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ABSTRACT 

Organic semiconductors based on π-conjugated polymers show remarkable 

properties such as high tolerance to structural defects, low processing temperature 

requirements, biocompatibility, ease of fabrication, and tunable properties. Conjugated 

polymers integrated into device arrays can exhibit collective properties sensitive to minor 

perturbations in the surrounding media. However, these devices rely on serendipitous 

sensitivity to the analyte of interest, and strategies for specific detection remain a 

considerable change. There remains a compelling, global need for technologies to 

monitor phosphate due to its prevalence in agricultural runoff, leading to fish kills and 

economic decline for commercial and recreational fisheries. The strong hydration 

energies of phosphate anions, the propensity to oligomerize, and the complexity of 

seawater have collectively limited the progress of chromatographic, spectrophotometric, 

potentiometric, and in-situ sensing technologies towards phosphate detection.  

Despite the key challenges in the chemical recognition of anions in highly 

competitive aqueous environments, there have been notable strides involving 

supramolecular chemistries. The affinity of the receptors to their target analyte has 

progressed in leaps and bounds over the last two decades with new, exotic interactions 

involving the hydrophobic effect, metal‒anion coordination complexes, electroneutral 

host molecules with C‒H hydrogen bonding motifs, to name a few. This dissertation 

explores the utility of polarized C‒H hydrogen-bonding recognition sites in soft 

condensed matter electronic materials.  

Chapter I introduces a brief historical survey of conjugated polymers, the 

fundamental concepts and mechanisms behind optoelectronic sensing technologies, and 
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the intrinsic properties found in conjugated polymer semiconductors that make them 

excellent candidate materials for chemical sensing applications.  

Chapter II establishes the experimental protocols and methods used to extract 

relevant device parameters to detect changes in the material properties.  

Chapter III-IV explores the integration and utility of charge-neutral, shape-

persistent macrocycles and how the receptor influences the charge transport, morphology, 

analyte sensitivity/selectivity, and storage/electrochemical stability.  

Overall, a facile, label-free approach was achieved for real-time aqueous 

measurements. The combination of semiconducting polymers with next-generation 

receptors offers manifold opportunities for designing novel active layers that can be 

applied within emerging OFET-based diagnostic, healthcare, environmental monitoring, 

and bioelectronics platforms. 
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CHAPTER I- INTRODUCTION 

1.1 Motivations 

Organic conductors enable low-cost, low-temperature, large-scale, and 

unconventional device fabrication by their facile solution processability and printability 

compared to ubiquitous inorganic, silicon-based semiconductors. Over the past decades, 

the unabated development of multifunctional organic semiconductors (OSCs) ignited the 

production of deployable, robust technologies ranging from flexible electronics,1 radio-

frequency identification systems,2 energy harvesting and storage devices,3-4 to various 

sensing platforms.5 The market value of conductive polymers is expected to soar from 

$3.9 billion in 2018 to $ 7.4 billion by 2026 with a compound annual growth rate 

(CAGR) of 8.1%. Commercially mature organic optoelectronic technologies, anticipated 

to reach 77.9 billion by 2027, are fast emerging with the adoption of innovative consumer 

electronics and the rising demands of new functionalities and devices. The competitive 

performances rooted in conjugated polymers combined with their tunable properties and 

broad applicability have cultivated an ensemble of research efforts and commercial 

products at the forefront of advanced sensing technologies in biomedical science, 

healthcare, and environmental monitoring of pollutants and biologically relevant anions. 

1.2 Gulf Coast Waters: Status and Overview 

The Mississippi Sound and Gulf Coast represent a critically important nexus of 

food-water-energy for the area and the greater United States, as a major source of seafood 

and aquaculture, oil and gas production, and trading ports.6 For example, the Gulf of 

Mexico shrimp harvesting industry is an essential commercial sector of the entire seafood 

industry in the U.S.7 The region hosts two of the top twenty trading ports in the nation, in 
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Mobile, AL and Pascagoula, MS, and is a primary zone for oil and gas exploration and 

production. This marine ecosystem, like most worldwide, is experiencing significant 

anthropogenic-driven change.8 The same technologies that allow for economic 

exploitation of the region’s abundant resources, such as fisheries, aquaculture, agriculture 

with associated runoff, and off-shore drilling, present environmental risk and had an 

estimated near-term negative economic impact over $1.6b to the Gulf Coast economy. 

 

Figure 1.1 NOAA map highlighting the Gulf of Mexico run-off contributions from farms 

(green) and cities (red). Iowa farmland agricultural run-off. TX/LA Gulf Coast, an area 

of hypoxic waters (“dead zone”). Unmanned undersea vehicles (UUV). Rosette sampler: 

used to collect deep ocean seafloor samples and has an attached sensor package, known 

as a CTD (conductivity, temperature, and depth) device.  

1.3 Impacts on the Environment 

Anthropogenic and natural activity at the Gulf of Mexico (Figure 1.1) and its 

surrounding river inflows have resulted in the concentration of toxins, chemicals, and 

perturbing agents that have been shown to accumulate in or disturb the lifecycle of 

microscopic organisms, fish, and marine mammals. These events also present threats to 
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the sustainability of the seafood and fishing industries. Of particular concern are rising 

carbon dioxide levels resulting in ocean acidification,9 agricultural run-offs,10 and organic 

matter, though related to hypoxia and “dead zones,”11-12 and polycyclic aromatic 

hydrocarbons (PAHs) resulting from oil spills.13 Collectively, these contaminants 

represent a major technological hurdle in developing robust, rapid sensing platforms for 

water quality monitoring with global implications.  

Nutrient pollution involving excess nitrogen and phosphorus is one of the nation’s 

most challenging environmental challenges.14-16 Sixty-five percent of assessed estuaries 

and coastal areas have moderate to high water quality impacts from nutrient pollution, 

and freshwater nutrient pollution alone costs the nation billions per year.17 Drinking 

water violations have more than doubled in the last decade, aquatic environments have 

been altered, and measurable impacts on human health and the economy are evident. A 

consortium of Federal Agencies, led by the President’s Office of Science and Technology 

Policy (OSTP), has challenged the community to: (1) develop simple, robust sensors for 

nitrates and phosphates; (2) reduce capital expenditure and involvedness of collecting 

data; and (3) produce a more comprehensive representation of how nutrients exist in 

space and time within ecosystems. While the use of nutrient measurement tools has 

increased in recent years, the high cost of acquisition and use has limited their ability to 

supply affordable nutrient measurement data.  

1.4 Challenges at the Frontiers of Marine Science 

Current marine research primarily depends on heavy and invasive sensory 

equipment, ship-based sampling, and a telemetric network to understand the marine 

environment (Figure 1.1). Sampling has always been a fundamental problem in 
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oceanography. While ship-based sampling has been the mainstay of oceanographic 

research, the wide variety of spatial and temporal scales on which ocean processes 

operate requires a broader approach. Increasingly, systems of moorings, floats, and 

gliders work in tandem with ship-based sampling to provide data on a variety of spatial-

temporal scales. In turn, it has spurred the desire for the continued development of 

sensing systems that are robust in the marine environment, compact, require low power, 

and determine key oceanographic parameters at sufficient resolution and accuracy. 

1.5 Phosphorus Recognition and Detection 

1.5.1 Challenges and Considerations 

As the eleventh most abundant element on earth, phosphorus occurs naturally in 

soil and plays a critical role as an essential nutrient for animals and plants; in the 

structural integrity of cell components, gene regulation, energy storage, and signal 

transduction.18-22 Phosphorus is commonly found in the chemical form of phosphates 

which displays cross-interference with other common nutrients, possesses high hydration 

enthalpy23-24 and structural dependence on pH,25 existing as H3PO4/H2PO4
− in acidic 

environments and HPO4
2−/PO4

3− in more alkaline environments. Lastly, various temporal 

scale processes act upon the ocean phosphorus cycle, phosphorus diffusion across the 

lithosphere, hydrosphere, and biosphere.26-27 Thus, it requires oceanographers to make 

accurate and precise temporal and spatial measurements while needing access to 

reliable and robust in-situ techniques. 

1.5.2 Environmental Indicators and Assays 

A significant challenge in marine science has been delivering inexpensive, robust, 

and portable sensor devices to measure phosphate nutrient levels with high sensitivity and 
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selectivity. The modern science of color vision (colorimetry) powerfully shaped 

identifying and quantifying anion composition. Colorimetry was commonplace in 

laboratories before wide accessibility to commercialized spectrophotometry and 

chromatography instrumentation. Performing colorimetric experiments enabled the 

detection of anions by the perception of color changes. As a prime example, the 

molybdenum blue phosphorus method is a wet-chemical technique performed with a 

single solution reagent composed of ammonium molybdate, ascorbic acid, and antimony. 

In the presence of orthophosphate, a rapid reaction occurs and yields a blue-purple 

compound corresponding to the self-assembly of phosphomolybdate complexes 

(structural form: β-keggin ions).28 The β-keggin ion colorant can be optically monitored 

for chemical analysis. 

 Advancements in analytical instrumentation, such as inductively coupled plasma 

mass spectroscopy (ICP-MS) and high-performance liquid chromatography (HPLC), 

have recently enabled the detection of chemical analytes for water quality assessment.29-30 

ICP-MS can achieve low detection limit measurements as low as parts per billion (ppb, 

ug/l) to parts per trillion (ppt, ng/l) with remarkable speed, precision, and analyte 

sensitivity. A plasma source is heated to vaporize the sample into individual atoms or 

ions, separating the ions based on their mass-to-charge ratio. However, compared to other 

MS techniques, ICP-MS with argon plasma introduces interfering polyatomic species and 

is susceptible to orifice leakages introducing constituent gases of air and contamination of 

instrument apparatuses. HPLC is an analytical technique for separating, identifying, and 

quantifying trace organic compounds. The significant drawbacks of ICP-MS and HPLC 

are due to the intrinsic time-sensitive nature of pollutant collection and analysis. Like 
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most laboratory-based instrumentation, the operation is costly, labor-intensive, and 

cannot achieve rapid deployment for direct field use. 

1.6 Chemical Sensing Technologies 

According to the International Union of Pure and Applied Chemistry (IUPAC), a 

chemical sensor is a technology capable of transducing chemical information 

(concentration and composition) into an analytical signal in the form of optical, 

fluorescence, electrical, etc. The chemical sensor platform comprises several core 

elements: a receptor and signal transducer. The receptor may include a natural or 

synthetic molecule that preferentially interacts with a target species. At the same time, a 

transducer may consist of benchtop laboratory instruments or miniaturized devices that 

monitor property-induced changes when subjected to an analyte of interest. There are two 

general categories of aquatic nutrient sensors: optical and electrochemical. Among all the 

published work on optical sensors, fluorescence detection is the method of choice for 

numerous diagnostic and research applications.31 Fluorescence offers the most 

straightforward route to multiplex analysis, which can significantly increase material 

throughput testing and reduce expenses. However, conventional fluorescent reagents 

limit assay sensitivity or require complex and expensive instrumentation to deliver the 

required performance. Electrochemical sensors are emerging analytical tools that 

transduce electrochemical reactions into an applicable signal. These sensors offer low-

cost fabrication, diverse functionalities, lightweight and portable frameworks, and 

modular properties to tune the device affinities toward chemical and biological analytes.  
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1.7 Conjugated Polymers 

1.7.1 Status of Conjugated Polymers 

New emerging markets are enabled by solution-processable electronic materials 

and their harmonious assimilation into novel systems. Molecule-based semiconductors, 

ranging from small molecules to conjugated polymers, afford functional and highly 

receptive properties towards a variety of external stimulants. Of the major device 

platforms, organic field-effect transistors (OFETs) possess one of the highest market 

potentials but still have not reached commercialization performance. Yet, significant 

efforts and improvements have been made over the past few decades due to our 

progressive understanding of charge transport in amorphous and semi-crystalline 

conjugated polymers, strong foundations in structure-property relationships, and design-

driven computational methods to lead experimental efforts.  

1.7.2 Historical Survey of Conjugated Polymers 

Conjugated polymers encompass a diverse set of organic macromolecules 

structurally characterized as a delocalized π-electron system, yielding optical signatures 

and electronic behaviors suitable for a wide array of new-generation electronic materials 

(Figure 1.2).32-45 Since the initial discovery and characterization of highly conductive 

polymers in halogen-doped polyacetylene (1976),46 organic electronic materials with 

structural variants ranging from small molecules and polymers have been realized and 

enabled far-reaching fundamental science and distinct manufacturing paradigms. As 

such, the scientific community recognized the impact and potential of conductive 

polymers by awarding the 2000 Nobel Prize in Chemistry jointly to Alan J. Heeger, Alan 

G. MacDiarmid, and Hideki Shirakawa. Each laureate made their seminal findings during 
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the late 1970s and developed conjugated polymers into a primary research domain. From 

polyacetylene, the simplest linear conjugated polymer in terms of molecular design, a 

diverse portfolio of monomers and conjugated polymers were successfully created due to 

the pioneering works of Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki, all of whom 

were jointly awarded the Nobel Prize in Chemistry 2010 based on palladium catalysts.  

 

Figure 1.2 Current conjugated polymer-based technology sectors.  

The early history behind conjugated polymers predates both the ability to 

characterize the molecular structure of materials and the Hermann Staudinger 

macromolecular theory of polymers (the 1920s). Scientists have argued that the first fully 

synthetic polymer was also the earliest known example of conjugated polymers. 

Polyaniline, known as emeraldine or aniline black, displayed practical use in its most 

primitive form and became widely recognized as the first synthetic dye created, 

commercialized, and electropolymerized (Figure 1.3).47 Polypyrrole gave a new outlook 

to organic polymers being the first conjugated polymer to exhibit significant conductivity 

and to be prepared as a plastic film. Afterward, vast improvements in synthetic 

approaches and characterization tools resulted in establishing conjugated polymer 

constructs that are uncross-linked and not polymerized via oxidation. Linear 
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polyacetylene was first generated in 1955 using novel catalytic systems based on 

organometallic compounds. It later garnered the scientific community’s attention 

following the inadvertent formation of a silvery film (product from a Ziegler-Natta 

catalyst overload). The film resulted in remarkably high electrical conductivity and 

achieved values competitive to graphite. Following this century of studying these 

materials in a sporadic and isolated fashion, the chemical processes and properties were 

analyzed intensely in the 1970s after the ground-breaking work on conducting polymers. 

Specifically, in 1977 significant milestones were reached by Alan J. Heeger, Alan G. 

MacDiarmid, and Hideki Shirakawa, producing crystalline polyacetylene with metallic 

properties (> 500 S cm‒1) following exposure to halogen vapor.46, 48 These seminal 

findings revolutionized the field, accelerated the burgeoning development of conjugated 

polymer chemistry, and provided new avenues to enhance the film properties via 

chemical doping. At this point, the most challenging obstacles to the applicability of 

conjugated polymers involve the solution-processability issues in water and organic 

solvents and the unstable nature to oxidative degradation, all of which hinder its 

commercial viability. The main objective was to structurally modify the polymers to alter 

the optoelectronic properties, electrochemical/environmental stability, and solution-

processability using new synthetic tools. The introduction of poly(3,4-

ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS) solved the 

solution processability issues. PEDOT:PSS is an aqueous dispersion of two ionomers and 

possesses a unique combination of transparency, conductivity, and flexibility.49-50 Since 

then, a diversity of conjugated polymer materials has been produced at the industrial 

scale and plays an integral role in modern electronics.51-52 Nevertheless, for the field to 
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progress, further elucidation on essential aspects of the role of chemical structure 

towards the final device properties is needed to enable the desired functionality. 

 

Figure 1.3 Early examples of polymeric structures and synthetic protocols.  

1.7.3 Semiconductor Electronic Band Structure 

The band theory of solids (Figure 1.4), developed by Felix Bloch in 1928, is a 

valuable model that describes the electronic states within solid materials.53 This 

framework conceptualizes the relationship between the availability of free electrons in a 

system ‒ the energetic gap (bandgap, gE ) between the valence and conduction bands ‒ 

and the material classification as an insulator, a semiconductor, or a conductor.54 The 
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discrete energy levels of atoms mix and form electronic bands, in which the width is 

characterized by a density of electronic states (DOS). The DOS tells us the number of 

available (existing) states at any given energy, E. In conjugated systems, the valence and 

conduction bands are analogous to the highest occupied molecular orbitals (HOMO, π-

band) and lowest unoccupied molecular orbitals (LUMO, π*-band) of molecules, 

respectively. The magnitude of the energy gap separating these frontier molecular orbitals 

relates to the behavior of the electrons (their ability to transfer to excited energetic states).  

 

Figure 1.4 The band model and electrical conductivity range of insulators, 

semiconductors, and conductors. The electrical properties are determined by the size of 

the bandgap, the energy difference between the valence and conduction bands. Figure 

was motivated and adapted from Ref. 53.  

Insulators possess high electrical resistance due to the tightly-bound nature of the 

outer electrons. According to the band theory of solids, the bandgap, composed of 

forbidden energies (where electrons cannot occupy), is too large ( gE   > 3 eV) to 

overcome, and electrons cannot reach the conduction band to yield free charge carriers in 

the system. Metals are conductors of electricity and can readily transport free charge 

carriers from the overlapping valence and conduction bands. Semiconductors, including 
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small molecules and conjugated polymers, possess a narrower bandgap than insulators (

gE < 3 eV). When the gap between the frontier orbitals is narrow enough, a finite number 

of electrons ( /gE kTe ) can access the conduction band via thermal excitation. The frontier 

orbital energetics dictate the electrical properties and can be modulated by doping 

techniques that generate free charge carriers. Frequently adopted strategies for doping 

include chemical, electrochemical, photo, and interfacial. Chemical and electrochemical 

doping are unique because the effects are permanent until charge compensation or the 

removal of carriers occur. Photo-induced doping is well-known in the application of 

photoconductors, and while the properties are transient, the intensity of the light-radiant 

energy controls the level of channel conduction. The excitonic processes persist until the 

carrier is trapped or quenched via recombination. Interfacial doping involves charge 

injection and extraction in the absence of counter-ions. The electrons and holes reside in 

the π*-band and π-band, respectively, only under appropriate voltage bias conditions.  It’s 

worth noting that charge injection onto conjugated macromolecular chains, denoted as 

“doping”, is mechanistically distinct from the doping processes of epitaxially grown 

inorganic semiconductors (silicon, germanium). The material properties (molecular, 

electronic, morphology, and permittivity) significantly influence the conductivity and the 

associated loss mechanisms.   

1.7.4 Physics of Doping 

Processes that result in doped semiconductors decrease the bandgap further by 

altering the electron population of intragap states. Doping in inorganic semiconductors 

involves the substitutional insertion of atomic impurities into a regular crystal lattice 

structure. It can be classified based on the majority carriers within a closed system: 
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predominantly holes (p-type) or electrons (n-type). The majority carrier type is controlled 

by the insertion of atoms that have higher valence (pentavalent, n-type impurity) or lower 

valence (trivalent, p-type impurity) compared to the host atom (silicon). Charge neutrality 

is maintained despite the mechanism of action and the underlying microscopic details.55 

In a uniformly doped semiconductor, the sum of charges associated with the carriers must 

equal zero; the negative charge of an electron ( on ) or ionized acceptor ( AN ) cancels out 

the positive charge of a hole ( op ) or ionized donor ( DN ), where 0o o D Ap n N N+ + + = . 

This concept is also applied to conjugated, macromolecular chains.  

Nevertheless, the chemical doping phenomenology of conjugated polymers is 

unique compared to inorganic semiconductors. Doping conjugated polymer 

semiconductors involves the oxidation (p-type) or reduction (n-type) of the π-electron 

system and the anisotropic chemistry of the host material.56 The underlying physics of 

doping and the systematic control of structure and morphology are paramount to the 

progress of material science and multifunctional macromolecular materials with tunable 

electronic configurations.   

The most intuitive way to understand the physical processes behind molecular 

doping of organic semiconductors is by using models and representations showing the 

transferability of electrons between the host and dopant species. The simplest case 

involves “an integer number of electrons transferred from the polymer to the dopant 

molecule (p-doping) or the dopant molecule to the polymer (n-doping)” (Figure 1.5).57 

The ease of transferability is controlled by the energetic offset between the dopant 

electron affinity (EA) and the polymer ionization potential (IP) for p-doping and the 

energetic difference between the polymer EA and the dopant IP for n-doping. 
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Unfortunately, this model does not capture every relevant process and relationship and 

fails to explain why specific systems deviate from this concept. Many host/dopant 

systems possess significant activation energies compared to their theoretical amount. The 

low permittivity, formation of hybridized host/dopant complexes, and effects on the 

nano-/microstructure, while not an exhaustive list, are notable explanations to describe 

the origins of the activation energy and the disparity between theoretical and 

experimental data.58 Also, dopants are generally processed into organic films through co-

evaporation, wet-chemical techniques, or gas-phase exposure.59 The mere existence of 

different polymorphs and the positioning of dopant molecules in the host matrix 

introduces unique doping mechanisms. While the film processability can be achieved with 

ease, an improved understanding of the doping-processing-nanostructure relationships is 

required and remains an elusive concept due to the intricate processes behind OSC-

dopant interactions. 

Molecular doping in polymers is linked to many convoluted processes, of which 

electron transfer alters the polymer charge carrier density and transport. Two widely 

recognized electron transfer processes are ion-pair formation (IPF) and ground-state 

charge-transfer complex (GS-CPX) formation.59-60 While there’s more to the design rules 

than just the alignment of the EA and IP, their energetic values play a major part in 

understanding how electron transfer occurs between the host and dopant and why specific 

systems favor p-type over n-type doping and vice versa. The key notion behind IPF is the 

energetic difference between the EA and IP. Since the energy of an electron increases 

moving upwards in the energy diagram (due to lower binding energy), an electron is 

transferred to the acceptor molecule, which possesses a lower energy state for the 



 

15 

electron to reside. The electron-rich or -poor character of the polymer defines if the 

process is p-type or n-type doping, respectively, because the mobile charge carriers are 

governed by the intrachain and interchain transport of the polymer.  For example, in p-

type doping, the OSC EA must be higher or equal in energy than the dopant IP, in which 

the electron transfers from the OSC HOMO to the dopant LUMO. The electron transfer 

to the LUMO results in the formation of dopant anion and OSC cation (the ion-pair) 

(Figure 1.6), which is exemplified in copious amounts of prototypical polymer-dopant 

systems.  

 

Figure 1.5 Schematic representation of chemical doping involving p-type and n-type 

doping processes. The mechanism is fundamentally rooted in the alignment of energy 

levels which electron transfer can take place. Figure was motivated and adapted from 

Ref 57. 
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Figure 1.6 Schematic showing how the embedment of neutral dopant molecules 

influences the OSC energy levels with an emphasis on ion-pair formation (IPF). Figure 

was motivated and adapted from Ref 60.  
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In contrast to ion-pair formation, a GS-CPX formation is another known doping 

mechanism that involves the supramolecular hybridization of frontier orbitals between 

conjugated polymer and dopant species. This process generates a new set of frontier 

orbitals (modified DOS) whose occupied bonding ( ,CPX HE ) and antibonding orbital 

energies ( ,CPX LE ) as given by in a Hückel-type model (Equation 1.1): 

 2 2

, / ( ) 4
2

OSC dop

CPX H L OSC dop

H L
E H L 

+
=  − +  (1.1) 

where  is the resonance integral and describes the force binding two neighboring 

molecules.60 The unique nature of GS-CPX permits the interactions between molecules 

where the OSCH and dopL are not in resonance (Figure 1.7). The probability of occurrence 

for hybridization is equal regardless of the dopL energy being higher or lower than the 

OSCH .59 Newly formed frontier orbitals are generated from the hybridization, but their 

relative amplitudes govern the extent of charge transfer ( ). Both IPF and CPX can form 

simultaneously where only partial charge transfer is observed. CPX formation has been 

detected in numerous conjugated molecules61-64 and polymers.65 Fourier transform 

infrared spectroscopy (FTIR) is commonly employed to investigate the doping 

mechanism, in which the CPX exhibits diagnostic electronic absorption bands. For 

example, studies have been conducted on the doping of poly(3-hexylthiophene-2,5-diyl) 

(P3HT) and quaterthiophene (4T), a thiophene oligomer, using a 2,3,5,6-tetrafluoro-

7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) p-dopant. Vastly different phenomenology 

was observed using the diagnostic cyano-vibrations (C≡N) and energy levels of F4-

TCNQ. Under the effect of IPF, the lateral conductivity of P3HT was improved by 
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several orders of magnitude compared to 4T since the latter case only translated into 

partial charge transfer ( 0.21 = ). These supramolecular hybrid energy levels can be 

quantitatively determined using ultraviolet photoelectron (UPS) and inverse 

photoemission spectroscopy (IPES), commonly employed surface science techniques that 

measure the occupied and unoccupied electronic structure of molecules. Many 

fundamental challenges must be addressed to rationalize the molecular doping processes 

in OSCs fully. Our understanding of intermolecular coupling, phenomenologically 

intermediate cases between IPF and CPX formation, and Coulombic interactions of 

ionized species and charge carriers (trapping mobile carriers) are several areas that 

need to be addressed to construct a unifying picture of doping and the associated charge 

transport properties.   

 

Figure 1.7 P-type doping of neutral dopants in a OSC matrix, emphasizing the formation 

of a neutral and ionized ground-state charge-transfer complex (CPX). λ is the 
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reorganization energy, and U1 and U2 denote the Hubbard U of the neutral dopant and 

OSC. Figure was motivated and adapted from Ref 60. 

1.7.5 Charge Carrier Transport  

1.7.5.1 Molecular Design Considerations 

While inorganic technologies still outperform many doped conjugated polymers, 

it was apparent to researchers back in the 1990s that the electrical conductivity, charge 

carrier mobility, environmental and electrochemical stability, and charge storage capacity 

were lagging far behind to breakthrough to the marketplace. Of the major device 

platforms, field-effect transistors have the highest market potential outlook because they 

constitute the basic building blocks of integrated circuits and displays. However, the 

efficiency of an electron to move through an OSC (electron mobility) is not sufficient for 

current-driven OLED displays.66 The key focus was centered around the molecular and 

process engineering of conjugated polymers to meet the ever-growing demands of the 

consumer market, as device operation and efficacy are bound to the material properties 

and process engineering conditions.  
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Figure 1.8 Strategies for controlling the material bandgap. (a) Modulate the HOMO-

LUMO energy gap through π-conjugation extension. Example structures include a 

thiophene monomer, dimer, trimer, tetramer, and polymer with their associated energy 

levels. (b) Other structural features that contribute to the bandgap: bond length 

alternation (EBLA), substituents (electron-donating or -withdrawing character), 

intermolecular interactions between chains (EINT), backbone planarity (Eϴ), and 

monomer aromaticity (ERES). c) Enhancing the quinoid nondegenerate resonance states 

promotes double-bond delocalization and thus, narrower bandgaps. Figure was 

motivated and adapted from Ref 67. 

The bandgap and the positioning of the HOMO and LUMO bands versus vacuum 

are essential parameters constrained to the molecular chemical design.67 Several chemical 

design strategies produce high-performing, narrow bandgap materials based on 

straightforward principles. For electron transport is fastest along the backbone axis, one 

can vision a hypothetical scenario in which complete electron delocalization is achieved 

along a planar, conjugated chain. This particular structure would acquire a backbone 

structure composed of all carbon-carbon bonds with the same bond length, known as the 

bond-length alternation (BLA).68 Reduced BLA can be expected to enhance the 

optoelectronic properties due to a narrower bandgap. Extending the π-electron system by 

covalent attachment of conjugated monomer units while increasing the molecular weight 

extends the conjugation length and effectively narrows the bandgap. Except for a few 

conjugated polymers (e.g., polyacetylene), most aromatic systems such as polythiophene 

and other heterocyclic conjugated polymers have a non-degenerate ground state, in which 

two existing mesomeric structures (aromatic and quinoidal) are not energetically 

equivalent.69 The population distribution between aromatic and quinoid is limited to its 

energetic stability. For example, while offering stability, the aromatic form is typically 

the dominant structure. Still, it is not effective in delocalizing electrons along the chain 

because of the inherent confinement of its π-electrons. The quinoid form possesses a 
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higher energetic state and a narrower energy gap to promote electrons for transport 

means. An energetic penalty is associated with the aromatic-quinoid transition, which 

determines the aromatic stabilization resonance ( RESE ).70 The donor‒acceptor approach is 

now the most conventional route to control the bandgap (Figure 1.9).67, 71 It introduces 

alternating electron-rich (donor) and electron-deficient (acceptor) units along the 

backbone length. The bandgap and ensuing properties are governed by the hybridization 

of the corresponding donor and acceptor frontier orbitals and gave rise to narrower 

bandgaps due to quinoid stabilization and more π-electron delocalization. The backbone 

rotational disorder, or the mean deviation from planarity ( E ), can negatively affect the 

bandgap, limiting the π-electron delocalization.72 Strategic insertion of electron-

withdrawing and -donating functionalities on the monomer units can directly alter the 

HOMO and LUMO energy levels. Strong electron-withdrawing (-donating) groups can 

affect the HOMO levels by shifting them further away from the vacuum level.67, 73 
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Figure 1.9 Donor and acceptor orbital hybridization upon coupling, possessing a 

narrower bandgap compared to conjugated homopolymers. Monomer library showing 

frequently used electron-rich donors ( D ) and acceptor ( A ) units Figure was motivated 

and adapted from Ref 73. 

1.7.5.2 Dynamics of Intrachain and Interchain Transport 

Conjugated polymer chains, due to their torsional disorder, have many spatial 

configurations or conformational freedom. The physical properties are highly dependent 

on chain conformation, intermolecular interactions, and multiscale microstructures 

varying from entirely amorphous to crystalline.74 The structural disorder is inherent in 

many conjugated polymer systems and has shown evidence of electron localization and 

trap sites that limit carrier mobility.75 The intermediate semicrystalline structures, while 

poorly understood, exhibits semi-ordered and disordered domains and are displayed in 
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numerous molecular systems. The co-existence of ordered regions made of co-facially 

stacked molecules and lattice disordered regions produces a range of length scales 

dictating how the charge carriers effectively travel within the OSC (Figure 1.10).74, 76  

Intrachain transport involves the delocalization of the electron across the 

backbone. While intrachain processes are faster than interchain, the wavefunction overlap 

(electron coupling between monomer units) is essential to attaining high carrier mobility 

and is done through careful molecular design (Figure 1.8).77 Conjugated polymers are 

typically hampered by molecular defects caused by twisted bonds and steric effects, 

reducing the π-conjugation length and mobility. Extensive chain alignment between 

neighboring conjugated sections can deliver fast charge motion via charge hopping.78 It is 

well-known that poorly ordered or nearly amorphous microstructures decrease carrier 

mobility. Recent observations have linked electronic localization to the rise of trap-

limited transport and are reflected in the Gaussian distribution in the frontier orbital 

energies (Figure 1.11).79 The extended tail, or band tail states, possess a DOS projecting 

into the material bandgap with a continuous distribution in energy and can disrupt the 

charge carrier transport acting as hole/electron trap sites.80 Deeper traps in the bandgap 

can be created as more structural defects/disorders are introduced to the system. 

Molecular-scale features such as molecular weight, dispersity (Đ), solubilizing groups, 

backbone rigidity, chain π-π stacking, and substrate compatibility influence the domain 

size, polymer phase segregation, and interchain transport processes.   
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Figure 1.10 Schematic illustrations of common solid-state (a) microstructures 

(semicrystalline, disordered aggregates, and amorphous) and (b) intra- and interchain 

charge transport. Figure was motivated and adapted from Ref. 74. 

 The rate-limiting step in macroscopic transport is the interchain charge transport. 

The anisotropic chemistry of conjugated polymers affords unique properties that control 

macroscopic charge transport and even offers advantages to enhance chemical doping. 

The electronic structures remain intact due to the strong intrachain bonds. At the same 

time, the chain packing is composed of weak forces (e.g., van der Waals) that are easily 

disturbed, giving rise to a number and variety of defects that complicate transport.56 π-
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cloud overlap between adjacent chains is associated with ordered domains and 

contributes to the reduction of interchain distance and activation barrier for transport 

following a phonon-assisted hopping mechanism.81 Phonon-assisted tunneling is a 

quantum mechanical process that occurs between two neighboring sites on separate 

chains, where the electron tunnels through an energetic barrier for activation hopping, 

producing two-dimensional transport. The mechanism is highly sensitive to the π-π 

stacking mode (face-on, edge-on, and end-on).82 Due to the hypersensitivity of 

microstructures to the deposition conditions, it is imperative to discern the relationships 

between process-dependent π-aggregate formation and connectivity towards 

macroscopic charge transport. 

 

Figure 1.11 OSC energy levels. (a) HOMO and LUMO energies with respect to the  

vacuum level, showing the electron affinity, ionization potential, optical bandgap, and the 

presence of intragap trap states. (b) Another representation of the energy levels showing 

the density of states and the existing shall and deep tail states that hamper transport of 
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charges near the mobility edge. (c) Various transport barriers (trap sites and scattering 

centers) created by local defects and imperfections in the polymer matrix. Figure was 

motivated and adapted from Ref. 79. 

1.7.6 OFET Chemical Sensors 

OFETs have demonstrated utility in many consumer technologies and show 

unparalleled modularity in sensing a wide variety of biological, chemical, and physical 

analytes.5, 83 OFETs operating in aqueous environments and applying in chemical and 

biological detection are emerging technology anticipated to have profound effects on 

biomedical science, healthcare, and sensing platforms.84-89 These materials can be 

fabricated onto microarrays using diverse, low-cost manufacturing paradigms, affording 

the capability to integrate various sensors within a small area, precluding the need for 

expensive labeling and detection equipment, and offering real-time diagnostic tools that 

can be used in the field. Donor-acceptor conjugated polymers endow a unique set of 

optoelectronic properties as compared to their homopolymer analogues with 

improvements in chemical stability, tunable electronic structures, excitonic processes, 

and charge carrier transport. Analyte binding changes the surface potential and alters the 

OFET conductive channel. Of significant interest is that detection in the µM range could 

be achieved at a relatively low receptor density on the surface. 

The limiting characteristics of this technology include the lack of available 

materials for the specific detection of other analytes, lack of specific/tailored interactions 

between the receptor and analyte, low number of conjugated polymers that demonstrate 

stability in aqueous environments, limited understanding of the features that account for 

this stability, the multistep nature of incorporating functionalized nanoparticle 

chemistries, and the non-specific interaction found in complex aqueous environments. 
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Furthermore, the detection limits necessary for reliable operation are typically in the nM 

range. It is straightforward to anticipate that an increase in sensitivity can be 

accomplished through approaches such as higher receptor density, interactions leading to 

more dramatic changes, and modification of the polymer and device structure. 

1.7.6.1 Operation Mechanism of OFET Chemical Sensors 

While various device architectures have been intensively researched and tested, 

OFET sensors embody some of the highest performing electronic detection platforms due 

to their inherent signal amplification properties originating from a three-terminal 

configuration. The device generates a tunable, internal electric field that induces the 

formation of mobile charge carriers. Unlike inorganics, these charge carriers adhere to the 

polymer backbone structure and are highly responsive to the surrounding environment 

changes. Conjugated polymer-based sensors can exhibit collective properties sensitive to 

minor perturbations and tailor analyte responses through straightforward synthetic means. 

Photo, pressure, and temperature sensors are a few other applications that have been 

explored.90-94 When exposed to these different external stimuli, the possible mechanism 

routes include change of the charge carrier density, conductivity, capacitance, and 

transport pathways.  

1.7.6.2 Achieving Analyte Specificity: Receptor Integration 

For chemical sensing, these devices usually rely on the serendipitous sensitivity of 

the material to the analyte of interest, and strategies for specific detection remain a 

challenge. Various conjugated polymer materials that utilize covalently bound 

recognition probes for binding to analytes have been studied as valuable platforms for 

facilitating chemical and biological fluorescence sensors. Due to rapid exciton migration 
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in conjugated polymers, a single analyte binding event can quench many fluorescent sites 

within the polymer leading to significant enhancements in sensitivity. Receptor 

integration in OFET devices is also necessary to achieve analyte specificity and enhance 

the binding signal in opposition to the background noise production.  

Knopmacher et al. reported state-of-the-art OFET sensors stable in seawater over 

extended periods based on a high-performing isoindigo-based polymer.95 To achieve 

detection Hg2+ induces a conformational change upon binding to DNA, causing an 

accumulation of negative charge near the OFET surface (p-channel enhancement). The 

binding events change the surface potential and alter the channel conduction with the 

magnitude of change based on the analyte concentration. 

1.7.6.3 Supramolecular Interactions for Analyte Recognition 

 

Figure 1.12 Supramolecular host chemistries: (a) timeline of discoveries and (b) the bond 

enthalpies of various intermolecular interactions showing their relative strengths.  

The molecular recognition of anions has established roots in the late 1960s and 

later became fundamental pillars to modern supramolecular chemistry due to their 

prevalence in biological and environmental processes.23, 96-97 Computationally-driven 

design of anion receptors has led to remarkable progress in sensing, extraction, and 

membrane transport. Most of which were studied intensively in nonpolar media due to 
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poor receptor solubility in water and electrostatic screening of charges; the strength of the 

hydration layer is higher in anions than analogous cations. More elaborate design and 

tailored affinity are still necessary for proper utility in biological, medical, and 

environmental applications, predominantly in aqueous media. Acyclic systems have been 

proposed as a probable solution. For example, a series guanidium-based receptors have 

recently demonstrated the selective binding of phosphate and pyrophosphate in aqueous 

media in the presence of counter ions such as Cl‒, Br‒, NO3‒, CO3
2‒, SO4

2‒, and ClO4
2‒.98 

The receptor has demonstrated phosphate binding with an affinity of 105 M‒1 with 

negligible interactions in the presence of other anions. However, acyclic receptors 

require aqueous solubility since the binding affinity demands of their collapsible 

structures (high conformational freedom) to generate the binding pocket. Several 

macrocyclic systems made headway over the years as “host/guest” chemistries from 

shaped cavitands (cyclodextrins, calix[n]arenes, and cucurbiturils), bicyclic/polycyclic 

multidentate ligands (cryptands), crown ethers, and mechanically-interlocked molecular 

architectures (rotaxanes and catenanes).99 Macrocyclic structures enable tunable binding 

properties based on physical (complementary shape and size) and chemical attributes 

(modes of intermolecular interactions) (Figure 1.12). However, many macrocyclic 

structures are not designed for anionic species but rather towards electron-poor 

molecules. The binding pockets of macrocycles, such as cyclodextrins and calix[n]arenes 

form inclusion complexes with polycyclic aromatic hydrocarbons of various shapes and 

sizes and was demonstrated for adsorption onto nanoparticle surfaces.100-102 For 

cyclophanes, π-electron poor organic compounds are incorporated into their ring 

structures with binding affinities resulting from a combination of non-covalent bonding 
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interactions, including “face-to-face [π•••π] stacking and orthogonal [C‒H•••π] 

interactions.”103-104 In the quest for anion recognition, developing suitable receptor 

systems and compatible device materials and architectures remains a substantial 

challenge for operating in real-world conditions.  

A recent form of hydrogen bonding centered around exotic interactions based on 

polarized C‒H hydrogen-bonding motifs designed for binding weakly-coordinating anion 

species. “Cyanostar” (CS) (Figure 1.12) are promising charge-neutral, shape-persistent 

macrocycles that offer a subset of properties favorable for the sequestering, remediation, 

and detection of phosphate anions.105-107 However, they have never been incorporated 

into an OFET device architecture as a molecular recognition probe for chemical sensing, 

and there is lack of understanding how supramolecular systems can affect the charge 

transport properties of OSCs. 

1.8 Summary 

In particular, due to its inherent responsiveness to minor perturbations and 

structural tunability, conjugated polymers have shown to be promising candidates for 

developing novel chemical sensing platforms. Specifically, conjugated polymers can 

operate as signal translators for surface binding events or redox chemical reactions when 

electronically coupled to a media of interest. Alterations in the channel material electrical 

current can correspond to the nature of the surrounding environment—representing a 

physiological or environmental state. Thus, an electrical transduction platform can be 

realized to sense, record, and monitor surface activities in real-time. While a pristine form 

of the active layer would rely on serendipitous interactions towards an analyte of interest, 

specific detection can be achieved with the integration of suitable recognition probes to 



 

31 

facilitate binding events in proximity to the device surface. While optical detection108-109 

has been the preferred method, most electrochemical systems are not designed to trace 

the presence of anionic species and range from membrane-based110-112 to membrane-free 

(functionalized molecules, blended systems, and modified electrodes)113-116 (Figure 1.13). 

A major contribution to the progress of chemical sensors is to further develop and exploit 

the sensitivity and selectivity of novel recognition probes for phosphate detection and 

expand the utility to other weakly coordinating analytes. 
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Figure 1.13 Traditional methods to endow ion selectivity using (a) optical and 

electrochemical (b) membrane-based and (c) membrane-free methodologies. Reprinted 

with permission from Ref. 108. Copyright 2010, Journal of the American Chemical 

Society. Adopted with permission from Ref. 109. Copyright 2020. Royal Society of 

Chemistry. Reprinted with permission from Ref. 114, Copyright 2019, American 

Chemical Society.  
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CHAPTER II – EXPERIMENTAL METHODS 

2.1 Materials and Methods 

2.1.1 General Remarks 

All manipulations of air- and moisture sensitive compounds were performed under an 

inert atmosphere using standard glovebox and Schlenk techniques. Reagents, unless 

otherwise specified, were purchased from Sigma Aldrich, and used without further 

purification. Chlorobenzene (C6H5Cl) was degassed and dried over 4 Å molecular sieves 

prior to use. Tris(dibenzylideneacetone)dipalladium(0) was purchased from Strem 

Chemicals and used as received. 1,2-(E)-Bis(5’-trimethylstannanyl-2’-C-thienyl)ethene, 

3,6-bis-(5-bromo-thiophen-2-yl)-N,N’-bis(2-decyltetradecyl)-1,4-dioxo-pyrrolo[3,4-

c]pyrrole, poly[2,5-bis(2-decyltetradecyl)pyrrolo[3,4-c]pyrrole-1,4-(2H,5H)-dione-alt-

(E)-1,2-di(2,2’-bithiophen-5-yl)ethene] (PDVT), and penta-t-

butylpentacyanopentabenzo[25]annulene (cyanostar, CS) were prepared according to 

literature procedures. 

2.2 General Characterizations 

2.2.1 Atomic Force Microscopy (AFM) 

The surface potential and topography data were recorded with a Bruker Dimension Icon 

scanning probe microscope. Kelvin probe force microscopy (KPFM) measurements were 

performed with MESP-V2 (tip radius: 35 nm) probes using a two-pass procedure. AFM-

IR data were collected in tapping mode at a 45° angle using a gold-coated AFM probe 

(spring constant 40 N/m and resonant frequency 300 kHz). Through FTIR 

characterization, the mid-IR laser is optimized to frequencies correlating to each 

component (IR laser power of 15.78%). Images were flattened in Analysis Studio 
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software and then smoothing was done in Gwyddion open-source software using the 

Gaussian filter.  

2.2.2 Electrochemistry 

The electrochemical reduction and oxidation onsets were measured by cyclic 

voltammetry (CV) at a scan rate of 50 mV s‒1. Scans were carried out drop-cast polymer 

films in degassed anhydrous acetonitrile with tetrabutylammonium hexafluorophosphate 

(0.1 м) as the supporting electrolyte. The CV apparatus consists of platinum wires 

(working and counter electrodes) and Ag/AgCl (reference) electrode.4 The reference 

electrode was calibrated to ferrocene (internal standard) with the potential axis corrected 

to the standard hydrogen electrode (SHE: ‒4.75 eV). The bandgap was calculated from 

the difference of the onset of oxidation (EHOMO) and reduction (ELUMO). 

2.2.3 Electron Paramagnetic Resonance (EPR) Spectroscopy 

Room-temperature continuous-wave EPR spectra were recorded on a Bruker 

EMXmicro EPR spectrometer (X‒band) microwave bridge. The solution sample was 

dissolved in chloroform, evaporated inside a 4 mm quartz tube, and sealed in a N2-filled 

glovebox. Spin concentration was obtained by comparing against a 2,2-diphenyl-1-

picrylhydrazyl (DPPH) standard with a known spin concentration.117 The thin film 

samples were prepared in anhydrous chloroform (8 mg mL‒1), and the solvent was 

subsequently removed via a rotary evaporator. 

2.2.4 Ellipsometry 

To investigate the water uptake (film swelling behavior) of the films during 

measurements, we employed ellipsometry on a J.A. Woollam M-2000® UI Ellipsometer 

with a 500 µL variable temperature liquid cell accessory (incident angle at 70o and held at 
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23 oC). The results were modeled on the CompleteEase software. Each sample was 

scanned using 5 angles (55o, 60o, 65o, 70o, and 75o) over the range of 245 – 1700 nm at 2 

s scan intervals. Data was first fit using an anisotropic B-spline, which establishes an 

initial absorption profile using 103 varying parameters. B-spline model was then 

converted to a series of gaussian general oscillators as an optimized model with variables 

reduced to 20 or less per material.118 

2.2.5 Environmental Stability Studies 

Long-term electrical measurements were conducted to assess material storage 

stability. Over a sixty-day period,  pristine and composite films were stored in inert (N2 

glovebox), ambient, ultrapure deionized (DI) water (MilliQ > 18.0 MΩ-cm, Millipore), 

and high nutrient Instant Ocean Sea Salt solution, all in the absence of light. 

2.2.6 Gel Permeation Chromatography (GPC) 

The number average molecular weight (Mn), weight average molecular weight 

(Mw), and dispersity (Đ) were determined by gel permeation chromatography (GPC) at 

160 °C in 1,2,4-trichlorobenzene (TCB), stabilized with 125 ppm of BHT in an Agilent 

PL-GPC 220 High Temperature GPC/SEC system using a set of three PLgel Olexis 

columns. Polymers were pre-dissolved at a concentration of 1.00 – 2.00 mg mL‒1 in TCB 

with stirring at 160 oC for 12 h. 

2.2.7 UV-Vis-NIR Spectroscopy  

The optical absorption spectra were recorded from 0.250 to 3.30 µm on a Cary 

5000 UV-Vis-NIR spectrophotometer. Dilute sample solutions were made by dissolving 

the polymer and receptor in chlorobenzene solution, and thin films were prepared by 

spin-coating a chlorobenzene solution (10 mg mL‒1) onto quartz substrates.117 The optical 
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bandgaps were calculated based on the absorption onset from thin film absorption spectra 

following (Equation 2.1): 

 
opt

g

onset

hc
E =

λ
 (2.1)

   

where h is Planck’s constant, c is the speed of light, and λonset is the absorption onset.  

2.3 OFET Device Operation and Parameter Extraction 

2.3.1 Introduction 

Research in organic electronics is driven by opportunities to develop novel 

technologies and garner a deep fundamental understanding of charge transport and soft 

condensed matter physics. Proper design and material integration of conjugated polymers 

can afford precise control over the optoelectronic properties via tailoring chemical 

syntheses and solution-processing techniques, higher tolerance to structural defects, ease 

of fabrication, and transparency. While most conjugated polymers do not meet the 

performance requirements critical for applications (e.g., current-driven flexible OLED 

displays), the role of the device structure, processing techniques, transport properties, 

morphology, polymer energetics, and doping are indispensable elements to enable far-

reaching advancements. State-of-the-art metrics have been achieved thus far from our 

improved understanding of the role of polymeric structures ‒ from atomic to 

microstructural and mesoscopic scales ‒ on material functionality. However, the 

bottleneck of the charge transport in OSCs can be further alleviated by proper 

engineering at the metal-OSC interface, where charge injection and extraction occur. 

Careful considerations of device geometry, architecture, material selection, and parasitic 
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loss mechanisms are instrumental to understanding the functioning principles and to 

push OFETs closer to commercialization.119 

2.3.2 Operating Principles of OFETs 

An OFET is a three-terminal device (Figure 2.1) composed of a source, drain, and 

gate electrode, mutually acting as an electronic “relay.” Electrical charges flow across the 

semiconductor between the source and drain contacts (IDS) and function based on the 

applied voltage between the two contacts (VDS). The electrical conductivity is then 

amplified by an external electric field, generated by an applied gate voltage (VGS), and is 

known as the “field effect.” The gate voltage facilitates control between off- and on-state 

and enables the transistor to function as the switching element of microprocessor circuits 

in modern devices. When operating in the on-state, the OFET behaves similar to a 

capacitor with mobile charges. Applying voltages at the three metal contacts creates an 

equipotential surface at the dielectric/OSC interface and induces a charge accumulation 

layer (< 10 nm in thickness). The dielectric is made of organic or inorganic insulating 

material that is polarizable (shift in the molecule’s equilibrium position) under an applied 

electric field and is sandwiched between the gate contact and the OSC. Electric charges 

are not exchanged between the gate and OSC because the dielectric does not have loosely 

bound or free electrons capable of drifting across the material. OFET devices usually 

operate in enhancement mode, where the OSC is intrinsically in an undoped state and is 

intentionally doped under appropriate gate biasing. A second device operation involves 

depletion-mode, where the device is in the on-state at zero gate voltage, and channel 

conduction reduces under gate biasing. A plethora of OFET devices with p-type and n-

type operations have now reached the performance of polycrystalline silicon FETs, 
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exhibiting field-effect mobilities ( FET ) higher than 1 cm2 V‒1 s‒1. In principle, these two 

carrier types can be operated based on the charge injection barrier at the source and drain 

contacts and the material electrochemical stability.  

 

Figure 2.1 The device structure of an OFET which is composed of three electrodes 

(source, drain, and gate), a dielectric layer, and a semiconductor.    

The operating principle and modes of OFETs are illustrated in Figure 2.2, which 

shows a series of band diagrams. The focal point of the figure is the band-bending in the 

OSC near the dielectric surface, as it determines if the device will operate under 

enhancement or depletion mode. For a p-type semiconductor (Figure 2.2a), the Fermi 

level ( FE ) lies below the intrinsic energy ( iE , the halfway point between the frontier 

orbital energy levels). In equilibrium, when the gate voltage bias is zero, the Fermi levels 

of the polymer and metal are aligned, and band-bending does not occur (flat band 

condition). P-channel operation (accumulation of holes) occurs under a negative gate 

bias. The gate electrode Fermi level is raised to higher energy (closer to the vacuum 

level) and generates an electric field across the dielectric layer. The electric field is 

responsible for the polymer HOMO and LUMO band bending in the direction of the gate 

electrode Fermi level. Under the “field-effect”, the HOMO energy level approaches the 

OSC Fermi level near the dielectric interface and accumulates of holes. The energy 
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difference between the HOMO and Fermi levels controls the carrier density of holes and 

follows an exponential relationship. The charges that accumulate at the OSC/dielectric 

interface move along the channel length (L) direction towards the source/drain electrodes, 

where charge carrier injection and extraction occur. For an n-type semiconductor (Figure 

2.2b), the Fermi level is situated above iE . Applying a positive gate bias causes band-

bending in the opposite direction to lower energy (away from the vacuum level) and 

results in the accumulation of electrons. This is due to the LUMO level approaching the 

OSC Fermi level near the dielectric interface. The material selection of the source and 

drain electrodes are essential to the OFET operation mode and efficiency. The metal 

work function alignment of the OSC HOMO and LUMO is necessary to enable p-channel 

and n-channel operation, respectively, and efficient charge carrier injection and 

extraction.   
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Figure 2.2 Schematic of band-bending and operating modes in OFETs: (a) p-type 

operation without (left) and with (right) an applied negative gate voltage and (b) n-type 

operation without (left) and with (right) an applied positive gate voltage. 

 OFETs have been constructed through a variety of device architectures and 

fabrication processes, such as vacuum evaporation, single-crystal-growth, and solution-

processing, of which solution-based printing processes are the most desirable 

manufacturing approach.83 In general, OFETs enable control of the channel current 

between the source and drain contacts by modulating gate-terminal bias and giving rise to 

three OFET operation regimes: linear, pinch-off, and saturation regime. Current-voltage 

(I‒V) characteristics are used to extract the device figures-of-merit and are calculated in 

either the linear or saturation regime. The OFET channel is activated when the gate bias 

exceeds the threshold voltage ( GS ThV V ). While under a constant gate bias, the drain-to-

source bias is tuned to control the channel response. When DS GSV V  the conductive 

channel is characterized as having a uniform distribution of mobile carriers, performing 

like an Ohmic resistor (current increases linearly with voltage). It is known as the linear 

regime, and the output current is approximated from the following (Equation 2.2): 

 
1

( )
2

lin

DS FET GS Th DS

W
I C V V V

L
= −  (2.2) 

where W is the channel width, L is the channel length, and C is the capacitance per unit 

area.  

 The field-effect mobility ( FET , units: [cm2 V‒1 s‒1]) is an important figure of 

merit and probes how fast (efficient) the charge carriers move across the OSC channel 

within an electric field and can be measured by the transconductance ( mg ) (Equation 

2.3):120  
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Figure 2.3 The linear regime: DSI as a function of DSV .  

 The mobile carriers across the channel is no longer uniformly distributed when 

DSV is increased beyond a certain magnitude. The I‒V curve becomes sublinear as a 

depletion region is formed in the conductive channel, and results in high resistance on the 

drain electrode side. The mobile carrier density near the drain is small and only a space 

charge limited saturation current is permitted to flow across the depletion region. The I‒V 

characteristics becomes quadratic ( 2I V ), so the output current adopts the following 

relationship (Equation 2.4): 

 21
( )

2
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DS FET GS Th

W
I C V V

L
= −  (2.4) 
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Figure 2.4 (a) The pinch-off point and (b) the saturation regime: DSI  as a function of 

DSV . 

Output and transfer characteristic plots (Figure 2.5) are used to extrapolate the 

OFET parameters such as FET , ThV , on-off current ratio ( /ON OFFI I , unitless), and 

subthreshold swing ( S , units: [V decade‒1]). The on-off ratio (ratio of the drain current in 

the on- and off-state) is an important device metric, as it measures the quality of the 

device as an electronic switch and the purity of the OSC. For clean switching behavior, 

higher values are excellent, with state-of-the-art devices achieving >106. Collectively, to 

achieve high-performance OFET devices, the off-state current can be reduced by limiting 

parasitic gate leakage current ( GSI ) and minimizing residual dopant species while 

enhancing the on-state current by increasing the OSC mobility. The subthreshold swing 

measures the switching ability between the off- and on-state. High subthreshold swing 

values generally imply the enlargement of shallow trap states and is given as:  

 
(log )

GS

DS

dV
S

d I
=  (2.5) 
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Figure 2.5 (a) Output and (b,c) transfer plots showing the linear (blue) and saturation 

regimes (orange).  

2.3.3 Common OFET Device Geometries 

The assortment of device geometries (Figure 2.6) is rooted in the solution-

processability of polymers and small-molecule systems with electrical properties ranging 

from insulating to semiconducting. As such, there are four common device geometries 

are constructed according to the positioning of the source/drain and gate electrode in 

reference to the OSC layer: bottom-gate/top-contact (BGTC), bottom-gate/bottom-gate 

(BGBC), top-gate/top-contact (TGTC), and top-gate/bottom-contact (TGBC). BGBC and 

TGTC are coplanar geometries, while BGTC and TGBC are staggered geometries. 

Coplanar devices are characterized by having all three electrodes on the same side of the 

OSC, and staggered devices have the source/drain and gate electrodes on opposite sides 

of the OSC. For specific materials, it may be advantageous to encapsulate the OSC layer 

and source-drain contacts underneath the dielectric layer for protection against 

environmental degradation. However, for chemical sensing, it may be beneficial to 

directly expose the OSC surface to the environment where an analyte is introduced and 

offers the potential to achieve higher signal amplification. In the next section, parasitic 

resistance pathways will be discussed since they are highly sensitive to geometric factors 

(coplanar vs staggered) and material processing.  
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Figure 2.6 OFET configurations: (a) bottom-gate/top-contact (BGTC), (b) bottom-

gate/bottom-contact (BGBC), (c) top-gate/top-contact (TGTC), and (d) top-gate/bottom-

contact (TGBC). 

2.3.4 Role of Device Factors 

Contemporary organic semiconductors typically suffer from poor contact injection 

properties since the electrode-OSC junction is composed of heterogenous materials, 

resulting in high contact resistance (OSC FETs: CR  ≥ 100 Ω cm versus silicon metal-

oxide-semiconductor FETs: CR  < 0.1 Ω cm).121 Small enhancements in the charge 

injection and extraction can extend the device functionality and efficiency. The total 

resistance ( TR ) can be described as the sum of the channel resistance ( CHR ) and contact 

resistance ‒ composed of interfacial ( ,C IntR ) and adjacent domains extending towards the 

channel ( ,C BulkR ) (Figure 2.7).121 The contact resistance is particularly sensitive to the 

doping concentration, band alignment between the CP and electrode, and the hopping 
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mechanism of charge carriers in OSCs. However, the ,C BulkR is especially affected by the 

device structure and charge carrier mobility. Staggered geometries are generally 

beneficial in lowering the ,C BulkR because there is an extended injection area above the 

metal contact contributing to the carrier diffusion. Intensive research efforts discovered 

ways to alter the contact injection barrier by changing the metal work function, 

controlling the metal surface states, and the OSC morphology. Lastly, the processing 

conditions, specifically spin-coating, can produce non-interactive interfaces due to 

disordered, kinetically quenched morphologies. The effects of contact resistance on the 

conjugated polymer charge transport properties will be elucidated using the transmission 

line method. 

 

Figure 2.7 (a) AutoCAD of fabricated devices used to performance the transmission line 

method (TLM). (b) TLM plot showing channel length (L) versus total resistance ( TR ). 
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Linear extrapolation is used to calculate the device contact resistance ( CR ). (c) RT and a 

three-resistor model equivalence ( , ,T C CH C Int C Bulk CHR R R R R R= + = + + ).   

2.3.5 Transistor Fabrication 

Si/SiO2 substrates (20 mm × 15 mm) were sequentially submerged into 2% (by 

volume) Hellmanex detergent in deionized (DI) water, DI water, acetone, and isopropyl 

alcohol (IPA) for 10 mins using sonication, followed by drying in an oven. The substrates 

were then treated in a UV‒O3 cleaner for 20 mins.117 Gold electrodes (60 nm) were 

thermally evaporated onto a chromium adhesion layer (5 nm) at 1 x 10‒7 torr using a 

shadow mask. The electrodes were separated by an 80 µm x 1 mm spacing and acts as the 

sensor active area with a transmission line leading from each electrode as shown in Fig. 

2A. The devices were then submerged in 3 mM octadecyltrichlorosilane (OTS) in 

trichloroethylene solvent for 20 s, followed by spin-coating at 3000 rpm for 10 s. The 

substrates were placed in a desiccator and exposed to ammonium hydroxide (28‒30% in 

water) overnight, followed by sequential washing in toluene, acetone, and IPA.122 The 

polymer and receptor were dissolved in chlorobenzene at 90 oC to make a solution of 8 

mg ml‒1 and 2 mg ml‒1, respectively, in a nitrogen atmosphere. The polymer solution was 

spin-coated onto the substrate at 1000 rpm for 60 s, resulting in a 91 nm thick film, 

creating a bottom-gate/bottom contact device. Host-guest complexation studies were 

initially done by physically mixing tetrabutylammonium organic salts into the 

polymer/receptor solution.  
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2.3.6 Device Characterization 

2.3.6.1 Two-Point Probe I‒V: Extracting Room-Temperature Bulk Conductivity.  

The sensor chips were mounted on a Signatone 1160 Series probe station using a 

standard X‒Y stage.123 Semiconductor figures of merit were evaluated inside a nitrogen 

filled glovebox and recorded on a Keithley 4200 semiconductor characterization system 

(SCS). Room temperature conductivity was measured using a two-point probe method 

(source and drain, without gate) by sweeping the voltage from ‒2 to 2 V, determined by 

the following relationship (Equation 2.6):117, 124 

 RT

I L
σ = ×

V WT
 (2.6) 

where I, V, L, W, and T represent current, voltage, channel length, channel width, and 

active layer thickness (measured by AFM), respectively.  

2.3.6.2 Bottom-Gate/Bottom-Contact Devices: Extracting Mobility.  

The field-effect mobility was extracted from the transfer curve (linear regime) 

(2.7):124 

 DS

i DS GS

ΔIL
μ= ×

WCV ΔV
 (2.7)   

where Ci, VDS, VGS, and IDS represent the dielectric capacitance, source-drain voltage, 

gate-source voltage, and source-drain current, respectively.  

2.3.6.3 Water Sensing Tests and Characterization.  

The EGOFETs experiments were carried out in ambient conditions and used 

HEPES buffer (100 mM, pH = 7.4) in DI water or Instant Ocean sea salt solution as the 

electrolyte and a Ag/AgCl pellet as the gate electrode.125 The transient responses were 

measured using a Keithley 4200 SCS with a 4200-source meter unit (SMU) that was used 
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to bias the source, drain, and gate electrodes. PDVT-CS and PDVT-IsoCS EGOFET 

sensors were exposed to a baseline and analyte solution (spiked with either dihydrogen 

phosphate, nitrate, metasilicate, bromide, chloride, sulfate, bicarbonate, or carbonate) of 

various concentrations mixed into another batch of baseline solution. This protocol was 

used to minimize pH-dependent channel conduction responses. The sensor performance 

and transient responses were measured using a Keithley 4200A-SCS Parameter Analyzer. 

The sensor sensitivity is defined by the relative change of the drain current under applied 

voltage (VGS = ‒0.7 V and VDS = ‒1.0 V in our case) following equation (2.8):126-127 
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CHAPTER III – POLYMER-SUPRAMOLECULAR RECEPTOR COMPOSITES: 

ACTIVE FILMS IN TRANSISTOR ARCHITECTURES 

3.1 Research Objectives and Approaches 

This section systematically incorporates receptors into polymeric systems and lays 

the groundwork for broadly applicable electronic detection platforms for sensing 

contaminants in water (Chapter IV). Using an integrated approach combining synthetic 

chemistry, polymer science, and device fabrication and engineering, we seek to gain a 

fundamental understanding of receptor-induced transformations on the transistor device 

metrics, material energetics, and film morphology. Our approach to chemical sensing is 

governed by coordinated π-orbital hybridization between a conjugated polymer and a 

shape-persistent macrocyclic receptor (preferentially binds to weakly-coordinating 

anions), forming a favorable complex towards charge transport enhancement. To evaluate 

the utility of our approach, OFET devices were primarily utilized as a characterization 

tool to quantify measurable changes in the polymer properties while precisely controlling 

additive loading, solution-processing conditions, and polymer compatibility. 

3.2 OFET Fabrication Protocol 

3.2.1 Metal Deposition: Material Selection, Procedure, and Device Geometry  

An EvoVac Physical Vapor Deposition system from Angstrom Engineering was 

used to thermally deposit gold (Au) source, drain, and gate contacts. Au as a noble metal 

offers heightened resistance to corrosion, more prolonged survival in saline conditions of 

the marine environment, readily modifiable surfaces for self-assembled monolayers 

(SAMs), and energetic compatibility to most p-type transport materials. In the latter case, 

Au possesses a work function from 5.10 – 5.47 eV (dependent on the surface atomic 
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configurations or crystal faces) and closely aligns with the HOMO of p-type polymers, 

enabling effective hole transport. Silicon substrates (Wafer Pro, 3000 Ǻ dry thermal 

oxide dielectric), after solvent and UV-O3 cleaning, were placed in an evaporation stack 

and covered with a shadow mask outlining the source-drain contacts (linear geometries). 

Since Au has poor adhesion to all oxide substrates, an adhesion layer is necessary for 

electrode stability. 5 nm layer of chromium (Cr) was deposited first to promote high 

binding strength with the dielectric’s native hydroxyl groups. Therefore, an 

interconnecting bridge between the substrate and Au layer (60 nm) is established. 

Variable channel lengths (L = 30, 40, 50, 60, and 80 µm and constant channel widths (W 

= 1000 µm) were chosen during the device optimization phase. 

3.2.2 Organosilane Self-Assembled Monolayer Deposition: 

One of the critical steps in device fabrication and processing is the precise tuning 

of crystalline self-assembled monolayers (SAMs) composed of organosilane compounds. 

Octadecyltrichlorosilane (OTS) SAM deposition is employed because it tunes the 

dielectric surface energy and roughness. OTS also increases the charge carrier mobility 

by removing dielectric traps (physisorbed “trapped” water and native hydroxyl groups) 

and improves the nucleation and growth behavior for vacuum-deposited and solution-cast 

OSCs. Exceptional quality OTS SAMs have been previously achieved using the 

Langmuir-Blodgett technique, solution immersion, vapor deposition, and spin-coating. In 

this section, we assess the OTS SAM processing conditions and their relation to device 

figures-of-merit.  

Before applying a trichlorosilane layer, the substrate was cleaned via UV-O3 and 

examined using a contact angle goniometer. When placing a droplet of deionized (DI) 
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water on the silicon oxide substrate, there should be no measurable contact angle. A 3 

mM solution of OTS in trichloroethylene (TCE) was devised and spin-casted in a glove 

box. Depending on the OTS concentration, the reaction time can take up to 10 to 15 

minutes. OTS was deposited via spin-coating by covering the entire surface and allowing 

the OTS to partially assemble for 15 s. The substrate was spun at 3000 rpm for 10 s and 

placed inside a desiccator next to a vial filled with ammonium hydroxide (28‒30% water) 

overnight. The substrates were then first rinsed with toluene, as nucleophilic solvents 

(e.g., 2-isopropanol (IPA), acetone, methanol) will cause the residual trichlorosilane 

solution to polymerize. Lastly, acetone rinse is used as a quality checkup and should 

dewet completely with proper OTS SAM coverage.  

3.3 General Characterization of Channel Materials 

 

Figure 3.1 (a) Molecular structures of the semiconducting polymer (PDVT) and (b) 

cyanostar receptor (CS) which can bind phosphate.  
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3.3.1 Properties of Cyanostar 

The high solubility of penta-t-butylpentacyanopentabenzo[25]annulene 

“cyanostar” (CS)  (Figure 3.1) in common halogenated organic solvents enables solution 

processing, and thin films were prepared by spin-coating a chlorobenzene solution (10 

mg ml‒1) on quartz for UV-Vis spectroscopy and on prefabricated device substrates for 

charge transport measurements. The CS thin films demonstrate an absorption profile with 

an absorption maximum ( max ) of 318 nm and an optical bandgap (
opt

gE ) of 3.45 eV; the 

latter is estimated by the absorption onset. The electrochemical bandgaps of CS with 

anion (X‒) complexation (CS2•X
‒) and without (empty cavity) were measured by cyclic 

voltammetry (CV) with CS dissolved in dichloromethane (CH2Cl2) electrolyte solution 

(Figure 3.2). The reduction (LUMO level) of cyanostar species is measured directly by 

CV. In contrast, the oxidation (HOMO level) is based on the optical bandgap since the 

onset shifting only occurred during the reduction processes.  
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Figure 3.2 CV experiment to measure the frontier orbital energy levels of CS. (a) CS can 

form a 2:1 sandwich complex with specific anion species (CS2•X
‒). (c) The three tested 

anion compositions tetraphenylborate (TBABPh4), tetrakis(3,5-

bis(trifluoromethyl)phenylborate (TBABArF), and hexafluorophosphate (PF6
‒). (c) CV 

spectra of tested anions, where significant shifts in the reduction peaks were observed.  

Using CS’s size-selective nature, the empty CS frontier orbitals can only be 

measured if the proper electrolyte is selected, where the ionic diameter of the anion 

exceeds the cavity size (macrocycle: ~4.5 Ǻ). Tetrabutylammonium tetraphenylborate 

(TBABPh4) and tetrabutylammonium tetrakis(3,5-bis(trifluoromethyl)phenylborate 

(TBABArF) were chosen due to their bulky aryl groups, which do not permit the anions 

to bind with CS. Since CS has shown to have a high binding affinity and produces a 

sandwich structure with hexafluorophosphate (PF6
‒), TBAPF6 was used to determine the 

anion-bound CS (CS2•X
‒) frontier orbitals. CVs show shows that the HOMO is 

positioned at ‒3.05 eV (‒3.21 eV), and the LUMO is positioned at ‒6.50 eV (‒6.66 eV) 

for CS (CS2•X
‒). These results suggest that CS is an electrical insulator and could not 

operate solely as a channel material and must be coupled to a semiconductor. The π-

conjugation of the CS macrocycle, while not enabling electrical conductivity, is still an 

attractive feature for “molecular recognition and hierarchical self-assembly,”128 as their 

structures are geometrically well-defined and possess low conformational flexibility. The 

rigid structure translated to high thermal stability with a 5% weight loss around 421 oC, 

unlike its predecessor molecules 18-Crown-6 (18-C-6), α-cyclodextrin (α-CD), and β-

cyclodextrin (β-CD) where degradation occurs < 350 oC (Figure 3.3) 
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Figure 3.3 Thermogravimetric analysis (TGA) of a shape-persistent macrocycle, CS, 

versus common macrocycles: 18-Crown-6 (18-C-6), α-cyclodextrin (α-CD), and β-

cyclodextrin (β-CD), showing the (a) chemical structures and (b) TGA curves. CS 

displayed a 5 wt% weight loss at ~421 oC.  

3.3.2 Receptor-Induced Doping  

 

Figure 3.4 3-D rending of the BGBC device structures used for charge transport 

measurements.  

The conjugated polymer poly[2,5-bis(2-decyltetradecyl)pyrrolo[3,4-c]pyrrole-1,4-

(2H,5H)-dione-alt-(E)-1,2-di(2,2’-bithiophen-5-yl)ethene] (PDVT) was chosen on the 

basis of its high field-effect mobility (µ), excellent film-forming properties, and 

environmental stability.129-130 Both PDVT  and CS feature rigid extended -systems that 

promote strong intermolecular and solid-state interactions, indicative of their potential for 

electronic coupling. The polymer was synthesized using a microwave-assisted Stille 

cross-coupling copolymerization resulting in a number average molecular weight (Mn) of 

43.7 kg mol‒1 and dispersity (Đ) of 2.14 (Figure A.1). Mixtures of the polymer and 
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receptor were initially examined using UV-Vis-NIR and electron paramagnetic resonance 

(EPR) spectroscopies. Thin films for UV-Vis-NIR studies were prepared by spin-coating 

chlorobenzene mixtures of the polymer (10 mg mL‒1) and CS (1:1 w/w% relative to 

polymer) onto quartz substrates. An absorption maximum (max) at 804 nm in the pristine 

PDVT is consistent with aggregation from − stacking. The solid-state absorption of 

PDVT-CS displayed a modest blue shift of 11 and 6 nm at the 0-0 and 0-1 vibronic 

peaks, a concomitant lowering of the relative intensity of these transitions (PDVT-CS: I0-

0/I0-1 = 1.07, PDVT: I0-0/I0-1 = 1.24), and the presence of a low energy absorption tail 

(Figure 3.5). The decrease of intensity of the − stacking peak can be associated with a 

partial disruption of polymer chain interactions and solid-state ordering.131 These data 

further suggest the formation of a ground-state charge-transfer complex (GS-CPX) from 

the electronic coupling between the PDVT and CS.132 Further details regarding optical 

and electrochemical characterization can be found in  Figures A.2‒A.5 and Table A.1.  
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Figure 3.5 UV-Vis-NIR absorption profile of pristine PDVT and PDVT-CS films spin-

coated from chlorobenzene onto quartz substrates. The inset illustrates a pronounced 

low-energy absorption tail upon CS addition. 

OFETs have demonstrated utility in a large number of consumer technologies and 

show unparalleled modularity in sensing a wide variety of biological, chemical, and 

physical analytes.84, 133 Thus, PDVT and CS were combined and utilized as the active 

layer within the channel of an OFET in order to investigate whether the previously 

observed doping phenomena could be translated into a signal transduction mechanism 

and applied for anion sensing. PDVT-CS films (CS loading = 0, 4, 10, 20 wt%) were 

spin-coated onto n-octadecyltrichlorosilane (OTS)-treated SiO2/Si substrates (electrodes: 

Cr ≈ 5 nm, Au ≈ 60 nm, length (L) = 80 µm and channel width (W) = 1 mm) to construct 

bottom-gate, bottom-contact (BGBC) devices (Figure 3.6). Figure 3.6b-d shows the 

room-temperature conductivities (σRT) obtained using two-point probe measurements and 

OFET transfer and output characteristics for neat PDVT and PDVT-CS (20 wt%) 

composite films. Further details on the fabrication, solution processing, and testing 

parameters are discussed in the Supporting Information. 

All devices demonstrated p-type FET behavior. The neat PDVT films displayed 

an average hole mobility of 2.95 × 10–2 cm2 V–1 s–1 and on/off current ratio (Ion/Ioff) of 

~106. Low loadings of 1‒2 wt% CS are pinned to a trap-limited doping regime,5, 58 while 

a critical threshold of 4 wt% CS was found to produce linear I‒V characteristics 

consistent with Ohmic transport. A concomitant increase in σRT was evident upon 

increasing the CS concentration. Loadings of 4, 10, and 20 wt% CS result in σRT of 1.17 

× 10–5, 1.75 × 10–4, and 8.20 × 10–3 S cm–1, respectively. The PDVT-CS transfer curves 

do not exhibit a well-defined off-state (Figure 3.6c), indicating the manifestation of 
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mobile carriers, consistent with EPR studies and a lowering of the gate-dependent 

channel conduction. There was a concomitant increase in μ up to 3.43 × 10‒2 cm2 V‒1s‒1 

for the 20 wt% CS devices. The enhancement of carrier mobility, with increasing CS 

loading, is unique and emanates from doping since all prior reports generally demonstrate 

deleterious effects on mobility upon the incorporation of receptor chemistries into 

organic semiconductors.134 The carrier concentration (n) was calculated from the mobility 

using the equation σ = nqμ, where q is the elementary charge (Figure A.10 and Table 

A.2). The addition of CS correlates with a proportional increase in σRT with n increasing 

from 1015 cm–3 (neat PDVT) to greater than 1018 cm–3 at 20 wt% CS.  

The Ohmic transport of the composite systems can be associated with the 

presence of free carriers introduced by doping and the modified injection barrier at the 

electrode-semiconductor junction.124 As such, variable temperature (180 – 340 K) 

mobility and transmission line method (TLM) measurements were performed to extract 

the activation energy (Ea) and the contact resistance (RC), respectively. The temperature-

dependence of µ originates from a thermally activated process described by the relation

0( ) exp( / )a BT E k T = − , where 0  is a pre-exponential factor, Bk  is the Boltzmann 

constant, and T denotes the temperature.124 The values for aE  of 78 meV (PDVT-CS) < 

aE  = 113 meV (PDVT) ( aE  ≈ 35 meV) are consistent with a reduced energetic barrier 

for charge transport. The TLM results suggest a reduction of the contact resistance ( CR  = 

4.5 MΩ) consistent with doping and change in surface potential observed by KPFM 

(Figure A.6).135 Therefore, despite producing kinetically quenched morphologies from 

spin-coating, the composite systems do not appear to be hampered by non-interactive 
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interfaces formed at the electrode-OSC junction.121 To investigate the electrical stability 

of the PDVT-CS transistors, devices were monitored under an atmosphere of nitrogen in 

the dark, in ambient conditions, in ultrapure DI water, and in Instant Ocean Sea Salt 

electrolyte. In all cases, the devices exhibit excellent storage stability over a 60-day 

testing period, even when completely submerged into Instant Ocean Sea Salt electrolyte 

(Figure 3.6e), a rare demonstration that is essential for practical translation to field use.95, 

136-137 
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Figure 3.6 (a) Schematic illustration of a bottom-gate/bottom-contact (BGBC) device 

structure. PDVT-CS devices (CS loading = 0, 4, 10, and 20 wt%) were fabricated and 

tested to evaluate electronic transformations, material compatibility, and storage 

stability. (b) Electrical conductivities obtained from two-point probe measurements (–2 

to 2 V) of PDVT-CS films. (c) FET transfer characteristics and (d) output curves (left) 

without and (right) with CS (20 wt%) showing enhancement in p-channel operation using 

source and drain electrodes (L =  80 µm, W = 1 mm). (e) Monitoring of device stability 

for high performing PDVT-CS films over 60 days. Films were completely submerged in 
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Instant Ocean sea salt electrolyte and showed minimal changes in the conductivity 

(black), field-effect mobility (red), and carrier concentration (blue).  

In terms of doping efficiency, based on the ratio of free charge carriers to dopant 

molecules, the polymer-dopant mixture in our system possesses low efficiency;58 a 

threshold receptor loading (~4 wt%) is needed to achieve the slightest enhancement in 

conductivity and performance saturation ensues beyond 20 wt%. These findings, coupled 

to the ones found in UV-Vis-NIR and EPR, suggest there is a reasonable probability that 

the underlying mechanism is based on orbital hybridization, giving rise to a GS-CPX. 

FTIR was employed to measure shifts in the CS cyano group (C≡N, 2215 cm‒1) 

diagnostic peaks to investigate this potential mechanism route. Since p-type doping is the 

most viable option, shifts in the cyano-vibrational bands in FTIR are held to indicate a 

negatively charged state of CS.65 In this case, the degree of charge transfer ( ) can be 

quantified based on the observed frequency shift ( v ), following:  

1
2

1

2

0 0

2
1

vv
=

v v


−

 
− 

 
 

where the 0v and 1v are the neutral dopant and radical anion vibrational frequencies, 

respectively. The CS dopant strength is weak and translates to only partial charge transfer 

( 0.02 = ) from the small red-shift to 2214 cm‒1 (in PDVT-CS). An extremely small 

portion of CS is ionized in the mixture and supports the GS-CPX mechanism.  
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Figure 3.7 FTIR spectra of neat PDVT, neat CS, and PDVT-CS blends with emphasis on 

the CS cyano peak (2215 cm‒1). 

3.3.3 Influence on Film Morphology 

Nanoscale chemical composition mapping was facilitated through atomic force 

microscope infrared spectroscopy (AFM-IR). It is a technique that merges the chemical 

analysis power of IR spectroscopy and the surface probing capabilities of high-resolution 

scanning probe microscopy. A high-speed and tunable pulsed IR laser is focused on the 

position below the AFM tip. After tuning the laser pulse rates to the characteristics of the 

AFM cantilever, the AFM tip (gold-coated, spring constant: 40 N/m) oscillates at a 

resonance frequency of 300 kHz in tapping mode and makes intermittent contact with the 

sample surface. When a pulsed IR wavelength matches the absorption band of the 

molecule, a thermal expansion occurs and increases the amplitude of oscillation, and 

alters the response of the cantilever. Chemical composition mapping is then generated by 
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measuring the AFM cantilever oscillation amplitude as a function of surface position at a 

fixed excitation wave number (1596 cm‒1, CS C=C stretching). The AFM images show 

that spin-coated films display a reasonably smooth surface and a homogeneous 

distribution of CS (red regions) (Figure 3.8d). Slow drying the film improves chain 

alignment and small-molecule self-assembly. These two concepts are evident in Figure 

3.8e-i; the CS macrocycles behave as microscopic templates for controlling the 

directional crystallization of PDVT chains. CS can undergo self-association and create an 

extended tube-like space that comprises the highly ordered lamellae. In contrast, the 

PDVT chains (blue regions) align with the tubular structures and takes part as the 

amorphous region.  
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Figure 3.8 AFM-IR on PDVT-CS films: (a) Picture of a prefabricated device 

encapsulated with a spin-casted active layer with the corresponding (b) height, (c) phase, 

and (d) IR scans. (e) Picture of a prefabricated device encapsulated with a slow-dried 

film, causing the formation of spherulitic microstructures as viewed on the (f) optical 

microscope image (scale bar: 200 µm) and AFM (g) height, (h) phase, and (i) IR scans. 

The IR pulses used in the test runs were activated at 1596 cm‒1, matching an absorption 

band found in CS. Red peaks correspond to CS while blue corresponds to PDVT.  

3.4 Conclusions 

PDVT as a host matrix offers excellent compatibility with CS, enabling a 

polymer dopant system based on the weak intermolecular coupling that could potentially 

augment the signal transduction mechanism for anion binding studies. The shape-

persistent structure of CS appears to improve the film microstructure ordering, especially 

when the films are not kinetically quenched by spin-coating. This combination of 

materials offers various opportunities to tune important device figures of merits and new 

mechanisms that could be explored for sensing applications. 
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CHAPTER IV – RECEPTOR-INDUCED DOPING OF CONJUGATED POLYMER 

TRANSISTORS: A STRATEGY FOR SELECTIVE AND ULTRASENSITIVE 

PHOSPHATE DETECTION IN COMPLEX AQUEOUS ENVIRONMENTS 

4.1 Abstract 

Phosphate oxyanions play central roles in biological, agricultural, industrial, and 

ecological processes. Their high hydration energies and dynamic properties present a 

number of critical challenges limiting the development of sensing technologies that are 

cost-effective, selective, sensitive, field-deployable, and which operate in real-time 

within complex aqueous environments. Here, we demonstrate a strategy that enables the 

fabrication of an electrolyte-gated organic field-effect transistor (EGOFET) that 

overcomes these challenges and enables sensitive phosphate quantification in challenging 

aqueous environments such as seawater. The device channel comprises a composite layer 

incorporating a diketopyrrolopyrrole-based semiconducting polymer and a -conjugated 

penta-t-butylpentacyanopentabenzo[25]annulene “cyanostar” receptor capable of 

oxyanion recognition and embodies a new concept, where the receptor synergistically 

enhances the stability and transport characteristics via doping. Upon exposure of the 

device to phosphate, a current reduction was observed, consistent with dedoping upon 

analyte binding. Sensing studies demonstrate ultrasensitive and selective phosphate 

detection within remarkably low limits of detection of 178 pM (17.3 parts per trillion) in 

buffered samples and stable operation in seawater. This receptor-based doping strategy, 

in conjunction with the versatility of EGOFETs for miniaturization and monolithic 

integration, enables manifold opportunities in diagnostics, healthcare, and environmental 

monitoring.  
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4.2 Introduction 

Phosphate oxyanions play central roles in biological, agricultural, industrial, and 

ecological processes.138-140 As a principal constituent of biological systems, phosphate is 

industrially relevant in the production of medicinal drugs, pharmaceuticals, therapies, and 

is crucial to the growth of plants and animals.141-142 Phosphate oxyanions also serve as 

potent environmental pollutants “responsible for the eutrophication of natural water 

sources” leading to hypoxia, fish kills, and “dead zones”.143-146 The development of low-

cost, selective, and real-time sensors that operate in complex aqueous environments 

remains a considerable task, precluding the development of critical sensing technologies 

such as those related to biomedicine, environmental monitoring, and point-of-need 

testing.31, 147-151 Current methods of nutrient quantification necessitate sample collection, 

extraction, and enrichment followed by colorimetric analyses or laboratory-based 

spectrophotometric, fluorescent, and chromatographic methods.152-154 Portable ion-

selective electrodes (ISEs) offer the opportunity for real-time monitoring, however, the 

hydrated nature and dynamic properties of these anions result in cross-interference,155-156 

limiting their accurate quantification at relevant concentrations (0.02 – 2 µM) in 

freshwater and seawater.152 The need for improved analytical performance, 

miniaturization, in-situ operation, and access to spatially and temporally representative 

data has driven the development of solid-state potentiometric, chemiresistive, 

amperometric, capacitive, and field-effect transistor sensor platforms.157-159 In these 

devices, specificity is derived from molecular recognition elements such as ion-selective 

membranes, molecularly imprinted polymers, biomacromolecules, and small-molecule 

receptors.5, 95, 160-161 Despite the exploration of a vast chemical space and advancements in 
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device design, the specificity and sensitivity required for trace detection of these anions 

have yet to be achieved.  

Label-free organic electronic sensors based on organic field-effect transistor 

(OFET) architectures offer novel attributes that match the needs of emerging sensor 

platforms.5, 162-163 These include low-cost fabrication on diverse substrates, synthetic 

tunability, mechanical compliance, and direct integration with existing signal processing 

electronics, enabling monolithic sensing systems.110 Furthermore, OFET-based sensors 

offer improved sensitivity resulting from amplification endowed by the field-effect, the 

integration of chemical probes at the surface, channel, or electrodes of the device, and 

high diversity in device architecture. These attributes have advanced OFET-based sensors 

to the forefront of environmental, biomedical, and wearable diagnostics platforms. 

Among these, electrolyte-gated OFETs (EGOFETs) are promising for in-situ monitoring 

since they directly transduce interfacial phenomena such as molecular recognition events 

into electrical signals with ultra-high sensitivity.163 While these transistors can be 

endowed with selectivity through various functionalization strategies, it remains a 

challenge to electronically couple such receptor chemistries to the active materials of 

these devices.110 Furthermore, the integration of many host-guest chemistries into 

transistors comes at the cost of reduced device performance and a loss of both stability 

and selectivity in complex aqueous environments.  

Over the past two decades, there have been remarkable breakthroughs in the 

design and synthesis of supramolecular receptors capable of host-guest oxyanion 

complexation.107, 164-166 In particular, penta-t-butylpentacyanopentabenzo[25]annulene 

“cyanostar” (CS) demonstrates high-fidelity binding of larger anions such as H2PO4
‒ 
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within its electropositive, size-selective cavity by virtue of aromatic CH bonding 

interactions.105, 167 CS has been utilized as an ionophore168-169 but has not been leveraged 

in an OFET architecture to endow selectivity. Here, we describe the development of an 

EGOFET comprised of a composite layer of a semiconducting polymer poly[2,5-bis(2-

decyltetradecyl)pyrrolo[3,4-c]pyrrole-1,4-(2H,5H)-dione-alt-(E)-1,2-di(2,2’-bithiophen-

5-yl)ethene] (PDVT) and CS that enables the detection of oxyanions within complex 

aqueous environments. Crucial aspects of the sensor, such as high environmental stability 

and oxyanion recognition, are achieved using a new strategy in which CS dopes the 

semiconducting polymer. In the presence of analytes, CS preferentially binds phosphate, 

resulting in dedoping and large changes to the electrical properties that are compatible 

with digital readout methods. The robust nature of the electronic doping-dedoping 

phenomena is demonstrated in complex aqueous environments such as seawater and is 

therefore amenable for the real-time selective detection of phosphate oxyanions.  

4.3 Results and Discussion 

Electron paramagnetic resonance (EPR) spectroscopy was used to investigate the 

doping phenomena. Films were prepared by evaporating chloroform solutions of PDVT 

and PDVT-CS in 4 mm quartz EPR tubes using the same CS loading as the UV-Vis-NIR 

films. While PDVT films and CS showed no signal (Figure 4.1 and Figure B.1), PDVT-

CS films displayed a broad, single line at a g-factor (g) of 2.0034, indicating the formation 

of paramagnetic species (Figure 4.1a,b and Table B.1) by doping.  Doping was also 

supported by Kelvin force microscopy (KPFM) measurements, which demonstrate a 

considerable shift in the PDVT Fermi level upon the addition of CS (Figure A.6).170 CS 

macrocycles offer novel anion recognition capabilities on account of their propensity to 
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bind and stabilize anions.106 As such, organic-soluble tetrabutylammonium dihydrogen 

phosphate (TBAP, 1 equiv. relative to CS) was mixed with PDVT-CS, which resulted in 

a dramatic reduction in the EPR signal and predominantly diamagnetic behavior (Figure 

4.1a,c). Taken together, the PDVT-CS combination demonstrates an anion-induced 

electronic transition which presents itself as a design paradigm for the chemical sensing of 

phosphate.  

 

Figure 4.1 (a) EPR (X-band) spectra at room temperature of PDVT-CS demonstrating 

the formation of paramagnetic species, consistent with (b) doping. Upon addition of 

tetrabutylammonium dihydrogen phosphate (TBAP, 1 equiv. relative to CS) to PDVT-CS 

the films show predominantly diamagnetic behavior, consistent with (c) dedoping.  

We sought to translate the electronic behavior observed for PDVT-CS mixtures 

exposed to TBAP from Figure 4.1 by incorporating the composite into an OFET 

architecture. Anions were directly embedded into the PDVT-CS composite matrix to 

investigate anion-induced electronic perturbations. Adopting the original protocols for 

device fabrication and testing, organic-soluble tetrabutylammonium salts (TBAX, where 

X = dihydrogen phosphate (P), nitrate (N), chloride (Cl), perchlorate (PC), and hydrogen 
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sulfate (HS)) were added to PDVT-CS chlorobenzene solutions (1 equiv. relative to CS) 

for competitive binding measurements. The anions listed were selected based on their 

vital role and prevalence in ecosystems and agriculture.171-173 The binding of anions by 

CS in low dielectric solvents is an electrostatically driven process, which takes place 

inside the central cavity and arises from activated C‒H hydrogen-bonding units.105 The 

solvent choice (chlorobenzene, ε = 5.62) and the sequential film casting into an OFET 

architecture introduces the appropriate conditions to monitor the analyte’s preferential 

interactions, whether towards the receptor or polymer chain.  

 

Figure 4.2 OFET devices (BCBG configuration) based on a three-component mixture 

PDVT-CS•TBA‒X salts (X = P, N, Cl, PC, and HS) and their associated a) two-point 
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probe I–V characteristics and b) OFET transfer curves. The variation in the dedoping 

response and the preservation of charge transport characteristics without degradation 

demonstrates that receptor-anion interactions dictate the magnitude of charge carrier 

reduction. c)  Summary of carrier concentration (cm‒3) within the conductive channel 

and d) OFET on/off ratio comparing 10 independent devices with source and drain 

electrode geometries of L = 80 µm and W = 1 mm. 

Both σRT and μ measurements reveal anion composition-dependent channel 

conduction and offsets from the original PDVT-CS film properties (dedoping) (Figure 

4.2). The TBAP and TBAN films, in particular, displayed the highest reduction (> 2 

orders of magnitude) in bulk channel conduction with σRT = 3.55 × 10–5 and 5.28 × 10–5 S 

cm–1 and in carrier density with n = 5.24 × 1016 and 2.49 × 1016 cm‒3, respectively 

(Figure 4.2a,c). These characteristics coincide with the high on-off current ratios (Ion/Ioff 

> 105) (Figure 4.2b,d) and closely mirror the native PDVT profile (Figure 3.6c). On the 

other hand, σRT values only moderately decreased to 3.09 × 10–3 S cm–1 (TBACl), 4.86 × 

10–4 S cm–1 (TBAPC), and 6.40 × 10–4 S cm–1 (TBAHS) and similar carrier 

concentrations were obtained with n = 4.59 × 1017, 2.40 × 1017, and 1.54 × 1017 cm‒3, 

respectively. To ensure these anion interactions are preferential to the receptor, TBAP 

and TBAN were separately added to PDVT (without CS) to assess how it alters the 

transfer profile. Both conditions degraded the PDVT p-channel operation once 

introduced (Figure B.10) and support the notion of receptor-anion host-guest 

complexation as the dominant factor in the dedoping responses. Collectively, the 

electrical characterization techniques correlate to the diamagnetic behavior found in EPR 

studies (Figure 4.1a,c). Due to the weak nature of intermolecular interactions, the host-

guest complexation of CS resulted in a perturbation of the electronic structure or 
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diminished steric interactions with the -system. This robust phenomenon manifests as a 

dramatic change in electrical properties only in the presence of specific anions.    

 

 

Figure 4.3 a) Schematic illustration of the EGOFET device and b) the proposed sensing 

mechanism. c) Transient responses of the device towards phosphate (H2PO4
‒/HPO4

2‒, 

nitrate (NO3
‒), bicarbonate (HCO3

‒), carbonate (CO3
2‒), and chloride (Cl‒) in HEPES 

buffer (pH = 7.4). d) Comparison of state-of-the-art phosphate sensors with PDVT-CS, 

which demonstrated a limit of detection (LOD) and quantification (LOQ) of 178 pM (17.3 

parts per trillion (ppt)) and 430 pM (41.7 ppt), respectively. 

To investigate whether the observed anion selectivity in the OFET configuration 

could be translated to a real-time aqueous sensor, water-soluble sodium salts of the 

previously tested anions were introduced to the PDVT-CS film within an aqueous 
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electrolyte (HEPES, pH =7.4), (Figure 4.3a). In this EGOFET configuration, the 

Ag/AgCl gate was electrically coupled to the composite film via the electrolyte solution, 

which was then spiked with the anion salt of interest. The gate electrode bias facilitates 

ion migration towards the channel interface with no bulk volumetric response due to the 

hydrophobic nature of the film (Figure B.14). Further details regarding EGOFET 

fabrication can be found in the Supporting Information. While PDVT-CS films remained 

stable when tested under various pH conditions (4 – 10, Figure B.16), HEPES buffer 

(baseline) solution showed consistent output responses (Figure B.25) and was used to 

maintain consistent sensing environments between each analyte (Figures B.17‒B.24). 

Baseline measurements were first conducted by monitoring the drain current (IDS) drift 

upon continuous exposure to an aqueous solution with no target analyte present. Next, the 

transient responses toward dissolved sodium salts of phosphate (H2PO4
‒), nitrate (NO3

‒), 

bicarbonate (HCO3
‒), carbonate (CO3

2‒), and chloride Cl‒  at various concentrations (nM 

‒ mM) were measured and compared to the baseline trend so as to determine the channel 

current offset and the resultant chemical sensing performance (Figures B.27a‒B.34a). 

The sensitivity (S) is defined by the relative change of the drain current under the same 

voltage conditions (VGS = ‒0.7 V and VDS = ‒1.0 V) following the equation:174 

DS DS

DS

| I (analyte) - I (baseline)|
S = ×100

I (baseline)
 

Upon analyte introduction, the electrical response to phosphate anions emanates from 

migration to the film interface (< 1 nm film swelling exposed to DI water, Figure B.14), 

leading to physical adsorption and channel conduction changes. In this case, receptor-

analyte complexation generated a dedoping response as a function of anion concentration, 
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which matches the results from the three-component films (Figures 4.1‒4.2). The limit of 

detection (LOD) and quantification (LOQ) were calculated from the noise of each sensor 

as previously reported.175-176 From the calibration plot for phosphate, the LOD and LOQ 

were calculated to be 178 pM (17.3 ppt) and 430 pM (41.7 ppt), respectively. The 

observed sensitivity is competitive with diverse classes of state-of-the-art phosphate 

sensors including capacitive,177 colorimetric,178 lab-on-chip (LOC),179 ion-selective 

electrodes (ISE),180-181 FETs,175, 182-184 and commercialized products (Figure 4.3d and 

Table B.6). 

The selectivity was investigated by individually challenging the device with other 

mono- and divalent anions comprising NO3
‒, SiO3

2‒, Br‒, HCO3
‒, CO3

2‒, SO4
2‒, and Cl‒ 

(Figure 4.3c). Overall, the transient responses revealed a more pronounced reduction in 

the bulk channel conduction upon exposure to phosphate when compared to the other 

anions tested. Calibration and sensitivity metrics for each anion can be found in the 

Figures B.27b‒B.34b. 

To demonstrate the potential for real-time phosphate oxyanion detection in the 

marine environment, we tested the PDVT-CS EGOFETs in high ionic strength, artificial 

seawater solution (Instant Ocean Sea Salt electrolyte). This mixture gives a typical 

salinity of 35 parts per thousand and contains appreciable concentrations of ions 

prevalent in seawater (>1 ppm): Na+, K+, Mg2+, Ca2+, and Sr2+, Br ̄, Cl ̄, CO3
2-, HCO3 ̄, 

and SO4
2 ̄. The transient responses toward the dissolved sodium salt of phosphate at 

various concentrations (nM ‒ mM) were measured using the same conditions employed 

for measurements in HEPES buffer. The LOD and LOQ in artificial seawater were 65.4 

nM (6.54 parts per billion (ppb) and 940 nM (91.2 ppb), respectively (Figure B.51b). The 
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measured sensitivity and seawater stability (Figure 3.6e) are competitive with current 

technologies (Figure 4.3d, Table B.6), demonstrating the utility of our approach for the 

real-time selective detection of phosphate oxyanions.  

 

Figure 4.4 Anion recognition control experiment. a) 2:1 sandwich complex involving a 

PF6
− anion. Under a UV treatment (365 nm), the cyanostar was photoisomerized 

(IsoCS). b) Depiction of a trans-cis-trans-cis-trans conformer (one of 25 potential 

isomers) precluding host-guest complexation. This receptor configuration was integrated 
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into the PDVT host matrix to conduct a series of control experiments where we do not 

expect any analyte binding. c) UV-vis absorption spectra of CS CHCl3 solutions 

undergoing photoisomerization. The solutions show absorption profiles with the maxima 

(λmax) reaching equilibrium beyond 1 h of exposure to 365 nm UV photons. 

To further support the CS-dependent selective dedoping of the real-time sensor, 

EGOFETs were fabricated and tested with photoisomerized IsoCS (Figure 4.4, Figure 

B.2 and Table B.3), rather than CS. The solution NMR of IsoCS (Figures B.36‒38) and 

sequential PF6
‒ anion titration experiments (Figures S39-41) suggested a lack of anion 

affinity. Moreover, aqueous sensors using PDVT-IsoCS active layers were 

electrochemically unstable and no statistically significant electrical responses were 

observed upon anion addition (Figure 4.5 and Figures B.42‒49). Taken together, the 

anion-selective dedoping response of the device was dependent on the shape-persistent 

electropositive cavity of the CS, rather than other possible interactions with PDVT.  
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Figure 4.5 PDVT-IsoCS EGOFET transient responses of the device towards phosphate 

(H2PO4
‒/HPO4

2‒, nitrate (NO3
‒), bicarbonate (HCO3

‒), carbonate (CO3
2‒), and chloride 

(Cl‒) in HEPES buffer (pH = 7.4). 

4.4 Conclusion 

In summary, we have demonstrated a new strategy for the selective detection of 

phosphate, an anion with central roles in biological, agricultural, industrial, and 

ecological processes. This was enabled by the combination of the semiconducting 

polymer PDVT with CS. This synergistic combination offered engineered electronic 

interactions that result in doping and unparalleled stability in water, selective phosphate 

complexation by the receptor in the presence of competing anions, and a significant 

dedoping of the polymer in the presence of phosphate. Spectroscopic analysis suggests 

the doping was promoted by weak orbital mixing of PDVT and CS, forming a ground 

state CTC sensitive to electronic and structural perturbations induced by analyte binding. 

When the active layer was mixed with TBA salts of various anions, the device transfer 

and I-V characteristics demonstrate a selective and strong dedoping response toward 

phosphate. This selectivity was then translated to an EGOFET for real-time experiments, 

which demonstrated ultrasensitive phosphate detection with a LOD of 178 pM (17.3 ppt) 

in buffered samples, well within the U.S. Environmental Protection Agency 

specifications. The device also demonstrated the stable, selective, and sensitive detection 

of phosphate in artificial seawater, a rare demonstration and critical step towards practical 

field deployment. The unmatched performance of this sensor and new strategy for analyte 

detection overcome significant challenges and offer a novel approach for phosphate 

detection within complex aqueous environments. In a broader context, the combination of 

semiconducting polymers with next-generation receptors offers manifold opportunities 
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for designing novel composite films that can be applied within emerging OFET-based 

diagnostic, healthcare, environmental monitoring, and bioelectronics platforms. 
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APPENDIX A – SUPPORTING INFORMATION FOR CHAPTER III 

A.1 Supplemental Figures and Tables 

 

Figure A.1 GPC (TCB, 160 °C) trace of PDVT. 
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Figure A.2 UV-Vis-NIR absorption spectra in C6H5Cl solution 
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Figure A.3 UV-Vis-NIR absorption intensity ratio (A0-0/0-1) versus material composition 

and film versus solution . 
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Figure A.4 Cyclic voltammetry (CV) spectra showing the onset of oxidation and reduction.  
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Table A.1 Optical and electrochemical properties summary.  

Polymer 
Solution max 

a 

(nm) 

Film max 
b 

(nm) 

Eg
opt c 

(eV) 

EHOMO
 d 

(eV) 

ELUMO
 e 

(eV) 

Eg
elec f 

(eV) 

PDVT 838, 796, 454 804, 731, 449 1.34 ‒5.57 ‒3.66 1.91 

PDVT-

CS 

841, 794, 454, 

325 

793, 725, 

449, 310 
1.28 ‒5.50 ‒3.56 1.94 

a Dilute solution made from C6H5Cl. b Thin films spin-coated from C6H5Cl (10 mg mL‒1). c 

Eg
opt estimated from the film absorption onset. d EHOMO and e ELUMO calculated from the CV 

onset of oxidation and reduction, respectively. f Eg
elec calculated from the difference 

between EHOMO and ELUMO.  



 

83 

 

Figure A.5 Kelvin probe force microscopy (KPFM) surface potential measurements of 

PDVT and PDVT-CS as-spun on ITO glass substrates. After film removal via scratch test, 

the probe was scanned over the film/ITO border. (a,b) Topography and (c,d) surface 

potential images between PDVT/ITO and PDVT-CS/ITO, where a clear distinction 

(potential drop) was found with CS admixing. (e) Plots showing the receptor-induced 

surface potential changes from images b and d. 
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Figure A.6 (a) OFET output (IDS vs VDS), (b) transfer (IDS vs VGS), and (c) gate leakage (IGS 

vs VGS) characteristics of pristine PDVT films using a BGBC device configuration and (d) 

2-point probe room-temperature I‒V plot (without a gate electrode). 
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Figure A.7 Monitoring charge transport shelf-life for high performing PDVT films. Films 

stored and measured under an (a) inert atmosphere and (b) ambient conditions (both in 

the absence of light). The latter case exhibited an onset of degradation beyond day 5 and 

the properties were no longer extractable beyond day 17.  
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Figure A.8  (a) OFET output (IDS vs VDS), (b) transfer (IDS vs VGS), and (c) gate leakage 

(IGS vs VGS)  characteristics of blended PDVT-CS (20 wt%) films using a BGBC device 

configuration and (d) 2-point probe room-temperature I‒V plot (without a gate electrode). 
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Figure A.9 Composition-dependent charge transport properties showing conductivity, 

field-effect mobility, and hole carrier concentration versus CS loading in a PDVT host 

matrix.  
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Table A.2 Tabulated conductivity, field-effect mobility, and calculated carrier density with 

the trap‒limited regime (CS < 4 wt%) highlighted in reference to the above plot. 

Material System Composition 

Conductivity 

(S cm–1) 

Mobility  

(cm2 V–1 s‒1) 

Calculated carrier 

density 

(cm–3) Average Max Average Max 

PDVTa Pristine 6.30 × 10–6 1.36 × 10–5 2.29 × 10–2 2.95 × 10–2 1.70 × 1015 

PDVT-CSb 

1% 2.83 × 10–6 5.00 × 10–6 1.02 × 10–2 3.07 × 10–2 1.71 × 1015 

1.33% 2.80 × 10–7 8.58 × 10–7 3.87 × 10–3 1.26 × 10–2 4.52 × 1014 

2% 8.80 × 10–7 4.53 × 10–6 5.78 × 10–3 1.37 × 10–2 9.50 × 1014 

4% 1.17 × 10–5 1.90 × 10–5 4.75 × 10–3 1.00 × 10–2 1.54 × 1016 

10% 1.75 × 10–4 3.36 × 10–4 2.25 × 10–2 4.01 × 10–2 4.85 × 1016 

20% 8.20 × 10–3 1.67 × 10–2 3.43 × 10–2 6.00 × 10–2 1.49 × 1018 

50% 7.07 × 10–2 1.10 × 10–2 9.01 × 10–2 1.44 × 10–1 4.90 × 1017 

a,b All processed films were prepared in C6H5Cl at 110o overnight and spin-coated at 1000 

rpm for 1 min, and the film thicknesses (50 ‒ 100 nm) were measured via profilometry. b 

Binary composite films with variation in CS content (1‒50 wt%).  
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Figure A.10 OFET transfer (a) IDS vs VGS and (b) IDS
1/2 vs VGS characteristics of PDVT 

films with 1 – 20 wt% CS loading. 
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Figure A.11 Monitoring charge transport shelf-life for high performing PDVT-CS films 

for 60 days. Films stored and measured under an (a) inert atmosphere and (b) ambient 

conditions (both in the absence of light) showed moderate change in conductivity, field-

effect mobility, and hole concentration over a period of 60 days. No discernable 

degradation was found.  
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Figure A.12 Monitoring charge transport shelf-life for high performing PDVT-CS films 

for 60 days. Films stored and measured under UP DI water (in the absence of light) showed 

moderate change in conductivity, field-effect mobility, and hole concentration over a 

period of 60 days. No discernable degradation was found. 
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APPENDIX B – SUPPORTING INFORMATION FOR CHAPTER IV 

B.1 Supplemental Figures and Tables 

 

Figure B.1 EPR (X-band) spectra at 25 oC on a CS film.   
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Table B.1 PDVT-CS film EPR summary. 

#spins/g 
#spins/mol 

repeat unit 
#spins/mol #spins/chain mol of spins 

singlet 

spin/repeat 

unit 

singlet 

spin/chain 

7.1 x 1014 8.5 x 1017 3.1 x 1019 5.1 x 10‒5 9.4 x 10-9 7.0 x 10-7 2.6 x 10‒5 
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Table B.2 PDVT-IsoCS film EPR summary. 

#spins/g 
#spins/mol 

repeat unit 
#spins/mol #spins/chain mol of spins 

singlet 

spin/repeat 

unit 

singlet 

spin/chain 

5.0 x 1014 6.0 x 1017 2.2 x 1019 3.6 x 10‒5 6.7 x 10-9 5.0 x 10-7 1.8 x 10‒5 
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Figure B.2 Composition-dependent charge transport properties showing conductivity, 

field-effect mobility, and hole carrier concentration versus IsoCS loading in a PDVT host 

matrix. 
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Table B.3 Tabulated conductivity, field-effect mobility, and calculated carrier density of 

PDVT-IsoCS with the trap‒limited regime (< 10 wt% CS) highlighted in reference to the 

above plot. 

Material System Composition 

Conductivity 

(S cm–1) 

Mobility  

(cm2 V–1 s‒1) 

Calculated carrier 

density 

(cm–3) Average Max Average Max 

PDVTa Pristine 6.30 × 10–6 1.36 × 10–5 2.29 × 10–2 2.95 × 10–2 1.70 × 1015 

PDVT-IsoCSb 

1% 1.69 × 10–6 4.11 × 10–6 1.10 × 10–2 3.26 × 10–2 9.60 × 1014 

1.33% 1.69 × 10–6 1.38 × 10–5 5.73 × 10–2 8.40 × 10–2 1.84 × 1014 

2% 3.12 × 10–6 8.48 × 10–6 2.76 × 10–2 7.58 × 10–2 7.06 × 1014 

4% 3.47 × 10–6 8.32 × 10–6 3.07 × 10–2 6.93 × 10–2 7.06 × 1014 

10% 2.14 × 10–5 6.01 × 10–5 2.48 × 10–2 5.75 × 10–2 5.40 × 1015 

20% 1.69 × 10–5 5.89 × 10–5 3.16 × 10–2 5.88 × 10–2 3.34 × 1015 

50% 5.02 × 10–5 1.01 × 10–4 3.05 × 10–2 4.59 × 10–2 1.03 × 1016 
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Figure B.3 Variable temperature OFET transfer characteristics (180 – 340 K)  of (a) 

PDVT, (b) PDVT-IsoCS and (c) PDVT-CS films. The temperature-dependent mobility was 

fitted to the multiple-trap and release model to calculate the mean energy of the trap 

states.78  
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Figure B.4 Total resistance of PDVT-CS and PDVT-IsoCS samples as a function of 

channel length (L), where the y-intercepts (L→0) show contact resistances (RC) of 4.5 and 

255.1 MΩ, respectively. Inset plot: PDVT-CS zoomed-in. 
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Figure B.5 (a) OFET output (IDS vs VDS), (b) transfer (IDS vs VGS), and (c) gate leakage (IGS 

vs VGS) characteristics of blended PDVT-CS•TBAP (anion: 1 equiv. relative to CS) films 

using a BGBC device configuration and (d) 2-point probe room-temperature I‒V plot 

(without a gate electrode). 
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Figure B.6 (a) OFET output (IDS vs VDS), (b) transfer (IDS vs VGS), and (c) gate leakage (IGS 

vs VGS) characteristics of blended PDVT-CS•TBAN (anion: 1 equiv. relative to CS) films 

using a BGBC device configuration and (d) 2-point probe room-temperature I‒V plot 

(without a gate electrode).  
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Figure B.7 (a) OFET output (IDS vs VDS), (b) transfer (IDS vs VGS), and (c) gate leakage (IGS 

vs VGS) characteristics of blended PDVT-CS•TBACl (anion: 1 equiv. relative to CS) films 

using a BGBC device configuration and (d) 2-point probe room-temperature I‒V plot 

(without a gate electrode).  
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Figure B.8 (a) OFET output (IDS vs VDS), (b) transfer (IDS vs VGS), and (c) gate leakage (IGS 

vs VGS) characteristics of blended PDVT-CS•TBAPC (anion: 1 equiv. relative to CS) films 

using a BGBC device configuration and (d) 2-point probe room-temperature I‒V plot 

(without a gate electrode).  
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Figure B.9 (a) OFET output (IDS vs VDS), (b) transfer (IDS vs VGS), and (c) gate leakage (IGS 

vs VGS) characteristics of blended PDVT-CS•TBAHS (anion: 1 equiv. relative to CS) films 

using a BCBG device configuration and (d) 2-point probe room-temperature I‒V plot 

(without a gate electrode).  
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Table B.4 Tabulated conductivity, field-effect mobility, and calculated carrier density of 

PDVT-CS•TBA‒X three-component films. 

Material System Composition 

Conductivity 

(S cm–1) 

Mobility  

(cm2 V–1 s‒1) 

Calculated carrier 

density 

(cm–3) Average Max Average Max 

PDVTa Pristine 6.30 × 10–6 1.36 × 10–5 2.29 × 10–2 2.95 × 10–2 1.70 × 1015 

PDVT-CS•TBA‒Xb 

P 3.55 × 10–5 8.79 × 10–5 4.23 × 10–3 1.09 × 10–2 5.24 × 1016 

N 5.28 × 10–5 1.01 × 10–4 1.33 × 10–2 1.78 × 10–2 2.49 × 1016 

Cl 3.09 × 10–3 5.13 × 10–3 4.20 × 10–2 5.56 × 10–2 4.59 × 1017 

PC 4.86 × 10–4 6.10 × 10–4 1.27 × 10–2 1.52 × 10–2 2.40 × 1017 

HS 6.40 × 10–4 9.59 × 10–4 2.60 × 10–2 2.91 × 10–2 1.54 × 1017 

a,b All processed films were prepared in C6H5Cl at 110o overnight and spin-coated at 1000 

rpm for 1 min, and the film thicknesses (50 ‒ 100 nm) were measured via profilometry. b 

Multicomponent films: direct mixing of organic-soluble tetrabutylammonium (TBA‒X) 

salt analogues (1 equiv. relative to CS) with PDVT-CS (20 wt%) solution formulations.   
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Figure B.10 (a,b) PDVT-TBAP and (c,d) PDVT-TBAN transfer characteristics to test for 

polymer-analyte interactions in the absence of receptors. The new profiles show significant 

degradation in FET performance which do not occur upon CS integration. These results 

suggest receptor-analyte host-guest complexation predominates in the three-component 

film studies.  
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Figure B.11 (a) Two-point probe conductivity and b) transfer plots of analyte interfacial 

complexation and removal (aqueous wash). A pristine PDVT film was initially 

encapsulated by a CS•TBAP layer. After high precision cleaning to isolate adjacent device 

structures and testing the initial film properties (TBAP injection), TBAP was removed by 

submerging the device under UP (Type 1) DI water for 30 mins. Afterwards, the 

performance was recorded to demonstrate binding reversibility with potential reusability 

of field-deployed sensors.  
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Figure B.12 Interval plots of CS:phosphate extracted from B.10 I-V and OFET transfer 

plots showing change in (a) room-temperature conductivity, (b) field-effect mobility, (c) 

on-off current ratio, and (d) charge carrier density.  
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Figure B.14 Variable-angle ellipsometry model fittings of (a) PDVT, (b) CS, (c) PDVT-

CS, and (d) PDVT-CS•TBAP films. (e) Thickness profile showing PDVT-CS swelling by 

less than 1 nm over 1 hour of exposure to UP DI water. The concentration of CS was fitted 

from the dry film and held constant during the water measurement. Only 10 variables 

(thickness and amplitude of PDVT and CS gaussian oscillators) were allowed to vary 

during the swelling experiment. (f) The uniqueness test shows that the modeled thickness 
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gives the best fit and is reliable. These findings are relevant to distinguish the mode of 

operation, which we found to be based on the field-effect rather than volumetric like in 

organic electrochemical transistors (OECTs).  
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Figure B.16 Active layer responsiveness to pH fluctuation (4, 7, and 10). There were no 

significant changes in the tested pH range.  
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Figure B.17 HEPES buffer analyte solution spiked with H2PO4
‒/HPO4

2‒: pH as a function 

of anion concentration.  
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Figure B.18 HEPES buffer analyte solution spiked with NO3
‒: pH as a function of anion 

concentration.  
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Figure B.19 HEPES buffer analyte solution spiked with SiO3
2‒: pH as a function of anion 

concentration.  
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Figure B.20 HEPES buffer analyte solution spiked with Br‒: pH as a function of anion 

concentration.  
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Figure B.21 HEPES buffer analyte solution spiked with HCO3
‒: pH as a function of anion 

concentration.  
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Figure B.22 HEPES buffer analyte solution spiked with CO3
2‒: pH as a function of anion 

concentration.  
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Figure B.23 HEPES buffer analyte solution spiked with SO4
2‒: pH as a function of anion 

concentration.  
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Figure B.24 HEPES buffer analyte solution spiked with Cl‒: pH as a function of anion 

concentration.  
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Figure B.25 EGOFET transient responses based on sequential exposure to HEPES 

baseline solution. The devices displayed stable electrochemical performance with 

consistent IDS output and IGS leakage, revealing no dramatic changes to the film properties 

during the experimental run.  
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Figure B.26 (a) EGOFET gate leakage in response to HEPES solution spiked with H2PO4
‒

/HPO4
2‒.  
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Figure B.27 PDVT-CS EGOFET (a) transient responses towards H2PO4

‒/HPO4
2‒ and the 

corresponding (b) sensor calibration plot.  
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Figure B.28 PDVT-CS EGOFET (a) transient responses towards NO3
‒ and the 

corresponding (b) sensor calibration plot.  
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Figure B.29 PDVT-CS EGOFET (a) transient responses towards SiO3
2‒ and the 

corresponding (b) sensor calibration plot.  
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Figure B.30 PDVT-CS EGOFET (a) transient responses towards Br‒  and the 

corresponding (b) sensor calibration plot.  
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Figure B.31 PDVT-CS EGOFET (a) transient responses towards HCO3
‒ and the 

corresponding (b) sensor calibration plot.  
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Figure B.32 PDVT-CS EGOFET (a) transient responses towards CO3
2‒  and the 

corresponding (b) sensor calibration plot.  
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Figure B.33 PDVT-CS EGOFET (a) transient responses towards SO4
2‒  and the 

corresponding (b) sensor calibration plot.  



 

128 

 

Figure B.34 PDVT-CS EGOFET (a) transient responses towards Cl‒  and the 

corresponding (b) sensor calibration plot.  
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Figure B.35 (a) PDVT-CS EGOFET limit of detection (LOD) versus analyte thermionic 

diameter for anions tested in HEPES buffer. Referencing to the CS cavity (teal line), the 

size effects towards anion recognition were exemplified. Low LOD and peak preference 

was found for H2PO4
‒/HPO4

2‒, NO3
‒, SiO3

2‒, Br‒, and HCO3
‒

 ranging from 3.8 – 4.26 Ǻ in 

size. Other anions such as Cl‒ (dion ≈ 3.4 Ǻ), CO3
2‒ (dion ≈ 3.78 Ǻ), and SO4

2‒ (dion ≈ 4.36 

Ǻ).  
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Figure B.36 IsoCS preparation for NMR titration experiments.  
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Figure B.37 In-situ 1H NMR of IsoCS.  
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Figure B.38 In-situ 1H NMR (6 – 9.5 ppm) of IsoCS.  
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Figure B.39 In-situ 1H NMR of IsoCS with PF6
− anion titration.  



 

134 

 

Figure B.40 In-situ 1H NMR (6.5 – 9.5 ppm) of IsoCS with PF6
− anion titration.  
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Figure B.41 In-situ 1H NMR (8.10 – 8.6 ppm) of IsoCS with PF6
− anion titration.  
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Figure B.42 PDVT-IsoCS EGOFET transient responses towards H2PO4
‒/HPO4

2‒.  
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Figure B.43 PDVT-IsoCS EGOFET transient responses towards NO3
‒.  
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Figure B.44 PDVT-IsoCS EGOFET transient responses towards SiO3
2‒.  
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Figure B.45 PDVT-IsoCS EGOFET transient responses towards Br‒.  
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Figure B.46 PDVT-IsoCS EGOFET transient responses towards HCO3
‒.  
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Figure B.47 PDVT-IsoCS EGOFET transient responses towards CO3
2‒.  
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Figure B.48 PDVT-IsoCS EGOFET transient responses towards SO4
2‒.  
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Figure B.49 PDVT-IsoCS EGOFET transient responses towards Cl‒.  
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Figure B.50 Instant Ocean sea salt electrolyte spiked with H2PO4
‒/HPO4

2‒: pH as a 

function of anion concentration.  
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Figure B.51 PDVT-CS EGOFET transient responses towards (a) H2PO4
‒/HPO4

2‒ 

dissolved in artificial seawater electrolyte and (b) the corresponding calibration plot for 

H2PO4
‒/HPO4

2‒ detection and the standard error across 5 devices.  
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Figure B.52 Crystal structure of the 4:3:3 stack of tetrameric CS with a trianionic tri-

phosphate (H2PO4···H2PO4···H2PO4)
3‒ and TBA+ cations stacking around the tetrameric 

stack.  
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Table B.5 Crystal parameters106 

 

Parameter 

Crystal Structure 

[CS4(H2PO4)3(TBA)3] 

CCDC 1588590 

Formula 

M / g mol‒1 

Temperature / K 

λ / Ǻ 

Crystal System 

Space Group 

Crystal Color 

Crystal Size / mm 

a 

b 

c 

α 

β 

γ 

V/Ǻ3 

F000 

Z 

Calculated Density / g cm‒3 

Absorption Coefficient (mm) 

Reflections Collected 

Reflections Observed 

Data/Restraints/Parameters 

GOOF 

Final R Indices / % 

R Indices (all data) / % 

Largest Diff Peak and Hole 

e Ǻ‒3 

C308H374N23O12P3 

4683.19 

230(2) 

0.71073 

Triclinic 

P‒1 

Colorless 

0.21×0.19×0.16 mm3 

21.138(2) 

21.616(2) 

21.948(2) 

118.123(5) 

106.659(6) 

99.169(6) 

7942.5(14) 

2524 

1 

0.979 

0.074 

27892 

9529 

27892/5061/1898 

1.343 

13.99 

43.07 

0.556/‒0.364 
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Figure B.53 (a) OFET output (IDS vs VDS), (b) transfer (IDS vs VGS), and (c) gate leakage 

(IGS vs VGS) characteristics of CS films using a BGBC device configuration and (d) 2-point 

probe room-temperature I‒V plot (without a gate electrode).  
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Figure B.54 A comparison of high performing PDVT-CS films benchmarked against 

capacitive, lap-on-chip, colorimetric, ion-selective electrodes, FETs, and commercialized 

phosphate sensors. PDVT-CS demonstrates a low LOD of 178 pM (17.3 parts per trillion) 

in HEPES and 65.4 nM (6.54 ppb) in Instant Ocean® Sea Salt Electrolyte.  
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Table B.6 Summary of state-of-the-art phosphate sensing platforms. 

Receptor Platform LOD (M) Chemical 

Interferants 

Year Ref 

 

Cu(II)Pc-PAA C‒V 1 x 10‒9 Cl‒, SO4
2‒, 

CO3
2‒, ClO4

‒ 

2017 177
 

Molybdenum 

Blue 

Lab-On-Chip 3 x 10‒8 Si(OH)4 2017 179 

Molybdenum 

Blue 

Colorimetric 2.9 x 10‒6 ‒ 2020 178 

Silver Salt-Based 

Membranes 

ISE 1 x 10‒6 ‒ 2018 180 

Cobalt Electrodes ISE 1 x 10‒5 HCO3
‒, Cl‒, Br‒, 

NO3
‒, Ac‒, F‒ 

2007 181 

MIP FET 2.0 x 10‒8 

 

SO4
2‒, MnO4

‒ 2016 182
 

Ferritin/Graphene 

Oxide 

FET 1.1 x 10‒7 SO4
2‒,  CO3

2‒, 

NO3
‒ 

2020 183
 

Ferritin/Graphene 

Oxide 

FET 2.6 x 10‒8 SO4
2‒,  CO3

2‒, 

Cl‒ 

2017 175 

Ag Graphene 

Oxide 

FET 1.2 x 10‒6 SO4
2‒, Mg2+, 

K+, HCO3
‒, 

Ca2+, TPP 

2019 184
 

Receptor Platform LOD (M) Link Ref 

 

Cycle ‒ PO4 

 

Optics 5.0 x 10‒8 https://www.planet-

ocean.co.uk/PDF/CYC

LE-PO4.pdf 

185 

HydroCycle PO4 

(Sea-Bird 

Scientific) 

Wet-

Chemistry 

Sensor 

2.4 x 10‒8 https://www.seabird.co

m/hydrocycle-

po/product?id=5472131

4201 

186 
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