with other issues (trapping, injection, phonon coupling,
measurement technique) possibly dominating the result of any given sample set or
measurement method. Steric effects in TFT compromise molecular planarity and render it
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a far poorer conductor than planar TFTFT or FTF. This indicates (in agreement with a
simple tight-binding picture) that the extent of π-π overlap determines the dominant
transport direction.
From further analysis of these systems in Chapter 3, we present a detailed
theoretical analysis of the electron and hole transport properties of a series of
perfluoroarene-thiophene oligomers. Analysis within the Marcus framework hopping
transport limit indicates that the three perfluoroarene-thiophene oligomers have similar
mobilities and similar injection barriers. We would thus expect the materials to act as
ambipolar charge transporters under the right macroscopic conditions. The results also
indicate that device properties other than the band structures, ionization energies and
reorganization energies of the organic conductors can control the overall electron and hole
mobility performance. Our electron affinity calculations show that the favored electron
injection material is FTTTTF, in agreement with experiment. Transport properties from
this study indicate these materials should be ambipolar under favorable device fabrication.
Based on the previous compounds, additional synthetic efforts led to the
theoretical investigation seen in Chapter 4.

Variances of the above perfluoroarene

compounds with the addition of phenacyl groups to a quarterthiophene core rendered
remarkable experimentally measured n-type behavior in the the fluorinated-phenacyl group.
To better assess properties that may lead to these transport properties, a theoretical
investigation of the electronic structure through simple dimer models and extended band
structure led us to conclude that the analysis of computed orbital splitting shows that the
B- and C-directions in the crystal structure are the most prominent in charge transport,
with the higher bandwidth material being DPCO-4T. This however is not the material

191

with the highest OFET mobility measured experimentally. The reorganization energies of
both these materials are approximately on the same order of magnitude (300 to 340 meV)
indicating similar energy requirements for oxidation and reduction. However, the higher
electron affinity value for DFCO-4T indicates a more stable radical-anion species favoring
n-type transport in agreement with experimental findings.

From the band structure

analysis, effective masses calculated show favorable electron transport for DFCO-4T and
hole transport for DPCO-4T in agreement with experimental measurements.

The

effective mass calculated for DFCO-4T is also an order of magnitude higher than DPCO4T predicting DFCO-4T to show higher carrier mobility, also in agreement with
experimental measurements. The direction of dominant transport is found to be in the π-π
stacking direction.
From the studies in Chapters 2-4, it may be concluded that much progress has been
made in understanding geometric and electronic structure properties that allow for
favorable electron and hole transport. However, these models still do not give clear
answers as to why certain transport properties dominate. Further work may entail more
sophisticated models including experimentally known parameters influencing transport.
These factors include surface and interfacial properties and interactions with the organic
semiconductor, understand charge trappers, and charge dopants that may naturally exist
under fabrication condictions.
In the second section, focus of organic semiconductors is geared towards tethering
oligothiophene

cores to

intermolecular interactions.

hydrogen-bonding

end-groups allowing

for improved

Six self-assembling conducting oligomers were synthesized

as designed by theoretical models.

Two were solution processable and found to be
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synthetically pure. These two systems were fully characterized to identify unique optical,
thermal, and transport properties.

FT-IR was used to identify hydrogen-bonding

interactions by unique υN-H and υC=O frequency modulations based on intermolecular
strengths.

DSC scans identified an endotherm/exotherm in DGO-6T-Hx that was

assigned to the hydrogen-bonding interaction modulated with temperature.

Variable-

temperature XRD confirmed this thermotropic transition was not for a liquid crystalline
material, and variable temperature FT-IR and 1H NMR confirmed modulations in
hydrogen-bonding strengths with elevated temperatures. AFM confirmed the superior
DGO-6T-Hx film microstructure quality on the HMDS treated Si/SiO2, which was found
to yield the best OFET device performance. OFET mobilities obtained for the two
systems are 1.57 x 10-5 cm2/Vs for DGO-6T-Hx and 1.10 x 10-6 cm2/Vs for DGE-6T-Hx.
Charge

carrier

mobilities

derived

from

time-resolved

microwave

conductivity

measurements show three orders of magnitude greater values which are comparable to
those observed in hydrogen-bond derivatized oligophenylenevinylene. Unique thermal
properties are observed in DGO-6T-Hx and time-resolved microwave conductivity
measurements confirm this temperature dependency by observing an increase in mobility
with increase in temperature. From the synthesized molecules, DGO-6T-Hx is the most
promising conducting thermoplastic material.
In the third section, Chapter 6 discusses the applications of n-type thiophene-based
polymers used in an electrochemical supercapacitor. Two types of device configurations
were utilized in fabrication. The devices made with propylene carbonate showed faster
decay in capacity compared to the solvent-free devices. The PCIT showed much better
capacity than the PFPT material, which may be due to the overall conjugation of the
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polymer which is much greater in PCIT than in PFPT, leading to less electroactive films.
Overall performance was found to be superior in the devices fabricated without solvent
with the hexafluorophosphate ion. The best device, PCIT material with neat EMIBTI/TEA-BTI as the electrolyte, retained about 30% of its initial charge capacity of 1.2
C/cm3after 100 cycles at approximately 80% depth of discharge.
Though much progress has been made towards developing new models and
experimental techniques to characterize and determine n-type semiconductors for
improved electronic applications, further investigations will be needed to improve the
current models and technologies.

Unique methods of architectures through self-

assembling techniques has been demonstrated, however, much further molecular
optimization must be undertaken to obtain a thermoplastic semiconductors with high
transport properties. Futhermore, achievements of fabricating the first published Type IV
supercapacitor device has been accomplished, but much work is needed to increase
measure polymer capacitances.
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Figure A.1. Reference atom numbering scheme.
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Table A.1. Selected bond lengths (Å) for the neutral, radical-anion, and radical-cation states of
FTTTTF as determined at the B3LYP/6-31G** level. Reference numbering scheme can be
found in Figure A.1. Corresponding dihedral angles summarized below.
neutral

anion

∆(A-N)

cation

∆(C-N)

1.442
1.755
1.755
1.746
1.761
1.383
1.413
1.381
1.445
1.382
1.412
1.385
1.463
1.410
1.390
1.392
1.391
1.390
1.409

1.412
1.775
1.773
1.760
1.778
1.402
1.394
1.400
1.419
1.401
1.397
1.398
1.443
1.420
1.387
1.393
1.392
1.388
1.419

-0.030
0.020
0.018
0.014
0.017
0.019
-0.019
0.019
-0.026
0.019
-0.015
0.013
-0.020
0.010
-0.003
0.001
0.001
-0.002
0.010

1.411
1.761
1.753
1.750
1.755
1.407
1.387
1.407
1.421
1.398
1.397
1.398
1.457
1.414
1.389
1.395
1.394
1.388
1.412

-0.031
0.006
-0.002
0.004
-0.006
0.024
-0.026
0.026
-0.024
0.016
-0.015
0.013
-0.006
0.004
-0.001
0.003
0.003
-0.002
0.003

C1'-C1
C1-S1
C4-S1
C5-S2
C8-S2
C1-C2
C2-C3
C3-C4
C4-C5
C5-C6
C6-C7
C7-C8
C8-C9
C9-C10
C10-C12
C12-C14
C14-C13
C13-C11
C11-C9

FTTTTF

Neutral

Anion

Cation

φ1
φ2
φ3

180°
21.6°
11.8°

180°
0.01°
0.37°

180°
0.04°
0.36°
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Table A.2. Selected bond lengths (Å) for the neutral, radical-anion, and radical-cation states of
TFTTFT as determined at the B3LYP/6-31G** level. Reference numbering scheme can be
found in Figure A.1. Corresponding dihedral angles summarized below.

neutral

anion

∆(A-N)

cation

∆(C-N)

1.443
1.748
1.762
1.763
1.725
1.382
1.410
1.386
1.459
1.407
1.409
1.386
1.387
1.408
1.407
1.462
1.384
1.419
1.368

1.415
1.767
1.782
1.771
1.735
1.400
1.393
1.403
1.433
1.421
1.422
1.379
1.380
1.416
1.414
1.453
1.388
1.420
1.368

-0.028
0.019
0.020
0.008
0.010
0.018
-0.017
0.017
-0.026
0.014
0.013
-0.007
-0.007
0.008
0.007
-0.009
0.004
0.001
0.000

1.415
1.754
1.758
1.767
1.717
1.404
1.388
1.408
1.441
1.415
1.417
1.381
1.380
1.417
1.415
1.446
1.395
1.409
1.376

-0.028
0.006
-0.004
0.004
-0.008
0.022
-0.022
0.022
-0.018
0.008
0.008
-0.005
-0.007
0.009
0.008
-0.016
0.011
-0.010
0.008

C1'-C1
C1-S1
C4-S1
C11-S2
C14-S2
C1-C2
C2-C3
C3-C4
C4-C5
C5-C6
C5-C7
C7-C9
C6-C8
C8-C10
C9-C10
C10-C11
C11-C12
C12-C13
C13-C14

TFTTFT

Neutral

Anion

Cation

φ1
φ2
φ3

180°
0.69°
0.71°

180°
0.00°
0.02°

180°
0.00°
0.10°
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Table A.3. Selected bond lengths (Å) for the neutral, radical-anion, and radical-cation states of
TTFFTT as determined at the B3LYP/6-31G** level. Reference numbering scheme can be
found in Figure A.1. Corresponding dihedral angles summarized below.

neutral

anion

∆(A-N)

cation

∆(C-N)

1.475
1.764
1.747
1.757
1.733
1.398
1.398
1.388
1.387
1.409
1.411
1.460
1.385
1.411
1.381
1.447
1.380
1.422
1.368

1.453
1.777
1.760
1.768
1.743
1.412
1.413
1.379
1.379
1.419
1.422
1.441
1.398
1.403
1.387
1.435
1.386
1.421
1.368

-0.022
0.013
0.013
0.011
0.010
0.014
0.015
-0.009
-0.008
0.010
0.011
-0.019
0.013
-0.008
0.006
-0.012
0.006
-0.001
0.000

1.465
1.762
1.749
1.761
1.723
1.404
1.404
1.384
1.383
1.415
1.417
1.446
1.402
1.394
1.398
1.427
1.394
1.409
1.379

-0.010
-0.002
0.002
0.004
-0.010
0.006
0.006
-0.004
-0.004
0.006
0.006
-0.014
0.017
-0.017
0.017
-0.020
0.014
-0.013
0.011

C1'-C1
C7-S1
C10-S1
C11-S2
C14-S2
C1-C2
C1-C3
C3-C5
C2-C4
C4-C6
C5-C6
C6-C7
C7-C8
C8-C9
C9-C10
C10-C11
C11-C12
C12-C13
C13-C14

TTFFTT

Neutral

Anion

Cation

φ1
φ2
φ3

52.6°
0.60°
176.8°

44.9°
2.52°
178.7°

48.3°
0.63°
178.7°
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Table A.4. Selected bond lengths (Å) for the neutral, radical-anion, and radical-cation states of
6T as determined at the B3LYP/6-31G** level. Reference numbering scheme can be found in
Figure A.1. Corresponding dihedral angles summarized below.

neutral

anion

∆(A-N)

cation

∆(C-N)

1.440
1.759
1.759
1.759
1.757
1.758
1.735
1.382
1.413
1.382
1.441
1.381
1.414
1.380
1.445
1.380
1.422
1.368

1.412
1.779
1.779
1.776
1.774
1.770
1.746
1.401
1.396
1.398
1.416
1.398
1.403
1.388
1.431
1.387
1.421
1.368

-0.028
0.020
0.020
0.017
0.017
0.012
0.011
0.019
-0.017
0.016
-0.025
0.017
-0.011
0.008
-0.014
0.007
-0.001
0.000

1.414
1.761
1.758
1.762
1.752
1.759
1.725
1.404
1.389
1.404
1.417
1.398
1.395
1.398
1.432
1.388
1.413
1.375

-0.026
0.002
-0.001
0.003
-0.005
0.001
-0.010
0.022
-0.024
0.022
-0.024
0.017
-0.019
0.018
-0.013
0.008
-0.009
0.007

C1'-C1
C1-S1
C4-S1
C5-S2
C8-S2
C9-S3
C12-S3
C1-C2
C2-C3
C3-C4
C4-C5
C5-C6
C6-C7
C7-C8
C8-C9
C9-C10
C10-C11
C11-C12

6T
φ1
φ2
φ3

Neutral
180°
180°
180°

Anion
180°
180°
180°

Cation
180°
180°
180°
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Table A.5. Selected bond lengths (Å) for the neutral, radical-anion, and radical-cation states of
FTTTTF as determined at the PW91/6-31G** level. Reference numbering scheme can be
found in Figure A.1. Corresponding dihedral angles summarized below.

C1'-C1
C1-S1
C4-S1
C5-S2
C8-S2
C1-C2
C2-C3
C3-C4
C4-C5
C5-C6
C6-C7
C7-C8
C8-C9
C9-C10
C10-C12
C12-C14
C14-C13
C13-C11
C11-C9

neutral
1.493
1.854
1.848
1.838
1.850
1.438
1.464
1.434
1.495
1.434
1.465
1.435
1.520
1.467
1.444
1.446
1.445
1.444
1.466

anion
1.466
1.874
1.865
1.850
1.875
1.455
1.448
1.451
1.470
1.452
1.449
1.453
1.500
1.482
1.440
1.446
1.446
1.441
1.481

∆(A-N)
-0.027
0.020
0.017
0.012
0.025
0.017
-0.016
0.017
-0.025
0.018
-0.016
0.018
-0.020
0.015
-0.004
0
0.001
-0.003
0.015

Cation
1.466
1.856
1.844
1.839
1.851
1.460
1.440
1.458
1.473
1.451
1.448
1.455
1.514
1.475
1.442
1.448
1.448
1.442
1.474

FTTTTF

Neutral

Anion

Cation

φ1
φ2
φ3

180.0°
27.8°
27.2°

180.0°
0.02°
0.22°

180.0°
0.06°
0.37°

∆(C-N)
-0.027
0.002
-0.004
0.001
0.001
0.022
-0.024
0.024
-0.022
0.017
-0.017
0.020
-0.006
0.008
-0.002
0.002
0.003
-0.002
0.008
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Table A.6. Selected bond lengths (Å) for the neutral, radical-anion, and radical-cation states of
TFTTFT as determined at the PW91/6-31G** level. Reference numbering scheme can be
found in Figure A.1. Corresponding dihedral angles summarized below.

C1'-C1
C1-S1
C4-S1
C11-S2
C14-S2
C1-C2
C2-C3
C3-C4
C4-C5
C5-C6
C5-C7
C7-C9
C6-C8
C8-C10
C9-C10
C10-C11
C11-C12
C12-C13
C13-C14

neutral
1.496
1.841
1.851
1.853
1.811
1.437
1.464
1.437
1.516
1.464
1.466
1.440
1.440
1.464
1.463
1.518
1.432
1.475
1.417

Anion
1.470
1.860
1.876
1.871
1.820
1.451
1.448
1.455
1.492
1.479
1.481
1.432
1.433
1.475
1.474
1.509
1.443
1.474
1.417

∆(A-N)
-0.026
0.019
0.025
0.018
0.009
0.014
-0.016
0.018
-0.024
0.015
0.015
-0.008
-0.007
0.011
0.011
-0.009
0.011
-0.001
0

TFTTFT

Neutral

Anion

Cation

φ1
φ2
φ3

180.0°
22.9°
28.3°

180.0°
0.03°
0.06°

180.0°
0.00°
0.14°

Cation
1.472
1.844
1.851
1.863
1.799
1.455
1.444
1.460
1.500
1.474
1.475
1.435
1.434
1.475
1.475
1.504
1.451
1.462
1.426

∆(C-N)
-0.024
0.003
0
0.01
-0.012
0.018
-0.020
0.023
-0.016
0.010
0.009
-0.005
-0.006
0.011
0.012
-0.014
0.019
-0.013
0.009
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Table A.7. Selected bond lengths (Å) for the neutral, radical-anion, and radical-cation states of
TTFFTT as determined at the PW91/6-31G** level. Reference numbering scheme can be
found in Figure A.1. Corresponding dihedral angles summarized below.

C1'-C1
C7-S1
C10-S1
C11-S2
C14-S2
C1-C2
C1-C3
C3-C5
C2-C4
C4-C6
C5-C6
C6-C7
C7-C8
C8-C9
C9-C10
C10-C11
C11-C12
C12-C13
C13-C14

neutral
1.533
1.849
1.839
1.852
1.819
1.453
1.453
1.441
1.441
1.465
1.466
1.518
1.435
1.467
1.433
1.501
1.431
1.477
1.417

anion ∆(A-N)
1.514
-0.019
1.873
0.024
1.854
0.015
1.869
0.017
1.830
0.011
1.464
0.011
1.465
0.012
1.433
-0.008
1.434
-0.007
1.479
0.014
1.481
0.015
1.499
-0.019
1.451
0.016
1.455
-0.012
1.442
0.009
1.486
-0.015
1.441
0.010
1.474
-0.003
1.418
0.001

Cation ∆(C-N)
1.525
-0.008
1.852
0.003
1.840
0.001
1.857
0.005
1.805
-0.014
1.457
0.004
1.458
0.005
1.439
-0.002
1.438
-0.003
1.474
0.009
1.476
0.010
1.507
-0.011
1.455
0.020
1.448
-0.019
1.451
0.018
1.481
-0.020
1.448
0.017
1.462
-0.015
1.429
0.012

TTFFTT

Neutral

Anion

Cation

φ1
φ2
φ3

53.6°
26.0°
148.0°

47.1°
3.51°
177.4°

50.7°
6.10°
178.1°
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Table A.8. Selected bond lengths (Å) for the neutral, radical-anion, and radical-cation states of
6T as determined at the PW91/6-31G** level. Reference numbering scheme can be found in
Figure A.1. Corresponding dihedral angles summarized below.

C1'-C1
C1-S1
C4-S1
C5-S2
C8-S2
C9-S3
C12-S3
C1-C2
C2-C3
C3-C4
C4-C5
C5-C6
C6-C7
C7-C8
C8-C9
C9-C10
C10-C11
C11-C12

neutral
1.486
1.852
1.853
1.852
1.852
1.856
1.822
1.438
1.461
1.438
1.487
1.437
1.464
1.435
1.494
1.434
1.474
1.417

Anion ∆(A-N)
1.467
-0.019
1.876
0.024
1.876
0.023
1.874
0.022
1.872
0.02
1.874
0.018
1.835
0.013
1.453
0.015
1.449
-0.012
1.451
0.013
1.469
-0.018
1.451
0.014
1.455
-0.009
1.444
0.009
1.482
-0.012
1.442
0.008
1.474
0
1.417
0

Cation ∆(C-N)
1.469
-0.017
1.855
0.003
1.853
0
1.855
0.003
1.847
-0.005
1.857
0.001
1.809
-0.013
1.456
0.018
1.443
-0.018
1.457
0.019
1.471
-0.016
1.453
0.016
1.448
-0.016
1.452
0.017
1.483
-0.011
1.443
0.009
1.466
-0.008
1.425
0.008

6T

Neutral

Anion

Cation

φ1
φ2
φ3

180.0°
180.0°
180.0°

180.0°
180.0°
180.0°

174.4°
175.5°
166.7°
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Figure A.2. Frontier orbital plots of FTTTTF crystal dimer.

244

Figure A.3. Frontier orbital plots of FTTTTF perfect dimer.

245

Figure A.4. Frontier orbital plots of TFTTFT crystal dimer.

246

Figure A.5. Frontier orbital plots of TFTTFT perfect dimer.

247

Figure A.6. Frontier orbital plots of TTFFTT crystal dimer.

248

Figure A.7. Frontier orbital plots of TTFFTT perfect dimer.
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End-group Synthesis (Scheme 1)
Synthesis of 1b. Bromination of 2-thiophene carboxylic acid was carried out following
a literature procedure.1 The reagent 2-thiophene carboxylic acid (20.0 g, 0.156 mol) was
dissolved in 200 mL of acetic acid. Bromine (11.5 mL, 35.765 g, 0.224 mol) was then added
drop-wise with stirring to the reaction mixture at 0 °C (ice bath) over a period of approximately
1 h.

The reaction was allowed to continue overnight, and the crude product was then

precipitated from solution using 200 mL of H2O and 300 mL of ice. The product was isolated
by vacuum filtration as an off-white solid (25.75 g, 80% yield). 1H NMR (CDCl3): δ 7.646 (d, J
= 5.2 Hz, 1H), 7.118 (d, 1H).
Synthesis of 1c. Thionyl chloride (100 mL, 163.8 g, 1.377 mol) was added to 5-bromo2-thiophene carboxylic acid (22.02 g, 0.106 mol) under N2. The reaction mixture was allowed
to stir at room temperature overnight. Upon completion of the reaction, the thionyl chloride
was removed in vacuo. The resulting product was a brownish cream color (20.98 g, 88%). 1H
NMR (CDCl3): δ 7.737 (d, J = 4.2 Hz, 1H), 7.188 (d, 1H).
Synthesis of 1d. A solution of sodium ethoxide (0.300 mol) in anhydrous ethanol (150
mL) was added to a solution of ethyl acetoacetate (40.21 g, 39.38 mL, 0.30905 mol) in dry ether
(250 mL) under N2 while the temperature was maintained at approximately -5 °C using a salt-ice
bath. A solution of the crude 5-bromothiophene-2-carbonyl chloride (18.88 g, 0.0837 mol) in
dry diethyl ether (220 mL) was then added drop-wise to the reaction mixture and stirring was
continued overnight at room temperature. This reaction suspension was next poured into 10%
H2SO4 and extracted with methylene chloride. The organic layer was dried over MgSO4, and
filtered to remove the drying agent, and then the solvent removed in vacuo. The resulting
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product, ethyl 2-(2-bromothiophene-5-carbonyl)butanoate, was a slightly yellow oil (18.88 g,
70%). 1H NMR (CDCl3): δ 7.32 (d, 1H), 7.10 (d, J = 3.66, 1H), 4.23 (m, 2H), 3.46 (s, 1H), 2.31
(m, 3H), 1.18-1.29 (m, 3H).
Synthesis of 1e. Sodium methoxide (0.126 mol) in dry methanol (145 mL) was added
to crude ethyl 2-(2-bromothiophene-5-carbonyl)butanoate (18.88 g, 0.05915 mol) in dry toluene
(42 mL) under N2. This reaction was allowed to reflux gently overnight. The reaction mixture
was then quenched with H2O (750 mL) and 5% HCl (300 mL) [note:

the final pH is

approximately 6]. The product, methyl 3-(5-bromothiophen-2-yl)-3-oxopropanoate, was then
extracted from the aqueous solution with ethyl acetate (3 x 200 mL), dried over MgSO4, filtered
to remove the drying agent, and then the solvent removed in vacuo. The crude product was
purified by column chromatorgraphy using hexane/ethyl acetate 3:2 as the eluent (12.42 g,
80%). 1H NMR (CDCl3): δ 7.49 (d, J = 4.28, 1H), 7.13 (d, 1H), 3.85 (s, broad, 2H), 3.76 (s,
broad, 3H).
Synthesis of 1f. Methyl 3-(5-bromothiophen-2-yl)-3-oxopropanoate (15.00 g, 0.0507
mol) and guanidinium carbonate (10.27 g, 0.05701 mol) in 200 absolute ethanol (180 mL) was
allowed to reflux overnight. [Note: the best yields for this cyclization reaction are with the
reagents in a 1:0.95 ratio.] The reaction mixture was next allowed to cool to room temperature
and the solvent removed in vacuo. The resulting orange oil was dissolved in methylene chloride
(~1.5 L), resulting in a milky white precipitate. Water was then added and the resulting
yellowish/white solid, 2-amino-6-(5-bromothiophen-2-yl)pyrimidin-4(1H)-one, was isolated via
vacuum filtration (7.09 g, 45.7% - note, the average yield for this reaction is 50%, and the best
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obtained 58%). 1H NMR (DMSO): δ 10.840 (s, broad, 1H), 7.552 (d, J = 3.5 Hz, 1H), 7.244
(d, 1H), 6.687 (s, broad, 2H), 6.099 (s, 1H).
Synthesis of 1g. Dry pyridine (160 mL) was added to 2-amino-6-(5-bromothiophen-2yl)pyrimidin-4(1H)-one (4.856 g, 0.01785 mol) and ethyl isocyanate (4.1 mL, 3.682 g, 0.0518
mol) under N2, and this reaction was allowed to reflux for 3 h (~115 °C). The pyridine was
next removed and the off-white solid dried in vacuo (4.69 g, 76%). 1H NMR (DMSO): δ 10.93
(s, broad, 1H), 7.71 (d, J = 4.0, 1H), 7.33 (d, 1H), 6.83 (s, broad, 1H), 6.49 (s, 1H), 3.95 (s,
broad, 1H), 3.19 (s, 2H), 1.11 (s, broad, 3H). A similar procedure was used to synthesize the noctyl version of this reagent (1h) substituting n-octyl isocyanate for the ethyl isocyanate (77%
yield). 1H NMR (DMSO): δ 11.7 (s, broad, 1H), 9,80 (s, broad, 1H), 7.58 (d, J = 4.5, 1H), 7.24
(d, 1H), 6.45 (s, broad, 1H), 5.87 (s, 1H), 3.16 (m, 2H), 1.46 (m, 2H), 1.20-1.38 (m, 10H), 0.86
(m, 3H).
Core Synthesis (Scheme 2)
Synthesis of 2b. N-Bromosuccinimide (NBS) (13.2 g, 63 mmol) was added to 3hexylthiophene (10.0 g, 59.5 mmol) as a solution in acetic acid (60 mL) and chloroform (60 mL)
at 0 °C.2,3 This mixture was allowed to stir for 40 min under ambient conditions. The reaction
mixture was then quenched with 90 mL of H2O and extracted with 5 x 30 mL of chloroform.
The organic layer was washed with 125 mL of KOH (2 M), and the pH was found to be slightly
acidic. The organic and aqueous layers were next separated and the organic layer was washed
with 60 mL KOH (2 M). The layers were again separated and the pH was found to be slightly
alkaline. The organic layer was dried over MgSO4, filtered to remove the drying agent, and then
the solvent removed in vacuo. The resulting product was a clear to slightly yellow oil (13.95 g,

253

95%). 1H NMR (CDCl3): δ 7.211 (d, J = 5.5 Hz, 1H), 6.826 (d, 1H), 2.587 (m, 2H), 1.597 (m,
2H), 1.357 (m, 6H), 0.916 (d, J = 6.0 Hz, 3H).
Synthesis of 2c. Kumada coupling4,5 was carried out by first synthesizing the Grignard
reagent of compound 2b described above and coupling it to 2-bromo-3-hexylthiophene. The
Grignard reagent was synthesized as follows: 2-bromo-3-hexylthiophene (5.00 g, 20.145 mmol)
in dry diethyl ether (15 mL) was transferred to a flask with Mg turnings (0.979 g, 40.30 mmol) in
dry diethyl ether (30 mL), and an I2 crystal. This mixture was sonicated for 1.5 h while gently
heating. Next, the reaction mixture was allowed to reflux for 30 min after sonication. The
resulting Grignard reagent was then added to another flask containing 2-bromo-3hexylthiophene (4.617 g, 18.60 mmol) and 1,3-bis(diphenylphosphino)propane nickel (II)
chloride [NiCl2(dppp)] (0.119 g, 0.220 mmol) in dry diethyl ether (50 mL). This mixture was
allowed to stir overnight under N2. The reaction was then quenched with 100 mL of H2O and
the product extracted with 3 x 50 mL of diethyl ether. The organic layer was then washed with
50 mL of H2O and 20 mL of brine. The aqueous layer was again extracted with 2 x 50 mL of
diethyl ether. The combined organic layer was then dried over MgSO4, filtered, and the solvent
removed in vacuo. The crude product was purified via column chromatography eluting with
hexanes. The resulting product was a pale yellow oil (5.61 g, 90% yield). 1H NMR (CDCl3): δ
7.251 (d, J = Hz, 2H), 6.931 (d, 2H), 2.475 (m, 4H), 1.523 (m, 4H), 1.202 (m, 12H), 0.830 (d, J
= 7.5 Hz, 6H).
Synthesis of 2d.

To a cooled (-78 °C) solution of 3-hexyl-2-(3-hexylthiophen-2-

yl)thiophene (4.015 g, 12.0 mmol) in dry THF (80 mL), n-BuLi (2.5 M hexanes, 25 mmol, 10.0
mL) was added drop-wise under N2, and the reaction mixture was allowed to stir at this
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temperature for 30 min. The mixture was then allowed to warm to room temperature and was
stirred for an additional 1 h. The reaction mixture was then cooled to -78 °C and (n-Bu)3SnCl
(7.94 g, 24.4 mmol, 6.62 mL) was added drop-wise. This mixture was allowed to stir for 1 h at
this temperature and then allowed to warm up to room temperature, followed by refluxing
overnight. The reaction was next quenched with ~100 mL H2O and extracted with diethyl
ether. The organic layer was dried over MgSO4, filtered, and the solvent removed in vacuo. The
resulting

product,

3-hexyl-2-(3-pentyl-5-(tributylstannyl)thiophen-2-yl)-5-

(tributylstannyl)thiophene, was a yellow viscous oil (10.40 g, 95% yield).

For the target

molecules DGE-4T-Hx and DGO-4T-Hx, this core was then Stille coupled to the end-group
reagents synthesized as described above. 1H NMR (CDCl3): δ 6.985 (s, 2H). 2.547 (m, 4H),
1.593 (m, 4H), 1.303 (m, 36H), 1.108 (m, 12H), 0.913 (m, 24H);
Synthesis of 2e. The reagent 3-hexyl -2-(3-pentyl-5-(tributylstannyl)thiophen-2-yl)-5(tributylstannyl)thiophene, 2d (14.44 g, 15.82 mmol) and 2-bromo-3-hexylthiophene, 2a (8.246
g, 33.22 mmol) were coupled via Stille procedure6 using palladium tetrakis(triphenylphosphine)
[Pd(PPh3)4] (0.9141 g, 0.7911 mmol) as the catalyst in dry DMF (20 mL). The reaction mixture
was stirred with heating at 90 °C for three days, and then was quenched with ~30 mL H2O,
followed by extraction with 3 x 10 mL of ethyl acetate. The organic layer was dried over
MgSO4, filtered, and the solvent removed in vacuo. The resulting product was a yellow oil, 3hexyl-2-(3-hexyl-5-(3-hexylthiophen-2-yl)thiophen-2-yl)-5-(3-hexylthiophen-2-yl)thiophene, and
was purified by column chromatography eluting with hexanes (7.18 g, 68% yield).

1

H NMR

(CDCl3): δ 7.167 (d, J = 7.0 Hz, 2H). 6.991 (s, 2H), 6.937 (d, 2H), 2.792 (m, 4H), 2.565 (m,
4H), 1.616 (m, 8H), 1.314 (m, 24H), 0.889 (m, 12H).
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Synthesis of 2f. To a cooled -78 °C solution of 3-hexyl-2-(3-hexyl-5-(3-hexylthiophen2-yl)thiophen-2-yl)-5-(3-hexylthiophen-2-yl)thiophene, 2e (5.13 g, 7.70 mmol) in dry THF (51
mL), was added n-BuLi (2.5 M in hexanes, 16.031 mmol, 6.25 mL) drop-wise under N2. The
mixture was allowed to stir for 30 mins. The mixture was then allowed to warm to room
temperature and stirred for an additional 1 h. During this time, the color changed to dark green
from the original yellow. The reaction mixture was then cooled again to -78 °C and (nBu)3SnCl (5.09 g, 24.4 mmol, 4.23 mL) was added drop-wise. This mixture was then allowed to
stir for 1 h at -78 °C, then allowed to warm up to room temperature; note that the color
changed to yellowish-orange during this time period. The reaction mixture was next refluxed
overnight, then quenched with ~50 mL of H2O, and extracted with diethyl ether. The organic
layer was dried over MgSO4, filtered, and the solvent removed in vacuo. The resulting product,
3-hexyl-2-(4-hexyl-5-(3-hexyl-5-(3-hexyl-5-(tributylstannyl)thiophen-2-yl)thiophen-2yl)thiophen-2-yl)-5-(tributylstannyl)thiophene, was a bright yellow viscous oil (8.871 g, 95%
yield). For the target molecules DGE-6T-Hx and DGO-6T-Hx, this core was then Stille
coupled to the end-group. 1H NMR (CDCl3): δ 7.001 (s, 2H), 6.965 (s, 2H), 2.848 (m, 4H),
2.577 (m, 4H), 1.633 (m, 8H), 1.352 (m, 48); 1.180 (m, 12H); 0.955 (m, 30H);
Synthesis of Final Target Molecules (Scheme 5.3 and B.1)
All final target materials were synthesized in a similar fashion via Stille coupling of the
oligothiophene core with two parts of the hydrogen-bonding end-group.

Synthesis

of

DGO-4T.

The

reagents

1-(6-(5-bromothiophen-2-yl)-4-oxo-1,4-

dihydropyrimidin-2-yl)-3-octylurea (1h) (0.271 g, 0.634 mmol) and 2-(tributylstannyl)-5-(5-
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(tributylstannyl)thiophen-2-yl)thiophene (previous synthesized in our group) (0.225 g, 0.302
mmol) were coupled via Stille reactions using Pd(PPh3)4 (0.0.0366 g, 0.0317 mmol) as the
catalyst in dry DMF (2 mL). The reaction was stirred and heated at 90 °C overnight. The
resulting yellow-orange solid was isolated via vacuum filtration. (Crude yield = 60%)

1

H NMR

(DMSO): δ 7.581 (d, J = 2.9 Hz, 2H), 7.340 (s, 2H), 7.316 (d, 2H), 7.250 (s, 2H), 6.345 (s, 2H),
3.197 (m, 4H), 1.532 (m, 4H), 1.265 (m, 20H), 0.863 (d, J = 5.8Hz, 6H); M.S.: 860.52
(calculated 859.16). Anal. Calcd. for DGO-4T: C, 58.26; H, 5.66; N, 12.58; Found C, 58.71; H,
5.87; N, 13.04. M.S.: 1359.6 (calculated 1360.04).

Synthesis

of

DGE-4T.

The

reagents

1-(6-(5-bromothiophen-2-yl)-4-oxo-1,4-

dihydropyrimidin-2-yl)-3-ethylurea (1g) (1.355 g, 3.950 mmol) and 2-(tributylstannyl)-5-(5(tributylstannyl)thiophen-2-yl)thiophene (previous synthesized in our group) (1.832 g, 2.448
mmol) were coupled via Stille reactions using Pd(PPh3)4 (0.05067 g, 0.0438 mmol) as the
catalyst in dry DMF (9 mL). The reaction was stirred and heated (88 °C) overnight. The
resulting yellow-orange solid was isolated through vacuum filtration. (Crude yield = 53%)

1

H

NMR (DMSO): δ 7.681 (d, J 4.8 = Hz, 2H). 7.361 (d, 2H), 7.345 (s, 4H), 6.272 (s, 2H), 3.253
(m, 4H), 1.182 (d, J = 3.4 Hz, 6H). M.S.: 690.95 (calculated 690.84). Anal. Calcd. for DGE-4T:
C, 51.65; H, 4.33; N, 17.43; Found C, 52.16; H, 3.79; N, 16.22.

Synthesis

of

DGE-4T-Me.

The

reagents

1-(6-(5-bromothiophen-2-yl)-4-oxo-1,4-

dihydropyrimidin-2-yl)-3-ethylurea (1g) (1.400 g, 4.078 mmol) and 3-methyl-2-(3-methyl-5(tributylstannyl)thiophen-2-yl)-5-(tributylstannyl)thiophene (previously synthesized in our
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group) (1.505 g, 1.942 mmol) were coupled via Stille reactions using Pd(PPh3)4 (0.0449 g, 0.0388
mmol) as the catalyst in dry DMF (8 mL). The reaction mixture was stirred and heated at 88 °C
overnight. The resulting bright orange solid was isolated via vacuum filtration. (Crude yield =
80%) 1H NMR (DMSO): δ 7.538 (d, J = 3.4 Hz, 2H). 7.287 (d, 2H); 7.241 (s, 2H); 6.541 (s,
2H); 3.242 (m, 4H), 2.212 (d, J = 6.8 Hz, 6H); 1.177 (d, 5.0 Hz, 6H). M.S.: 719.90 (calculated
718.89).

Synthesis

of

DGE-4T-Hx.

The

reagents

1-(6-(5-bromothiophen-2-yl)-4-oxo-1,4-

dihydropyrimidin-2-yl)-3-ethylurea (1g) (2.000 g, 2.191 mmol) and 3-hexyl-2-(3-pentyl-5(tributylstannyl)thiophen-2-yl)-5-(tributylstannyl)thiophene (2d) (1.579 g, 4.602 mmol) were
coupled via Stille reactions using Pd(PPh3)4 (0.05064 g, 0.0438 mmol) as the catalyst in dry
DMF (8 mL). The reaction was stirred and heated at 90 °C overnight. The resulting orange-red
solid was isolated via vacuum filtration. (Crude yield = 63%) 1H NMR (DMSO): δ 10.20 (s,
broad, 2H), 7.727 (d, J = 5.1 Hz, 2H), 7.363 (d, 2H), 7.324 (s, 2H), 6.365 (s, 2H), 3.231 (m, 4H),
2.558 (m, 4H), 1.598 (m, 4H), 1.261 (m, 10H), 1.161 (m, 8H), 0.839 (d, J = 3.4 Hz, 6H). M.S.:
860.84 (calculated 859.16).
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Optical Properties of DGO-6T-Hx
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Figure B.1. Plot of optical absorption and emission spectra for DGO-6T-Hx estimating the
optical band gap.

Figure B.2. Molecular structures of quaterthiophene systems studied.
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Results
DGE-4T, DGE-4T-Me, DGE-4T-Hx, and DGO-4T were all synthesized in a similar
procedure to DGO-6T-Hx. Details of these procedures may be found in the Appendix B.
DGE-4T was also purified via solvent washing/precipitation, yielding acceptable analytical
results. Anal. Calcd. for DGE-4T: C, 51.65; H, 4.33; N, 17.43; Found C, 52.16; H, 3.79; N,
16.22.
Electronic structure is also affected with this change in substituents; as the steric
encumbrance of the substituent is increased, the HOMO/LUMO energy gap increases (see
Table B.1). The smaller target molecules (DGE-4T, DGE-4T-Me, DGE-4T-Hx, and DGO4T) were also modeled to anticipate substituent effects on the thiophene core planarity (Figure
5.8). As the core substituents are increased in size from R = H to methyl to n-hexyl groups
(Figure B.3), the dihedral angle of the quaterthiophene (4T) increases from about 9° to over
117°. As expected, the size of the substituent increases the torsion in the thiophene core.

a.

b.

Figure B.3. (a) Quaterthiophene core with ethyl-substituted hydrogen-bonding end-groups.
Note, dihedral angles (φ) are measured as indicated with φ = 0° indicating a planar structure
with R groups in an anti orientation. (b) Computed DFT geometry for DGE-4T-Me.
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Table B.1. Comparison of DFT-derived quaterthiophene dihedral angles (φ) and calculated
HOMO/LUMO energies.
φ (°) EHOMO (eV) ELUMO (eV) Egap (eV)
DGE-4T

8.94°

-5.442

-2.640

2.803

DGE-4T-Me

50.90°

-5.524

-2.422

3.102

DGE-4T-Hx

117.63°

-5.714

-2.449

3.265

From these theoretical studies, it is found that substituents on the quaterthiophene core have
the most impact on the molecular planarity. With hydrogen atom-only substituents on the
oligothiophene core, the molecule is relatively planar. However, as the central substituents
increase in incumberance from methyl to n-hexyl (see Figure B.3 for substituent placement), the
quaterthiophene core becomes increasingly twisted.
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Scheme B.1. Synthesis of final quaterthiophene structures. Compounds 2T and 2T-Me were
previously synthesized in our group.

Optical Properties of Final Target Molecules. Optical spectroscopic studies were
undertaken to better understand oligomeric electronic absorption and emission properties,
which provide information on electronic structure, molecular planarity, and the optical band
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gap. Optical absorption spectra were acquired from 220 nm to 800 nm in THF solution (Figure
B.4), while photoluminescence (PL) spectra were also recorded in THF solution.

All

compounds exhibited at least one emission peak. From these combined data, optical band gaps
can be estimated.7 Data are compiled in Table B.2 and optical band gap data compared to those
computed using DFT methods.

Quaterthiophene and hexathiophene results from the

literature8 are also shown in Table B.2 for comparison.

0.6
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Figure B.4. Optical absorption spectra of all four hydrogen-bonding α,ω-oligothiophene
molecules in THF solution. Plots are offset vertically for better viewing.
Table B.2. Summary of optical spectroscopic data for all four oligothiophene compounds
taken in dry THF.
Compound

λabs1 (nm)

λabs2 (nm)

λe (nm)

Egap Optical (eV)

Egap DFT (eV)

DGE-4T

276

373

429, 552

3.02, 2.33

2.80

DGE-4T-Me

272

390

504

2.63

3.10

DGE-4T-Hx

270

380

483

2.87

3.32

DGO-4T

271

399

476

2.79

2.78

Quaterthiophene†

-------

391

450*, 478

2.89

3.02

† Values

taken from published results of Facchetti et. al.8
* Most intense absorption.
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For the quaterthiophene systems, a blue shift is seen with increase in core substitution in
comparing DGE-4T-Me to DGE-4T-Hx. This is expected since the thiophene-thiophene
dihedral angles of the n-hexyl substituted system are expected to deviate more from planarity,
which should blue-shift the optical spectra.8,9 DGE-4T exhibits unusual behavior with two
emission peaks. This may be due to impurities or the existence of aggregated species. Because
of the presence of two emission peaks, it is difficult to extract the optical band gap with
certainty from the intersection of the absorption and emission peaks. However, the optical
band gaps extrapolated for the other five species are in reasonable agreement with gaps trends
predicted by DFT calculations, where the band gap increases from DGE-4T-Me to DGE-4THx, and slightly higher LUMO energy level in DGO-6T-Hx leads to the 0.07 eV larger band
gap over DGE-6T-Hx.
TGA was used to analyze thermal stability of tetramer systems. All systems begin
decomposition after 200 °C (Figure B.5).
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Figure B.5. TGA scans for DGO-4T, DGE-4T, DGE-4T-Me, and DGE-4T-Hx at a
temperature ramp rate of 10 °C/min under a N2 gas flow.
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Additional thermal properties were analyzed by differential scanning calorimetry (DSC). The
thermal properties of tetramer systems were examined by DSC at a scanning rate of 10 oC/min
under N2. For DGO-4T, a reversible endotherm is found at 115 °C and an exotherm at 103
°C, and DGE-4T an endotherm at 121°C (Figure B.6). DGE-4T and DGE-4T-Hx exhibited

no thermal transitions in the analyzed temperature range.
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Figure B.6. DSC scans of tetramer systems. DGE-4T-Me exhibits an endotherm at 121 oC,
and DGO-4T exhibits a broad thermal transition at 115 oC (endotherm) and 103 oC (exotherm).
DGE-4T and DGE-4T-Hx are featureless with no thermal transitions detected.
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FT-IR spectroscopy. All four quaterthiophenes vibrational modes were studied using
FT-IR in pressed KBr pellet form. The lower frequency NH modes observed in both the
DGO-4T, DGE-4T, DGE-4T-Me, and DGE-4T-Hx spectra correspond to the hydrogenbonded NH groups (typically seen around 3200-3300 cm-1) and non-hydrogen-bonded NH
groups (typically observed around 3400-3460 cm-1), respectively.10,11 Hydrogen-bonded NH
groups exhibit sharper line shapes versus non-hydrogen-bonded NH groups which exhibit
broad lineshapes.11 The carbonyl stretching transitions observed in both DGE-6T-Hx and
DGO-6T-Hx are in agreement with studies by Versteegen, Sijbesma, and Meijer12 where the
urea derivative compound exhibits a transition at lower frequencies corresponds to stronger
hydrogen-bonding interactions between two end-groups and the 1674 cm-1 peak corresponds to
a weaker hydrogen-bonded interaction.
Significant assignable features for DGO-4T at 1662 cm-1 (C=O), 1697 cm-1 (C=O),
2850 cm-1 and 2918 cm-1 (aromatic), and 3120 cm-1 and 3304 cm-1 (NH – hydrogen-bonded), for
DGE-4T at 1660 cm-1 (C=O), 1696 cm-1 (C=O), 2905 cm-1 (aromatic), 3216 cm-1 and 3313 cm-1
(NH – hydrogen-bonded), and 3459 cm-1 (NH – free), for DGE-4T-Me at 1620 cm-1 (C=O),
1654 cm-1 (C=O), 2910 cm-1 (aromatic), and 3172 cm-1 and 3317 cm-1 (NH – hydrogen-bonded),
and DGE-6T-Hx at 1607 cm-1 (C=O), 1665 cm-1 (C=O), 2907 cm-1 (aromatic), 3224 cm-1 (NH
– hydrogen-bonded), and 3459 cm-1 (NH – free) (Figure B.7)
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Figure B.7. FT-IR spectrum of tetramer systems pressed into KBr pellets. The higher
frequency transitions correspond to υN-H “free” or non-hydrogen-bonded NH groups, and the
NH (hb) correspond to υN-H modes of hydrogen-bonded. The C=O (w) are the carbonyl
groups resulting from weaker hydrogen-bonding interactions and the C=O (s) are the bands
resulting from stronger hydrogen-bonding interactions.
Discussion
All of the quaterthiophene core systems (DGE-4T, DGE-4T-Me, DGE-4T-Hx, and
DGO-4T) are soluble in cyclopentanone and cyclhexanone in low concentrations (~10-4 – 10-5
M). Physical vapor deposition of the lowest molecular weight member of this class, DGE-4T,
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was successful. However, films of only ~30 nm thickness could be obtained, and the devices
fabricated were FET-inactive.
Comparing the first absorption peak among the six molecules, note that increased alkyl
substituent chain length in the hydrogen-bonding end-group (i.e., going from ethyl to n-octyl)
leads to a blue shift. Also, when comparing DGE-4T to DGE-6T-Hx and DGO-4T to DGO4T-Hx there is a slight hypsochromic shift in the first absorption maximum, and the second
absorption maximum exhibits a bathochromic shift as the core length is increased from four
thiophene units to six. It is expected that as the oligothiophene core length decreases, blueshifting of the optical absorption will occur.8,9 Analyzing the effects of substituents on the
quaterthiophene core, note that the n-hexyl substitution on the core leads to a slight
hypsochromic shift in the first absorption maximum and a slight bathochromic shift in the
second absorption maximum versus hydrogen substituents. Comparing the methylated core to
both the hydrogen and n-hexyl-substituents, it can be seen that the first absorption maximum is
blue-shifted compared to hydrogens and red shifted to the hexyl substituted core, with the
second absorption maximum red shifting is seen in comparison to both the n-hexyl and
hydrogen substituents.
The observed trends are expected based on changes in planarity as the substituents vary
as well as electronic structure changes between quaterthiophene and hexathiophene systems.
For the quaterthiophene systems, a blue shift is seen with increase in core substitution in
comparing DGE-4T-Me to DGE-4T-Hx. However, the optical band gaps extrapolated for the
other five species are in reasonable agreement with gaps trends predicted by DFT calculations,
where the band gap increases from DGE-4T-Me to DGE-4T-Hx.
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Thermal analyses reveal these tetramers to be stable to slightly above 200 °C before the
first decomposition. DSC studies reveal thermal transitions seen in DGO-4T and DGE-4TMe, both which are shown to exhibit strong hydrogen-bonded amine peaks in the FT-IR
spectra.
FT-IR spectra taken of tetramer systems pressed into a KBr pellet reveals both free and
hydrogen-bonded υN-H bands. In DGE-4T and DGE-4T-Hx both free and hydrogen-bonded
species are present. However, in DGO-4T and DGE-4T-Me only hydrogen-bonded amine
species is observed.
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Appendix C:

N-Alkyl-3,4Cyclicimidothiophene as
an Electron-Deficient
Building Block for Organic
Semiconducting Polymers
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Introduction
Organic thin-film transistors (OTFTs) based on conjugated polymers have been
envisioned as cheap alternatives to the traditional inorganic thin-film transistors (TFTs).1 Over
the past 10 years there has been remarkable progress in the development of polymeric thin film
transistors. There are a few general guidelines for the design of polymeric semiconductors.
Planar conjugated structures facilitate effective electron delocalization and π-π stacking. A rigid
conjugated structure such as an aromatic ring, helps reduce the reorganization energy of the
front orbital when the molecules become charged, eventually leading to better charge carrier
mobility.2 However, a rigid and flat aromatic core tends to be insoluble in common organic
solvents. To enable solution processing techniques, solublizing side chains or twisting
components must be introduced to the polymer backbone.
The N-substituted dicarboximide functionality is a strong electron-withdrawing
functionality and is known to stabilize injected electrons. Some of the best air-stable n-channel
molecular semiconductors for OFET devices to date have been fabricated using N-substituted
dicarboximide-containing perylene compounds.3 By contrast, dicarboximide functionalized
polythiophenes are less known, although both theoretical modeling and existing experimental
data indicate that oligomers and polymers of N-alkyl-3,4-cyclicimidothiophene unit have a
slightly twisted structures with a dihedral angle 20° between two adjacent thiophene rings,
which is still sufficient for efficient intramolecular orbital overlap, while the copolymers of Nalkyl-3,4-cyclicimidothiophene unit with thiophenes and 2,2’-bithiophene are predicted to be
planar.4, 5 In an effort to identify new electron-withdrawing building blocks for n-type organic
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semiconducting polymers, we synthesized all aforementioned polymers, as well as the
copolymers

of

N-alkyl-3,4-cyclicimidothiophene

with

9,9-dioctylfluorene

and

3,3’-

dihexylsilylene-2,2’-biothiophene.

Results and Discussion
Synthesis. Polymer 5-9 were synthesized according to Scheme C.1. Bithiophene was
brominated to give 2,3,4,5-tetrabromobithiophene, which was selectively debrominated with Zn
in diluted acetic acid to give 3,4-dibromothiophene.6 3,4-dibromothiophene was converted to
3,4-dicyanothiophene by refluxing with CuCN in dry DMF.7 The hydrolysis of 1 to thiophene3,4-dicarboxylic acid was attempted by two different routes. Basic hydrolysis was effected by
refluxing 1 with KOH in ethylene glycol overnight.7 The reaction conditions were drastic and
the yield was low (35%). The acidic hydrolysis was carried out in refluxing aqueous hydrochloric
acid.8 The reaction time is shorter (6 hr) and the yield is much higher (80%). The thiophene-3,4dicarboxylic acid was brominated to give 2,5-thiophene-3,4-dicarboxylic acid (2), which was
subsequently transformed to acid chloride 3 by treatment of oxalyl dichloride.9 The 2,5dibromo-3,4-N-alkylcyclicimidothiophenes (4a and 4b) were synthesized in one-step cyclization
by heating 3 and alkylamines at 140 oC.10 Compared to the two-step cyclization method,4 the
route is superior in both yield and reaction time. Polymer 5a and 5b were synthesized via
Ullmann coupling, in a manner similar to the method described by Pomerantz et al.11 Polymer
6a, 6b, 7, and 8 were synthesized via Stille polycondensation protocol.12 Polymer 9 was
synthesized via Suzuki cross-coupling.13
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Scheme C.1. Synthesis of polymers 4-9a
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Reagents and conditions: (a) 1. Br2/CHCl3, 60 C; 2. KOH/ethanol, reflux; 3. Zn/AcOH,
reflux; (b) CuCN/DMF, reflux; (c) 1. HCl/H2O, reflux; 2. Br2/AcOH; (d) alkylamine, 140 oC;
(e) 2,5-bis(trimethyltin)thiophene (for 6) or 5,5’-bis(trimethyltin)-2,2’-bithiophene (for 7),
Pd(Ph3P)2Cl2/THF, reflux; (f) Cu/DMF, 150 oC; (g) 5,5’-bis(trimethyltin)-3,3’-dihexylsilylene2,2’-bithiophene, Pd(Ph3P)4/THF, reflux; (h) Na2CO3, Pd(Ph3P)4/THF/Aliquat 336, reflux.
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Some physical properties and analytical data of polymer 4-9 are summarized in Table
C.1. Molecular weights (Mw) of polymer 5a and 6a determined by GPC were 3.5 KD (PDI=2.1)
and 6.8 KD (PDI=2.5). They are moderately soluble in common chlorinated organic solvents,
such as chloroform, methylene chloride, chlorobenzene, o-dichlorobenzene (DCB), and 1,2,4trichlorobenzene (TCB). Molecular weights (Mw) of polymer 5b, 6b, and 7 were 5.6 KD
(PDI=2.5), 8.3 KD (PDI=2.3), and 7.4 KD (PDI=2.8), respectively. They are soluble in THF,
hot toluene, hot xylenes, chlorobenzene, DCB, and TCB. Polymer 8 and 9 have Mw of 7.3 KD
(PDI=2.1) and 15.5 KD (PDI=2.3). They were very soluble in all aforementioned solvents. All
polymers were characterized by 1H and

13

C NMR, UV-Vis, PL, GPC, TGA, DSC, and

elemental analysis.

Table C.1. Physical Properties and analytical data of silole-containing polymer 5-9.
Polymer

Polymerization

Mw (PD)

λsol (Eg)

Protocol

(KD)

(eV)

λfilm

λem

(Eg)

(Eg)

(eV)

(eV)

(cm2/V
s)

µh

Ion:Ioff

PCI8 (5a)

Ullmann

3.5 (2.1)

429 (2.58)

460

513

-

-

PCI12 (5b)

Ullmann

5.6 (2.5)

436 (2.52)

459

515

-

-

PCI8T (6a)

Stille

6.8 (2.6)

499 (2.27)

525

573

-

-

PCI12T (6b)

Stille

8.3 (2.3)

496 (2.25)

520

579

-

-

PCI12TT (7)

Stille

7.4 (2.8)

525 (2.20)

529

581

-

-

PCI12TS6 (8)

Stille

7.3 (2.1)

498 (2.25)

504

578

2×10-4

1×106

Suzuki

15.5 (2.3)

438, 458
(2.60)

440,
469

486,
512

-

-

PCI8F8 (9)
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Suzuki polycondensation seems to be in favor of high molecular weight polymers in
many cases. In order to optimize the molecular weights of polymer 5-7, Suzuki
polycondensation protocol had been attempted. All attempts, however, were unsuccessful,
presumably because of protodeboronation.14
Optical characterization. The UV-Vis absorption spectra of solutions and thin films
of polymers 5-9, are shown in Figure C.1. In chloroform polymer 5a and 5b exhibit single
absorption maximum at 429 nm and 436 nm; thin films of polymer 5a and 5b on glass show
absorption maxima at 460 nm and 459 nm, consistent with a previous report.4 They form shiny
and continuous thin film on both glass and silicon substrates. The band gaps of polymer 5a and
5b are estimated to be 2.58 and 2.52 eV from UV-Vis and fluorescence spectroscopy. In
chloroform solution, the absorption maxima are located at 499 nm for the polymer 6a and at
496 nm for polymer 6b. Polymers 6a and 6b also form smooth thin films on silicon wafers. The
thin films of 6a and 6b on glass both show red-shifted absorption maxima, at 525 nm for the
polymer 6a and at 520 nm for polymer 6b. The band gaps of polymers 6a and 6b are 2.27 and
2.25 eV, estimated from UV-Vis and fluorescence spectroscopy. Polymer 7 shows one
absorption maximum at 525 nm in chloroform solution and at 529 nm in solid state, with a
band gap of 2.20 eV in solution.
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Figure C.1. UV-Vis spectra of polymer 5-9 in chloroform (a) and in thin film (b).
A.

B.

The UV-Vis absorption spectrum of polymer 8 exhibits two almost equally strong
absorption maxima, which are located at 438 nm and 458 nm. In thin film UV-Vis spectrum
polymer 8 shows two peaks at 440 nm and 469 nm. Its fluorescence spectrum also shows two
maxima, at 486 and 512 nm (not shown). This is probably corresponding to the separate
absorptions and emissions of the two different copolymer building blocks. The optical band
gap for 8, determined from the solution UV-Vis and fluorescence spectroscopy is 2.60 eV.
Polymer 9 exhibits single absorption maximum at 498 nm in chloroform solution and at 504
nm in solid state, with an estimated band gap of 2.25 eV.
As shown in Figure C.1, polymer 5a, 5b, 6a, and 6b exhibit moderate red-shift (20-25
nm) in their UV-Vis spectra from solution phase to solid state, while there is very little or
virtually no difference between the thin film and solution phase absorption spectrum for
polymer 7-9. This implies that polymer 5 and 6 may achieve higher degree of molecular
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organization in solid state and also suggests that polymer 7-9 may pre-aggregate in solution. For
all polymers, annealing has little impact on the solid state absorption maxima.
The optical band gap of 5a (2.58 eV) is very close to the band gap of 5b (2.52 eV).
Similarly, the optical band gap of 6a (2.27 eV) is very close to the band gap of 6b (2.25 eV).
This suggests that alkyl substituents on nitrogen atom of cyclicimide ring have little impact on
the packing of the molecules. Polymer 7 and 9 have show essentially equal band gap (2.20 and
2.25 eV), suggesting that the extension of the π-conjugation of Bithiophene in 7 is similar to
that of dithienosilole in 9.
Thermal properties. TGA (heating at 5 oC/min) was used to determine the
thermostability of the polymer 5-9. TGA revealed in nitrogen onset temperature of 5 is around
260 oC, while polymer 6-9 all have onset temperatures above 300 oC, indicating fairly good
thermostability.
The thermal properties of the present polymers were examined by DSC at a scanning
speed of 10 oC/min. The second DSC scan of the polymer 5a shows an endotherm around 349
ºC on heating and an exotherm at 379 ºC upon cooling, corresponding to melting and
crystallization. The endotherms and exotherms are reversible in many cycles. For all other
polymers, DSC did not reveal any features.
On average, polymers containing bithiophene show higher melting temperatures,
suggesting better packing in solid state. Melting temperatures of 2 and 5, 3 and 6 are rather
comparable. Silicon substitution lowers Tm for 8, but increases the Tm and Tc of 9 by 60-100 oC.
Electrochemistry. Cyclic voltammety (CV) for the cyclicimido-polymers was
performed under N2 in 0.1 M TBAPF6 in anhydrous THF solution with scanning rates of 70
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mV/s, and also of films on ITO under N2 in anhydrous acetonitrile with scanning rates of 70
mV/s.

Most systems exhibit one or two reversible and/or quasi-reversible one-electron

reduction waves within the range of the solvent and electrolyte window. Only two of the five
systems studied showed oxidation waves within the range of the solvent and electrolyte
window. When voltammograms are reversible/quasi-reversible, formal potentials (E1/2) were
extracted at the midpoints between peak potentials for forward and reverse scans. Data is
summarized in Table C.2.

Table C.2. Cyclic voltammety of polymer 5-7 in THF.
Solution in THF

Thin Films in Acatonitrile

Polymer

Reduction 1
(V)

Reduction 2
(V)

Oxidation
(V)

Reduction 1
(V)

Reduction 2
(V)

Oxidation
(V)

PCI8
(5a)

-1.59

-2.06

None

-1.02

-1.86

1.16

PCI12
(5b)

NA

PCI8T
(6a)

-1.63

PCI12T
(6b)

NA

PCI12TT
(7)

-1.08

None

-1.17

None

-1.38

None

-1.41

None

-1.35

-1.74

None

-0.89

-1.17

1.60

From the above data, it appears that in the PCI12 series with the addition of thiophene
spacers, the molecular system becomes easier to reduce.

This may lead to more stable

structures and may be due to the charge stabilization on the thiophene core. In the PCI8 series,
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the polymers tend to be less soluble. Due to the solubility issues, these compounds are difficult
to compare.
Theory. Theoretical modeling of the electronic and geometric structures of
conventional oligothiophene semiconductors has been extensively studied.15 These materials are
of particular interest due to their semiconducting properties, specifically for their ability to
possess low-lying LUMO energy levels leading to potential electron transport channels.
Density functional theory (DFT) has been used to accurately model geometric properties such
as dihedral angles,16, 17 bond distances,17 and rotational barriers,16, 17 as well as model electronic
properties such as electron affinities,18, 19 ionization potentials,19 and energy gaps.16, 17
In this study, DFT is used to better understand geometric properties such as molecular
planarity, bond distances, and torsional and dihedral angles as well as electronic properties such
as band gaps and energy levels.
Previously, Nielsen et. al.4 reported the sp3-hybridzed carbon atoms in the fivemembered ring seriously interfere with the π-stacking as evident by an absence of diffraction
peak corresponding to the π-stacking for these cyclicimido structures. This experimental finding
may be supported by theoretical evidence that these molecular/polymeric systems are not very
planar. Ab initio calculations by Pomerantz20 that showed 36º dihedral angle between the two
thiophene units. Our DFT calculations indicate a range of dihedral angles between 4 and 17º
depending on the location in the 6-membered oligomer where the top R group is a methyl
group. As the R group changes to a longer chain, dihedral angles tend to be reduced and the
structure more planar. As thiophene spacers are added to form a copolymer, these structures
appear to become more planar.
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Computed band gaps and energy levels of polymer 5-9 correspond with experimentally
obtained electrochemical energy gaps (Table C.3). Energy levels for these systems indicate that
as thiophene spacers are added to the polymer repeat unit, energy levels increase. This is also
true about the energy gaps, as the number of thiophene spacers increase in the conjugated
backbone, the higher the Egap. This may be due to the fact that there are less electronwithdrawing groups per thiophene ring. Also, geometrically as thiophene spacers are added to
the copolymerization, the molecular structure becomes more planar due to less crowding and
more stabilization of the conjugated backbone. When R is methyl, the energy gaps decrease
with added thiophene spacers. This may be due to the fact that when the R group size is
insignificant to the contribution of molecular sterics, the energetics of the system show a higher
energy level for the LUMO which does not increase as much as when R is a long alkyl tail,
indicating more stable reduction capabilities.

Table C.3. Experimental and computed band gaps of polymer 5-7.
Experimental (CV)

Theoretical

Polymer

HOMO
(eV)

LUMO
(eV)

Egap
(eV)

HOMO
(eV)

LUMO
(eV)

Egap
(eV)

PCI8 (5a)

-5.6

-3.3

2.3

-5.9

-3.1

2.8

PCI12 (5b)

none

-3.0

NA

-5.4

-2. 8

2.4

PCI8T (6a)

none

-3.0

NA

-5.4

-2.8

2.4

PCI12T (6b)

none

-3.0

NA

-6.0

-3.2

2.8

PCI12TT (7)

-6.0

-3.5

2.5

-5.2

-2.7

2.5
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FET measurement. Among polymer 5-9, only polymer 8 shows moderate
saturated hole carrier mobilities measured in air. In a previous report, polymer 5a and 5b
were reported not to show any FET activity.4 TFT of all other polymers fail to show any
FET activity. Doping of those failed devices over ammonia and triethylamine vapor did
not improve device performance. Figure C.2 shows the transfer properties and output
curves of polymer 8 in air. The hole mobility in saturated regime is 2×10-4 cm2/V s and an
Ion/Ioff of 1×106.

Figure C.2. FET transfer and output curve of polymer 8 in air.
B.

A.

Experimental Section
Materials. All reagents were purchased from commercial sources and used
without further purification unless otherwise noted. Anhydrous THF was distilled from
Na/benzophenone. Conventional Schlenk techniques were used, and reactions were
carried out under N2 unless otherwise noted. UV-vis spectra were recorded on a Cary
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Model 1 UV-vis spectrophotometer. Fluorescent measurements were recorded on a
Photon Technology International model QsM-2 fluorimeter. NMR spectra were recorded
on a Varian Unity Plus 500 spectrometer (1H, 500 MHz; 13C, 125 MHz). Electrospray mass
spectrometry was performed with a Thermo Finnegan model LCQ Advantage mass
spectrometer.

Synthesis.

3,4-dicyanothiophene (1). A stirred suspension of 3,4-

dibromothiophene (24.2 g, 0.1 mol) and copper(I) cyanide (26.0g, 0.29 mol) in dry DMF
(25 mL) was refluxed under N2 for 4 hr. The dark mixture was poured into a solution of
hydrated ferric chloride (100 g) in hydrochloric acid (175 mL, 1.7 M) and maintained at
60-70°C for 1 hr. The mixture was cooled down to room temperature, and methylene
chloride (125 mL) was added and the layers were separated. The aqueous phase was
extracted four times with 125 mL portions of methylene chloride. Organic phase was
combined and was washed successively with two 100 mL portions of hydrochloric acid (6
M), water, saturated sodium bicarbonate solution, and finally with distilled water, followed
by drying over MgSO4 over night. Solvent was evaporated to dryness to afford a pale
yellow solid. Recrystallization from acetonitrile gave a white crystal (12.0 g, 90%). 1H
NMR (CDCl3) δ 8.10 (2H) ppm; 13C NMR (CDCl3) δ 137.3, 113.2, 112.0 ppm.
2,5-dibromo-thiophene-3,4-dicarboxylic acid (2). A suspension of 1 (9.2 g,
68.6 mmol) in 100 mL concentrated HCl was refluxed for 6 hrs. Heating was removed and
colorless crystal formed was collected via vacuum filtration. Recrystallization from water
afforded a colorless crystal (9.85 g, 83%).1H NMR (DMSO-d6) δ 8.2 ppm;

13

C NMR

(DMSO-d6) δ 165.2, 134. 3 ppm. To the crystal (1.0 g, 5.8 mmol) in 10 mL glacial acetic
acid was added bromine (1.8 mL, 35 mmol) dropwise. The mixture was stirred over night
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and a colorless crystal was formed. The bromine was removed by adding saturated
NaHSO3 solution, and the precipitate was collected by filtration. Recrystallization from
hot water followed by drying gives a colorless crystal (1.2 g, 63%). 13C NMR (CDCl3) δ
163.1, 134.6, 114.7 ppm.
2,5-dibromothiophene-3,4-dicarboxylic acid dichloride (3). To 3 (1.0 g, 3.03
mmol) in 5 mL anhydrous benzene was added oxalyl chloride (1.1 mL, 12.2 mmol) and
one drop of dry DMF. The mixture was heated to reflux for 1 hr, and allowed to cool to
room temperature. The volatiles were removed in vacuo to afford 4 (1.0 g, 90%). The crude
material was used without any further purification. 13C NMR (CDCl3) δ 165.3, 134.8, 114.8
ppm.
3,4-N-(n-octylcyclicimido)-2,5-dibromothiophene (4a). 3 (1.0 g, 2.7 mmol)
was mixed with n-octylamine (0.45 mL, 2.7 mmol) in a Schlenk reaction tube and heated
to 140ºC for 30 min under vigorous stirring. The preparation was cooled to room
temperature, dissolved in ether and filtered over Celite. The filtrate was concentrated and
chromatographed over silica gel with CH2Cl2:hexane (10:1) to afford a white powder (0.35
g, 31%). 1H NMR (CDCl3) δ3.59 (2H), 1.63 (2H), 1.30 (10H), 0.88 (3H) ppm; 13C NMR
(CDCl3) δ 160.6, 135.0, 113.1, 39.0, 32.0, 29.3, 28.4, 27.0, 22.8, 14.3 ppm.
3,4-N-(n-dodecycycliclimido)-2,5-dibromothiophene (4b). 3 (1.0 g, 2.7 mmol)
was mixed with n-dodecylamine (0.5 g, 2.7 mmol) in a reaction tube and heated to 140ºC
for 30 min under vigorous stirring. The preparation was cooled to room temperature,
dissolved in ether, and filtered over Celite. The filtrate was concentrated and
chromatographed over silica gel with CH2Cl2:hexane (10:1) to afford a white powder (0.45
g, 50%). 1H NMR (CDCl3) δ3.55 (2H), 1.60 (2H), 1.20 (18H), 0.83 (3H) ppm; 13C NMR
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(CDCl3) δ 160.8, 134.9, 113.1, 38.7, 32.2, 29.8, 29.78, 29.7, 29.5, 29.4, 28.7, 27.1, 22.8, 14.3
ppm.

Polymer Synthesis
Ullmann Coupling route
Poly(2,5-N-n-octyl-3,4-cyclicimidothiophene) (5a). A mixture of 4a (0.2 g,
0.47 mmol) and Cu powder (0.12 g, 1.85 mmol) in 2.0 mL dry DMF was heated to 150 ºC
two days. The content was allowed to cool and poured into 100 mL CHCl3. Cu powder
was removed by filtration and the solvent was removed under vacuum to yield a dark red
powder. The powder was extracted in a Soxhlet extractor with methanol one day, and was
taken up with chloroform and precipitated with methanol (3 times). A dark red powder
was obtained after vacuum drying (0.08 g, 40%). GPC: Mw = 3500, PD = 2.1; Anal. calcd:
C, 63.85; H, 6.51; N, 5.32; Found: C, 63.49; H, 6.58; N, 5.45; 1H NMR (CDCl3): δ3.60
(2H), 1.61 (2H), 1.23 (broad, 10H), 0.83 (3H) ppm; 13C NMR (CDCl3): δ 162.3, 136.8,
129.0, 38.8, 31.9, 29.9, 29.1, 28.1, 27.2, 22.8, 14.3 ppm.
Poly(2,5-N-n-dodecyl-3,4-cyclicimidothiophene) (5b). A mixture of 4b (0.2 g,
0.50 mmol) and Cu powder (0.12 g, 1.85 mmol) in 2.0 mL dry DMF was heated to 150 ºC
two days. The content was allowed to cool and poured into 100 mL CHCl3. Cu powder
was removed by filtration and the solvent was removed under vacuum to yield a dark red
powder. The powder was extracted in a Soxhlet extractor with methanol one day, and was
taken up with chloroform and precipitated with methanol (3 times). A dark red powder
was obtained after vacuum drying (0.16 g, 53%). GPC: Mw = 5600, PD = 2.5; Anal. calcd:
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C, 67.67; H, 7.89; N, 4.38; Found: C, 67.80; H, 7.87; N, 4.50; H NMR (CDCl3): δ3.62
(2H), 1.62 (2H), 1.21 (broad, 18H), 0.80 (3H) ppm; 13C NMR (CDCl3): δ162.2, 136.5,
128.8, 38.8, 31.8, 29.9-29.5, 29.4, 29.1, 28.9, 28.4, 27.1, 22.7, 14.3 ppm.

Stille Coupling Route
Poly(2-N-n-Octyl-3,4-cyclicimidothienyl-co-2’-thiophene) (6a). A solution of
4a (0.24 g, 0.50 mmol), 2,5-bis(trimethyltin)thiophene (0.21 g, 0.5 mmol), and
bis(triphenylphosphine)palladium dichloride (20 mg) in dry THF (17 mL) was refluxed 7
days. The mixture was cooled to room temperature and poured into methanol (50 mL).
The black precipitate was collected via filtration, re-dissolved in warm dichlorobenzene,
precipitated with warm methanol. The precipitation was repeated once to give a black
solid (114 mg, 57%). GPC: Mw = 6800, PD = 2.6; Anal. For (C18H19NO2S2)n, calcd: C,
62.58; H, 5.54; N, 4.05; Found: C, 62.69; H, 5.65; N, 4.08; 1H NMR (CDCl3): δ 7.79-7.71
(2H), 3.55 (2H), 1.65 (2H), 1.22 (10H), 0.84 (3H) ppm; 13C NMR (CDCl3): δ 162.2, 135.3,
132.2, 129.0, 39.0, 32.1, 29.7, 29.2, 27.9, 27.4, 22.9, 14.4 ppm.
Poly(2-N-n-Dodecyl-3,4-cyclicimidothienyl-co-2’-thiophene) (6b). A solution
of 4b (0.24 g, 0.50 mmol), 2,5-bis(trimethyltin)thiophene (0.21 g, 0.5 mmol), and
bis(triphenylphosphine)palladium dichloride (20 mg) in dry THF (17 mL) was refluxed 7
days. The mixture was cooled to room temperature and poured into methanol (50 mL).
The black precipitate was collected via filtration, re-dissolved in warm dichlorobenzene,
precipitated with warm methanol. The precipitation was repeated once to give a black
solid (101 mg, 51%). GPC: Mw = 8300, PD = 2.3; Anal. For (C22H27NO2S2)n, calcd: C,
65.80; H, 6.78; N, 3.49; Found: C, 66.61; H, 6.87; N, 3.34; 1H NMR (CDCl3): δ7.69 (2H),
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3.54 (2H), 1.64 (2H), 1.29 (18H), 0.85 (3H) ppm; C NMR (CDCl3): δ 161.8-159.7, 134.8,
131.4-130.1, 39.0, 32.0, 29.4, 28.6, 27.3, 22.9, 14.3 ppm.
Poly(2,5-N-n-Dodecyl-3,4-cyclicimidothienyl-co-2’,5’-bithiophene)

(7).

A

solution of 4b (0.24 g, 0.50 mmol), 2,5’-bis(trimethyltin)bithiophene (0.25 g, 0.5 mmol),
and bis(triphenylphosphine)palladium dichloride (20 mg) in dry THF (17 mL) was
refluxed 7 days. The mixture was cooled to room temperature and poured into methanol
(50 mL). The black precipitate was collected via filtration, re-dissolved in warm
dichlorobenzene, precipitated with warm methanol. The precipitation was repeated once
to give a black solid (124 mg, 51%). GPC: Mw =7400, PD = 2.8; Anal. For
(C26H29NO2S3)n, calcd: C, 64.56; H, 6.04; N, 2.90; Found: C, 65.37; H, 5.81; N, 3.41; 1H
NMR (CDCl3): δ 7.74 (2H), 7.55 (2H), 3.53 (2H), 1.64 (2H), 1.30 (18H), 0.83 (3H) ppm;
13

C NMR (CDCl3): δ162.5, 159.7, 134.8, 131.6-130.0, 38.7, 32.1, 29.9, 29.5, 29.4, 29.1, 28.6,

27.3, 22.9, 14.3 ppm.
Poly(2,5-N-n-Dodecyl-3,4-cyclicimidothienyl-co-2’,5’-3,3-di-nhexyldithienosilole) (8). To a solution of 2,6-dibromo-3,3’-dihexyldithienosilole (0.77
mmol, 0.40g) in anhydrous THF (20 mL) was added n-BuLi (1.85 mmol, 0.74 mL, 2.5 M
in Hexanes) dropwise at -78 oC. The mixture was stirred at -78 oC 1.5h, resulting in a
whitish precipitate. Chlorotrimethyltin (2.4 mmol, 2.4 mL, 1.0 M in hexanes) was added.
The mixture was allowed to warm up to room temperature and stirred 2 hours. The
solvent were then removed under vacuum. A solution of 4b (0.78 mmol, 0.37 g) and the
catalyst Pd(PPh3)2Cl2 (55 mg) in anhydrous THF (20 mL) was added and was refluxed for
7 days, resulting in deep purple solution. The solvent was cooled to room temperature,
and water (30 mL) was added. The aqueous layer was extracted by CH2Cl2 (2×30 mL). The
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combined organic layer was washed with water (40 mL) and dried over MgSO4. Volatiles
were removed under vacuum and residue was taken up by THF (30 mL). Methanol (200
mL) was added and black precipitate was collected via filtration and dried under vacuum.
The polymer was obtained as a black solid (0.32 g, 49%). GPC: Mw =7300, PD = 2.1;
Anal. For (C38H53NO2S3Si)n, calcd: C, 67.11; H, 7.85; N, 2.06; Found: C, 65.92; H, 7.67; N,
1.67; 1H NMR (CDCl3): δ 7.45 (1H), 7.38 (1H), 3.45 (2H), 1.53 (2H), 1.22 (34H), 0.82
(13H) ppm; 13C NMR (CDCl3): δ 176.1, 150.5, 150.3, 145.5, 144.6, 142.2, 139.9, 139.0,
138.4, 137.8, 129.9, 124.6, 38.8, 33.2, 33.0, 31.6, 24.3, 23.2, 22.8, 14.3 ppm.
Suzuki Coupling Route
Poly(2,5-N-n-Octyl-3,4-cyclicimidothienyl-co-2’,7’-9’,9’-di-n-octylfluorene)
(9).To a mixture of 9,9-di-n-octylfluorene-2,7-bis(ethyleneboronate) (0.53 g, 1.0 mmol), 4a
(0.42

g,

1.0

mmol)

in

toluene

(8

mL)

under

nitrogen

is

added

tetrakis(triphenylphosphine)palladium (20 mg), Aliquat 336 (85 mg), and 2M aqueous
sodium carbonate (2 mL, 4 mmol). The mixture is stirred vigorously and heated at reflux
24 h. The highly viscous reaction mixture is poured into acetone (40 mL), precipitating a
greenish polymer. The polymer is collected by filtration and washed with more acetone,
dissolved in toluene, and precipitated by methanol twice, and dried in vacuum to give a
green solid (420 mg, 64%). GPC: Mw =15460, PD = 2.3; Anal. For (C43H57NO2S)n, calcd:
C, 79.21; H, 8.81; N, 2.15; Found: C, 78.99; H, 8.91; N, 2.16; 1H NMR (CDCl3): δ 8.29,
8.24, 7.87, 7.39, 3.76, 2.19, 1.76, 1.58, 1.40, 1.30, 1.20, 1.13, 0.90, 0.80 ppm; 13C NMR
(CDCl3): δ 163.28, 152.56, 145.41, 142.40, 130.68, 130.35, 127.60, 122.99, 120.82, 56.02,
40.34, 38.91, 32.04, 30.19, 29.44, 28.80, 27.25, 24.10, 22.83, 14.30 ppm.
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Thin-Film Fabrication. Thin films (20-30 nm) of polymer 5-9 were fabricated by
spin coating at 3000 rpm from hot and fresh TCB solution (0.5-1%) onto a HMDStreated SiO2 surface and subsequently dried in vacuum at 60 oC overnight.
Theoretical Methodology. Polymers were assumed to have similar geometry and
electronic structure properties to six-membered oligomers. These calculations were
performed with Density Functional Theory (DFT) using the Q-Chem 2.121 program with
the B3LYP hybrid functional22 and a 6-31G* basis set.
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