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SUMMARY 

The development of π-conjugated polymeric semiconductors for use in organic field 

effect transistors (OFETs) has been the subject of intense research focus for its potential in 

realizing low-cost, large-area, and flexible devices such as sensors, displays, and radio-

frequency identification tags. While significant progress has been made in high-

performance p-channel (hole-conducting) materials, that of their n-channel (electron-

conducting) counterparts lags far behind. To enable the implementation of complementary 

organic-semiconductor (complimentary metal-oxide semiconductor)-like logic circuits, it 

is imperative to improve the electron mobility and ambient stability of unipolar n-channel 

conjugated polymers to match that of that of their p-type counterparts, while maintaining 

processability.  

The prevailing donor-acceptor (D-A) design motif has led to considerable advances in 

polymer semiconductor performance as it allows for the fine-tuning of frontier molecular 

orbitals for efficient charge injection into electrodes in addition to promoting strong 

intermolecular π-π stacking interactions that facilitate charge transport. However, this 

design strategy has proven to be of limited use in developing n-channel conjugated 

polymers because there are relatively few building blocks with sufficient electron 

deficiency to achieve an electron affinity higher than +4 eV for facile electron injection 

and operational stability of resultant polymers. To this end, this thesis will discuss an 

alternative strategy of developing all-acceptor (A-A) polymers to minimize intramolecular 

charge transfer and preserve polymer low-lying frontier molecular orbitals. In carefully 

reviewing the literature, electron-withdrawing building blocks were chosen for synthesis 



 xvi 

to be incorporated into promising A-A polymer structures in a combinatorial study. The 

optoelectronic properties of the polymers were characterized through cyclic voltammetry, 

UV-Vis and photoluminescence spectroscopy, and ultraviolet photoelectron spectroscopy. 

The charge carrier transport properties were investigated using bottom-gate/bottom-contact 

OFET device architectures. The polymer semiconductors were either spin-coated or blade-

coated onto Si wafers with gold contacts and annealed at various temperatures. OFET 

performance studies including transfer and output curves allowed for the calculation of 

electron mobilities and demonstrated the unipolar (solely-electron-conducting) behavior of 

the A-A polymers. The polymer thin-film microstructures were investigated by 2D grazing 

incidence wide-angle X-ray scattering (2D-GIWAXS) and atomic force microscopy 

(AFM).   
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CHAPTER 1. INTRODUCTION 

1.1 Organic Electronics 

Organic materials have long played passive yet crucial roles in the electronics 

industry as lithographic photoresists defining key circuitry patterning and as insulators and 

dielectrics in the packaging of chips.1 However since the discovery of electrical 

conductivity in doped polyacetylene in 1977,2 organic semiconductors (OSCs) have been 

the focus of intense research efforts in developing the next generation of active electronic 

materials with optoelectronic functionalities in devices offering capabilities not readily 

achievable with conventional materials, combining the electronic advantages of traditional 

inorganic semiconductors with the chemical and mechanical benefits of organic 

compounds such as plastics.3 In marked contrast with their inorganic counterparts, OSCs 

are lightweight, mechanically flexible, can be optically transparent, and most significantly 

are solution-processable; making them amenable to large-area and low-temperature 

deposition techniques compatible with a variety of inexpensive substrates (Figure 1-1). 

While not destined to replace silicon-based technologies, the potential for low-cost device 

fabrication suggests that OSCs can be competitive with existing applications with 

continued innovations in processing techniques, and capture otherwise inaccessible novel 

applications.4,5  
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Figure 1-1 Commercialized microelectronic devices. a) Si-based microprocessor (Intel)  

b) Inkjet-printed flexible organic thin film transistor (BASF) c) roll-to-roll printing of 

organic electronic components (PolyIC). 

The rapid advancement of the field over the last two decades has led to the 

development of numerous applications (Figure 1-2). Advances in organic light emitting 

diodes (OLEDs) have led to commercialized applications including foldable displays,6 

flexible solid-state lighting,7 and energy-efficient color displays such as those seen in smart 

phones8 and televisions with exceptional color purity.9 Organic photovoltaics and dye-

sensitized solar cells are promising alternative energy technologies that not only have the 

potential to reduce our dependence on fossil fuels but also enable small distributed energy 

generation that can deliver power to those without access to an electric grid.  
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Figure 1-2 Example applications of organic electronics. Clockwise from top left: wireless 

electrocardiogram and photoplethysmograms on infant (John Rogers, Northwestern 

University); rollable display (LG); transparent OLED lighting tiles (Osram (Siemens)); 

printed organic solar cell (InfinityPV). 

 The following will explore the fundamentals of polymeric semiconductors and the 

organic field effect transistor devices they are incorporated into. 

1.1.1 Conductivity and Charge-Carrier Mobility 

Electronic devices require materials with the ability to conduct an electrical current, 

which is quantified by the conductivity (σ) of the material. Semiconductors are a class of 

materials having conductivities between that of metals and of insulators (e.g. glass). The 

electrical conductivity of a semiconductor is proportional to the product of the charge 

carrier concentration and the mobility (μ) of these charge carriers, which is defined as the 

velocity of the charge carriers in a given material per unit of externally applied electric 

field. Equation 111 shows the expression of conductivity in a semiconductor:  
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𝜎 =

𝐽

𝐸
= 𝑛𝑒𝜇 (1) 

Where J is the current density (Acm-1), E is the magnitude of the electric field (Vcm-

1), n is the number density of charge carriers (cm-3), e is the unit of elementary charge (C), 

and μ is the charge mobility (cm2V-1s-1). The charge carrier mobility is one of the key 

parameters used in assessing the electrical performance of a semiconductor material within 

a device.  

1.1.2 Molecular and Electronic Structure of Organic Semiconductors 

Example molecular structures of some common organic semiconductor materials are 

shown in Figure 1-3. The π-conjugated backbones characteristic to these materials impart 

the ability to conduct charge carriers and interact with light, with the optoelectronic 

properties dictated by their frontier molecular orbitals. 

 

Figure 1-3 Molecular structures of representative common organic semiconductors: 

poly(3-hexylthiophene) (P3HT), poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT), 

poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV), pentacene, 
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poly{[N,N'-bis(2-octyldocecyl)-napthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-

(2,2’-bithiophene)} (N2200).  

The hybridization of the conjugated backbones creates a plane of empty p-orbitals 

perpendicular to the sigma bonding structure which serves as a pathway for the charge 

carriers to travel through (Figure 1-4). The side-by-side overlapping of atomic p-orbitals is 

known as π bonding (‘conjugation’), which creates molecular π orbitals. Interacting π 

orbitals come together to form bonding (π) and antibonding (π*, empty) orbitals. Bonding 

interactions where the parity of the interacting orbitals match (denoted by color in Figure 

1-4, yellow box) increase the electron density between two atomic nuclei, while 

antibonding interactions decrease the electron density (manifested as ‘nodes’ in the 

wavefunctions). As π orbitals are higher in energy than σ orbitals, the frontier molecular 

orbitals (the highest energy orbitals, known as the HOMO and the LUMO) are π orbitals. 

As the number of repeating conjugated units increases in a polymer chain, the growing 

number of π/π* orbitals become closer in energy and lose distinction, eventually forming 

a delocalized band structure similar to that seen in inorganic materials such as silicon 

(Figure 1-4).  Additionally, the energy of the HOMO increases and that of the LUMO 

decreases, bringing these orbitals closer in energy and decreasing the ‘band gap’. When the 

band gap decreases to between 2 eV - 0 eV, the material is no longer an insulator and now 

behaves as a semiconductor.  
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Figure 1-4 Evolution of frontier molecular orbital energy levels with increasing 

conjugation length in the polyene series, leading to a band structure as the number of 

repeat units approaches infinity.  

The band gap energies typical of organic semiconductors happen to be in the visual 

range of the spectrum, making this class of materials particularly colorful. The energies of 

the HOMO and LUMO of a molecule can be ‘tuned’ by the introduction of electron-

donating or -withdrawing moieties into the conjugated molecular system. In polymeric 

donor-acceptor (D-A) systems consisting of alternating electron-rich (donor) and electron 

poor (acceptor) monomer units, they hybridization of the D-A fragments leads to the donor 

contributing to the polymer HOMO and the acceptor contributing the polymer LUMO 

(Figure 1-5).10–12 Though simple, the D-A molecular design strategy is powerful in that it 

enables control of a crucial energy gap which determines the optical, redox, and electrical 

transport properties of a material. This has allowed the development of materials with 

targeted properties ‘tailored’ to the specific requirements of electronic devices including 

OLEDs and OPVs, and the formation of ultra-low bandgap copolymers. 
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The term ‘electronic coupling’ describes the extent to which the frontier energy 

orbitals of two adjacent molecular entities are split when they interact with each other 

(Figure 1-4).13 As this is essentially a function of the wavefunction overlap, it is influenced 

by the intermolecular distance and the lateral displacement between the two entities (as the 

phase difference between wavefunctions determines the bonding/anti-bonding patterns). 

The extent of electronic coupling in organic semiconductors is critical to the charge 

transport properties of materials (as will be described below), including coupling between 

adjacent entities within a polymer chain and between entities on separate chains. For these 

reasons, organic semiconductors are designed to maximize the planarity of the conjugated 

structures and to decrease the torsional angles along the polymer chains.  

 

Figure 1-5 Orbital hybridization of D-A systems (left), and example D-A polymer (right).  

1.1.2.1 Characterization of Electronic Structure  

The preceding discussion described the electronic structure of organic 

semiconductors using qualitative molecular orbital (MO) theory which has a theoretical 

foundation in quantum mechanics, specifically on the Schrödinger equation relating the 

total energy of a molecule to a wavefunction describing the molecular configuration. Most 
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simply, an individual molecular orbital is a one-electron wavefunction associated with a 

specific energy level (and as such, is not an experimental observable).14 The MO energies 

and wavefunction distributions of molecules in various geometries and electronic states 

can be calculated using a variety of computational methods,15 with density functional 

theory (DFT) functionals used most frequently in organic electronics.16,17 These 

computational tools have proven invaluable to the elucidation of electronic structure-

property relationships and understanding the fundamental properties of extended 

conjugated materials. However, it is important to realize that such calculations only provide 

useful information when the inherent errors and limitations of the functionals used are 

recognized18,19 and the validity of the results are critically assessed.20,21 Computational 

results are ultimately approximations derived from theoretical frameworks and do not 

replace empirical evidence from experiment, but are indispensable as they allow for insight 

into phenomena that cannot be probed experimentally.   
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Figure 1-6 Depiction of the experimentally observable energy levels in organic 

semiconductors, with S0 denoting the electronic ground state and S1 the lowest excited 

state. Adapted from reference.22 

It is often claimed that the HOMO and LUMO are directly measured with 

experimental ionization potentials according to Koopman’s theorem, which states that the 

first vertical ionization potential (IP) of a molecule can be considered as the (minus) energy 

of the HOMO, and likewise the first vertical electron affinity (EA) the (minus) energy of 

the LUMO (‘vertical’ meaning no change in geometry is assumed) (Figure 1-6).23,24 The 

IP (also known as the ionization energy25) is formally defined as the energy required to 

remove an electron from a gaseous neutral atom or molecule, while the EA is the energy 

required to remove an electron from a negative ion in the gaseous state.26 The IP and EA 

are essentially the differences in energy between the neutral N-electron state and the 

respective N ±1 electron ionized states.22 In the molecular case, the difference between the 

IP and EA is known as the ‘fundamental gap’, which correlates with the band gap (Eg) 

between valence and conduction bands in polymers and other organic solids with more 

delocalized band structures. Ultraviolet photoelectron spectroscopy (UPS) is used to assess 

the ionization energies of valence electrons, which involves measuring the kinetic energy 
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of electrons emitted from a sample irradiated with ultraviolet photons under ultra-high 

vacuum (~10-9 torr) which is then related to the electron’s binding energy in the sample.27–

29 As unoccupied states naturally have no electrons to emit, UPS cannot be used to obtain 

the EA. Instead, inverse photoemission spectroscopy (IPES) is used to measure the EA, in 

which a collimated electron beam directed at a sample deposits electrons into high energy 

unoccupied states which then radiatively decay to the low energy unoccupied states, and 

the energy of the photons emitted from the decay process are detected.30 Unfortunately, the 

limited availability of the equipment for IPES precludes widespread use of the technique, 

and the EA must be estimated with other methods.  

Linear correlations between ionization energies and electrochemical reduction and 

oxidation potentials were found in earlier studies of organic compounds.31–34  

Electrochemical properties of polymers are investigated using a technique known as cyclic 

voltammetry (CV), in which forward and reverse linear potential scans are applied to a 

working electrode which measures the current from a redox-active analyte in the system.35 

The polymer is drop-casted from solution onto the surface of the working electrode, which 

is then submerged in a non-aqueous solution of supporting electrolyte. As the system is 

scanned to low potentials, the working electrodes detects a cathodic current (charges flow 

out of the electrode) as the redox-active species (the polymer) is reduced below its 

reduction potential. As the potential is swept up to higher potentials on the reverse scan, 

the working electrode detects an anodic current (charges flow into the electrode) as the 

polymer is oxidized above its oxidation potential.36 The potential of the 

ferrocenium/ferrocene (Fc+/Fc) couple is used as an internal standard to reference the 
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potentials in non-aqueous systems, which is itself evaluated against a common reference 

electrode for standardization.37–39  

Numerous complications characteristic to the electrochemistry of semiconducting 

polymers precludes the measurement of standard (formal) potentials of these systems. The 

polymer analyte is confined to the surface of the working electrode as a solid film rather 

than as a solubilized freely-diffusing species, resulting in non-Nernstian electron transfer 

kinetics. This leads to peak-broadening and scan-rate dependent peak potentials. 

Additionally, the de-doping reaction is not simply the reverse of the doping reaction in 

polymer semiconductor films (which was well explored by Visy et. al ).40,41  The polymer 

undergoes conformational reorganization as it is charged during the doping process, which 

modifies the energy levels of the polymer. Penetration of the electrolyte into the polymer 

film (‘swelling’) is expected, and the interactions of the electrolyte ions and solvent 

molecules with the doped/undoped segments of the polymer influences the observed redox 

potentials. Therefore, the oxidation and reduction potentials of semiconducting polymers 

are evaluated using the onset potentials observed in the first potential sweep, where 

presumably the injection of charges into the HOMO/LUMO of the neutral polymer occurs 

and is indicated by the rise in anodic or cathodic current. 

To convert solution-based electrochemical potentials to gas-phase ionization 

potentials, a correction factor must be used to account for both the solid-state polarization 

energy and to relate the potential of a reference electrode to vacuum scale.42,43 

Inconsistencies in the use of internal standards, standard electrode potential scales, and 

discrepancies in correlating electrode potentials to the Fermi scale make it difficult to 

determine the precision of such conversion factors.42,44 Given these uncertainties, the onset 
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potentials of a polymer, detailed electrochemical experimental conditions, and the specific 

conversion factors used should be reported to simplify the comparison of reported values 

in the literature. 

1.1.3 Charge Transport in Organic Semiconductors 

The rate of charge transfer is mainly determined by two key parameters; the transfer 

integral and the reorganization energy.45–48 The transfer integral (t) is related to the strength 

of the electronic coupling between two adjacent molecular entities, and describes the ease 

of charge transfer between these two entities in a given direction.13 In highly crystalline 

structures at low temperatures (structures maximizing charge delocalization), charge 

transport is similar to that seen in inorganic semiconductors and is described as being in 

the band-like regime where the bandwidths of the HOMO and LUMO levels of interacting 

polymer chains determine charge mobilities. At higher temperatures (e.g. room 

temperature, where thermal energy is ~2.5 kJ/mol), localization of charge carriers occurs 

as the bandwidths are decreased due to phonon-scattering processes which in turn 

decreases charge mobilities. Charge transport in room-temperature polymer 

semiconductors involves the intra- and inter-chain hopping of charge carriers (known as 

the ‘hopping regime’). Most simply, a charge carried by a radical ion transfers to a 

neighboring neutral molecule, itself becoming oxidized (in the case of electron transfer) to 

the neutral state while the other molecule is reduced.49 As each molecule is now in a new 

electronic state, changes in equilibrium geometry occur due to the different bonding 

arrangements (Figure 1-7).   
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Figure 1-7 Schematic Representation of the potential energy surfaces of the initial and 

final state upon charge transfer, with relevant internal reorganization energies noted. 

The reorganization energy is the energy required to ‘reorganize’ the molecular 

system upon charge transfer. This includes not only the ‘internal’ reorganization energy of 

geometry changes within the molecule itself, but also the ‘external’ reorganization energy 

of the surrounding medium as it polarizes/relaxes to accommodate the new charge (or lack 

thereof). 

The rate of charge hopping (kET) is derived from Marcus theory49, and can be described as 

shown in Equation 2 where T is the temperature, λ is the reorganization energy (see Figure 

1-7), t is the transfer integral, and h and kB are the Planck and Boltzmann constants 

respectively. It can be seen from Equation 2 that charge transfer is a thermally-activated 

process, and that maximizing the transfer integral and minimizing the reorganization 

energy upon charge transfer are key to increasing the rate of charge transport.  

 
𝑘𝐸𝑇 =

4𝜋2

ℎ

1

√4𝜋𝑡𝑘𝐵𝑇
𝑡2𝑒𝑥𝑝 (−

𝜆

4𝑘𝐵𝑇
) (2) 

1.2 Organic Field Effect Transistors 
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1.2.1 Components and Structures of Organic Field Effect Transistors 

Organic field-effect transistors are basic circuitry elements that allow 

measurements of field effect mobility via the application of an applied gate voltage that is 

capacitively coupled to the polymer semiconductor. OFET devices are comprised of layers 

of materials assembled on a substrate: the gate, source, and drain electrodes, the gate 

dielectric, and the semiconductor. The four types of device architectures are shown in 

Figure 1-8: bottom gate bottom contact (BGBC- Figure 1-8a), top gate bottom contact 

(TGBC- Figure 1-8b), top gate top contact (TGTC-Figure 1-8c), and bottom gate top 

contact (BGTC-Figure 1-8e).  

 

Figure 1-8 OFET device architectures. a) bottom gate bottom contact b) top gate bottom 

contact c) top gate top contact e) bottom gate top contact 

BGTC and TGBC devices have ‘staggered’ geometries, in which the active areas 

of the conductive channels are offset from the source and drain contacts. Conversely, 

BGBC and TGTC structures are ‘coplanar’ as these active areas are between the source 

and drain contacts. The staggered geometries generally exhibit lower contact resistance due 

to the extended injection area (gap between the gate electrode and contacts) which can also 

vary charge carrier injection dynamics.50,51 Top-gate electrodes can act as encapsulation 

layers and reduce environmental degradation due to water and oxygen in devices they are 
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incorporated into, however the integrity of the semiconductor may be compromised during 

deposition. Likewise, the semiconductor integrity can be compromised during the 

deposition of source/drain contacts in BGTC structures.52 BGBC structures, though 

exposed, have the advantage of maintaining pristine semiconductor/dielectric interfaces as 

semiconductor deposition is the final step in device fabrication. Device geometries must 

be noted when comparing reports of OFET performance.  

The gate electrode is commonly a metal or doped semiconductor, which is covered 

with an insulating dielectric such as an inorganic oxide layer (e.g. SiO2) or an insulating 

polymer (e.g. poly(methylmethacrylate)). The dielectric layer has a profound impact on 

device performance not only for its capacitance but also for its effect on the dynamics of 

the semiconductor-dielectric interface where the active area of the channel resides (which 

is at most only a few nanometers wide).53 The surface energy and roughness of the 

dielectric influences the morphology of the deposited semiconductor films and the trap 

density at the interface, both of which have extensive implications for charge transport. 

Inorganic oxides in particular are plagued with high trap densities due to characteristically 

rough surfaces and terminal hydroxyl groups which serve as charge traps upon reduction 

by charge carriers. Surface modification of SiO2 gate dielectrics through the introduction 

of organosilane self-assembled monolayers (SAMs) is a common approach to passivating 

these charge traps and adjusting the physical properties of the dielectric surface.54  

The source and drain electrodes are typically high work function metallic contacts 

(e.g. gold) which can be vapor-deposited through a shadow mask or painted/printed on 

with conductive inks. The organic semiconductor layer (~50 nm thick) can be vapor-
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deposited (if small molecules) or processed from solution (spin-coating, blade-coating, ink-

jet printing, etc).  

1.2.2 Organic Field Effect Transistor Operation and Characterization 

The operation of an OFET is dependent on the application of two potentials as 

shown in Figure 1-9; the voltage applied between the source and drain electrodes known 

as the source-drain voltage, VD, and that applied to the gate electrode known as VG. The 

semiconductor and gate electrode are capacitively coupled so that an applied gate bias 

induces charge carrier accumulation at the semiconductor/dielectric interface; this “turns 

on” the transistor through the ‘field effect’.  
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Figure 1-9 Simplified energy level depiction of an OFET at various applications of VD 

and VG. Adapted from reference.55 

 The HOMO and LUMO levels in the semiconductor shift to higher energies relative 

to the Fermi levels of the metal contacts (which are externally controlled) in response to a 

negative applied VG in a p-channel device (all opposite for n-channel).55 When VG is large 

enough, the FMOs of the semiconductor become resonant with the Fermi levels of the 

contacts which allows charge carriers to flow between them. When there is no applied VG, 

there is no charge accumulation and the transistor is “off”.  Most of the induced charge 

carriers are mobile and move in response to an applied VD, resulting in a current between 

the source and drain contacts (ISD). In a real device, a small VG is required to first fill the 

charge traps present at the semiconductor/dielectric interface before mobile charge carriers 

can accumulate. This trap-filling voltage is known as the threshold voltage, VT.  
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Figure 1-10 Operation of an OFET. a) Ideal output characteristics with ID shown on a 

logarithmic scale (from reference 56) b) Evolution of carrier concentration profile in an 

OFET c) schematic of BGTC OFET with relevant voltages and geometric variables d) 

Example transfer curves shown on semi-logarithmic axes (from reference 55). 

The evolution of ID with an increasing VD and constant VG is shown in Figure 

1-10a. OFET measurements under these conditions are known as output characteristics. 

When VD < |VG – VT|, the device is in the linear regime (red shaded region, Figure 1-10a) 

where ID increases linearly with VD. As VD approaches |VG – VT|, the space around the 

drain electrode is depleted of charge carriers and is ‘pinched off’ (Figure 1-101-10b). As 

VD increases this depletion zone increases as well and the current ID becomes saturated; 

hence, where VD > |VG – VT| is considered the saturation regime (blue shaded region, 

Figure 1-10a).  
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Conversely, for a given constant VD the magnitude of ISD is a function of VG, as 

shown in Figure 1-10d. OFET measurements under these conditions are known as transfer 

characteristics, and key OFET performance values are extracted from these measurements. 

The expression for ID in the linear regime is shown in equation 3: 

 
𝐼𝐷,𝑙𝑖𝑛 =

𝑊

𝐿
𝐶𝑜𝑥𝜇 [(𝑉𝐺 − 𝑉𝑇)𝑉𝐷 −

𝑉𝐷
2

2
] (3) 

Where W and L are the length and width of the channel (see Figure 1-10c), Cox the 

capacitance of the dielectric per unit area (in units of nF/cm2), and μ is the carrier 

mobility (i.e. the velocity per unit electric field, expressed in units of cm2V-1s-1). The 

mobility in the linear regime is extracted from the slope of the ID-VD curve. The 

expression for ID in the saturation regime is shown in equation 4: 

𝐼𝐷,𝑠𝑎𝑡 =
𝑊

2𝐿
𝐶𝑜𝑥𝜇(𝑉𝐺 − 𝑉𝑇)2 (4) 

Where the device mobility can be derived from the slope of ID,sat
1/2 vs. VG (Figure 1-10d, 

right axis). The threshold voltage of the device is taken as the y-intercept of the linear 

extrapolation of the ID,sat
1/2 vs. VG slope. A large on/off current ratio, Ion/off (reported as 

10x), is required so the ‘on’ and ‘off’ states are clearly distinguishable.  

 The charge-carrier mobility (μ), the threshold voltage (VT), and current ratio 

(Ion/off) are the figures of merit most commonly used to evaluate OFET device 

performance. While these performance characteristics can be modified through careful 

selection and design of the semiconductor material it is imperative to recognize that these 
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metrics are properties of the device itself, and do not directly reflect any intrinsic 

properties of the semiconductor material. Device performance is dependent on the device 

geometry, processing, operating conditions, current detection limits of the measurement 

apparatus, and the integrity of the mobility extraction procedures.57–65 For OFETs to 

compete directly with the entrenched a-Si-H devices, they need meet the same 

performance standards; including μ ≥ 1 cm2V-1s-1 and Ion/off ≥ 106 at a maximum 

operating voltage of 15 V (or less).66 Ideally, OFETs should not have large voltage shifts 

and should be stable after prolonged exposure to ambient conditions.67  

1.3 Charge Transport Materials for Organic Field Effect Transistors 

Many D-A polymers have shown high charge carrier mobilities, however the nature 

of the D-A design strategy produces narrow bandgap copolymers with high HOMOs and 

low LUMOs, resulting in ambipolar charge transport behaviour in OFETs. Ambipolar 

semiconductors are attractive as they can greatly simplify the fabrication process of 

complementary metal-oxide semiconductor (CMOS)-like complimentary circuits. 

Unfortunately, the low on/off ratios and high off currents characteristic to ambipolar 

devices greatly increases their power consumption.68 

1.3.1 The N-Channel Challenge 

Significant progress has been made in improving the performance of p-channel 

devices, however the performance of n-channel devices lags far behind.61 To enable the 

fabrication of CMOS-like complimentary circuits, both p- and n-channel devices of 

comparable performance are required, and improving the performance of n-channel OFETs 

remains a key challenge in the field. Theoretical studies have shown electrons and holes to 
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have similar (though not identical) reorganization energies and transfer integrals in most 

organic semiconductors; hence it cannot be said that electrons are inherently less mobile 

than holes in these systems.48 The extent to which n-channel or p-channel transport 

behaviour dominates is a factor of not only of the intrinsic properties of the semiconductor 

itself but also of the device architecture. The following will discuss factors for poor n-

channel device performance relative to that of p-channel devices and the challenges this 

presents to polymer semiconductor design. 

1.3.1.1 Semiconductor Stability 

During device operation, the polymer semiconductor in an n-channel OFET is 

effectively ‘doped’ with electrons injected from the source electrode. These organic radical 

anions are unstable and are easily oxidized upon contact with water or oxygen, meaning n-

channel devices cannot be operated in ambient atmosphere. D.M. de Leeuw et. al. first 

highlighted the inherent redox instabilities that had been observed in n-doped conjugated 

polymer semiconductors and stated that an anionic polymer should have an oxidation 

potential greater than +0.571 V (vs. SCE) to be stable towards both water and oxygen (as 

calculated for pH of 7 and neglecting any overpotentials).69 Operational OFET stabilities 

of anthracene derivatives was investigated by Wang et. al., in which they found a material 

having a reduction potential between -0.6 - -0.4 V (vs. SCE) would have stable n-channel 

performance.70 After a decade of research on organic semiconductors for n-channel 

devices, the reduction potential of -0.4 V (vs SCE) (or an EA of -4.0 eV vs. vacuum) 

remains the benchmark to expect a given semiconductor to have ambient operational 

stability.71 This presents quite a challenge to synthetic chemists to design increasingly 

electron deficient moieties.  
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1.3.1.2 Charge Carrier Trapping at the Semiconductor/Dielectric Interface 

The silanol (-SiOH) moieties on SiO2 dielectric surfaces effectively serve as 

electron traps that inhibit charge transport.72,73 Upon electron trapping, -SiO- is formed on 

the SiO2 surface. The exact mechanisms of electron trapping are disputed, but are thought 

to be a dynamic of electrochemical interactions between the charge carriers, the surface 

silanols on the SiO2 dielectrics and trace amounts of H2O and O2 adsorbed onto the 

dielectric surface.74,75 The substrates of n-channel OFETs have also been found to become 

more negatively charged after being stressed at positive gate biases.76,77 The formation of 

-SiO- upon electron trapping not only increases the electron injection barrier (resulting in 

a decrease of electron current), but also increases the VT for hole accumulation while 

reducing VT for electron accumulation causing both to positively shift in the transfer 

curves.76 In this way, the electron current is simultaneously suppressed while hole current 

is increased.73 Surface treatment of SiO2 dielectrics with SAMs to ‘passivate’ the surface 

is necessary for n-channel operation.52,54,78,79 However, it should be noted that the self-

assembled organosilanes commonly used to passivate SiO2 has been shown to 

incompletely cover the surfaces, meaning free silanol groups are indeed still present on 

‘passivated’ surfaces.80 While SAMs can alleviate the e- trapping, trace amounts of water 

can be trapped in films and at the surface of the insulator/semiconductor interface which 

cannot be completely removed under vacuum. Blom et. al. even reported the presence of 

bishydrated oxygen complexes as common electron traps in single-carrier diodes that had 

been fabricated in an N2-filled glovebox and tested under vacuum.81 These reports highlight 

the practical limitations on experimental conditions that have plagued the pursuit of n-
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channel OFET devices, and which should always be considered in evaluating the 

performance of these devices. 

1.3.1.3 Contact Resistance and Charge Carrier Injection 

 

Figure 1-11 Energy level alignment of source electrode with semiconductor FMOs. 

Adapted from reference.82 

In addition to electrochemical stability, the low frontier energy levels of polymer 

semiconductors for n-channel OFETs presents challenges in efficient electron 

injection.59,83,84 As shown in Figure 1-11, energetic alignment of the frontier energy levels 

of the polymer semiconductor with the fermi energy of the source electrode impacts the 

majority charge carrier injected into the device.85 Ohmic contacts are expected when the 

work function of the source electrode is aligned with a FMO of the semiconductor within 

a few tenths of an eV.86–88 Larger misalignments lead to non-ohmic contacts with the 

formation of potential barriers at the electrode/semiconductor interface, resulting in poor 

charge injection and increased contact resistance.50,59 The electron injection barrier height, 

φe, is decreased as the LUMO energy of the semiconductor is  lowered to be more closely 

aligned with the Fermi energy of the source electrode material. The low work-function 

electrodes amenable to efficient electron injection into most semiconducting polymers 
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(such as Al, Ba, and Ca)85,89 are themselves prone to rapid oxidation in ambient 

atmosphere, presenting prohibitive difficulties in device fabrication. For this reason, Au 

electrodes with a Fermi energy of -5.1 eV are the most commonly used electrodes in n-

channel devices despite being more favourable for hole injection.85  
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CHAPTER 2. SYNERGISTIC USE OF BITHIAZOLE AND 

PYRIDINYL SUBSTITUTION FOR EFFECTIVE ELECTRON 

TRANSPORT MATERIALS 

2.1 Introduction1 

The prevailing donor-acceptor (D-A) design motif has led to significant advances 

in polymer semiconductor performance as it allows for the fine-tuning of frontier molecular 

orbitals for efficient charge injection in addition to promoting strong intermolecular π-π 

stacking interactions that facilitate charge transport.82,90 This design strategy, however, has 

proven to be of limited use in developing n-channel conjugated polymers because there are 

relatively few building blocks with sufficient electron deficiency to achieve an electron 

affinity higher than +4 eV (i.e., roughly speaking, a lowest unoccupied molecular orbital 

(LUMO) energy below -4 eV) for facile electron injection and operational stability of 

resultant polymers. In addition, the decrease in ionization potential and electron affinity 

(destabilization of the highest-occupied molecular orbital (HOMO) and LUMO energy 

levels) upon incorporation of a donor unit often leads to ambipolar behavior in OFET 

devices (Figure 2-1), which can lead to unbalanced hole/electron mobilities, undesirable 

leakage currents and small current on/off ratios (ION/IOFF).45,91–96 

                                                 
1 Reproduced in part with permission from Chemistry of Materials, submitted for publication. Unpublished 

work copyright 2019 American Chemical Society. 
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Figure 2-1 Depiction of the reasoning behind donor-acceptor and all-acceptor molecular 

design strategies. Note the destabilizing effect of the donor moiety in the D-A copolymer. 

The use of all-acceptor (A-A) polymers to minimize intramolecular charge transfer 

and preserve polymer low lying frontier molecular orbitals (FMOs) has been demonstrated 

to successfully result in unipolar n-channel materials upon incorporation into conventional 

transistor devices.97–103 Performance improvements were observed because the increased 

electron affinity facilitated electron injection and the increased ionization potentials 

diminished hole accumulation. While the synthesis of many acceptor units poses 

difficulties, the pursuit of high-performance A-A polymers is challenged further by the 

relative steric bulk of common electron-deficient moieties (e.g. perylenediimides, 

naphthalenediimides, etc). For instance, steric effects can lead to twisted polymer 

backbones, which negatively impacts molecular packing in thin films and adversely affects 

charge transport.94,95,104 While the introduction of a “spacer” unit such as 2,2’-bithiophene 

(BT) has produced high performance n-channel polymer semiconductors,105–107 the 
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electron-rich nature of the thiophene units can also reduce the ionization potential 

(destabilize the HOMO) and lead to ambipolar behavior.99  

 

Figure 2-2 Structures of PDBPyBT, PDBTz, and PDBPyBTz copolymers  

Sun. et. al. introduced a high-performance ambipolar material based on a pyridine-

flanked diketopyrrolopyrrole (DBPy) unit as an acceptor and BT as a donor, which 

exhibited electron and hole-mobilities of 6.3 cm2V-1s-1 and 2.78 cm2V-1s-1, respectively 

(structure shown in Figure 2-2).106 Similarly, ambipolar behavior was observed in a 

copolymer of DBPy and electron-donating thieno[3,2-b]thiophene with a reported mobility 

of 3.36 cm2V-1s-1 for holes and 2.65 cm2V-1s-1 for electrons.108 Unipolar n-channel behavior 

was observed when hole-injection was suppressed with polyethyleneimine (PEI)-modified 

Au electrodes.108 Interestingly, Mueller et. al. reported more pronounced n-channel 

behavior in pyridine-flanked DPP polymers upon fluorination of a thiophene 
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comonomer.109 Six-membered rings flanking the DPP, diketopyrrolopyrrole, are generally 

more electron-deficient than five-membered ring alternatives as the six π-electrons are 

delocalized over a larger ring. The DBPy unit is especially attractive for use in n-channel 

polymers since the pyridine electronegative nitrogen atom not only serves to lower the 

FMOs vs. phenyl rings, but also relieves steric interactions between the lactam oxygen 

atoms and the α-hydrogen atoms present in diphenyl-DPPs.110 Our quantum-chemical 

calculations corroborate the previously reported 0o dihedral angle seen between the 

pyridine and the DPP core (vide infra), making the DBPy unit completely planar.106 The 

high electron mobilities seen in DBPy–based ambipolar polymeric semiconductors suggest 

that the pyridine substituted moiety may be a promising acceptor for incorporation into A-

A copolymers.  

A viable second acceptor unit, namely 2,2’-bithiazole (BTz), might be considered 

as an effective comonomer (structure shown in Figure 2-2). In contrast to the more 

commonly used BT, BTz is more electron-deficient due to the presence of an 

electronegative nitrogen atom within the five-membered ring that serves to increase the 

electron affinity.111 The interaction between the nitrogen lone pairs and antibonding 

orbitals in the adjacent thiazole rings facilitate ‘locking’ the BTz unit into a planar 

conformation,111 in contrast to the BT analog that exhibits a dihedral angle of ~30o.112 

Recently, we  developed a synthetic strategy for the facile incorporation of BTz into 

conjugated polymers, and further demonstrated that the replacement of BT with BTz 

increases the electron affinity of the resultant polymer thereby promoting n-channel charge 

transfer characteristics as determined by OFET performance.113 The BTz and thiophene-

flanked DPP D-A copolymer exhibited an electron mobility of 0.3 cm2V-1s-1 in top-
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contact/bottom gate (TCBG) OFET devices.113 Subsequently, BTz was polymerized with 

DPP to afford a dithiazole-DPP A-A copolymer having a unipolar field-effect mobility up 

to 0.067 cm2V-1s-1 in a bottom-gate/bottom-contact (BGBC) device.97  

This chapter describes the copolymerization of the BTz distannane monomer with 

a brominated DBPy to afford an all-acceptor, unipolar n-channel polymer, 

poly(dipyridinyldiketopyrrolopyrrole-bithiazole), PDBPyBTz, as shown in Figure 2-2). 

With the combination of two planar electron-deficient units, both of which had 

demonstrated high electron mobility in isoelectronic conjugated polymer precursors, 

poly(dithienyldiketopyrrolopyrrole-bithiazole) PDBTz and 

poly(dipyridinyldiketopyrrolopyrrole-bithiophene) PDBPyBT, the optoelectronic 

properties and device performance characteristics of this new ‘all acceptor’ polymer 

semiconducting material with these analogous structures are explored. The computational, 

photophysical, morphological and device investigations demonstrate that the all-acceptor 

approach with judicious choice of molecular structural moieties can lead to the design and 

development of effective electron transport semiconducting materials.  

2.2 Experimental 

2.2.1 Materials and Methods 

Chloroform, dichloromethane, toluene, p-xylene, isopropanol, tetrahydrofuran 

(THF), dimethylformamide (DMF), chlorobenzene, and 1,2-dichlorobenzene (o-DCB) 

were purchases as anhydrous grade solvents from Sigma-Aldrich. THF was distilled from 

sodium benzophenone in a solvent purification system (SPS). 2-Bromothiazole was 

purchased from Scientific Matrix. Tetrabutylammonium bromide (n-Bu4NBr), n,n-
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diisopropylethylamine (DIPEA), diisopropylamine (DIPA), palladium(II) acetate 

(Pd(OAC)2), tris(dibenzylideneacetone)-dipalladium(0) (Pd2(dba)3, tri(o-tolyl)phosphine 

(P(o-tolyl)3), sodium diethyldithiocarbamate, and tetra-nbutylammonium 

hexafluorophosphate ([n-Bu4N]+[PF6]
-) were purchased from Sigma-Aldrich. N-

octadecyltrichlorosilane (OTS-18) was purchased from Gelest, Inc. Silica gel was 

purchased from Sorbent Technologies (Premium RfTM, porosity: 60A; particle size: 40-75 

µm). Molecular weights of polymer samples were determined with a Tosoh EcoSec-HT 

(high temperature) Gel Permeation Chromatograph (GPC) with a refractive index detector 

and polystyrene standards. All samples were run in 1,3,5-trichlorobenzene eluent at 135 

oC. PDBPyBT (poly(dipyridinyldiketopyrrolopyrrole-bithiophene, “DPPDPyBT”, M321) 

was purchased from Ossila Ltd.  

The polymer thermal decomposition temperature was measured with a Perkin-

Elmer Pyris-1 thermogravimetric analyzer (TGA) in a nitrogen atmosphere (25 mL/min) 

with a heating rate of 10 oC/min. Polymer thermal transitions were measured with a TA 

Q200 Differential Scanning Calorimeter (DSC) in a nitrogen atmosphere (50 mL/min) with 

a heating/cooling rate of 10 oC/min. Each sample was scanned for three cycles.  

UV-vis absorption spectra were recorded on an Agilent 8453 UV-Visible 

Spectrophotometer. Polymer films for UV-vis absorption characterization were prepared 

by spin-coating polymer solutions in p-xylene (5 mg/mL) and chloroform (5 mg/mL) onto 

pristine SiO2 glass substrates and OTS-18 pre-treated glass covered substrates. The details 

of OTS-18 pre-treatment are depicted in the section on “OFET Device Fabrication and 

Characterization”. Photoluminescence (PL) spectra were taken using a continuous-wave 
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(CW) laser emitting 637 nm light at the maximum power of 50 mW (Coherent CUBE, 

USA).  

PL emission from the sample was collected from an optical fiber (core diameter 

600 µm) and sent to an Ocean Optics spectrometer (USB4000). Solutions were measured 

in glass cuvettes (1 cm x 1 cm), at a 90o angle with respect to the incident excitation beam, 

while films were tilted at 45o with respect to the beam. A 650 nm long pass filter was used 

to remove pump scatter from the spectra. 

 Cyclic voltammetry was performed in a three-electrode cell using a Princeton 

Applied Research 273 potentiostat/galvanostat under CorrWare control. The electrolyte 

was 0.5 M tetrabutylammonium hexafluorophosphate (TBAPF6, Acros Organics, 98% 

recrystallized from hot ethanol) dissolved in propylene carbonate. A glassy carbon 

electrode with drop-cast polymer film (1 mg/mL solution in CHCl3) was used as the 

working electrode. A glassy carbon rod served as the counter electrode, and an Ag/Ag+ 

electrode (10 mM AgNO3 and 0.5 M TBAPF6 in acetonitrile, 0.085 V vs. Fc/Fc+) was used 

as the reference. The experiments were performed in an inert atmosphere with scan rates 

of 50 mV/s. 

Ultraviolet Photoemission Spectra (UPS) were measured on Kratos Axis Ultra 

DLD XPS/UPS system, using a He-I lamp radiation at 21.2 eV. All samples were in 

electronic equilibrium with the spectrometer via a metallic clip on the surface and were run 

at a base pressure of 10-9 Torr. The Fermi level was calibrated using atomically clean silver. 

UPS were acquired at 5 eV pass energy and 0.05 eV step size with the aperture and iris set 

to 55 µm. From the secondary electron edge (SEE) of the UPS we calculated the work 
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function (ϕ = 21.22-SEE) for each polymer, and from the emission close to the Fermi level 

we determine the position of the valence band maximum. IP (= -HOMO) and ϕ were 

calculated by equations (5) and (6): 

 𝐼𝑃 = ℎ𝜐 − (𝐸𝑐𝑢𝑡𝑜𝑓𝑓 − 𝜀𝑉
𝐹) (5) 

 𝜙 = ℎ𝜗 − 𝐸𝑐𝑢𝑡𝑜𝑓𝑓 (6) 

Where hν, Ecutoff, and εV
F denote the incident photon energy (HE I, 21.22 eV), the 

high binding energy cutoff, and the lowest binding energy point, respectively.  

The surface morphologies of PDBPyBTz films were characterized by Atomic Force 

Microscopy (AFM) using a Bruker Dimension Icon Atomic Force Microscope System with 

ScanAsyst in the tapping mode using a silicon etched probe tip (Mikromasch USA, 

HQ:NSC14/NO AL). Polymer films for AFM characterization were prepared by spin-

coating polymer solutions in chloroform (4 mg/mL) and p-xylene (4 mg/mL) onto OTS-18 

pre-treated SiO2 dielectric (300 nm) / p++ doped Si substrates. 

2D-GIWAXS characterization was carried out using beamline 11-3 at the Stanford 

synchrotron radiation light source (SSRL). The beam was kept at an energy of 12.7 keV, 

with the incident angle controlled at 0.13-0.14o. WxDiff software was used for reducing 

the 2D scattering maps into 1D intensity vs. q-spacing plots. Polymer film orientation 

distribution was investigated by Herman’s orientation function (S), as shown in Equation 

(7) and (8):   
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𝑓 =
∫ 𝐼(𝜒)𝑐𝑜𝑠2(𝜒) sin(𝜒) 𝑑𝜒

𝜋 2⁄

0

∫ 𝐼(𝜒) sin(𝜒) 𝑑𝜒
𝜋 2⁄

0

 (7) 

 
𝑆 =  

1

2
(3𝑓 − 1) (8) 

To simplify the calculations, χ was defined as 0o at the qz axis (out-of-plane), and 

as 90o at the qxy axis (in-plane). The I(χ) term is the <100> or <010> intensity at each χ, 

and sin(χ) represents a geometric intensity correction factor. The molecular orientation 

parameter, f, refers to the average lattice plane orientation relative to χmax, the azimuthal 

angle at which I(χ) approaches the maximum. According to equation (4), S =1, if on 

average, the lattice planes completely align parallel to χmax; S = -1/2 if they completely 

orient perpendicular to χmax; while S = 0 if the lattice planes orient randomly.  

BCBG OFETs were fabricated on a heavily p-doped silicon wafer <100> as the 

gate electrode with a 300 nm thick layer of thermally grown SiO2 as the gate dielectric. Au 

source and drain contacts (50 nm of Au with 3 nm of Cr as the adhesion layer) with fixed 

channel dimensions (50 µm in length and 2 mm in width) were deposited via E-beam using 

a photolithography lift-off process. Prior to deposition of polymer semiconductors, the 

devices were cleaned in acetone for 30 minutes and subsequently rinsed with acetone, 

methanol, and isopropanol in sequence. The SiO2 surface was pretreated by UV/ozone for 

30 minutes followed by immersion into a 2.54 x 10-3 M (1 µL/mL) solution of OTS-18 in 

anhydrous toluene. The devices were then cleaned by sonication in toluene for 10 minutes, 

followed by rinsing sequentially with acetone, methanol, and isopropanol, and drying 

under a flow of N2. The H2O contact angle for the SiO2 surface after OTS-18 treatment was 
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in the range of 95-105o; the OTS-18 modified SiO2 dielectric has a capacitance of 1.1 x 10-

4 Fm-2. Polymer solutions (10 mg/ml) were then blade coated onto substrates or spin-coated 

(90 s, 1500 rpm) under ambient conditions. The capacitances of the dielectric layers were 

measured using an Agilent 4284A Precision LCR Meter. All OFET characterizations were 

performed using a probe station inside a nitrogen filled glovebox using an Agilent 4155C 

semiconductor parameter. The FET mobilities were calculated from the saturation regime 

in the transfer plots of VG versus ISD by extracting the slope of the linear range of VG vs. 

ISD
1/2 plot and using equation 9: 

 𝛿𝐼𝑆𝐷
1/2

𝛿𝑉𝐺
= (𝜇𝑒𝐶𝑜𝑥

𝑊

2𝐿
)1/2 (9) 

Where ISD and VSD are the source-drain current (A) and source-drain voltage (V), 

respectively; VG is the gate voltage (V) scanning from -20 to 80 V (for BGBC OFETs) in 

the transfer plot; Cox is the capacitance per unit area of the gate dielectric layer. W and L 

refer to the channel length and width; µe represents the electron field-effect mobility in the 

saturation regime (cm2V-1s-1). In this study, the threshold voltage, VT, was calculated by 

extrapolating VT = VG at ISD = 0 in the VG vs. ISD
1/2 curve. The current on/off ratio, Ion/off, 

was determined through dividing maximum ISD (ION) by the minimum ISD at about VG in 

the range of -20 to 0 V (IOFF). It was noted that PDBPyBTz field-effect mobility was more 

stable and hysteresis was reduced after thermal annealing at 150 oC for 90 minutes in 

OFETs and no obvious improvement was observed at annealing temperatures above 150 

oC. 
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The microwave irradiated polymerizations were conducted using a CEM Discover 

SP System. 1H and 13C NMR spectra were recorded using a Varian Mercury Vx 300 nuclear 

magnetic resonance spectrometer or Bruker Avance IIIHD 700 nuclear magnetic resonance 

spectrometer. The complete synthetic route to PDBPyBTz is shown in Figure 2-3. 

Associated NMR spectra can be found in the appendix.  

 

Figure 2-3 Synthetic Route to PDBPyBTz 

2.2.1.1 Synthesis of 11-(bromomethyl)tricosane (1)  

PPh3 (6.6 g, 25.1 mmol) was added to a 100 mL round bottom flask equipped with 

a stir bar and addition funnel, which was then degassed/refilled with N2 three times. 15 mL 

of anhydrous dichloromethane (DCM) was then transferred to the flask to dissolve the 
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PPh3. The reaction flask was then placed in an ice-bath. When the reaction mix was at 0 

oC, Br2 (1.1 mL, 21.4 mmol) was then added drop-wise via the addition funnel, turning the 

solution from yellow to orange. 2-Decyl-1-tetradecanol (10 g, 28.1 mmol) was then added 

dropwise to the reaction mix, followed by an additional 4 mL of DCM. The reaction mix 

was then allowed to reach room temperature and stirred overnight. The solvents were then 

removed, and the product extracted with hexanes and purified via column chromatography 

(silica gel, hexanes eluent) to yield 8.5 g of colorless transparent oil (72% yield). 1H NMR 

(300 MHz, CDCl3): δ 3.45 (d, J = 3.4 Hz, 2H), 1.59 (m, 1H), 1.27 (m, 40 H), 0.88 (m, 6H). 

NMR agreed with that reported by Guo et. al.114 

2.2.1.2 Synthesis of PyDPP (2) 

5-Bromopyridine-2-carbonitrile (6.19 g, 34 mmol), diethyl succinate (2.61 g, 15 

mmol), and 2-methylbutan-ol (70 mL) were added to an oven-dried round bottom flask 

equipped with a condenser and stirred at room temperature. Oven-dried potassium t-

butoxide (4.14 g, 37 mmol) was then added all at once, at room temperature. The reaction 

was heated to 100 oC and allowed to stir overnight. The reaction mixture was then allowed 

to reach room temperature, and precipitated in MeOH followed by filtration to yield 2.08 

g of insoluble red solid (31% crude yield). The insoluble product was used in the next step 

without characterization.106 

2.2.1.3 Synthesis of PyDPP-Al (3) 

PyDPP (2) (500 mg, 1.1 mmol) and potassium carbonate (400 mg, 2.9 mmol) were 

combined in a round bottom flask which was placed under N2. Anhydrous 

dimethylformamide (DMF) was then added via cannula. The mixture was stirred at 90 oC 
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for 30 minutes to dissolve, where the reaction mixture turned from red to dark blue. 1-

bromo-2-octyldodecane (1, 1.15 g, 2.7 mmol) was then added via syringe then heated to 

130 oC, turning from blue to maroon within a minute of adding the alkyl bromide. The 

reaction was closely monitored via TLC for disappearance of starting material, then 

allowed to cool to room temperature after 1 hour. The reaction mixture was diluted with 

ethyl acetate (EtOAc) and washed with brine (9 x 20 mL) to remove DMF, then the solvent 

was rotovapped from the combined organic fractions. The product was then purified via 

column chromatography (silica gel, toluene eluent) to give 0.660 g of an oily maroon solid 

(59% yield). 1H NMR (300 MHz, CDCl3) δ 8.94 (d, J = 8.6 Hz, 2H), 8.74 (d, J = 2.4 Hz, 

2H), 8.01 (dd, J = 8.6 Hz, 2H), 4.28 (d, J = 7.3 Hz, 4H), 1.60 (s, 2H), 1.20 (s, 90 H), 0.87 

(t, J = 8.5 Hz, 17H). 13C NMR (400 MHz, CDCl3) δ 162.47, 150.09, 146.05, 144.96, 

139.69, 128.34, 122.45, 111.42, 45.29, 38.21, 31.93, 31.90, 31.44, 30.01, 30.00, 29.68, 

29.66, 29.62, 29.56, 29.37, 29.33, 26.37, 22.69, 22.68,14.13, 14.12. Overlapping of alkyl 

peaks in 13C NMR spectra. Both NMR spectra are in agreement with previous 

reports.106,115,116 Please see Figure A-2 and Figure A-3 in Appendix for spectra. 

2.2.1.4 Synthesis of 2,2’-Bithiazole (4) 

Freshly distilled diisopropylethylamine (DIPEA, 2.13 mL, 12.20 mmol), 2-

bromothiazole (2.00 g, 12.20 mmol), tetra-n-butylammonium bromide (1.97 g, 6.1 mmol), 

and palladium(II) acetate (Pd[OAc]2, 0.14 g, 0.61 mmol) were dissolved in anhydrous 

toluene (30 mL) under N2, and refluxed at 120 oC overnight. The reaction mixture was then 

allowed to reach room temperature before extraction into dichloromethane, and the 

combined organic fractions washed with brine and dried over MgSO4. The solvent was 

removed leaving a brown oil which was purified via column chromatography (silica gel, 
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dichloromethane eluent).  Yellow solid was collected (0.82 g), which was recrystallized in 

heptanes to produce an off-white crystalline solid (yield 80%).113 1H NMR (CDCl3, 300 

MHz) δ 7.91 (d, J = 7.80 Hz, 2H), 7.45 (d, J = 7.45 Hz, 2H). Please see Figure A-4 in 

Appendix for spectrum.  

2.2.1.5 Synthesis of 5,5’-Bis(trimethylstannyl)-2,2’-bithiazole (5) 

Freshly distilled diisopropylamine (DIPA, 0.6 mL, 4.27 mmol) in anhydrous THF 

(2 mL) under N2 was cooled to -78 oC, followed by dropwise addition of n-butyl lithium 

(1.37 mL [2.5 M solution in hexanes], 3.7 mmol) to prepare the lithium diisopropylamide 

reagent. The solution was stirred for 30 minutes under N2 at 0 oC, then cooled back down 

to -78 oC for the dropwise addition of a solution of 2,2’-bithiazole (200 mg, 1.22 mmol) in 

THF (1 mL) which generated an orange solution. After stirring at -78 oC for 2 hours a 

solution of trimethyl tin chloride (4.44 mL [1.0 M solution in hexanes], 4.44 mmol) was 

added, and the reaction mix allowed to reach room temperature and stir for 12 hours. The 

reaction mix was then poured into distilled H2O, extracted with DCM, and the combined 

organic fractions washed with brine and dried over MgSO4. The solvent was removed then 

the product was washed with hexanes at -78 oC, leaving 0.417 g of an off-yellow/orange 

solid (69% yield).113 1H NMR (300 MHz, CDCl3) δ 7.79 (s, 2H), 0.44 (s, 18 H). Please see 

Figure A-5 in Appendix for spectrum.   

2.2.1.6 Polymerization of PDBPyBTz 

An oven-dried 10 mL microwave vial was charged with monomer 5 (150 mg, 

3.04x10-4 mmol), monomer 3 (305.5 mg, 3.04x10-4 mmol, triphenylphosphine (9.3 mg, 

3.55x10-5 mmol), tris(dibenzylideneacetone)dipalladium(0) (8.06 mg, 8.81x10-6 mmol), 
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anhydrous toluene (7.8 mL) and anhydrous dimethylformamide (0.78 mL) under nitrogen 

atmosphere. The mixture was placed in a microwave reactor for 60 minutes at 100 oC at 

200 W power while stirring at 0 atm. The color of the reaction mixture turned from blue to 

purple after polymerization. The reaction mix was then precipitated into methanol, and the 

solids collected by filtering through a cellulose Soxhlet thimble. The polymer was then 

purified via sequential Soxhlet extraction in MeOH (24 hr), acetone (24 hr), hexanes (24 

hr), and extracted with CHCl3 (24 hr). The concentrated chloroform solution was 

precipitated in MeOH and filtered to yield 0.217 g of blue solid (48% yield). NMR spectra 

(Figure A-6, Figure A-7, appendix) of very low resolution, and individual peaks cannot be 

identified and for this reason no couplings or integration data are included. 1H NMR 

(CDCl3, 700 MHz) δ 9.10-7.41 (m, aromatic peaks), 4.34 (m, presumably N-CH2 peak), 

1.98-0.57 (m, alkyl peaks). 13C NMR (CDCl3, 700 MHz, ppm) δ 161.92, 160.66, 149.81, 

145.93, 144.09, 141.37, 137.51, 133.46, 127.62, 111.59, 38.31, 31.93, 31.47, 30.10, 29.70, 

29.39, 26.45, 22.68, 14.12 (many overlapping peaks). Mw = 11,849, PDI (Ð) = 1.7 (Figure 

2-4). Tg at 66.9 oC.  

2.2.1.7 Molecular Weight Distribution 

PDBTz  was synthesized according to literature procedures113 using 1 as the side 

chain, with a MW of 46,175, MN  of 12,042 g/mol and Đ of 3.83 (Figure 2-5). A commercial 

sample of PDBPyBT was purchased from Ossila chemical, and found to have a MW of 

29,300, MN  of 11,350, and Đ of 2.58 (Figure 2-6). GPC analysis was performed under the 

same conditions for all polymers for consistency.  
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Figure 2-4 GPC characterization of PDBPyTz in 1,3,5-trichlorobenzene at 135 oC.2  

 

Figure 2-5 GPC characterization of PDBTz with TCB at 135 oC.3 

                                                 
2 GPC analysis of PDBPyBTz done by Dr. Bing Xu  
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Figure 2-6 GPC characterization of PDBPyBT with TCB at 135 oC.4 

2.2.1.8 Thermal Characterization 

PDBPyBTz is stable up to 335 oC (Figure 2-7). DSC characterization (Figure 2-8) 

showed a glass transition temperature at 66.9 oC but no other thermal transitions up to 290 

oC. These results are not unusual as it is common for conjugated DPP-polymers to exhibit 

high thermal stability and not have a melting temperature below the decomposition 

temperature.  

                                                 
3 GPC analysis of PDBTz done by Bronson Cox 
4 GPC analysis of PDBPyBT done by Bronson Cox 
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Figure 2-7 Thermogravimetric Characterization of PDBPyBTz in nitrogen atmosphere 

(25 mL/min) at a heating rate of 10 oC/min. 

 

 

Figure 2-8 Thermal characterization of PDBPyBTz using differential scanning 

calorimetry. DSC characterization was based on the 3rd heating/cooling process in a 

nitrogen atmosphere with a nitrogen flow rate of 50 mL/min and a heating/cooling rate of 

10 oC/min. 

2.3 Results and Discussion  



 43 

2.3.1 Molecular Geometry and Frontier Orbitals5 

It is useful to begin with a discussion of the equilibrium geometry of PDBPyBTz 

at room temperature, as the planarity of the conjugated backbone directly impacts the 

conjugation length along a single polymer chain. The total energies of a single repeat unit 

of PDBPyBTz were calculated as a function of the indicated torsional angles shown in 

Figure 2-9 (note the alkyl chains were replaced with a t-butyl group to save computational 

time). Thermal energy at standard temperature (300 K) is denoted with the black dotted 

line for reference.  

 

Figure 2-9 Potential energy surface (PES) curves illustrating the torsional angles between 

the DPP and pyridinyl units (red line), between the pyridine and thiazole units (blue line), 

with the geometry optimized at the ωB97X-D/6-31G(d,p) level of theory. The dotted line 

                                                 
5 The results presented in Section 2.3.1 are a result of a collaboration primarily between Dr. Simil Thomas 

(Bredas lab) and Carolyn Buckley (myself). All computations were performed by Dr. Simil Thomas and are 

presented here as they are integral to the interpretation of experimental results and hence the conclusions 

made from the study. In no way do I claim credit for any of the computations presented here. All figures 

containing computational results will be noted in the spirit of full transparency and to avoid any confusion. 
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represents thermal energy at 300 K (≈0.6 kcal/mol). [Computational results done by Dr. 

Simil Thomas] 

There are two energy minima at 30o and 150o for the torsional angle between the 

thiazole and pyridinyl units, with a small barrier height of ca. 2.4 kcal mol-1 (less then 

ambient thermal energy) at 0o between these minima. As the 2,2’-bithiazole moiety is 

known to be planar117, one can expect the entire monomer unit to be oriented ± 30o with 

the neighboring pyridinyl moieties at room temperature. The torsional angle between the 

pyridine and DPP-core has a single minimum at 0o, with a large torsional energy barrier 

far surpassing thermal energy at 300 K. It clear that the pyridinyl nitrogen energetically 

favors facing the neighboring amide nitrogen and will not deviate far from this coplanar 

formation in ambient conditions.113 

 

Figure 2-10 Visualization of the frontier molecular orbitals of the PDBPyBTz tetramer 

obtained at the tuned-ωB97XD/6-31G(d,p) level. [Calculations done by Dr. Simil 

Thomas] 

The frontier molecular orbital wavefunctions for the PDBPyBTz tetramer are 

shown in Figure 2-10. The orbital coefficients are indicated by the size of the colored 

‘clouds’ above and below the respective atoms, representing the electron density 

distribution across the surface of the molecule with the parity of the orbitals denoted by 

color. It can be seen (Figure 2-10) that the HOMO is localized on the core DPP moieties, 
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while the LUMO is slightly more delocalized across the conjugated backbone with 

noticeably larger orbital coefficients on the pyridinyl and bithiazole moieties.  

 

Figure 2-11 Singly occupied molecular orbitals (SOMOs) of the PDBPyBTz tetramer, 

depicting a) the anion and b) the cation wavefunctions. [Calculations done by Dr. Simil 

Thomas as the ωB97XD/6-31G(d,p) level] 

 In a transistor device the injection of holes and electrons from the source and drain 

contacts under an applied bias essentially ‘dopes’ the polymer semiconductor, and so it is 

useful to visualize how the electron density is distributed across the molecular structure in 

the cationic and anionic forms (as it would be in bearing injected holes and electrons, 

respectively). Figure 2-11a shows the anion wavefunction distributed across a single repeat 

unit of the PDBPyBTz tetramer, while Figure 2-11b shows the cation wavefunction largely 

localized on the DPP core and minimally present on the flanking pyridinyl units.  

2.3.2 Characterization of Optoelectronic Properties 

The UV-vis absorption spectra for both solution and blade-coated thin films of 

PDBPyBTz are presented in Figure 2-12, while the spectral characteristics are summarized 

in Table 2-1. The more intense absorption bands between 550-700 nm, and the lower 

intensity bands between 350-450 nm are attributed to π-π* transitions. Minimal positive 

solvatochromism was seen in the 0-1 blue-shift of λmax from the chloroform to p-xylene 
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solutions, indicating a slight destabilization of this excited state upon decreasing solvent 

polarity.118 The λmax of the chloroform solution (632 nm) and thin film (656 nm) for the 0-

0 transition of PDBPyBTz is blue-shifted from that of its bithiophene analog, PDBPyBT 

(683 nm and 695 nm, respectively)106 and its thiophene substituted DPP analog PDBTz 

(767 nm and 765 nm, respectively).113 This is consistent with the lesser electron-rich nature 

of PDBPyBTz that consists of two acceptor units, in comparison to that in typical D-A 

copolymers.  

Table 2-1 UV-Vis spectral absorption characteristics of PDBPyBTz and analogous 

previously reported polymer structures. 

Polymer  Solvent 

0-0 0-1 

Eg
opt 

[eV] 

λmax
abs, soln 

[nm] 

λmax
abs, film 

[nm] 

λmax
abs, soln 

[nm] 

λmax
abs, film 

[nm] 

PDBPyBTz  
CHCl3 632 656 591 600 1.47 

p-xylene 636 656 588 602 1.47 

PDBTz113 CHCl3 767 765 702 697 1.33 

PDBPyBT106 CHCl3 683 695 ~630 ~650 1.65 
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Figure 2-12 UV-Vis Spectra of PDBPyBTz in both solution (1 x 10-6 M, chloroform, p-

xylene) and thin film, and the calculated TD-DFT spectrum (assuming a surrounding 

medium with a dielectric constant corresponding to CHCl3) [DFT done by Dr. Simil 

Thomas]. Film UV-Vis spectra were obtained by spincoating solutions onto UV-ozone 

cleaned SiO2 slides before deposition. 

The changes observed in the solution vs. solid-state absorption spectra are 

consequences of an increase in intermolecular interactions and molecular ordering among 

the PDBPyBTz chains, and can provide insight into the types of aggregates formed, 

provided that the strengths of the intermolecular excitonic coupling and vibronic coupling 

are similar.119 The absorption spectra of the thin films, having similar maxima at 656 nm, 

are bathochromically shifted from the solution spectra of the polymer in either solvent, 

which is indicative of J-aggregation according to Kasha’s theory.120 In addition, the ratio 

of the first two vibronic peak intensities for the 0-0/0-1 transitions is below unity in both 

solution spectra and becomes inverted in the thin-film absorption spectra. This observation 

is further evidence of J-aggregation, as it has been shown that with increasing exciton 

bandwidth, J-[H]-aggregates will show an increase [decrease] in the ratio of the oscillator 



 48 

strengths of the first two vibronic peaks in absorption spectra.119,121,122  Interestingly, there 

is no change in the λmax of the films after annealing above the Tg at 100 oC for 1.5 hours. 

The optical gap (Eg
opt) of PDBPyBTz evaluated from the solid-state absorption onset is ca. 

1.47 eV, which is smaller than that of PDBPyBT (Eg = 1.65 eV)106 but larger than that of 

PDBTz (Eg = 1.33 eV).113  

 

Figure 2-13 Photoluminescence spectra of PDBPyBTz in both solution (chloroform) and 

thin film.6 

Photoluminescence spectra of PDBPyBTz were obtained for both solution and thin-

film, using an excitation wavelength of 637 nm from a continuous-wave laser (Figure 

2-13). The fluorescence spectrum of the thin film had a λmax of 698 nm, while λmax in the 

solution state was at 679 nm. It should be noted that the fluorescence spectra are not mirror 

                                                 
6 PL spectra obtained with much help from Dr. Ilaria Bargigia 
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images of the absorption spectra, both being single-peaked and displaying Stokes shifts of 

47 and 42 nm for solution and film absorption maxima, respectively.  

 

Figure 2-14 Electrochemical characterizations of PDBPyBTz polymer films under cyclic 

voltammetry (CV). PDBPyBTz thin films drop-casted on glassy carbon electrode. 

TBAPF6 (0.5 M, propylene carbonate) electrolyte, Ag/Ag+ (10mM AgNO3/MeCN, 0.085 

V vs. Fc/Fc+) reference electrode.  

The redox potentials of PDBPyBTz thin films were investigated using cyclic 

voltammetry (Figure 2-14). PDBPyBTz exhibits an onset reduction peak at -1.256 V (vs. 

Fc+/Fc), followed by two reversible reduction peaks at -1.460 V and -1.618 V (vs. Fc/Fc+). 

The reversibility of the two reductions demonstrates the stability of PDBPyBTz as an 

electron carrier. An onset oxidation potential is seen at 0.346 V (vs. Fc+/Fc), followed by 

an irreversible oxidation peak at 1.131 V (vs. Fc+/Fc). As the energy of the standard 

calomel electrode (SCE) is taken to be 4.7 eV vs. vacuum123, and Fc+/Fc is +0.380 V vs. 

SCE38, the formal potential of the Fc+/Fc redox couple can be approximated as -5.1 eV on 

the energy scale.44,100 With this approximation, the onset oxidation and reduction potentials 

correspond to an ionization potential (IP) and electron affinity (EA) of 5.45 and 3.84 eV, 

respectively, and a transport gap of 1.61 eV. 
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Figure 2-15 Cyclic voltammograms of PDBPyBT polymer films. Polymer thin films 

drop-casted on glassy carbon electrode. TBAPF6 (0.5 M, propylene carbonate) 

electrolyte, Ag/Ag+ (10 mM AgNO3/MeCN, 0.085 V vs. Fc/Fc+)7 

The ionization potentials of PDBPyBTz and PDBTz were estimated from cyclic 

voltammetry in a similar manner, using the approximations mentioned above. PDBPyBT 

(Figure 2-15) had an irreversible oxidation peak at +1.033 V (vs. Fc/Fc+) with an onset 

oxidation potential of +0.7429 V (vs. Fc/Fc+). One reversible reduction peak can be seen 

at -1.335 V (vs. Fc/Fc+), with the onset reduction potential at -1.055 V (vs. Fc/Fc+). These 

onset oxidation and reduction potentials of PDBPyBT correspond to an IP of -5.84 eV and 

an EA of -4.04 eV, respectively.  

                                                 
7 CV of PDBPyBTz taken by Brian Khau 
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Figure 2-16 Cyclic voltammograms of PDBTz polymer films. Polymer thin films drop-

casted on glassy carbon electrode. TBAPF6 (0.5 M, propylene carbonate) electrolyte, 

Ag/Ag+ (10 mM AgNO3/MeCN, 0.085 V vs. Fc/Fc+) reference electrode.8 

 PDBTz (Figure 2-16) has two reversible reduction peaks at -1.323 V and -1.599 V 

(vs. Fc/Fc+), with the onset of the (first) reduction at 1.140 V (vs. Fc/Fc+). The irreversible 

oxidation peak at +1.083 V (vs. Fc/Fc+) in the first potential sweep is preceded by the onset 

oxidation potential of +0.499 V (vs. Fc/Fc+). These onset oxidation and reduction 

potentials of PDBTz correspond to an IP of -5.60 eV and an EA of -3.96 eV, respectively.  

                                                 
8 CV of PDBTz taken by Brian Khau 
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Figure 2-17. (left) UPS characterization of blade-coated PDBPyBTz film on ITO-coated 

glass; (right) zoomed-in of lower binding energy region of UPS spectrum. 

Ultraviolet photoelectron spectroscopy (UPS) was used to determine the intrinsic 

IP of thin films of PDBPyBTz, which was found to be 5.2 eV (Figure 2-17). With an optical 

gap of 1.47 eV and an exciton binding energy of approximately 0.14 eV (estimated using 

the transport gap of 1.61 eV), this would predict an electron affinity of 3.59 eV. 

Considering the assumptions and uncertainties inherent to conversion factors relating redox 

potentials to solid-state ionization potentials, we consider the values obtained from the UPS 

measurements to be consistent with that estimated from the cyclic voltammetry results.44,124 

Both the CV and UPS results of PDBPyBTz are suggestive of good ambient stability 

towards oxidation.69  

 



 53 

 

 

Figure 2-18. Comparison of the DFT-ωB97XD calculated [by Dr. Simil Thomas] ionization potentials and electron affinities for the 

monomer units with the experimental values for the resultant polymers, in units of eV. Energy differences between monomer units are 

given in black, and energy differences between EA energies are given in green. 
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A comparison of the calculated and experimental IPs and EAs between PDBPyBTz, 

analogous materials PDBTz and PDBPyBT, and component monomers reveals the 

difficulties in determining structure-property relationships in narrow bandgap polymeric 

semiconductors (Figure 2-18). In contrast with previous studies113,125 and the conventional 

approach to the D-A (and A-A) design strategy, the substitution of the bithiophene moiety 

with bithiazole in PDBPyBTz did not result in larger estimated IP and EA values than those 

observed for PDBPyBT. Similarly, the use of the DBPy moiety did not result in the 

expected lower ionization energies in comparison to the TDPP moiety.106 Electrochemical 

methods of estimating gas-phase ionization potentials present a number of sources of 

uncertainty which make it difficult to evaluate the precision of these estimations and 

consequently the qualitative value in comparing estimations between polymer 

semiconductors.42–44,126 Indeed, there are minor discrepancies observed between previously 

reported estimations of IP and EA for PDBPyBT106, PDBTz113, and those reported here. 

Bearing these uncertainties in mind, the results can be understood by examining the 

theoretical MO calculations of the frontier orbital geometries in assessing the effectiveness 

of π-delocalization in the system. 
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Figure 2-19 Magnification of the frontier orbital wavefunctions for examining the orbital 

parities. Representative nodes in the HOMO wavefunction are denoted with red arrows. 

[Calculations done by Dr. Simil Thomas] 

As discussed above, the HOMO coefficients are localized on the DPP aromatic core 

and minimally present on the flanking pyridinyl moieties or BTz units (Figure 2-10). Upon 

closer inspection, nodes in the HOMO wavefunction can be seen on both the pyridinyl 

carbon atoms connected to the DPP core, between the atoms connecting the pyridinyl and 

BTz moieties, and between the two adjacent thiazole moieties (Figure 2-19). Nodes 

between these units are absent in the LUMO wavefunction, which has greater 

delocalization along the polymer chain. Similar nodal patterns are seen between the 

SOMOs of the ions, with the anion wavefunction delocalized across the repeating unit and 

the cation wavefunction localized on the DPP core (Figure 2-11). The electronic structure 

of these wavefunctions may explain why greater LUMO stabilization was seen in 

PDBPyBT than in PDBPyBTz despite a larger energy difference between the monomer 

units of the former (Figure 2-18). These observations highlight the need to consider the 

fundamental principles of perturbation MO theory in selecting monomeric units using the 

A-A design strategy; namely, that the strength of the interaction is not only dependent on 
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the relative orbital energies of the component moieties, but also a function of the degree of 

orbital overlap which affects the final shape of the product orbitals.15 The differences in 

the spatial extent of positive and negative charge carriers has implications for charge 

transport49,127 between holes and electrons in thin films,46 which can affect the performance 

of these materials in OFET devices.128  

2.3.3 OFET Device Characteristics 

The charge carrier properties of PDBPyBTz were evaluated in bottom-gate, 

bottom-contact (BGBC) OFET devices using a p-doped Si substrate as the gate electrode, 

with a 300 nm thick layer of thermally grown SiO2 as the gate dielectric, which was 

passivated with OTS-18 to minimize surface charge trapping. As stated in the experimental 

section of this chapter, the fixed channel dimensions were 50 μm in length and 2 mm in 

width.  

Similar to a previous report of an all-acceptor DPP-polymer,97 PDBPyBTz-based 

OFETs demonstrated solely n-channel transport with negligible hysteresis (Figure 2-20), 

and no obvious source-drain current under negative gate bias even when Au electrodes 

were used. The mobilities were extracted from the saturation regime, and the OFET 

performance measured for six devices under each processing condition. Representative 

transfer and output curves for PDBPyBTz OFET devices blade-coated from p-xylene are 

shown in Figure 2-21 and Figure 2-22, respectively. The average electron mobility (μe) of 

blade-coated PDBPyBTz devices were approximately 0.02 cm2V-1s-1, with a maximum μe 

of 0.054 cm2V-1s-1 (Table 2-2).  
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Figure 2-20 Transfer curve of BGBC OFET device with PDBPyBTz (blade-coated from 

p-xylene solution) over a gate bias range of -80 V to 80 V over 20 consecutive potential 

sweeps. The scale of the current (ID) is linear as shown here. 

 

Figure 2-21 Representative transfer curve of PDBPyBTz blade-coated from p-xylene 

solution in BGBC OFET under positive gate bias in the saturation regime, zoomed-in to 

show the linearity of the ID
1/2 vs. VG curve. 
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Figure 2-22 Representative output curves of PDBPyBTz (blade-coated from p-xylene) 

BGBC OFET devices (corresponding to that shown in Figure 2-21). 

 

Figure 2-23 Plot of mobility vs. gate bias of PDBPyBTz devices 

The mobility is reasonably independent of gate bias over a large voltage range 

(specifically the range from which mobilities were extracted), as shown in Figure 2-23. 

This suggests the devices do not violate the assumptions of the gradual channel 
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approximation and gives us confidence that the mobilities extracted from the data using the 

Schockley equations are reasonably accurate.60,61 Below a gate bias of approximately 35 

V, the mobility becomes noticeably dependent on the gate bias as the device enters the sub-

threshold regime.  
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Table 2-2 FET transport properties of PDBPyBTz on OTS-modified BGBC OFET devices under varying annealing temperatures and 

processing solvents. 

Polymer Solvent Annealing 

μe [cm2V-1s-1] VT 

[V] 

ION/IOFF 

Average Max 

PDBPyBTz  

CHCl3 

Pristine 0.010 ± 0.002 0.013 23.1 ± 2.2 104-105 

100 oC 0.019 ± 0.002 0.022 22.6 ± 2.9 102-105 

125 oC 0.017 ± 0.001 0.019 18.0 ± 1.3 102-106 

150 oC 0.017 ± 0.001 0.019 20.1 ± 3.4 103-104 

p-xylene 

Pristine 0.018 ± 0.007 0.023 27.5 ± 1.0 104-105 

100 oC 0.021 ± 0.002 0.027 26.2 ± 1.5 102-106 

125 oC 0.020 ± 0.001 0.023 23.9 ± 2.5 104-106 

150 oC 0.023 ± 0.002 0.030 30.5 ± 3.5 103-106 
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As shown in Table 2-2, there did not appear to be much difference in OFET 

performance between PDBPyBTz devices blade-coated from p-xylene or chloroform. 

Additionally, annealing the devices only marginally improved the OFET performance, 

with no clear trends seen in the averaged data. While PDBPyBTz did not show a melting 

temperature below its decomposition temperature, the annealing temperatures used were 

above the Tg (Figure 2-7, Figure 2-8). The annealing results are unusual for organic 

semiconductors, as annealing typically allows for the polymer chains to locally arrange 

themselves in more thermodynamically favorable arrangements maximizing 

intermolecular (interchain) interactions, which is coincidentally beneficial for charge 

transport (e.g. increased crystallinity, increased interchain interactions, closer π-π stacking, 

etc).129–131  

As the reference publications of the analogous PDBPyBT and PDBTz polymers 

reported the mobilities of devices of different architectures and materials106,113, it was 

decided that  the performance of these semiconductors in OFET devices (identical to those 

used for PDBPyBTz in this study) under the same processing conditions would provide for 

an invaluable comparison between the three semiconductors. The OFET performance data 

for spin-coated and blade-coated devices of the polymers are shown in Table 2-3 (gate 

leakage currents shown in Figure A-15). The data was collected from 6 devices for each 

processing condition. Interestingly, there were only negligible differences in n-channel 

performance between spin- and blade-coated devices of PDBPyBTz. In contrast, 

PDBPyBTz and PDBTz demonstrated remarkably different performance from PDBPyBTz 

(Figure 2-24). Both PDBPyBT and PDBTz demonstrated ambipolar behaviour whereas 
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PDBPyBTz was unipolar (n-channel) in the same OFET device structures (Figure 2-24 and 

Figure 2-25).  
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Table 2-3 OFET performance results of PDBPyBTz, PDBPyBT, and PDBTz under various processing conditions 

Polymer Process Solvent 

μe [cm2V-1s-1] VT 

[V] 

ION/IOFF 

μh [cm2V-1s-1] VT 

[V] 

ION/IOFF 

Average Max Average Max 

PDBPyBTz  

Blade 

CHCl3 0.010 ± 0.002 0.013 23.1 ± 2.2 104-105 - - - - 

p-xylene 0.019 ± 0.002 0.022 22.6 ± 2.9 102-105 - - - - 

Spin 

CHCl3 0.018 ± 0.007 0.023 27.5 ± 1.0 104-105 - - - - 

p-xylene 0.021 ± 0.006 0.032 23.9 ± 2.5 104-105 - - - - 

PDBPyBT 

Blade 

CHCl3 
6.6x10-4 

± 5.5x10-4 
1.9x10-3 14.2 ± 9.6 102-104 5.07x10-4 

± 1.3x10-4 
7.5x10-4 

-23.8 

± 6.81 

103-104 

 

p-xylene 
4.4x10-4 

± 7.8x10-5 
5.51x10-4 -37.9 ± 6.3 102-103 4.6x10-4 

± 2.1x10-3 
2.1x10-3 

-31.9 

± 4.84 
102-103 

Spin 

CHCl3 0.020 ± 0.007 0.031 -16.5 104 * * * * 

p-xylene 
0.065 

± 7.4x10-4 
0.031 -18.6 ± 3.9 102-103 * * * * 

PDBTz Blade p-xylene 
2.24x10-4 

± 5.2x10-5 
3.6x10-4 -6.24 ± 1.5 102 * * * * 
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Figure 2-24 Representative comparison of transfer characteristics of the BGBC OFET 

devices fabricated by spin-coating solutions of PDBPyBTz (left) and PDBPyBT (right) 

from CHCl3 (top) and p-xylene (bottom) solutions.  
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Figure 2-25 Transfer characteristics of PDBPyBT (top) and PDBTz (bottom) blade-

coated from p-xylene, with direction of the bias sweep noted with red arrows. 

PDBPyBT blade-coated from p-xylene had an average μe of 4.4x10-4 cm2V-1s-1, 

while PDBTz deposited under the same conditions had an average μe of 2.2x10-4
 cm2V-1s-

1; both these values are two orders of magnitude below that seen for PDBPyBTz. OFET 

devices fabricated with both PDBPyBTz and PDBTz exhibited severe hysteresis, as can be 

seen in the transfer curves (Figure 2-24,  Figure 2-25). The changes in the device 

performance with each consecutive sweep of the gate bias was similar for both PDBPyBT 

and PDBTz.   
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Figure 2-26  Example bias effects shown for six consecutive gate bias sweeps of an 

OFET device with PDBPyBT blade-coated from p-xylene. The direction of the voltage 

sweep is indicated with blue arrows.  

The bias effects can be seen in Figure 2-26, in which the hole current increases with 

each consecutive cycle with visibly obvious increases in the slope of the ID
1/2 curve (from 

which mobility is extracted). The hole-current VT shifts in an increasingly positive 

direction with each potential sweep in the direction of gate-bias. Conversely, the electron 

current decreases with each potential sweep, but this change in current is much smaller 

than that seen in the hole current. These bias effects likely indicate the trapping of electron 

charges (Figure 2-27), as it is like the charge-trapping effects described by Okachi et. 

al.63,64 
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Figure 2-27 a) Distribution of induced mobile holes along the active channel in a non-

ideal transistor [a typical OFET] under a negative gate bias in the saturation regime 

during the first potential sweep [before any electrons are injected]. b) the same device in 

a subsequent potential sweep under negative gate bias, where trapped electrons [injected 

while device was under positive gate bias] increase the number of injected holes to satisfy 

charge neutrality. Figure adapted from reference 64. 

In the first potential sweep starting at a negative gate bias, only holes are present as 

the mobile charge carriers until the potential is swept past VG = 0 and under positive gate 

bias, when electrons are then injected as the majority charge carriers. Electron traps present 

in the active channel effectively dope the channel and cause non-ideal transistor 

characteristics as excess mobile holes are then injected to maintain charge neutrality. The 

current limitations normally present due to the pinch-off point are further reduced with 

each potential sweep (Figure 2-27b), further increasing the measured drain current. These 

effects would explain the increasing hole current and the increasingly positive shifts of VT 

for this hole current with each potential sweep. For these reasons the hole mobilities were 

not extracted for PDBPyBT and PDBTz devices (denoted by the asterisks in Table 2-3), as 
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the discrepancies of the VT across the active channel violates the assumptions of the 

Schockley equation, which precludes reliable hole mobility extraction.82,132 

It is interesting that the polymer with the highest estimated frontier energy levels 

(and hence the least efficient electron injection with Au contacts) (Figure 2-18) was the 

only polymer that demonstrated solely n-channel transport. As all the devices in this study 

were fabricated simultaneously under the same conditions, it is speculated that hole-traps 

specific to PDBPyBTz are the source of the unipolar charge transport. Bithiazole has been 

reported to form complexes with Lewis acids133 and it is possible that such interactions 

may be occurring with the BTz moieties in PDBPyBTz and the hole charge carriers, 

effectively blocking hole transport. 

2.3.4 Thin Film Morphology and Microstructure 

The surface morphologies of PDBPyBTz, PDBTz, and PDBPyBT films blade-

coated onto OTS-modified Si-substrates were characterized using tapping-mode atomic 

force microscopy (AFM). Non-annealed films blade-coated from both p-xylene and CHCl3 

solutions of PDBPyBTz appear to exhibit similar granular morphologies (Figure 2-28). 

The similarity in the surface morphologies is consistent with the similarity in OFET device 

performance parameters observed between films cast from the two solvents, as film 

morphology is known to have a profound influence on charge transport properties.134–136  

Upon annealing, the PDBPyBTz film cast from p-xylene forms a more interconnected 

structure, whereas the film coated from chloroform had no discernable morphology (apart 

from what is presumably deposited aggregates).  
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Figure 2-28 AFM images of PDBPyBTz devices blade-coated from p-xylene (left) and 

CHCl3 (right) onto OTS-18 modified Si/SiO2 substrates. Pristine substrates are shown in 

the top row, while those annealed at 150 oC for 30 minutes are shown in the bottom row.9 

AFM images of pristine PDBPyBT and PDBTz devices blade-coated from p-xylene 

can be seen in Figure 2-28. The PDBTz film appears to have small fibrous structures. 

                                                 
9 Images taken by Dr. Michael McBride 
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Figure 2-29 AFM images of pristine PDBPyBT (top row) and PDBTz (bottom row) 

devices blade-coated from p-xylene onto OTS-18 coated substrates.10  

                                                 
10 Images taken by Dr. Michael McBride 
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Figure 2-30 GIWAXS line cut patterns of blade-coated PDBPyBTz thin films on OTS-

modified Si/SiO2 substrates.  

To investigate PDBPyBTz chain packing, we carried out two-dimensional grazing-

incidence wide-angle X-ray scattering (2D-GIWAXS) on blade-coated films cast from p-

xylene onto OTS-modified Si substrates (300 nm SiO2 dielectric on heavily p-doped Si) 

(Figure 2-30; x-ray scattering patterns shown in Figure A-14). An isotropic ring can be 

observed at 2θ = ~ 25o corresponding to a d-spacing of 0.417 nm (4.17 Å), which is on the 

order typical of π-π stacking distances. The scattering intensities of this ring are similar in 

magnitude in both the [h00] and [0k0] directions. The well-defined diffraction peak at 2θ 

= ~ 6o corresponding to a d-spacing of 2.11 nm (21.1 Å) is attributed to highly ordered 

lamellar d-spacing between the polymer chains and is of higher intensity in the [h00] 
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direction than the [0k0] direction. The [200] peak at 2θ = ~ 11o indicates a higher order of 

lamellar spacing between the 2-octyldodecyl side-chains separating the polymer chains. 

Herman’s orientation parameter was calculated to quantify the orientation distribution of 

the first-order lamellar stacking peak ([100]) and resulted in an S value of 0.46, indicating 

a mainly edge-on orientation.137 Such an edge-on orientation is conducive to in-plane 

charge-transport mobilities, such as those measured in OFET devices.105   

2.4 Summary and Conclusions 

A semiconducting polymer, PDBPyBTz, was synthesized using the all-acceptor 

design strategy using Stille microwave copolymerization of the electron deficient 2,2’-

bithiazole and bispyridinyl diketopyrrolopyrrole moieties. A high electron affinity of 3.87 

eV was estimated from electrochemical potentials, which is promising for stable n-channel 

OFET device operation. Spectral properties include a low optical bandgap of 1.47 eV and 

a λmax of 656 nm for the material in thin-film form. BGBC devices fabricated using blade-

coated PDBPyBTz active layers demonstrated unipolar n-channel charge transport, with 

electron mobilities reaching 0.02 cm2V-1s-1. That the IP and EA values of PDBPyBTz were 

lower (which corresponds to frontier levels higher in energy) in comparison with the 

analogous PDBPyBT and PDBTz copolymers comprised of more electron-rich monomers 

was a surprising result, which highlights the need to consider orbital parity and 

wavefunction distribution between component units in polymeric semiconductors in 

determining structure-property relationships of product materials and compatibility 

between candidate monomer pairs. It remains unclear why PDBPyBTz exhibited unipolar 

n-channel charge transport while the analogous PDBPyBT and PDBTz had ambipolar 

charge transport despite both having lower frontier energy levels than PDBPyBTz, but 



 73 

further investigation into the nature of the charge traps present in PDBPyBT films would 

likely clarify these surprising results. 
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CHAPTER 3. NANOFIBER GROWTH OF NAPTHALENE-

DIIMIDE POLYMERIC SEMICONDUCTORS IN BLADE-

COATED THIN FILMS 

3.1 Introduction11 

One of the main drivers for the pursuit of organic electronics is the solution-

processability of the active component materials, which has the potential to reduce 

manufacturing costs, enable large-area fabrication processes, and increase the variety of 

suitable substrates relative to their inorganic counterparts.5,138–141 Solution deposition 

techniques include inkjet printing, spin-coating142–145, brush-painting146, dip-coating147,148, 

and blade-coating149–151, among others. The deposition method has a profound influence 

on the morphology and alignment of semiconducting polymers within thin films, and hence 

the charge transport characteristics of the devices that are produced.152–154 Understanding 

the relationships between processing, morphology, and the resulting OFET performance of 

a polymer and how it relates to the molecular structure is of critical importance in the 

improvement of both the performance and reproducibility of devices.135,155–157  

The most commonly-used laboratory method of depositing polymer solutions for 

thin-films is spin-coating however this method is wasteful of materials and not amenable 

to commercial-scale large-area deposition of homogenous films, and more efficient 

deposition strategies are needed for industrial-scale applications.154 In contrast, the blade-

                                                 
11 Reproduced in part from Yuan, Z.; Buckley, C.; Thomas, S.; Zhang, G.; Bargigia, I.; Wang, G.; Fu, B.; 

Silva, C.; Bredas, J. L.; Reichmanis, E. Macromolecules 2018, 51, 7320-7328. Copyright 2018, American 

Chemical Society. 
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coating method is not only more efficient in the use of materials but is also more easily 

scaled-up from laboratory optimization to high-throughput and large-area 

processing.5,140,158,159 For these reasons, blade-coating was chosen as the processing 

technique for evaluating the mobilities in our studies of polymeric semiconductors for n-

channel OFET devices.  

The blade-coating process itself is simple, consisting of a blade dragging a polymer 

solution over a substrate surface, leaving a thin layer of solution which dries to leave a 

polymeric thin film as the solvent evaporates (Figure 3-1).  

 

Figure 3-1 Schematic of the blade-coating process, with relevant parameters defined at 

top 

The thickness of the film (h, Figure 3-1) is determined by the velocity (ν) of the 

blade. At lower velocities, the polymer solution is concentrated at the blade contact as the 

solvent evaporates at the surface of the meniscus (known as the evaporation regime). At 

faster velocities, the polymer solution is dragged out by viscous forces and dried after the 
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film is formed (known as the Landau-Levich regime).151,160 The final film structure is 

determined by the drying conditions, which in turn is a factor of the solvent and the 

substrate temperature.  

 

Figure 3-2 Molecular structures of PNDI2Tz (left) and PNDI2OD-T2 (right), with their 

reported backbone torsional angles noted in red. 

While preparing devices to study the OFET characteristics of PNDI2Tz (Figure 3-2), 

interesting morphological features were noticed on blade-coated films deposited on heated 

substrates. Additionally, it was noted that the highest mobility PNDI2Tz devices were on 

octadecyltrichlorosilane (OTS)-modified substrates. This chapter will describe 

investigations into observed nanofiber formation of the PNDI2Tz polymer (synthesized by 

Dr. Zhibo Yuan and characterized as part of a joint collaboration with the author).125,161 

Similar processing studies were performed in parallel on the structurally similar 

PNDI2OD-T2 (synthesized by Carolyn Buckley) to look for similarities in film-forming 

behavior. 

3.2 Experimental 

3.2.1 Materials and Methods 
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All reagents and solvents were reagent-grade, purchased from commercial sources 

and were used as received. Chloroform, dichloromethane, toluene, p-xylene (PX), 

isopropanol (IPA), tetrahydrofuran (THF), dimethylformamide (DMF), chlorobenzene, 

1,2-o-dichlorobenzene (o-DCB), 1,2,4-trichlorobenzene (TCB) were purchased as 

anhydrous-grade solvents from Sigma-Aldrich. THF was purified in an Mbraun solvent 

purification system (MB-SPS-800-AUTO). 2-Bromothiazole was purchased from 

Scientific Matrix. Tetrabutylammonium bromide (n-Bu4NBr), n,n-diisopropylethylamine 

(DIPEA), diisopropylamine (DIPA), palladium(II) acetate (Pd(OAc)2), 

tris(dibenzylideneacetone)-dipalladium(0) (Pd2(dba)3, tri(o-tolyl)phosphine (P-(o-tolyl)3), 

sodium diethyldithiocarbamate, and tetra-n-butylamminium hexafluorophosphate ([n-

Bu4N]+[PF6]
-), and ethylene glycol (EG) were purchased from Sigma-Aldrich. N-

octadecyltrichlorosilane (OTS), phenyltrichlorosilane (PTS), and hexamethyldisilazane 

(HMDS) was purchased from Gelest, Inc. Silica gel was purchased from Sorbent 

Technologies (Premium RfTM, porosity: 60 Å; particle size: 40-75 μm). Anhydrous 

chlorobenzene was degassed prior to use via a freeze-pump-thaw process.  
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Figure 3-3 Synthetic scheme for the monomeric components of PNDI2OD-T2 

3.2.1.1 Synthesis of 9-(bromomethyl)nonadecane (1) 

Triphenylphosphine (21.06 g, 80.3 mmol) was dissolved in DCM (60 mL) at room 

temperature under N2. 2-Octyldodecanol (20 g, 66.9 mmol) was added via syringe, and the 

reaction mix brought to 0 oC. N-bromosuccinimide (14.30 g, 80.3 mmol) was added slowly 

to the reaction mix, with care taken to not allow the reaction temperature to exceed 30 oC. 
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After addition was complete, the reaction was allowed to continue to react at 0 oC for 30 

minutes before warming to RT. The solvents were then removed, and the orange residue 

diluted with hexanes, and passed through a silica gel plug which was then washed with 

more hexanes. The solvent was then removed to give a colorless oil (full conversion). 1H 

NMR (CDCl3, 300 MHz) δ 3.45 (d, J = 4.7 Hz, 2H), 1.59 (m, 1H), 1.27 (s, 32H), 0.88 (t, J 

= 6.7 Hz, 6H). 1H NMR spectrum matches the literature report.162 The spectra can be found 

in Appendix (Figure A-10). 

3.2.1.2 Synthesis of 2-(2-ocyldodecyl)isoindoline-1,3-dione (2) 

9-(bromomethyl)nonadecane (10.0 g, 27.6 mmol) and potassium phthalimide (6.14 

g, 33.1 mmol) were added to 30 mL dimethylformamide under N2 and stirred overnight at 

100 oC. The reaction mix was then allowed to cool to RT and poured into dH2O and 

transferred to a separatory funnel. The product was extracted with DCM (3 x 10 mL), 

washed with 0.2 M KOH (2 x 25 mL), dH2O (8 x 25 mL), and saturated ammonium 

chloride (2 x 25 mL). The collected organic fractions were dried over MgSO4 and purified 

via column chromatography (silica gel, DCM eluent) to obtain the product as a light yellow 

oil (91% yield). 1H NMR (CDCl3, 300 MHz) δ 7.87-7.77 (m, 2H), 7.75-7.64 (m, 2H), 3.56 

(d, J = 7.3 Hz, 2H), 1.87 (s, 1H), 1.23 (s, 32 H), 0.86 (t, J = 6.7 Hz, 6H). 1H NMR spectrum 

matches the literature report.162 The spectra can be found in Appendix (Figure A-9). 

3.2.1.3 Synthesis of 2-octyldodecylamine (3) 

N-(2-decyltetradecyl) phthalimide (14.99 g, 35 mmol), hydrazine hydrate (5.13 mL 

51%, 105 mmol), and 100 mL of MeOH were stirred at 95 oC and monitored by TLC. After 

the disappearance of the starting imide, the methanol was removed and the residue diluted 
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with 100 mL DCM and washed with 10% KOH (2 x 50 mL). Aqueous layers were 

combined and extracted with DCM (3 x 20 mL) and dried over MgSO4. The removal of 

solvents afforded a yellow oil which was used in the next synthesis without further 

purification (93% yield). 1H NMR (CDCl3, 300 MHz) δ 2.60 (d, J = 3.5 Hz, 1H), 1.26 (s, 

36H), 0.88 (t, J = 6.7 Hz, 3H). 1H NMR spectrum matches the literature report.162 Spectra 

in Appendix (Figure A-11).  

3.2.1.4 Synthesis of Potassium Dibromoisocyanurate (4) 

Sodium dichloroisocyanurate dihydrate (66 g, 230 mmol) was dissolved in 600 mL 

of dH2O. In a separate flask, potassium bromide (71.4 g, 609 mmol) was dissolved in 1500 

mL dH2O. The dichloroisocyanurate solution was then added to the solution of potassium 

bromide, and mechanically stirred for 15 minutes (caution: solution becomes very viscous 

as white precipitate forms). The reaction mix was then filtered, the white precipitates 

washed with dH2O, and dried under vacuum overnight. The product was used in the next 

step with no characterization. 

3.2.1.5 Synthesis of 2,6-dibromo-1,4,5,8-tetracarboxynaphthalenediimide (5) 

Naphthalene dianhydride (9.99 g, 37.3 mmol) and potassium dibromoisocyanurate 

(26.65 g, 82 mmol) was added to 300 mL sulfuric acid (12 N) and brought to 85 oC under 

N2 to react overnight. The reaction mix was allowed to cool, poured into ice water and then 

filtered, washed with dH2O, and dried over high vac to yield 19.12 g of a yellow solid (full 

conversion). 1H NMR (d6-DMSO, 400 MHz)  Spectra in Appendix (Figure A-12).  

3.2.1.6 Synthesis of C8C10-Alkylated NDI (6) 
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2-octyldodecylamine (18.21 g, 61.19 mmol) and the dibrominated naphthalene 

dianhydride (6.5 g, 15.29 mmol) was added to 200 mL acetic acid (12 N) and refluxed at 

130 oC for 1.5 hours. After cooling to RT, the reaction mix was poured into cold methanol 

and filtered, then washed with MeOH and dried under high vac to give bright red solids. 

The product was purified via column chromatography (silica gel, 40 % DCM/Hexanes) to 

yield yellow solids (26% yield). Spectra in Appendix (Figure A-13). 1H NMR (CDCl3, 400 

MHz) δ 8.99 (s, 2H), 4.14 (d, J = 7.3 Hz, 4H), 1.97 (m, 2H), 1.40 -1.17 (m, 64 H), 0.86 (m, 

12 H). 1H NMR spectrum matches the literature report.163 

3.2.1.7 Synthesis of 5,5’-bis(trimethylstannyl)-2,2’-bithiophene (7) 

2,2’-Bithiophene (2 g, 12.02 mmol) was added to anhydrous THF (100 mL) at room 

temperature under N2 and allowed to stir for 15 minutes to dissolve before cooling to -78 

oC. A solution of n-BuLi (10.56 mL 2.5 M hexanes, 26.4 mmol) was added via syringe at 

-78 oC, then the reaction flask was allowed to reach room temperature and stirred at RT for 

1 hour. The reaction was again cooled to 78 oC, and solution of trimethyltin chloride (5.27 

g, 26.4 mmol, in 10 mL anhydrous THF) was added, then the reaction mix was allowed to 

warm to RT. The reaction was stirred for 5 hours at RT, then the reaction mix was diluted 

with EtOAc, washed with d(H2O), then washed with brine, dried over MgSO4, filtered, and 

the solvent removed. Recrystallization in methanol yielded 4.49 g of light-yellow crystals 

(76 % yield). 1H NMR (300 MHz, CDCl3) δ 7.28 (d, J = 5.3 Hz, 2H), 7.09 (d, J = 3.4 Hz, 

2H), 0.38 (s, 18 H). 1H NMR spectrum agrees with literature data.163 Spectra in Appendix 

(Figure A-8). 

3.2.1.8 Polymerization of PNDI2OD-T2 
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Figure 3-4 Reaction scheme for the polymerization of PNDI2OD-T2 

A Stille polymerization was performed using a custom-designed continuous flow 

chemistry apparatus164 for increased control of molecular weight and minimization of 

polydispersity. The system consists of a KDS-200 Legacy syringe pump, ISCO 260D high-

pressure syringe pump system, a perfluoroalkoxy (PFA) tubular reactor of 20 mL immersed 

in a heated oil bath, an Eldex Optos model 1 high pressure liquid metering pump, and a 4-

way valve. The entire flow system was pressurized with a back-pressure regulator of 40 

psi from Upchurch Scientific.  

A microwave reaction vial was charged with 5,5’-Bis(trimethylstannyl)-2,2’-

bithiophene (99.9mg, 0.2 mmol) and N,N’-bis(2-octyldodecyl)-2,6-dibromonaphthalene-

1,4,5,8-bis(dicarboximide) (200 mg, 0.2 mmol) and transferred to an N2-filled glovebox. 

A separate microwave reaction vial was then equipped with Pd2(dba)3 (5.58 mg, 3 mol%) 

and p(o-Tol)3 (7.42 mg, 12 mol%). Each vial was then equipped with a magnetic stir bar 

and 5 mL chlorobenzene and allowed to stir for 10 minutes to dissolve under N2 

atmosphere. The catalyst and monomer solutions were then placed in separate syringes, 

and quickly transferred to the flow-reactor apparatus. The reaction was then set to flow at 

2 mL/min in a pre-heated oil bath at 120 oC for a total reaction time of 45 minutes. The 
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reaction mixture was then precipitated in MeOH, and blue solids were filtered into an 

extraction thimble and the polymer purified via successive soxhlet extractions in MeOH, 

acetone, hexanes (24 hours each) with chloroform used as the final extraction solvent. The 

chloroform solution was concentrated and precipitated again in methanol. Vacuum 

filtration collected a blue solid. Mn 51,095, Mw 67,071, Đ 1.3.  

3.2.1.9 Molecular Weight Distribution 

 

Figure 3-5 GPC characterization of PNDI2OD-T2 in 1,3,5-trichlorobenzene at 130 oC12 

3.2.2 Preparation of Substrates and Processing of Thin Films 

                                                 
12 GPC done by Dr. Bing Xu 
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Glass substrates for thin-film UV-vis analysis, p-doped Si wafers for GIWAXs 

studies, and OFET device substrates were passivated using identical procedures, with the 

exception of the OFET devices first being sonicated in a toluene bath for 60 minutes to 

remove residual photoresists.  Passivated substrates were prepared by sequential rinsing in 

acetone, MeOH, IPA, then dried under a flow of N2 prior to UV-ozone treatment 

(Novascan® PSD-VU – Benchtop UV-Ozone Cleaner). The slides were then immediately 

transferred to anhydrous surface modifier (OTS, PTS, HMDS) solutions (0.1% v/v in 

toluene) under N2 atmosphere for 14 hours at room temperature. The substrates were then 

removed from the surface modifier solutions and sonicated in fresh toluene for 30 minutes 

(Branson® Ultrasonic Bath, 230 Vac, 50 Hz), followed by sequential rinsing in acetone, 

MeOH, and IPA, followed by drying under a stream of compressed air (filtered to remove 

oil and moisture). Contact angle measurements on surface-modified and pristine substrates 

were measured with a Ramé-Hart Goniometer (Model 200), using 5 μL distilled H2O and 

ethylene glycol (EG) individually measured at different sites on the substrates. Final 

surface free energies (γs) were calculated according to the Owens-Wendt method.165  

Highly n-doped (100) silicon wafers with 300 nm thermally grown oxide gate 

dielectric films were used as substrates to prepare bottom-gate/bottom-contact (BGBC) 

OFET devices. Au source and drain contacts (50 nm Au, 3 nm Cr adhesion layer) with 

fixed channel dimensions (50 μm in length, 2 mm in width) were deposited via e-beam 

evaporation using a photolithography lift-off process. The devices were sonicated in 

toluene for 60 minutes to remove residual photoresist before the surfaces were passivated 

using the procedures described below. The capacitances of the dielectric layers were 

measured using an Agilent 4284A Precision LCR meter.  
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Thin films for OFET devices and GIWAXs characterization were blade-coated onto 

the substrates using an in-house blade coater equipped with a glass blade and temperature-

controlled heating stage. Blade coating speeds were programmed and controlled by a 

DMX-UMD 23 motor from Arcus Technology. Blade height was controlled to be within a 

range of 45-55 μm, and blade angle was set to be 8o ± 1o
.  Polymer solutions were dissolved 

in p-xylene or chloroform (5-10 mg/mL) to prepare the active ink. Substrates were heated 

to 45 oC for the coating of chloroform polymer solutions, and to 100 oC for p-xylene 

polymer solutions. 5-10 μL of active ink polymer solution was transferred to the heated 

substrates (1.5 cm x 1.5 cm) immediately prior to blade-coating. Films were placed in a 

vacuum oven at 55 oC overnight to remove residual solvents. The morphology of the films 

were analyzed using atomic force microscopy (AFM, Bruker Dimension Icon® Atomic 

Force Microscope with ScanAsyst, MIkromasch® AFM probe tips, 3.5 N/m, 135 kHz), 

scanning electron microscopy (SEM, Hitachi SU8230 FE-SEM), and grazing incident X-

ray scattering (GIWAXS, Beamline 11-3 at Stanford Linear Accelerator Center National 

Accelerator Laboratory, Stanford University). 

3.3 Results and Discussion 

3.3.1 PNDI2Tz and PNDI2OD-T2  

Gel permeation chromatography with polystyrene standards was used to determine 

the molecular weights of the polymers used in this study. PNDI2Tz13 was found to have an 

                                                 
13 Synthesis and thermal characterization of PNDI2Tz was performed by Dr. Zhibo Yuan. Details can be 

found in the cited references. 
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Mn of 49.3 kD with a polydispersity (PDI, Ð) of 3.3.125,161 PNDI2OD-T2 was similarly 

found to have an Mn of 53 kD and a Ð of 1.3 (Figure 3-5).  

Thermogravimetric analysis of PNDI2Tz revealed a decomposition temperature of 

427 oC.125 Differential scanning calorimetry revealed a Tg of 63.71 oC, however no other 

thermal transitions were seen between 0-250 oC.125,161 Interestingly, PNDI2OD-T2 was 

reported to have no thermal transitions up to 300 oC.105 It is important to note that a 

measured Tg is not a physical constant of a material but is dependent on experimental 

parameters such as heating/cooling rates and the processing history of the particular 

sample.166 The reported DSC scans of PNDI2Tz125 and PNDI2OD-T2105 that are being 

compared were both run under the same conditions (notably at the same scan rate of 10 

oC/min), however it is likely that the observed differences are due to different degrees of 

crystallinity between the two samples. More crystalline polymer samples may not have 

enough amorphous content to generate detectable changes in heat capacity for the Tg to be 

observed, and hence will appear as not having a Tg.
166 PNDI2Tz thermal analysis was 

performed after purification, with no intentional processing beforehand. Prior processing 

of the PNDI2OD-T2 sample used in the reported thermal analysis was not mentioned105, 

however the multiple reports on the tendency of PNDI2OD-T2 to form crystalline 

structures167,168 leads to the speculation that insufficient amorphous content was the reason 

for the lack of an observed Tg.  

3.3.2  Solution Processing of OFET Devices   
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Before blade-coating the processed solutions, contact angle measurements 

were taken on the passivated substrates (Figure 3-7) to determine the surface 

energies (Figure 3-6).  
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Figure 3-6 Contact-angle measurements on HMDS, PTS, and OTS-passivated surfaces.14 

 

Figure 3-7 Surface modifiers used to passivate the Si/SiO2 surfaces169 

Table 3-1 Contact Angle Results with calculated surface energies 
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Surface 

Modifier 

Water (o) EG (o) γs_d γs_p 

 

γs (mJ/m2) 

 

HMDS  68.38 48.08 18.68 17.09 35.77 

PTS 80.23 57.88 9.75 18.88 28.63 

OTS 99.13 74.20 2.01 19.98 21.99 

Blade coating the polymer solutions (either PNDI2Tz or PNDI2OD-T2) at room 

temperature resulted in complete de-wetting on OTS surfaces, and poor film formation on 

PTS and HMDS surfaces. Complete de-wetting was also observed during attempts to spin-

coat the polymer solutions (all surfaces). Polymer thin films were only observed in the 

blade-coating process when the substrates were heated to elevated temperatures.  

The coating stability is determined by the wetting characteristics of the solution on 

the substrate. For a polymer solution to ‘wet’ the substrate, the surface tension of the liquid 

must be lower than the surface energy of the substrate (known as the ‘wetting condition’). 

However, surface tension varies with temperature (Figure 3-8).  

                                                 
14 Contact angle measurements and calculations done by Dr. Zhibo Yuan 
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Figure 3-8 Plot of surface tension of p-xylene vs. temperature. Data from 170. 

From the plot shown in Figure 3-8, the surface tension of p-xylene at room 

temperature (298 K) is 27.90 mJ/m2. Making the simplifying assumptions that the surface 

tension of the polymer solution is that of p-xylene and that the surface energy of the 

substrate does not change with temperature, it can be said that the wetting conditions are 

not met at 298 K for OTS surfaces, which would explain the complete de-wetting. The 

differences in surface tension between the polymer solutions and the HMDS- and PTS- 

coated substrates at 298 K would lead to partial de-wetting, and hence poor-quality films. 

It is likely that the centripetal forces present during the spin-coating process further 

deteriorated the poorly wetted films, which would explain why no film formation was seen 

upon spin coating. Adequate film formation on OTS substrates was only observed at 

temperatures of 100 oC and above. At this temperature (373 K), the surface tension of p-

xylene is 19.81 mJ/m2, which is just below the surface tension of the OTS-coated substrate 

(Table 3-1). Coating at temperatures above 100 oC produced non-homogenous films, as the 
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solvent evaporated too quickly. While p-xylene has a boiling point of 138 oC171, the small 

amount of polymer solution evaporates quickly due to the relatively large surface area of 

the drop/film. The speed of evaporation of the solvent in solution-deposited thin films of 

conjugated polymers has been shown to have a correlation with the crystallinity of the 

resultant films.172  In order to balance the time-dependent crystallization of thin-films with 

the need to wet the substrate, the temperatures used in depositing the thin films did not 

exceed 100 oC.  

3.3.3 Morphology of Thin Films 

Differences in the morphology and molecular orientation of conjugated polymer 

films upon surface passivation have been reported in the literature, highlighting the 

sensitivity of thin-film formation on substrate surface chemistry and the effects on charge 

carrier mobility.173,174 In poly (2,5-bis(3-dodecylthiophene-2-yl)thieno[3,2-b]thiophene) 

(PBTTT), substantial increases in the orientational order, size of crystalline terraces, and 

higher charge carrier mobility was reported upon hydrophobic surface treatment with OTS-

8 compared with that observed on bare silicon oxide.175 Wang et. al. reported different 

microstructures of PBTTT films dip-coated onto bare O2/plasma-cleaned SiO2 and base 

monolayers of PBTTT, which they attributed to the different surface tensions of the 

substrates.176 Notably, PBTTT was found to self-assemble into needle-like fibers 

(thickness 4-6 nm) on the low-energy PBTTT base monolayers, with decreased coating 

speed leading to increased surface coverage of the initial monolayer and longer nanofiber 

nuclei of subsequent layers (thickness did not change).176 In contrast, their later studies of 

dip-coated films of PNDI2OD-T2 on O2/plasma-cleaned SiO2 found the formation of 

fibrous microstructures to be independent of pulling speed and the presence of a base 
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monolayer.177 Considering the similar surface tensions of PBTT and PNDI2OD-T2, it was 

rationalized that the different microstructural formation patterns under similar processing 

conditions can be traced to the differences in molecular structure of the polymers (e.g. 

backbone planarity and alkyl substituents).177 Changes in the surface energies of substrates 

results in changes in the growth of polymer film morphology from solution-deposited 

systems, as the adhesive forces from the substrates compete with the polymer self-assembly 

process. Bucella et. al. later corroborated these results, showing PNDI2OD-T2 films spin-

coated from dilute mesitylene solutions showing connected branched aggregate formations 

on O2/plasma-treated SiO2 surfaces and detached, quasi-1D nanodomains on 

hexamethyldisilazane (HMDS)- treated SiO2 surfaces.178 In light of these reports, it was 

decided to experiment with surface-modified substrates with PNDI2Tz and PNDI2OD-T2. 

AFM images of the blade-coated thin films of PNDI2Tz and PNDI2OD-T2 were 

taken to investigate the surface topologies. The evolution of the thin-film morphology of 

PNDI2Tz blade-coated onto OTS-coated substrates at increasing blade velocities can be 

seen in Figure 3-9. At 1 mm/s, no clearly defined morphology can be seen. However, 

defined morphological features can be observed at higher velocities, with decreasing 

surface roughness of the films seen when velocities are increased. 

At 2 mm/s there is a clearly defined network formation, which appear to be bundles 

of fibers when looking at the height profile of the film (Figure 3-10). The smallest fiber 

widths that could be seen on films coated at 2 mm/s are 10 nm, within what are presumably 

bundles off these fibers of widths varying from 38 nm to 164 nm (Figure 3-11). The height 

variation of these bundles on the surface of the film is between 1 and 2 nm. The surface 



 93 

does not appear to change upon annealing, however the surface roughness of the films 

increased from Rq of 0.836 nm to Rq of 0.990 nm. 

 At 3 mm/s, finely structured nanofibers can be seen, which appear to again be 

hierarchically-bundled fibers in the height profile of the film (Figure 3-9, Figure 3-10). The 

smallest fiber widths that could be seen on PNDI2Tz films coated at 3 mm/s are 2 nm, 

which again appear to be arranged in bundles of increasing widths on the surface of the 

film. The widths of the bundles are 6-8 nm on the surface of the film, and interestingly 

appear more clearly defined that the bundles seen in the films coated at 2 mm/s. It is 

difficult to determine the lengths of the fibers, as the boundaries (start, end) of each fiber 

are not clear from the AFM images. Interestingly, the height variation of the surface of the 

films coated at 3 mm/s appeared to occur in increments of ~0.33 nm (Figure 3-11), with 

larger heights being multiples of ~0.33 nm. This is suggestive of the stacking of a 

morphological motif within the thin film. A loss of resolution is seen in the AFM images 

upon annealing, with an increase in surface roughness from Rq of 0.435 nm to Rq of 0.595 

nm. 

PNDI2Tz films coated at 4 mm/s on OTS-coated substrates appeared to be a more 

dense network of fine fibers (Figure 3-9), however specific structural features cannot be 

seen in the height profiles of the films (Figure 3-10) and the fibers are not as well defined 

as those seen in the films coated at lower velocities. There appear to be ‘holes’ in the film 

on the order of 10 nm in the height image of the pristine film, however in the corresponding 

phase image appears these ‘holes’ appear to be underlayers of more nanofibers (Figure 

3-9). A more clearly defined interconnected network formation can be seen on the films 
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after annealing, with a slight increase in surface roughness from Rq of 1.61 nm to Rq of 

1.89 nm. 

At 5 mm/s, PNDI2Tz coated onto OTS-modified substrates (Figure 3-12) had 

consistently poor film formation. Notably, the nanofiber networks seen at lower velocities 

are not seen in films coated at 5 mm/s, which only show discontinuous coverage of the 

films.  
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Figure 3-9 AFM images of PNDI2Tz substrates blade-coated onto OTS-coated substrates 

at increasing velocities.15 Annealed films were heated to 100 oC for 30 minutes under N2. 

                                                 
15 AFM images taken by undergraduate researchers, including Qianyi “Beth” Qu and Kyle Hamrock 
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Figure 3-10 Height analysis of PNDI2Tz films blade-coated onto OTS-coated substrates 

at increasing velocities. 
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Figure 3-11 Height analysis of pristine PNDI2Tz blade-coated onto OTS-coated substrate 

at 2 mm/s (top) and 3 mm/s (bottom), with widths of fiber formations shown. 
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Figure 3-12 AFM images of PNDI2Tz blade-coated onto OTS-modified substrates at 5 

mm/s, showing poor film formation. 

Less defined structural features were present in the AFM images of PNDI2Tz films 

blade-coated onto PTS-coated substrates (Figure 3-13). At films coated at 1 mm/s, there 

are no discernable morphological features, similar to that observed for OTS-coated 

substrates at the same velocity. At 2 mm/s a network structure can be seen, with the height 

profile of the film similar to that seen on OTS-coated substrates at 4 mm/s velocity (Figure 

3-14). Oddly, no definable features could be seen in films coated at 3 mm/s on PTS-coated 

films. At 4 mm/s, the AFM images do not appear to have any morphological features 

however the height profile appears to have packing structures like that seen in the OTS-

coated substrates at 3 mm/s (Figure 3-14). 



 99 

   

Figure 3-13 AFM images of PNDI2Tz blade-coated onto PTS-coated substrates at 

different velocities.16 Annealed films were heated to 100 oC for 30 minutes under N2. 

                                                 
16 AFM images taken by undergraduate researchers, including Qianyi “Beth” Qu and Kyle Hamrock. 
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Figure 3-14 Height analysis of PNDI2Tz films blade-coated onto PTS-coated substrates 

at increasing velocities. 

 No definable features were observed on HMDS-coated substrates at any velocity, 

and the films appeared to be of very poor quality under AFM (Figure 3-15).  
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Figure 3-15 AFM images of PNDI2Tz blade-coated onto HMDS-coated substrates at 

different velocities.17 

 

                                                 
17 AFM images taken by undergraduate researchers Qianyi “Beth” Qu and Kyle Hamrock. 
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Figure 3-16 a) GIWAXS image of PNDI2Tz thin films on HMDS, PTS and OTS 

processed SiO2 surfaces; b) 1D line cut along chi = 15 o with zoomed-in plot on qz = 0.6 ~ 

1.8 Å-1; c) π-π stacking chi plot from x-y plane (chi = 0o) to z-axis (chi = 90 o).17 

GIWAXS profiles of PNDI2Tz films presented (100) reflection peaks along the 

out-of-plane (qz) direction, corresponding to polymer lamellar stacking oriented normal to 

the substrate (Figure 3-1618). However, halo-like patterns are apparent along the azimuthal 

angle at the (100) peak in HMDS- and PTS-treated substrates, indicating more isometric 

distributions of polymer orientations within the film.179,180 The OTS-treated substrates had 

the strongest intensity (100) peaks. The calculated average (100) d-spacing for high 

temperature blade-coated polymer films on OTS-treated surfaces was 24.74 Å, which was 

slightly smaller than the 25.86 Å obtained for the PTS counterparts. Interestingly, the π-π 

stacking (010) peak at q = 1.623Å is in the film normal direction along qz for the OTS-

treated substrate corresponding to a π-π stacking distance of 3.87Å. While the (010) peak 

for the PTS-treated substrate is of overall much lower intensity than that for OTS, it also 

has its highest intensity along qz. Two overlapping peaks in the π-π stacking  

It should be noted that the π-π stacking distance of 3.87 Å on OTS-modified 

surfaces is (roughly) the size of the incremental height variations seen in the height profile 

of PNDI2Tz on OTS-modified substrates coated at 3 mm/s (Figure 3-11), which were 

multiples of 0.33 nm. This is consistent with the face-on orientation seen in the GIWAXS 

spectra. 

                                                 
18 Plotting of GIWAXS data in Figure 3-16done by Dr. Zhibo Yuan. GIWAXS images taken by Ian Pelse at 

the Stanford Synchotron Radiation Light Source (SSRL). 
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PNDI2OD-T2 under the same blade-coating conditions showed network formation 

under AFM, however detailed nanofiber formation could not be observed at the same blade 

velocities as seen in PNDI2Tz (Figure 3-17). 

 

Figure 3-17 AFM images of PNDI2OD-T2 blade-coated on OTS-modified substrates at a 

coating velocity of 3 mm/s. Scale bar is 400 nm. 

3.3.4 OFET Mobilities 

OFET performance characteristics for PNDI2Tz devices are presented in Table 3-2, 

and the transfer characteristics in Figure 3-18. It can be seen that the mobility on OTS-

modified substrates exhibited a maximum mobility of 7.05x10-2 cm2V-1s-1 at a blade-

coating speed of 3 mm/s. The OFET performance trends largely mirror the nanofiber 

network formation qualities seen in the AFM images. Increasing the blade-coating speed 

to 5 mm/s resulted in decreased mobility values (1.06x10-2 cm2V-1s-1), which was expected 

from the poor film formation seen in the AFM images. The OTS-modified devices 

displayed the highest mobilities, which correlates with the nanofiber formation patterns 

seen previously. PNDI2OD-T2 had in increase in mobility from 0.047 cm2V-1s-1 on 
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HMDS-modified substrates to 0.216 cm2V-1s-1 on OTS-modified substrates, again 

mirroring morphology results.  

  No difference in OFET performance was seen with devices blade-coated 

perpendicular to the OFET channel vs. those coated parallel with the channel. While both 

PNDI2Tz and PNDI2OD-T2 were of ‘sufficient’ molecular weight that would widely make 

them considered ‘polymers’, it is important to remember that the repeat units are 

themselves high in molecular weight as well (998.53 g/mol for PNDI2OD-T2, and 1103.72 

g/mol for PNDI2Tz). From the number average molecular weights, this would make for 

approximately 51 repeat units for PNDI2OD-T2 and 26 repeat units for PNDI2Tz. Given 

the ‘short’ chain lengths and the inherent planarity and torsional barriers of the component 

units, these polymers are likely not in folded or entangled chain formations, and hence 

would not be as susceptible to shearing effects as other more flexible longer-chain 

polymers (e.g. P3HT).134 
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Figure 3-18 Transfer curve of PNDI2Tz devices coated on HMDS, PTS, and OTS-

modified SiO2 BGBC transistors. Solid dots are ISD and VG curves, while hollow-dots are 

ISD
1/2 vs. VG curves. Devices were fabricated at a blade-coating speed of 3 mm/s.19 

 

                                                 
19 Plot of PNDI2Tz transfer curves done by Dr. Zhibo Yuan. 
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Table 3-2 N-channel mobility values of PNDI2Tz BGBC OFET devices blade-coated under the specified conditions. Thermal 

annealing was carried out at 100 oC for 30 minutes. OFET data shown was taken over 10 devices for each blade coating condition.20 

 
Surface 

Modifier 

Surface 

Energy γs 

(mJ/m2) 

Blade Velocity 

(mm/s) 

Substrate Temperature 

(oC) 

Thermal 

Annealing 

 

Mobility (cm2V-1s-1) 

A 

OTS 21.99 

0.5 R.T. no 9.03E-03 ± 2.08E-03 

B 0.5 R.T. yes 1.12E-02 ± 1.12E-03 

C 1 100 - 1.57E-02 ± 1.26E-03 

D 2 100 - 1.29E-02 ± 2.19E-03 

E 3 100 - 7.05E-02 ± 5.43E-03 

F 4 100 - 1.06E-02 ± 2.09E-03 

G PTS 28.63 3 100 - 3.82E-02 ± 4.97E-03 

H HMDS 35.77 3 100 - 1.62E-02 ± 1.49E-03 

                                                 
20 Mobility values calculated by Dr. Zhibo Yuan 
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3.4 Summary and Conclusions  

Two analogous NDI-based copolymers, PNDI2Tz and PNDI2OD-T2, were 

synthesized, blade-coated onto SAM-modified substrates and their performance within 

BGBC OFET devices was characterized. PNDI2Tz exhibited nanofiber formation on OTS-

modified substrates, with clearly seen network formations on films blade-coated at 2 and 

3 mm/s. In contrast, PNDI2OD-T2 did not exhibit such robust nanofiber formations under 

similar conditions, despite the structural similarities to PNDI2Tz. GIWAXS showed tighter 

molecular packing and increased crystallinity of PNDI2Tz on OTS-modified substrates 

than seen on PTS- or HMDS-modified substrates. Analysis of the height profiles from 

AFM revealed bundled nanofiber formations in films blade-coated onto OTS surfaces at 2, 

3, and 4 mm/s. Both the height profiles and GIWAXS results point to face-on packing of 

the PNDI2Tz films relative to the substrate. OFET mobilities mirrored the nanofiber 

network formations seen in AFM images, with the highest n-channel mobility of 7.05x10-

2 cm2V-1s-1 observed in films with the largest degrees of interconnected nanofiber network 

formation. This is consistent with the commonly-accepted notion that achieving high-

performance polymer OFET devices requires continuous charge pathways extending 

across the semiconductor channel. 

Though increases in nanofiber morphology and field-effect mobility were observed 

with changes in the surface-modifier used on the substrate, no clear specific relation 

between the macroscopic properties of the substrate (e.g. polarity, surface energy) and 

these observed results can be made in the context of recent literature. Yasuda et. al. reported 

higher field-effect mobilities for both crystalline and amorphous organic semiconductors 

deposited on hydrophobic surfaces, but notably did not find a correlation between 



 108 

mobilities and the roughness and dielectric constant of the substrates.181 The analogous 

polymers chosen for comparison, PNDI2Tz and PNDI2OD-T2, did not behave as similarly 

as anticipated despite identical processing conditions. Rather, the results can be understood 

as a superposition of many factors, including  inherent chain flexibility, propensity towards 

π-π stacking, specific interactions with solvents and substrates, etc.182 Rather than finding 

a general correlation, this study serves to add another example of nanofiber formation of a 

semiconducting polymer in a solution-deposition technique amenable to commercial scale-

up. Specifically, the need for increased temperatures for adequate film formation on 

passivated surfaces was identified, which is important to the field of n-channel polymer 

OFET devices as such surface passivation is necessary to observe electron transport.   
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SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 

3.5 Summary 

The development of semiconducting conjugated polymers for organic field effect 

transistors (OFETs) has been the focus of intense research efforts for their key role in 

plastic electronics, as well as a vision of solution processability leading to reduced costs in 

device fabrication relative to their inorganic counterparts. The pursuit of high-performance 

n-channel (electron transporting) polymer semiconductors vital to the development of 

robust and low-cost organic integrated circuits has faced significant challenges; mainly for 

poor ambient operational stability and OFET device performance lagging far behind that 

of p-channel organic semiconductors (OSCs). As an alternative to the ubiquitous donor-

acceptor (DA) molecular design strategy, an all-acceptor (AA) unipolar approach was 

implemented in the design of poly(2-(2-decyltetradecyl)-6-(5-(5’-methyl-[2,2’-bithiaol]-5-

yl)-3-(5-methylpyridin-2-yl)-5-(tricosan-11-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

dione) (PDBPyBTz). The n-channel copolymer allowed investigation of the impact of 

electron withdrawing moieties on conjugated polymer device performance and the utility 

of the AA molecular design strategy. As an analog to benzene, the pyridines flanking the 

diketopyrrolopyrrole moiety in PDBPyBTz were strategically chosen to lower the energy 

levels and impart planarity to the monomer, both of which aid in achieving stable n-channel 

performance. Incorporation of PDBPyBTz into a bottom-gate-bottom-contact OFET, 

afforded a device that exhibited unipolar electron transport. In addition to developing a 

high-performance n-channel polymer, this study allowed for an investigation of structure-

property relationships crucial to the design of such materials in high demand for sustainable 
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technologies including organic photovoltaics and other solution-processed organic 

electronic devices. 

During the study of another all-accepter polymeric semiconductor, nanofiber 

formation was observed with blade-coat processing on OTS-modified substrates. An 

investigation of the processing characteristics of PNDI2Tz, and the structurally analogous 

PNDI2OD-T2 revealed a preference for the hydrophobic OTS-modified substrates in not 

only forming distinctive morphologies but also maximizing OFET performance. This study 

highlighted the profound influence on processing characteristics of polymeric 

semiconductors and the subsequent impact on OFET performance.  

3.6 Recommendations for Future Work 

The electron-deficient and planar nature of the pyridinyl-flanked DPP has shown 

promising results of enabling n-channel OFET behavior in polymer semiconductors it is 

incorporated into. It would be interesting to explore further iterations of this compound, 

namely, replacing the pyridinyl flanking groups with 1,4-pyrizine flanking groups. The 

additional electronegative nitrogen in 1,4-pyrazine would further decrease the frontier 

energy levels of compounds it is incorporated into, and preliminary calculations have 

shown planar equilibrium geometries between he 1,4-pyrazine moiety and neighboring 

moieties (such as BTz). 

As discussed in chapter 2, it is not clear why PDBPyBTz is solely an electron-

transporting semiconductor in the device structure employed in this study. In measuring 

the temperature-dependent field-effect mobilities of the PDBPyBTz devices described 

above, the activation energy for the electron (and possibly hole, at higher temperatures) 
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can be determined, and hence will give the ‘depth’ of the charge traps that are present. It is 

speculated that as hole-traps specific to PDBPyBTz are the source of this unipolar charge 

transport, and hence observing OFET behavior in various device architectures (e.g. TGBC 

devices to reduce channel resistance), and semiconductor/dielectric interfaces (e.g. PMMA 

as the insulating dielectric, or different surface modifiers for the SiO2 substrates) would 

provide evidence for the hole traps being intrinsic to PDBPyBTz (or not). Considering past 

reports of the 2,2’-bithiazole moiety forming complexes with Lewis acids,133 it would be 

interesting to perform studies of spectroscopic changes in PDBPyBTz films upon exposure 

to various Lewis acids (e.g. BF3OEt2, FeCl3, etc.) in controlled environments, which would 

indicate potential complexation. The results of these suggested experiments would 

determine the next steps in identifying the sources of the hole-traps. 
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APPENDIX A. SUPPORTING CHARACTERIZATION DATA 

A.1  Synthesis Characterization 
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Figure A-1 1H NMR 11-bromomethyltricosane (1) 

 

Figure A-2 1H NMR PyDPP-Al (3) 
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Figure A-3 13C NMR PyDPP-Al (3) 

  

Figure A-4 1H NMR 2,2'-Bithiazole (4) 
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Figure A-5 1H NMR 5,5’-bis(trimethylstannyl)-2,2’-bithiazole (5) 

 

Figure A-6 1H NMR (CDCl3, 700 MHz) of PDBPyBTz. Overly-large TMS shift due to 

over-zealous spiking. 
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Figure A-7 13C NMR (CDCl3, 700 MHz) PDBPyBTz 

 

Figure A-8 1H NMR (CDCl3, 300 MHz) Stannylated bithiophene (7) 
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Figure A-9 1H NMR 2-(2-ocyldodecyl)isoindoline-1,3-dione 

 

Figure A-10 1H NMR 9-(bromomethyl)nonadecane 
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Figure A-11 1H NMR 2-octyldodecan-1-amine 

 

Figure A-12 1H NMR 2,6-dibromo-1,4,5,8-tetracarboxynaphthalenediimide 



 119 

 

Figure A-13 1H NMR of Alkylated dibromo NDI 
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A.2  GIWAXS spectra 

 

Figure A-14 2D-GIWAXS area detector image of PDBPyBTz film.21 

A.3  Supporting OFET Characterization 

                                                 
21 Image taken by Ian Pelse at the Stanford Synchotron Radiation Light Source (SSRL).  
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Figure A-15 Plot of gate leakage current vs. Vg for PDBPyBT ("ossila") and PDBTz ("Tz") 

devices 
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