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Abstract 
Organic semiconductors are extensively used for electronic applications such as OFETs and OPVs 

due to their low-cost and well-defined manufacturing processes. This includes vacuum deposition, 

solution processing, and roll-to-roll printing mainly for the production of electronics on flexible 

substrates. Organic semiconductor-based sensors have garnered much attention from the scientific 

community for a wide range of applications including point-of-care diagnostics, artificial skin, 

microfluidic monitoring, wastewater treatment, etc. Organic temperature sensors are of great 

interest in the medical field, specifically for vital signal monitoring where accurate temperature 

determination is imperative for the diagnosis and treatment of a patient. Besides that, other 

important parameters such as humidity, pH, etc. may have an inherent temperature dependence, 

hence sensors for said parameters must also include a way of determining and correcting for the 

environmental temperature. Organic materials, including small molecules and polymers, have 

demonstrated promising results for temperature monitoring but these materials often require the 

introduction of dopants to achieve sufficient conductivity. The resulting sensor devices still suffer 

from poor long-term stability, low selectivity, low reversibility, and solution-processable films 

often require the use of toxic chlorinated solvents which damage the environment. 

This thesis work aims to overcome the issues of poor long-term stability and the use of toxic 

chlorinated solvents by developing novel donor-acceptor hemi-isoindigo copolymers and hemi-

isoindigo oligomers to fabricate sensors for real-time temperature monitoring. This work reports 

several strategies to achieve these goals including: 

i. Introducing functional groups on the thiophene unit of the hemi-isoindigo structure to 

improve sensor performance and dopant complex stability 

ii. Using thermally removable sidechains instead of aliphatic chains to improve electronic 

properties while maintaining solubility 

iii. Using well-defined oligomeric structures to improve the processability of the hemi-

isoindigo material in less toxic solvents 

 

First, the synthesis of three hemi-isoindigo donor-acceptor copolymers PEEhB, PMEhB, and 

PTEhB utilizing a DDOBT donor unit are reported. The polymers are doped with F4TCNQ, and 

the resulting films are used to fabricate temperature sensors on flexible PET substrates with TCRs 
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of -1.09%ºC, -1.09%/ºC, and -1.02%/ºC respectively. While these TCR values indicate good 

sensitivity, the complexes formed using the PTEhB and PMEhB crystalline polymers are not 

stable after four and twelve days, respectively. Conversely, the amorphous polymer PEEhB, with 

the highest EHOMO, forms a complex stable for over thirty-two days and has a significantly wider 

working range (25-120 ºC) than the other two polymers (25-60 ºC) which suggests it is a promising 

candidate for real-time temperature sensing applications. 

 

Then, the hemi-isoindigo structure was converted from polymers to two oligomers. OG-D1, 

derived from the M1 monomer structure of PEEhB, and OG3, derived from the M3 monomer 

structure of PTEhB. OG-D1, which is essentially a dimer of the M1 structure, utilizes thermally 

cleavable carbamate sidechains. These may be removed under moderate conditions which should 

lead to better coplanarity, and thus impart advantageous electronic properties in the oligomer film. 

Once annealed the resulting film, which is renamed OG-D1A, has a significantly lower EHOMO (-

5.16 eV)  than the three HID polymers. This material doped with F4TCNQ yielded a sensor with 

good sensitivity (TCR = -1.39%/ºC) and working range (25-120 ºC) comparable to that of PEEhB 

due to the removal of sidechains impeding the formation of insulating regions. However, the 

conductivity of the material drops over 80% in four days signaling poor complex stability. OG3 

utilizes the same DDOBT donor unit as the polymers between two M3 acceptor units. The 

corresponding device using F4TCNQ has a TCR of -2.66%/ºC, significantly better than the 

previous devices which should be due to a different mechanism of charge transport, but a narrower 

working range (25-55 ºC). This film conductivity also drops within four days but not as 

dramatically as the OG-D1A device. To take advantage of the oligomeric nature of this material, 

it is then dispersed in isopropanol with PSS dopant and the corresponding film is moderately 

conductive (5.34 x 10-4 S/cm) as conceptual proof for fabricating conductive films using these 

materials without the need for toxic solvents. 
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Chapter 1: Introduction 
 

1.1 Overview of Organic Temperature Sensors 

 

Organic materials consist of molecular compounds containing carbon-hydrogen bonds and may 

include other elements such as nitrogen or oxygen. The atoms in these molecules are held together 

by covalent bonds which allows them to share valence electrons. Therefore, most of these organic 

materials are electrical insulators due to their highly localized valence electrons. However, organic 

semiconductors contain extended π-conjugated systems normally composed of alternating C-C 

and C=C bonds. The hybridization of the molecular orbitals in these systems forms an extended 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). 

These extended orbitals allow injected charge carriers (electrons in the HOMO and holes in the 

LUMO) to move relatively easily. These organic materials are held together by weak van der 

Waals or London dispersion forces which leads to a large intermolecular distance. Therefore, 

intermolecular charge transport in these systems is more difficult than intramolecular charge 

transport. For high molecular weight polymers, long-range π-conjugation leads to a band-like 

structure which reduces the bandgap of the material to rival that of typical inorganic 

semiconductors. These materials may also be doped with small amounts of inorganic or organic 

dopants to amplify the charge transport and increase the conductivity of the corresponding film. 

 

A sensor is defined as a device which detects or measures a specific physical property and records, 

indicates, or otherwise responds to it. Organic-based sensing technologies have continuously 

evolved over time to introduce new devices that interact with environmental conditions including, 

but not limited to, humidity1–3, target chemical concentration4–7, and pressure8,9 to allow for 

accurate detection of these parameters. However, temperature determination remains of the most 

common and arguably the most important application of organic environmental sensors. While 

being able to determine temperature is crucial for a variety of applications, many other 

environmental factors, such as humidity and pressure, inherently have their own temperature 

dependence10 hence, accurate temperature determination is also imperative to resolving these 

signals. Temperature sensing is of most interest in the medical field for vital signal monitoring. 

Humidifiers and ventilators require temperature monitoring to provide a comfortable breathing 
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situation and reduce sore throats caused by cold dry air11. Essential procedures such as 

hemodialysis require very accurate temperature monitoring as active body temperature control 

improves tolerance in hypotension prone patients12. Therapeutic hypothermia treatment is another 

example where temperature regulation and modulation are critical for the preservation of brain 

function in victims of cardiac arrest13. More recently the development of artificial skin or e-skin 

has become a very popular area of research. To effectively simulate skin, these new technologies 

require temperature sensing capabilities and multiple literature sources cite this application as the 

motivation behind their temperature sensor design14–18. Various groups have published works 

which include sensors that show excellent spatial resolution18,19, high flexibility14,18,20–25, and even 

the functionality to resolve environmental stimuli independently from one another14. 

 

Early works involving organic temperature sensors started by depositing the active layer material 

between metal interdigitated electrodes to maximize the contact area26,27. These types of 

configurations for resistive-type sensors are commonly referred to as thermistors. Conjugated 

polymers (CPs) are now popular candidates for electronics as they can be easily functionalized to 

tune properties such as bandgap energy (Eg) or solubility28–30. Once these CPs began showing 

promise as active layers for electronics, common semiconducting materials such as poly(3-

hexylthiophene) (P3HT) became the focus of several organic electronic research publications 

including those focused on temperature sensors24,31. Further studies were conducted showing that 

the temperature sensing properties of these organic materials could be enhanced by adding small 

amounts of both inorganic materials, such as silver nanoparticles19,23, and organic materials, for 

example graphite18, to synthesize active layer composites.  

 

Several challenges remain in the temperature sensor design and fabrication. Sensors that use CPs 

as their active layer are known to have issues with long-term stability due to the polymer:dopant 

complex undergoing phase segregation, coupling of polymer polarons, and counterion coupling 

between polymer and dopant32. All these phenomena reduce the number of polarons and 

consequently reduce the conductivity of the sensor over time. This means that these devices need 

to be replaced frequently which can be expensive and impractical. The choice of dopant for these 

polymer devices is also important as certain commonly used dopant materials are responsive to 

other environmental stimuli which may distort the signal of the device leading to inaccurate 
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measurements33,34. Lastly, the fabrication of these devices using CPs often requires the use of 

halogenated solvents such as chloroform or 1,2-dichlorobenzene. These solvents are known to be 

harmful to the environment and thus the development of sensor materials that are solution 

processable in environmentally friendly solvents is a crucial area of research going forward35,36. 

 

Temperature sensors can be evaluated using a certain set of standardized metrics. Thermal 

sensitivity of the organic devices can be calculated using the temperature coefficient of resistance 

(TCR) which is defined as relative change in resistance per degree Celsius (Kelvin) and may be 

determined using Equation (1-1): 

 

 
 

𝑇𝐶𝑅 =
𝑅 − 𝑅!
𝑅!

	× 	
1
∆𝑇 	× 	100% 

(1-1) 

 

where R represents the resistance at a given temperature, and R0 is a known resistance at a 

reference temperature with DT  being the difference between the two temperatures37. The response 

and recovery times of a sensor may also be used to determine if the device is suitable for certain 

applications that incur frequent temperature fluctuations. The response time (t90) is denoted by the 

time taken, in seconds, for the device response to reach 90% of the final value upon application of 

a step pulse. The time required for the device to return to 10% of the final value upon removal of 

the step pulse is the recovery time (t10)38. Lastly, the time stability of the temperature sensor is 

measured by cycling a potential bias from -1 V to 1 V and assessing the current response. The 

slope of the current along with the dimensions of the sensor device and thickness of the film can 

be used to determine the conductivity of the device via Equation (1-2): 

 

 

 

𝜎		 =
𝑚	𝑥	𝐿
𝑡"	𝑥	𝑊

 

 

(1-2) 

where m is the slope of the current response from the generated curve in A/V, L is the length of 

the sensor channel, W is the total width of the sensor channel, and th is the measured thickness of 

the active layer film. Repeating this measurement periodically over the course of a predetermined 
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time frame and then normalizing the conductivity to establish if and how quickly any conductivity 

loss has occurred allows one to evaluate the time stability of the device. In the context of this work, 

the time stability of the thermistor is dependent on the polymer/oligomer:dopant complex. 

 

1.2 Structure of Organic Temperature Sensor Devices 

 

The architecture of an interdigitated electrode temperature sensor can be seen in Figure 1-1. The 

first instance of this type of interdigitated structure is found in the patent by N. Tesla from 1891 

where the electrodes were submerged in an insulating liquid and the overall capacitance of the 

proposed electrical condenser increased with increasing number of plates39. In the 1960s this type 

of interdigitated design became popular for sensing techniques taking advantage of the high 

contact area design. The devices were used for rather complex sensing applications such as electric 

field sensing, magnetic field sensing, and acoustic sensing40–42.  

 

Common features of these types of designs include one-sided access which is especially 

advantageous for non-destructive testing sensors and pizeoacoustic transducers since only a single 

side is required to interact with the test material43. In certain situations, the other side of the 

material of interest may be inaccessible due to design limitations and one-sided access becomes 

essential for device functionality. The signal strength is easily tuned in these types of devices by 

changing the area of the sensor, altering the number of fingers, or shifting spacing between them43. 

This allows for optimizing the trade-off between the signal-to-noise ratio and the miniaturization 

of the device.  For complex sensing applications such as electrical or acoustic interactions, an 

interdigitated electrode design can greatly simplify the modelling because it may be simulated as 

two-dimensional (2-D) which significantly decreases computational time43. 

 

The choice of substrate for these devices is application dependent. Rigid substrates such as silicon, 

G10 fiberglass circuit boards, or lead zirconate titanate (PZT) ceramics are suitable when a well-

defined geometry must be maintained44,45. Flexible substrates such as Teflon, Kapton, 

polyethylene terephthalate (PET), or Kynar (PVDF) are used when the sensor is required to 

conform to a target surface such as human skin46,47. It is worth noting that the hydrophilicity of the 

substrate must also be considered during sensor design. Moisture absorption can cause swelling in 
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certain substrate materials which alters the signal of the sensor and hence, for direct measurements 

of bulk material hydrophobic substrates are used. Conversely, measuring moisture in liquid 

materials is accomplished by using a hydrophilic substrate and correlating the changes in substrate 

properties to the moisture levels of the system once equilibrium is reached43. 

 

With regards to the active layer coating for these sensors the requirements are application specific. 

One general requirement is that the material selected should not undergo any irreversible changes 

which is referred to as film poisoning48. This poisoning will reduce the reliability and lifetime of 

the sensor. If the device is going to be in ambient air conditions, further protection of the coating 

maybe achieved by adding an electrically neutral layer on top of the film as a protective layer, high 

molecular weight poly(methyl methacrylate) (PMMA) is an excellent candidate for this. The final 

aspect of this type of sensor design is the electrode material choice and fabrication technique. 

Conductive metals like silver and gold are most frequently used as electrode layers for these 

devices often deposited via screen-printing to ensure intimate contact between electrode and 

substrate49. Other methods of depositing the electrode material include electron beam deposition 

which has the advantage of controlling film thickness and deposition rate50 or electroplating is also 

an option if excellent surface uniformity is a necessary requirement51. 

 

 
Figure 1-1: Architecture of bottom-contact interdigitated electrode design with both long and 

short channels. 
 

For the purposes of this work, the sensor design aims to maximize contact area of the electrode 

with the organic material that is deposited inside of the channel. The aspect (W/L) ratio of the 

channel directly impacts the sensitivity of the device as it determines the surface contact area of 

the electrodes and the active layer.  A higher aspect ratio increases the contact surface between the 

active material and the electrode which should yield a more conductive device52. However, since 
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channel dimensions are on the micrometer scale, capillary forces must be considered and thus 

depending on the active material and solvent used for fabrication there is a limit to how narrow 

the channels can be. After a certain critical aspect ratio these capillary forces may reduce the 

wettability of the device substrate with the active layer solution thus leading to a reduced 

conductivity in the deposited thin film.  

 

1.3 Working Principles of Organic Temperature Sensor Devices 

 

While there exist several types of temperature sensors, the two most common modes of operation 

utilizing organic materials are capacitive-type and resistive-type. In a capacitive sensor, the 

permittivity of the dielectric layer is temperature dependent and thus changes in temperature are 

detected by directly measuring the capacitance of the device53,54. In this work, the focus is on 

resistive-type sensors hence the mechanism for these sensors will be discussed in greater detail. 

There are two common mechanisms that exist in these organic devices for temperature sensing, 

the variable-range hopping (VRH) mechanism and the multiple trapping and releasing (MTR) 

mechanism. Both are related to the simple governing conductivity equation which is shown in 

Equation (1-3): 

 

 

 

𝜎	 = 𝑞3𝑛𝜇# + 	𝑝𝜇$8 

 

(1-3) 

where s is the conductivity, q is the elementary charge constant, n is the electron carrier density, 

p is the hole carrier density, and μn and μp are the electron and hole mobilities, respectively.  

 

The MTR mechanism is often seen in field-effect transistor (FET) style temperature sensing 

devices where the semiconductor material is in contact with a dielectric layer. Dielectric 

engineering research has yielded promising results in improving the electronic properties of these 

transistors utilizing the MTR mechanism. The working principle involves the dielectric layer of 

the device inducing multiple charge traps of varying energy levels at the semiconductor/dielectric 

interface55,56. These traps will decrease the carrier density and thus decrease the conductivity of 

the device measured via the drain current (ID) response. Upon an increase in temperature, the 
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thermal excitation of these charge carriers is enough to release some of them from those traps and 

thus a higher ID is observed as more charges are released with increasing thermal energy20,57,58. 

 

In this work, the VRH model is the proposed charge transport mechanism of the temperature 

sensitive active layer due to the excellent I-T-0.25 fit observed in the results. Entropy laws dictate 

that a hopping electron will try to find the lowest activation energy (Ea) and the shortest hopping 

distance. Hence, probability of electron hopping from site i to site j will depend on both the spatial 

separation between the sites (Rij) and the energy separation (Wij). Mott showed that the probability 

of hopping between the two states (Pij) can be modelled by Equation 1-4: 

 

 

 

𝑃%& 	~	exp	 >−2a𝑅%& −
𝑊%&

𝑘𝑇 A	 

 

(1-4) 

This model proposes that thermal excitation of charge carriers increases the probability of hopping 

transport events occurring leading to enhanced charge carrier mobility59–61. Both mechanisms 

described above are indicative of a positive current-temperature (I-T) correlation or rather a 

negative resistance-temperature (R-T) correlation. Hence, the organic active layer in this type of 

system is referred to as a negative temperature coefficient (NTC) material. Recent literature has 

shown that both the MTR and VRH mechanism can exist in the same device and that either of the 

two may be the dominant governing mechanism depending on the temperature range62,63. 

 

1.4 Donor-Acceptor Principles 

 

Donor-acceptor (D-A) systems have been extensively researched in organic electronics due to the 

ease at which minor chemical alterations may tune their electronic properties for specific 

applications64–66. Most commonly, in photovoltaics, the engineering of the donor and acceptor 

units involves altering their HOMO and LUMO energy levels (EHOMO and ELUMO) leading to higher 

solar cell efficiency. Common donor materials used in the organic electronics field incorporate 

electron rich polythiophene derivatives. This includes the simple P3HT67, triphenylamine (TPA) 

substituted polymers such as P3T-TPA, P3T-DDPTA, and PT5TTPA68,69, as well as bithiophene 

donors such as DFDT70.  These donor materials may be combined with traditional acceptor units 
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include isoindigo derivatives such as IDIC71, Y672, and ITIC73, as well as pyridine and diazole 

based small molecules BX, BT, PX, PT74 to improve the performance of organic electronics. The 

structures of some of these donor and acceptor materials are depicted in Figure 1-2.  

 

 
Figure 1-2: Literature reported (a) donor and (b) acceptor units for organic electronics. 
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The high EHOMO of the donor and the low ELUMO of acceptor work in combination to reduce the Eg 

of the copolymer. This is illustrated by the two models of D-A materials shown in Figure 1-3 

below. The bilayer structure incorporates both the donor and acceptor as individual materials 

stacked on top of one another and the resulting energy diagram illustrates an increased Eg. 

However, a more ideal morphology of a D-A system is the bulk heterojunction which would result 

in an energy diagram with a reduced Eg utilizing the EHOMO of the donor and ELUMO of the acceptor 

moiety75. 

 

 

Figure 1-3: (a) D-A bilayer junction and corresponding energy band diagram, (b) ideal 
morphology of D-A bulk heterojunction and corresponding energy band diagram. 
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Figure 1-4: Chemical structures of F4TCNQ and PSSA dopants used in this work. 

 

F4TCNQ as a p-type molecular dopant for CP electronics has received considerable attention with 

both solution coprocessing and sequential processing in both liquid and vapor phase76–78. In 

sequential processing, the polymer is left to solidify after deposition and the dopant is added either 

in solution or from the vapor phase to preserve the structure of the polymer film. For solution 

coprocessing the polymer and F4TCNQ are dissolved in the same solvent where polymer:dopant 

ion pairs readily form. However, this can lead to aggregates forming in the solution depending on 

the solvent which may reduce the conductivity of the film. To describe the doping mechanism of 

F4TCNQ, P3HT will be used as the reference polymer as numerous studies have used this 

polymer:dopant combination76,79,80. The established physics state an integer charge transfer occurs 

from the EHOMO of P3HT at ~ -4.8 eV and the ELUMO of the F4TCNQ at ~ -5.2 eV79,81. Electrons 

from the polymer EHOMO may readily fall into the dopant ELUMO to form charge carriers as is 

conventional for a p-type dopant and this is illustrated in the energy diagrams in Figure 1-5. Once 

the polarons are generated, basic semiconductor physics states that the charges are free to move 

through the lattice structure of the film thus increasing the conduction of the material. F4TCNQ 

is an excellent candidate for this type of doping due to its low ELUMO since, theoretically, polymers 

with relatively high EHOMO may be efficiently doped to form stable complexes82,83. 
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Figure 1-5: Energy level diagram illustrating the electron transfer mechanism from polymer to 

dopant as is conventional of p-type semiconductor doping. 
 

The other dopant studied in this thesis work is PSSA, which ionizes into polystyrene sulfonate 

(PSS), and it is most referenced in conjunction with poly(3,4-ethylenedioxtythiophene) (PEDOT) 

in PEDOT:PSS dispersions with hydrophilic solvents84–86. The two polymers form an interpolar 

complex that allows for a stable dispersion in water and then may be processed as a film using 

solution deposition techniques. Literature suggests that the negative charge carried by the sulfonate 

group on PSS building blocks interacts with the positive charge on the sulfur atom from resonance 

structures of PEDOT which is represented in Figure 1-6. Hence, the PSS not only acts as a 

dispersant for the PEDOT but also as a charge compensating counter polyanion. In literature 

studies EHOMO and ELUMO of PEDOT and PEDOT:PSS are compared by modelling a trimer and 

an eight-unit (8-mer) 3,4-ethylenedioxtythiophene (EDOT) chain with a dimer and tetramer 

styrene sulfonate (SS) chain. The results show that the 8-mer EDOT chain has a Eg of 2.25 eV, 

and this is reduced to 1.09 eV when the dimer SS chain is introduced, then further reduced to 0.74 

eV when the going from the dimer to tetramer SS chain87. The studies also report that the EHOMO 

is localized primarily on the EDOT portion whereas the ELUMO is primarily localized on the SS 

portion and thus it can be visualized that an increase in ionic interaction between the two materials 

would lead to a reduced Eg. While this method is not the conventional route of doping 

semiconductors it is nonetheless effective and has the added benefit of potentially increasing the 

solubility of the organic polymer in hydrophilic, environmentally friendly solvents. 
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Figure 1-6: Counterion interaction between a short PEDOT chain with the PSS dopant chain 

showing the sulfur cations in the resonance structure interacting with oxygen anions from the 

sulfonate groups87. 

 

1.6 Thesis Objective and Summary 

 

In this work, the issues of stability and processibility in environmentally friendly solvents for 

conjugated copolymer temperature sensing active materials are addressed. The stability of the 
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the conjugation of the copolymers only extends to roughly up to 5.2 kDa. To improve the solubility 

in non-halogenated solvents two oligomers were synthesized using the same HID building blocks 

as the polymers but with a synthesis route that allows for better control of the final structure. 

 

In chapter 2, the design and synthesis of the HID polymers PEEhB, PMEhB, and PTEhB, based 

on the monomers M1, M2, and M3 is discussed. The three monomers are synthesized using the 

same route with each monomer having different functional groups on the b positions of the 

thiophene unit. The thiophene units are formylated on one side and a bromine group is added to 

the other side before a condensation reaction with an oxindole group forms the HID building block. 

An alkyl chain is added to improve the solubility of the material and each monomer is 

copolymerized with a bithiophene donor. The polymers are characterized using AFM, XRD, UV-

Vis-NIR absorption spectroscopy, DSC, and CV. The polymers are deposited onto PET substrates 

with interdigitated silver electrodes and doped with F4TCNQ solution before being evaluated as 

temperature sensors. 

 

Chapter 3 of this work discusses the transition from HID polymers to oligomers as initially, the 

donor unit is removed, and a similar synthesis route is taken to design an HID dimer unit OG-D1. 

The alkyl sidechain is replaced with the same length carbamate sidechain in an attempt to improve 

electronic properties and solvent processability. However, low solubility of intermediate reaction 

products leads to an inefficient synthesis procedure, so the donor unit is re-introduced to synthesize 

a similar structure as PTEhB but as an oligomer material with well-defined structure denoted as 

OG3. Both materials are evaluated as temperature sensors on a flexible PET substrate after being 

characterized by UV-Vis-NIR absorption spectroscopy and CV. While neither oligomer exhibits 

sufficient time-stability when processed as a film with the F4TCNQ dopant, OG3 is dispersed 

with PSS in the environmentally friendly isopropanol (IPA) solvent. This dispersion produces a   

moderately conductive film as a proof of concept for PSS doping of these materials.  

 

In chapter 4, the thesis findings are summarized, and conclusions are presented along with 

directions for future work and further study on this class of materials for sensor applications. 
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Chapter 2: Synthesis, Characterization, and Performance of HID Polymers 
 

2.1 Introduction 

 

Polythiophenes (PTs) have been extensively used as the donor entity of conjugated copolymers in 

electronics perhaps most frequently for organic photovoltaic (OPV) applications67,69,70. The 

important characteristics of these types of polymers include: 

i. Easily tunable optical properties via early chemical modification 

ii. Solution processability for ease of manufacturing 

iii. Higher stability for OPV devices 

 
The performance of these PTs and their derivatives is heavily dependent on the degree of π-π 

interactions between and within the polymer chains. In the case of an alkylated PT such as P3HT, 

polymerization without controlled coupling can lead to several different regioregular structures 

that impact the performance of the PT. This includes head-to-tail (HT), tail-to-tail (TT), and head-

to-head (HH) orientations which are depicted in Figure 2-190–92.  

 

 
Figure 2-1: Various conformations of the functionalized thiophene dimers that can be 

extrapolated into a polymer chain. 
 

More complex regioregularity occurs as the PT chain extends further but it is well understood that 

that HT orientation is preferred and displays the best performance in electronics93. The functional 

R group on the thiophene unit may enhance the electrical properties of the polymer depending on 

its electron donating or electron withdrawing characteristics. The R groups may also introduce 

steric effects depending on their nature and this will impact the chain packing. This may alter the 

crystalline properties of thin films and can affect thin film transistor (TFT) and OPV charge carrier 

performance. 
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Functionalizing the thiophene unit with a long alkyl or alkoxy sidechains will improve the 

solubility of the material however, the polymer chains may stack further away from each other 

with increasing alkyl/alkoxy sidechain length. This can lead to increased steric hinderance which 

interrupts chain packing and the lamellar spacing of the polymer chains which may reduce the 

charge mobility94. The sidechain can also impact the crystallinity of the thin film. Shorter 

sidechains may induce steric hinderance and reduce the crystallinity. However, a longer sidechain 

may be able to cocrystallize with the main chain and increase the overall crystallinity of the 

polymer95. Generally speaking, a high degree of crystallinity (DOC) is advantageous for enhancing 

charge carrier mobility in OPV and OFET applications96,97. Another benefit of adding alkyl or 

alkoxy chains is that they are electron donating moieties of the material, this is especially important 

when synthesizing copolymers as this will raise the EHOMO of the polymer thus narrowing the 

Eg94,98. Lastly, these sidechains may also induce a steric effect during the polymerization step 

which may prevent a-a and a-b coupling of thiophene moieties and reduce the defects within the 

polymer chain36. 

 

Isoindigo-based polymers have been excellent candidates for optoelectronics as they exhibit 

exceptional color control, flexibility, and long-term stability99,100. The structure of an isoindigo 

unit, which is shown in Figure 2-2, consists of two lactam rings fused to a benzene ring that are 

connected via an exocyclic double bond at the 3 and 3’ positions. Smart windows, optical displays, 

and camouflage are examples of applications for these pigment polymers101–103. Traditional 

acceptors will often make use of highly electronegative heteroatoms such as nitrogen or oxygen 

along with electron-accepting functional groups like esters or amides to receive electrons from 

donor materials. Over the years, research has picked up on these type of acceptor units and the 

copolymers of isoindigo and oligothiophenes have become popular isoindigo-based 

semiconductors for OPV applications. 

 

Isoindigo materials can generally be categorized into 5 categories, standard, halogenated, 

heterocycle-substituted, peripherally expanded, and core-expanded all of which are shown in 

Figure 2-2104. It should also be noted that the nitrogen atom on the lactam ring is an important 

characteristic of these materials. That position is readily functionalized and thus, is often used to 

improve solubility of the material with alkyl or alkoxy sidechains. The halogenated structures, as 
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the name suggests, feature halogen atoms such as fluorine (Figure 2-2b) replacing the hydrogen 

atoms on the benzene ring. Early studies of these types of materials showed that the addition of 

fluorine atoms lowered both the EHOMO and ELUMO of the copolymer by ~ 0.18 eV as reported by 

Lei et al. in 2012105. When incorporating this polymer into OFET devices the results showed 

improved charge carrier mobility. It was suggested this increase in mobility stems from the 

changes in interchain packing of the polymer which led to a higher DOC and improved charge 

transport. 

 

Heterocyclic isoindigo units simply replace the benzene ring fused to the lactam ring with different 

heterocycles. The most common replacements for the benzene ring are nitrogen-containing 

pyridine groups or a thiophene ring (Figure 2-2c)106. The thiophene substituted isoindigo, referred 

to as thienoisoindigo, was copolymerized with benzothiadiazole. The resulting system showed a 

low optical Eg of 0.92 eV and an increased charge carrier mobility. This was attributed to the 

increased planarity of the material as eliminating the benzene group removed the steric repulsion 

between the hydrogen at the 4 position and the lactam oxygen and replaced it with an advantageous 

interaction between the thiophene sulfur atom and lactam oxygen atom. 

 

In the peripherally expanded isoindigo, aromatic units are fused to the benzene rings expanding 

the structure of the system. The addition of these aromatic groups was shown to induce a red shift 

in Eg of the material. Yue et al. were able to copolymerize a thieno[2,3-b] benzothiophene-fused 

isoindigo (Figure 2-2d) monomer with thiophene to yield a low Eg material (~ 1.6 eV) with a high 

ELUMO (-3.5 eV) as an ideal p-type semiconductor for OPV applications107. Of particular interest 

for this material is that it performs well without thermal annealing or solvent additives post-

fabrication. However, several attempts at synthesizing these types of materials have led to 

production of the undesirable isatin isomer of isoindigo and hence literature on these types of 

materials is limited.  

 

Core-expanded isoindigo materials feature conjugated units inserted between the lactam rings of 

isoindigo units. The most popular of these structures includes a benzodifurandione group as the 

middle-conjugated unit shown in Figure 2-2e and is referred to as benzodifuran-based oligo-p-

phenylenevinylene (BDOPV). In 2013 Lei et al first reported a copolymer using this material and 
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it was discovered that the lactam and lactone moieties enhanced electron-withdrawing properties 

of the material and led to increased carrier mobility108. Another approach to this material design is 

to use an isoindigo unit itself as the conjugated material to expand in the core referred to as 

bisisoindigo. It was believed that by extending the conjugation of the acceptor to a second 

isoindigo unit the ELUMO could be lowered, and this was confirmed to be true when copolymers 

using this the bisisoindigo structure showed a reduced Eg reported by Randell in 2016109. 

 

For specifically temperature sensing applications isoindigo-based materials have scarcely been 

reported even though studies on D-A systems using isoindigo have been published for the purposes 

of NO2 sensing, ammonia sensing, and photoelectric sensing99,110,111. Polythiophenes on the other 

hand have been reported in works on water-soluble temperature sensor, organic field-effect 

transistor (OFET) temperature sensors, and dual pressure/temperature sensor devices14,24,112. A 

common theme in these polythiophene sensors is the use of a dopant to improve electrical 

conductivity, however long-term stability of that polymer:dopant complex remains an issue. This 

thesis work aims to utilize the electron-donating oligothiophene units with modified hemi-

isoindigo (HID) acceptor units to synthesize copolymers that will exhibit long-term stability in 

temperature sensing applications.  
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Figure 2-2: Chemical structure of (a) isoindigo and its four most common derivatives (b) 

halogenated isoindigo, (c) heterocycle-substituted isoindigo, (d) peripherally expanded isoindigo, 
and (e) core-expanded isoindigo. 

 

2.2 3,3'-Bis(dodecyloxy)-2,2'-bithiophene (DDOBT) Monomer 

 

2.2.1  3,3'-Bis(dodecyloxy)-2,2'-bithiophene (DDOBT) Molecular Design 

 

The donor unit chosen for the copolymers is 3,3’-bis(dodecyloxy)-2,2’-bithiophene (DDOBT) 

which consists of two thiophene units linked at the 2 and 2’ positions in a HH orientation with 

each thiophene containing a dodecyloxy chain at their respective b position. The alkoxy groups on 

the thiophene units serve as electron donating groups that increase the donor characteristics of the 

standard 2,2’-bithiophene (BT), which itself is commonly used as the donor in copolymers. 

However, it has been reported that isoindigo-bithiophene copolymers using DDOBT have 

significantly increased the EHOMO while having a less pronounced effect on the ELUMO leading to a 

~ 350 meV reduction in Eg113. It is also noted that in the copolymers the frontier orbitals are much 
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more localized when using the DDOBT versus the BT which is attributed to the presence of the 

dodecyloxy groups leading to higher relative energies of the bithiophene π-orbitals. This agrees 

well with the expected results and the alkoxy groups have the added advantage of increasing 

solubility of the resulting copolymer. This may be beneficial when trying to process the material 

as an active layer via solution deposition methods. 

 

2.2.2  Structures and Energy Levels Simulation by Density Functional Theory (DFT) 

 

The density functional theory (DFT) results for BT as a reference is shown in Figure 2-3. To 

simplify the calculation for the DDOBT a single methoxy group was used instead of the 

dodecyloxy group in Figure 2-4 to illustrate the effect of these electron donating groups and it is 

reasonable to assume the trend would continue when using a longer alkoxy group. The electron 

distribution and EHOMO/ ELUMO with respect to vacuum (0 eV) are calculated for both structures. 

The simulation results show that the electrons in both structures are evenly delocalized around the 

two thiophene groups which implies that good π-π stacking is expected. The simulation also shows 

a significant difference in the EHOMO and ELUMO of the two donor units. The BT simulation yields 

a EHOMO and ELUMO of -5.48 eV and -1.24 eV respectively while the DDOBT has a EHOMO at -4.62 

eV and a ELUMO level at -0.66 eV indicating that the alkoxy groups increase energy levels of the 

material which is a desirable characteristic for the donor. 

 

 
 

(a)
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Figure 2-3: (a) Geometry of BT optimized by DFT simulation in Gaussian software, (b) 

HOMO/(c) LUMO orbitals of the BT and the DFT calculation of the orbital energy levels with 
respect to vacuum (0 eV). 

 

 

(b)

HOMO: -5.48 eV

(c)

LUMO: -1.24 eV

(a)
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Figure 2-4: (a) Geometry of DDOBT optimized by DFT simulation in Gaussian software, (b) 
HOMO/(c) LUMO orbitals of the DDOBT and the DFT calculation of the orbital energy levels 

with respect to vacuum (0 eV). 
 

  

(b)

HOMO: -4.62 eV

(c)

LUMO: -0.66 eV
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2.2.3  Synthesis of 3,3'-Bis(dodecyloxy)-2,2'-bithiophene (DDOBT) Monomer 

 

The following Scheme 2-1 illustrates the synthesis route of the DDOBT donor monomer utilizing 

simple reactions and purification steps. It should be noted the product formed after step ii) is highly 

unstable and must be consumed immediately after NMR confirms purity. The synthesis details can 

be found in section 2.6.3 and the corresponding NMR for each reaction is found in Appendix A. 

 

 
Scheme 2-1: Synthetic route towards the DDOBT monomer with trimethlytin groups required for 

copolymerization. Reaction conditions: i) lauryl alcohol/ p-toluene sulfonic acid/ toluene/ 100 ºC 

71.1% ii) N-bromosuccinimide/ HBr/ anhydrous chloroform/ r.t 61.0% iii) zinc powder/ 

triphenylphosphine/ nickel (II) chloride/ 2,2’-bypyridine/ anhydrous dimethylacetamide/ 80 ºC 

41.4% iv) n-butyllithium/ trimethlytin chloride/ anhydrous THF/ -78 ºC to r.t 65.2%. 

 

2.3 Hemi-Isoindigo (HID) Monomers M1, M2, and M3 

 

2.3.1  Hemi-Isoindigo (HID) Monomers Molecular Design 

 

While isoindigo acceptor monomers have been studied for copolymer use in various applications 

including logic circuits and OPVs amongst others114,115, less literature exists on HID acceptor units 

in copolymer systems. At the time of this project commencing, it was found that HID materials 

had yet to be reported as potential temperature sensor active layers. The HID design employs a 
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thiophene spacer unit between the indigo moiety and the bithiophene donor instead of the 

traditional secondary indigo unit. In this section three novel HID monomers M1, M2, and M3 

shown in Figure 2-5, are introduced each with a different functionalization group on the thiophene 

unit. M3 includes a simple thiophene (R = H) unit and is used as a reference as it is theorized that 

the addition of short alkoxy groups on the thiophenes in M1 (R+R = -OCH2CH2O-) and M2 (R = 

OCH3) may further increase the EHOMO of the polymers to improve the stability of the 

polymer:dopant complex. Furthermore, an ethylhexyl alkyl group is introduced at the indigo 

nitrogen atom to improve the solubility of these monomers which is crucial for the solution 

processing of the polymers as well as the practicality of the polymerization reaction itself. 

 

 
Figure 2-5: Chemical structures of HID monomers M1, M2, and M3. 

2.3.2 Structures and Energy Levels Simulation by Density Functional Theory (DFT) 

 

The DFT simulations and the calculated energy level estimates for M1, M2, and M3 are shown in 

Figure 2-6, Figure 2-7, and Figure 2-8 respectively supporting the theory that alkoxy-substituted 

thiophene monomers are expected to have higher EHOMO and ELUMO. Instead of an ethylhexyl alkyl 

chain on the indigo moiety of the monomers a simple methyl group was used to reduce 

computation complexity and time. The higher ELUMO is normally undesired for acceptor units 

however, in this case it is more important to raise the EHOMO for a stable polymer:dopant complex 

than it is to reduce the Eg so the trade-off is acceptable. It may also be noted that the ELUMO from 

DFT calculations may deviate largely from actual values. This is because the LUMO orbital itself 

is empty of electrons hence the calculations assume that excited electrons fill the imaginary 

molecular orbitals. The DFT simulation results show that M3 should have the lowest EHOMO and 

ELUMO of -5.44 eV and -2.10 eV. The methoxy groups on the b positions of the thiophene in M2 
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exhibit a significant increase in the energy levels with a EHOMO and ELUMO at -5.24 eV and -1.80 

eV respectively. The highest simulated EHOMO belongs to M1 at -5.18 eV however the ELUMO is 

predicted to be slightly lower than M2 at -1.87 eV. A summary of the DFT calculations for both 

the donor and acceptor molecules proposed is provided in Table 2-1. The higher EHOMO exhibited 

by the alkoxy functionalized monomers should yield a more stable polymer:dopant complex which 

is crucial for the time-stability of the organic sensor. The electrons in all three monomers are 

evenly delocalized in both the HOMO and LUMO levels which indicates that the HID materials 

should exhibit good π-π stacking. During the synthesis of these materials a double bond linkage 

between the thiophene and indigo units gives rise to potential geometric isomerization of the 

product. It is noted that no isomerization occurs after the Knoevenagel condensation reaction in 

any of the monomers and only the Z-form geometric isomer is present. However, after the 

alkylation reaction, M1 and M2 show that a small amount of E-form isomer is present with a Z:E 

ratio of ~ 7:1 and these isomers may not be separated using column chromatography, so this 

mixture of isomers remains in the final M1 and M2 products. Conversely, M3 does not show any 

isomerization throughout the synthesis process so the final product is only the Z-form isomer.  

 

 
 

(a)
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Figure 2-6: (a) Geometry of M1 optimized by DFT simulation in Gaussian software, (b) 

HOMO/(c) LUMO orbitals of the M1 and the DFT calculation of the orbital energy levels with 
respect to vacuum (0 eV). 
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HOMO: -5.18 eV
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LUMO: -1.87 eV
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Figure 2-7: (a) Geometry of M2 optimized by DFT simulation in Gaussian software, (b) 

HOMO/(c) LUMO orbitals of the M2 and the DFT calculation of the orbital energy levels with 
respect to vacuum (0 eV). 

 

 
 

(b)

HOMO: -5.24 eV
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Figure 2-8: (a) Geometry of M3 optimized by DFT simulation ins Gaussian software, (b) 

HOMO/(c) LUMO orbitals of the M3 and the DFT calculation of the orbital energy levels with 
respect to vacuum (0 eV). 

 

Table 2-1: DFT calculation results for both donors and all three acceptors. 
 EHOMO ELUMO Eg 

BT -5.48 eV -1.24 eV 4.24 eV 

DDOBT -4.62 eV -0.66 eV 3.96 eV 

M1 -5.18 eV -1.87 eV 3.31 eV 

M2 -5.24 eV -1.80 eV 3.44 eV 

M3 -5.44 eV -2.10 eV 3.34 eV 

(b)

HOMO: -5.44 eV

(c)

LUMO: -2.10 eV
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2.3.3 Synthesis of HID Monomers with Alkyl Sidechains 

 

Scheme 2-2 illustrates the HID monomer synthesis via a four-step series of reactions and 

purification procedures. Briefly, the M1-3 monomers are synthesized starting from their thiophene 

derivative with a formylation reaction to anchor an aldehyde group to the a position followed by 

a bromination reaction with N-bromosuccinimide (NBS) to add the bromine group opposite the 

aldehyde, then a Knoevenagel condensation reaction to create the HID unit, and finally an 

alkylation reaction to improve solubility. The details for the synthesis and purification of each of 

the individual materials are discussed in section 2.6.3 and the corresponding NMR spectra are 

presented in Appendix A. 

 

 
Scheme 2-2: Synthetic route towards HID monomers M1, M2, and M3 with bromine groups 

required for copolymerization. Reaction conditions: i) n-butyllithium/ anhydrous DMF/ anhydrous 

THF/ -78 ºC to r.t 69.5% ii) N-bromosuccinimide/ HBr/ anhydrous chloroform/ r.t 70.3% iii) 6-

bromooxindole/ piperidine/ anhydrous ethanol/ 90 ºC 76.8% iv) potassium carbonate/ 2-ethylhexyl 

bromide/ anhydrous DMF/ 100 ºC 55.6%. 
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2.4 Synthesis and Characterization of HID Polymers PEEhB, PMEhB, PTEhB 

 

2.4.1 Synthesis of HID Polymers 

 

The three HID copolymers were synthesized using the Stille coupling mechanism in the presence 

of Pd2(dba)3/P(o-tolyl)3 in degassed chlorobenzene, as indicated in Scheme 2-3 with one of the 

M1-3, acceptor monomers and the DDOBT donor monomer. The polymers were then purified via 

Soxhlet extraction using methanol, acetone, hexane, and chloroform in that order each showing 

good solubility in chlorinated solvents such as chloroform, chlorobenzene, and 1,2-

dichloromethane. The full details on the synthesis procedures for each polymer are available in 

section 2.6.3. 

 

 
Scheme 2-3: Synthetic route towards HID copolymers PEEhB, PMEhB, and PTEhB. Reaction 

conditions: v) tri(o-tolyl)phosphine/ tris(dibenzylideneacteone)dipalladium(0)/ degassed 

anhydrous chlorobenzene/ 80 ºC. Purified using Soxhlet extraction with methanol, acetone, 

hexane, chloroform in that order 71.7%. 
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2.4.2 Characterization of HID Polymers by HT-GPC, UV-Vis-NIR Spectroscopy, CV, 

DSC, AFM, and XRD 

 

The molecular weight of PEEhB, PMEhB, and PTEhB were measured using high-temperature 

gel-permeation chromatography (HT-GPC) at 150 ºC using 1,2,4-trichlorobenzene as the eluent 

with polystyrene standards. The number average (Mn), weight average (Mw), and polydispersity 

index (PDI) are shown in Table 2-2 below with distributions shown in Figure 2-9. PTEhB showed 

the highest molecular weight of the three polymers with Mn of 5.2 kDa and a PDI of 1.38. The data 

from PEEhB and PMEhB, Mn of 3.2 kDa and 1.7 kDa respectively, implies that short oligomer 

chains were formed during polymerization. 

 
The molecular weight distribution for the PMEhB polymer (Figure 2-9b) exhibits bimodal 

characteristics with one peak centered at ~ 1300 Da and the other centered at ~ 2500 Da. This 

should be due to the low molecular weight of the material meaning any additional monomer units 

added to the chain will have a pronounced impact on the molecular weight. The 1300 Da peak is 

close to the molecular weight of an oligomer consisting of two M2 monomers with a single 

DDOBT unit between them while the ~ 2500 Da peak could represent a chain with the combination 

of three M2 monomers with two DDOBT units. While PMEhB may be classified as an oligomer 

due to its short chains, the electronic properties and temperature sensing performance are still 

evaluated and reported in this work.  

 

Table 2-2: Molecular weight distribution of the HID polymers PEEhB, PMEhB, and PTEhB 
from HT-GPC analysis. 

 Mn Mw PDI 

PEEhB 3158 Da 4816 Da 1.52 

PMEhB 1739 Da 2305 Da 1.32 

PTEhB 5165 Da 7143 Da 1.38 
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Figure 2-9: Molecular weight distributions of (a) PEEhB, (b) PMEhB, (c) PTEhB from HT-

GPC at 150 ºC with 1,2,4-trichlorobenzene as the eluent. 
 

The ultraviolet-visible-near-infrared (UV-Vis-NIR) absorbance spectra of each polymer in 

solution (chloroform solvent), deposited as a thin film on a glass slide, and as a doped film with 

F4TCNQ on that same glass slide is shown in Figure 2-10, Figure 2-11, and Figure 2-12 below. 

The onset wavelength (λonset) from the thin film spectra of each polymer is used in Equation (2-1) 

to determine the optical Eg: 

 
 

𝐸' =
ℎ𝑐

λ(#)*+
 

(2-1) 

 

where h represents Planck’s constant and c is the speed of light with Eg reported in units of electron 

volts (eV) as is convention. In each instance going from solution to thin film the absorbance curve 

undergoes a red shift towards higher wavelengths. The shifts of the peaks formed below 1000 nm, 

along with the film  λonset are summarized in Table 2-3 below. PEEhB exhibits the narrowest Eg 

at 1.41 eV while PMEhB and PTEhB exhibit optical Eg of 1.43 eV and 1.48 eV respectively.  

 

(c)
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While PTEhB has the highest molecular weight (Mn ~ 5.2 kDa) of the three copolymers, it still 

exhibits the widest bandgap. Conjugation theory dictates that an increased number of repeating 

units (n), leads to stronger π-π stacking between polymer chains and a narrower bandgap following 

the relationship shown in Equation 2-2116: 

 
 

𝐸'(𝑛) = 	𝐸',- + (𝐸',. − 𝐸',-)exp	[−a(𝑛 − 1)]	
(2-2) 

 

where Eg,1 and Eg,∞ are the Eg for a single monomer unit and that of an infinitely long polymer 

chain respectively, while the a parameter represents how fast Eg(n) will saturate towards Eg,∞. This 

saturation occurs when the polymer reaches its effective conjugation length  (ECL) at which point 

Eg(n) ≈ Eg,∞ and no additional monomer units being added to the chain will affect the electronic 

properties of the material117. 

 

The results in this work indicate that the alkoxy-substituted thiophene spacer unit of the HID 

polymer has a more pronounced effect on the Eg than the conjugation length. Literature provides 

an example where poly(3,4-alkoxythiophene)s have exhibited reduced Eg and this has been 

attributed to the presence of the two strong electron donating oxygen atoms118 or potentially a more 

coplanar conformation which has previously been reported in poly(3-alkoxythiophene)s119. Shi et 

al. reported similar results where the conjugated copolymer POT-co-DOT, made up of two 

thiophene monomers, one with a 3-alkyl sidechain and the other with a 3-alkoxy sidechain had a 

higher molecular weight than homopolymer P3DOT which consisted of just the alkoxy-substituted 

thiophene monomer. However, the Eg of P3DOT was evaluated to be less than that of the POT-

co-DOT. This was attributed it to the alkyl sidechain being less effective in lowering the bandgap 

of the polymer than the alkoxy analog120. In that same work, COPF-1121 and COPF-2122 fluorene 

copolymers were directly compared with the fluorene copolymer PF-co-DTB. COPF-1 and 

COPF-2 had no sidechain on their thiophene units while PF-co-DTB included a decoxy group on 

both thiophene moieties and the material exhibited a Eg 240 meV and 280 meV narrower than 

COPF-1 and COPF-2 respectively.  
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Integer charge transfer (ICT) may be used to explain the doping effects in several conjugated 

polymers123. The electron in the HOMO level of the polymer drops into the LUMO level of the p-

type dopant to form the polaron. This is referred to as single electron transfer and is the most 

common mechanism of doping. Bipolarons may also form when a double electron transfer occurs, 

but this process occurs much less frequently in CPs124. The optical Eg of each polymer is found to 

be significantly lowered, as is expected with conventional semiconductor doping, and broad peaks 

emerge in the NIR region (1200-2200 nm) when the film is doped with F4TCNQ125. Towards the 

lower end of the spectrum the same peak forming with λonset ~ 500 nm is present in all three doped 

films, and this may be attributed to the presence of neutral F4TCNQ126. In Figures 2-10, 2-11, 

and 2-12 a small hump is seen in the doped films with a peak intensity maximum around 750 nm 

which indicates the presence of the F4TCNQ- anion serving as evidence that the electron transfer 

should be a single electron transferring from polymer to F4TCNQ molecule to form a polaron127. 

Characteristic of this mechanism are the sub-bandgap absorption peaks in the NIR region as seen 

in all three doped films. This peak is thought to stem from the polaron formation in the polymer 

structure and the P1 or P2 optical transition which appears in the NIR region of F4TCNQ doped 

conjugated polymers128. The broad NIR-peaks show a λmax at 1618 nm, 1241 nm, and 1508 nm for 

PEEhB, PMEhB, and PTEhB doped films respectively. The broad peak positions of PEEhB and 

PTEhB may be explained by the absorbance peak positions of the neat film with the former having 

a λmax at a higher wavelength. Hence, one could assume that the transitions occurring from the 

corresponding polarons would follow a similar trend in λmax. However, the significant shift in the 

λmax of the PMEhB NIR broad peak warrants further explanation. This may be due the molecular 

weight of PMEhB which indicates that the polymer sample is made up of extremely short chains 

according to the HT-GPC data. 

  

These extremely short chains may lead to PMEhB behaving more like a small molecule than the 

other polymers.  Equation 2-3 depicts the energy equation for a one-dimensional particle in a box 

of length L. The energy level (En) is inversely proportional to L2 and thus increasing the length of 

the box has a significant impact on En129–132. In this equation n is some integer, h is Planck’s 

constant and m is the mass of the particle.  
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𝐸# 		=
𝑛/ℎ/

8𝑚𝐿/ 

 

(2-3) 

The length of this box is analogous to the conjugation length of a polymer chain and thus increases 

approximately linearly with the number of C=C bonds in the system which correlates directly with 

molecular weight. Therefore, the polarons formed when the short chain PMEhB is doped with 

F4TCNQ may exhibit higher energy transitions. This is opposite the effect observed with the 

undoped films as the thiophene spacer unit has a greater impact on the optical Eg. However, it is 

reasonable to assume that the characteristics exhibited by charged species, generated from doping, 

may be more impacted by the molecular weight. To clarify, a shorter polymer chain would have 

fewer doping sites than a longer polymer chain and thus the interchain interactions generated by 

this doping would be weaker for the lower molecular weight species. In fact, it has been shown 

that neighbouring polymer chains being pulled closer together may effectively stabilize positively 

charged polarons leading to lower energy transitions133,134. However, one would expect a similar 

effect in the PEEhB:F4TCNQ and PTEhB:F4TCNQ films. In the results presented here the 

former of the two has a lower molecular weight and still exhibits a higher energy transition as 

evidence by the NIR peak position. This may be due to the polymers nearing their ECL and thus 

the molecular weight effect is less pronounced in this case the thiophene spacer unit would be the 

root cause for the differences between the polaronic transitions of the two complexes. 
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Figure 2- 10: UV-Vis-NIR spectra of PEEhB in solution, as a film, and as a doped film. 

 
Figure 2-11: UV-Vis-NIR spectra of PMEhB in solution, as a film, and as a doped film. 
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Figure 2-12: UV-Vis-NIR spectra of PTEhB in solution, as a film, and as a doped film. 

 

Table 2-3: Summary of the UV-Vis-NIR spectroscopy results for PEEhB, PMEhB, and PTEhB 
showing the shifts in the absorbance λmax from solution to film to doped film and film λonset. 

 Film λonset Solution λmax Film λmax Doped λmax 

PEEhB 875 nm 665 nm 696 nm 762 nm 

PMEhB 855 nm 627 nm 656 nm 689 nm 

PTEhB 839 nm 634 nm 665 nm 761 nm 

 

Another noteworthy feature from this data is the positioning of the undoped film baseline. The 

normalized absorbance baseline for PTEhB is quite low (< 0.1) and approaches the solution 

baseline which indicates that only reflection from the film is causing this elevated absorbance. The 

UV-Vis-NIR spectra for PMEhB and PEEhB show increased baselines (~ 0.15 and ~ 0.25 

respectively). This can be attributed to air oxidation of the alkoxy groups on the thiophene unit of 

the HID structure which are not present in the PTEhB structure. This oxidation may dope the 

polymers to a certain degree depending on how many groups are oxidized and thus a broad peak 

emerges in the NIR region similar to the peaks formed when doped with F4TCNQ. 
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The EHOMO of each polymer is determined by using a cyclic voltammetry (CV) with a 

tetrabutylammonium hexafluorophosphate solution (0.1M) prepared in anhydrous acetonitrile 

using an Ag electrode for reference. The CV results for each of the HID polymers are shown in 

Figure 2-13. The oxidation redox is measured to determine the onset potential (Eoxonset). Ferrocene 

was used as the reference for calculating the EHOMO for each polymer via Equation (2-4): 

 
 

𝐸0121 = −	𝑒	[𝐸(3(#)*+ − 𝐸45	/45!] − 	4.8	𝑒𝑉	
(2-4) 

 

where e represents the elementary charge, and EFC/FC+ represents the measured Eoxonset of ferrocene 

from the same CV device. The ELUMO of each polymer was determined via the difference between 

the calculated EHOMO and optical Eg of each polymer. The trap energy (ET) is defined as the 

difference between the polymer EHOMO and the dopant ELUMO and is imperative for polymer:dopant 

complex stability. The energy levels of PEEhB, PMEhB, and PTEhB, along with the F4TCNQ 

dopant, determined using this method are presented in Figure 2-14 and summarized in Table 2-4 

below along with the ET value for each polymer. 

 

 
Figure 2-13: The CV trace of (a) PEEhB, (b) PMEhB, (c) PTEhB at a scan rate of 0.1 V/s in 

0.1 M tetrabutylammonium hexafluorophosphate with anhydrous acetonitrile as the solvent. 
 

 

(a) (b) (c)

(a) (b) (c)
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Figure 2-14: Energy level diagram depicting the relative EHOMO and ELUMO of PEEhB, PMEhB, 

PTEhB, and the F4TCNQ dopant with respect to vacuum (0 eV). 
 

Table 2-4: Summary of the molecular orbital energy levels of the HID polymers and the 
F4TCNQ dopant molecule along with ET values. 

 EHOMO ELUMO Eg ET 

PEEhB -4.72 eV -3.31 eV 1.41 eV 0.29 eV 

PMEhB -5.04 eV -3.59 eV 1.43 eV -0.03 eV 

PTEhB -4.95 eV -3.51 eV 1.48 eV 0.06 eV 

F4TCNQ -9.02 eV -5.01 eV 4.02 eV - 

 

It is noteworthy that while all three polymers exhibit an optical Eg between 1.4-1.5 eV, the PEEhB 

polymer is shown to have a significantly higher EHOMO (~ 0.30 eV) than the other two. This may 

potentially be attributed to interactions between the sulfur atoms on the thiophene moieties of the 

copolymer and the oxygen atoms on the EDOT moieties. As previously mentioned, the alkoxy 

groups on the thiophene spacer induce strong electron donating properties which both reduce the 

Eg and increase the EHOMO. Since PEEhB and PMEhB have very similar chemical structures one 

would expect similar electronic properties form the two materials. This is not the case when 
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comparing the EHOMO of the two materials and there are two potential explanations for this. The 

first being the conjugation length of PMEhB is ~ 60% of the conjugation length of PEEhB, 

however literature suggests that the molecular weight does not have a significant impact on the 

EHOMO of CPs135,136. The other potential explanation for this phenomenon has to do with the 

difference in the solid-state packing of the polymers. The EDOT may form donor domains more 

effectively than the 3,4-dimethoxythiophene (DMT) thus yielding stronger electron donating 

properties which would lead to a higher EHOMO in PEEhB relative to PMEhB. Evidence of this 

may be seen when comparing the work from Wang et al.137 with that of Feng et al.138 whom each 

synthesized D-A copolymers using benzodithiophene donors substituted with thiophene 

sidechains. The chemical structures of the four polymers are depicted in Figure 2-15 below. The 

results from Wang et al., which include the DMT sidechains, show that the non-fluorinated 

polymer has an EHOMO of -5.25 eV while the fluorinated polymer exhibits an EHOMO of -5.46 eV. 

While Feng at all were able to achieve a EHOMO of -5.22 eV and -5.32 eV for the non-fluorinated 

and fluorinated polymers respectively using the EDOT sidechains instead of the DMT analog.  

 

 
Figure 2-15: Benzodithiophene donor and benzothiadiazole acceptor copolymers with a) DMT 

sidechains and b) EDOT side chains on the donor.137,138 
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This indicates that the EDOT group is indeed a stronger electron donating moiety and explains 

the EHOMO results between PEEhB and PMEhB. However, the difference in EHOMO reported 

between the two groups is not as large as the one reported in this work. This should be due to the 

EDOT and DMT units of their copolymers being sidechains in contrast with PEEhB and PMEhB 

where the EDOT and DMT units are on the polymer backbone. It has been demonstrated in 

literature that the further a functional group or sidechain is from the polymer backbone the less 

prominent the effect it will have on the electrical properties of the corresponding CP139,140. 

 

The EHOMO, specifically, is integral for the stability of the polymer:dopant complex. The dopant 

can be considered as a “trap” for the charge carriers, in the case of F4TCNQ these carriers are 

electrons. Literature has indicated that to achieve a stable complex ET should be ~ 0.25 eV or 

greater and these are referred to as deep traps82,83. According to the results, only PEEhB should 

be able to form these deep traps and thus it is expected that the PEEhB:F4TCNQ complex ought 

to exhibit better time stability. 

 

Differential scanning calorimetry (DSC) analysis was conducted on all three polymer samples and 

the results are shown in Figure 2-16. PEEhB and PTEhB exhibit no noticeable endothermic or 

exothermic transitions up to 200 ºC. PMEhB exhibited an exothermic transition which 

corresponds to the crystallization temperature (TC) at ~ 124 ºC. The material also exhibits an 

endothermic transition with an onset of ~ 148 ºC corresponding to the melting temperature (Tm) 

which is found to be ~ 156 ºC. PMEhB having that lower molecular weight will correspond to a 

lower melting temperature than PEEhB and PTEhB due to weaker intermolecular forces between 

polymer chains and thus the melting point and the crystallization temperature is observed141. 
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Figure 2-16: The DSC analysis of (a) PEEhB, (b) PMEhB, and (c) PTEhB at a heating cooling 

rate of 10 ºC min-1 under nitrogen atmosphere between -20 ºC and 200 ºC. 
 

The surface morphology and crystalline features of each polymer were determined by spin coating 

the polymer solutions onto dodecyltrichlorosilane (DDTS)-modified SiO2/Si substrates. Each 

polymer was spin-coated onto four separate substrates each heated at a different annealing 

temperature (Ta); room temperature (RT), 100 ºC, 150 ºC, and 200 ºC for 30 minutes. The films 

were then subjected to atomic force microscopy (AFM) and X-ray diffraction (XRD) analysis. 

 

Figure 2-17, Figure 2-18, and Figure 2-19 below show the AFM scans of the materials at the four 

different Ta. The surface coarseness of the film is denoted by the root-mean-square roughness 

parameter Rq, and the results at each Ta are plotted in Figure 2-20 then summarized in Table 2-5 

for each polymer. PEEhB exhibits a very smooth film surface (Rq = 1.14 nm) with very small 

particles present in the AFM image at RT. Fewer larger particles are observed when annealed at 

100 ºC indicating that agglomeration occurs at that temperature and the roughness decreases (Rq 

= 0.85). When annealed at 150 ºC the particles on the surface are very small and high in number 

so the overall roughness of the film increases slightly (Rq = 0.97 nm) from 100 ºC. At 200 ºC deep 

cracks in the film are noticeable and that increases the roughness of the film (Rq = 1.33 nm). These 

cracks may form discontinuous domains in the film, and this would decrease charge carrier 

mobility. For the PMEhB film small particulates are visible at RT with a significantly rougher 

film than the other two polymers at RT (Rq = 4.98 nm) and when Ta increases to 100 ºC the scale 

decreases from 50 nm to 28 nm indicating the roughness is decreasing (Rq = 4.15 nm). The film 

also goes from a smooth surface with discernible small particles to wider, uneven particles. The 

DSC thermogram for this material shows a small hump before the Tm onset which may be the 

(a) (b) (c)
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beginning of the polymer melting transition or partial melting of the material leading to the blotchy 

AFM image at Ta = 100 ºC. At 150 ºC and 200 ºC large agglomerations of particles can be seen 

on the surface of the film but with a blurry resolution. These features are attributed to the melting 

of the polymer which was confirmed to occur at ~ 156 ºC from the DSC thermogram. While the 

roughness slightly decreases from RT to 100 ºC, once the polymer is melted the agglomerated 

particles significantly increase the roughness of the film at 150 ºC (Rq = 11.27 nm) and 200 ºC (Rq 

= 11.45 nm). The PTEhB film annealed at RT showed sub-micron-sized particles scattered on the 

smooth surface of the film (Rq = 2.16 nm). The roughness of the film is decreased slightly (Rq = 

1.66 nm) when annealed at 100 ºC and there is a higher number of smaller particles  observed. At 

150 ºC the roughness increases (Rq = 2.73 nm) and it is difficult to discern small particles as the 

film now exhibits more uniform roughness across the surface. When annealed at 200 ºC the 

roughness increases dramatically (Rq = 4.96 nm) due to a high number of deep cracks or holes 

observed in the otherwise uniform film.  
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Figure 2-17: AFM images (4 µm x 4 µm) indicating relative height on films of PEEhB spin-
coated on DDTS-modified SiO2/Si substrates and annealed at RT, 100 ºC, 150 ºC, and 200 ºC 

respectively. 
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Figure 2-18: AFM images (4 µm x 4 µm) indicating relative height on films of PMEhB spin-
coated on DDTS-modified SiO2/Si substrates and annealed at RT, 100 ºC, 150 ºC, and 200 ºC 

respectively. 
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Figure 2-19: AFM images (4 µm x 4 µm) indicating relative height on films of PTEhB spin-
coated on DDTS-modified SiO2/Si substrates and annealed at RT 100 ºC, 150 ºC, and 200 ºC 

respectively. 
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Figure 2-20: The root-mean-square surface roughness (Rq) of PEEhB, PMEhB, and PTEhB at 

each different Ta. 
 

Table 2-5: Summary of the calculated Rq for each AFM sample of the HID polymers. 
 Rq-RT Rq-100 ºC Rq-150 ºC Rq-200 ºC 

PEEhB 1.14 nm 0.85 nm 0.97 nm 1.33 nm 

PMEhB 4.98 nm 4.15 nm 11.27 nm 11.45 nm 

PTEhB 2.16 nm 1.66 nm 2.73 nm 4.96 nm 

 

To evaluate these results, it must first be understood the impact of film roughness of the 

performance of organic electronic materials. It has been reported that π-conjugated materials with 

smoother surfaces exhibit better charge mobility and thus a smoother film is desirable142. It can be 

concluded that at Ta = 200 ºC the three polymer films are the roughest and thus the device 

performance may be negatively impacted. Furthermore, since much of the research in the field of 

temperature sensors is geared towards flexible applications, high temperature annealing may 

impact the integrity of flexible plastic substrates and thus a lower temperature process is optimal 

so that the films may be used more universally in these applications. At Ta = 150 ºC an increase 

in the film roughness is apparent, most significantly for PMEhB which is due to the melting 
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transition. At this temperature the formation of deep cracks is observed in the PTEhB and PEEhB 

films which explains the increased surface roughness. This may lead to the formation of  

discontinuous regions in the film resulting in decreased mobility. While RT annealing leads to 

relatively smooth films when compared to the high temperature processes (Ta = 150 ºC, and Ta = 

200 ºC), annealing at Ta = 100 ºC exhibits the smoothest film in all three HID polymers. This 

temperature is also high enough to evaporate any solvent molecules on the substrate (chloroform 

or acetonitrile) post deposition and thus from these AFM results and the practicality of using 

flexible substrates Ta = 100 ºC is chosen for device fabrication. 

 

The packing characteristics of PEEhB, PMEhB, and PTEhB film are indicated by the two-

dimensional and one-dimensional (1D) XRD measurements shown below in Figure 2-21, Figure 

2-22, and Figure 2-23 respectively. The presence of peaks signifies crystalline domains in the film 

and the intensity of these peaks positively correlates with the DOC. PEEhB annealed at each 

temperature does not show any significant crystalline peak in the XRD measurements so it may be 

concluded that the polymer film is virtually completely amorphous and thermal treatment does not 

impact the packing characteristics. The PEEhB HID monomer M1 has a C-C bond that locks the 

ring structure of the thiophene substituent group in place. Hence, it is difficult for the bonds to 

move and rotate on the thiophene spacer which can explain why this polymer inhibits chain 

packing most effectively leading to no crystalline peaks in the XRD analysis. In contrast to those 

results PMEhB shows a faint peak at 2θ = 4.70º (100) when annealed at 100 ºC, a more intense 

peak at 2θ = 4.99º (100) when annealed at 150 ºC, and the most intense peak at 2θ = 5.08º (100) 

when annealed at 200 ºC. These peaks correspond to an interlayer lamellar d-spacing of 18.8 Å, 

17.7 Å, and 17.4 Å respectively. The methoxy substituent groups on the thiophene spacer in M2 

may also inhibit chain packing explaining why the film is not crystalline when annealed at RT. 

However, due to the low molecular weight and the ability of those methoxy groups to rotate freely, 

the polymer may orient itself into crystalline domains at elevated Ta. Hence, upon thermal 

treatment crystalline peaks are observed in the PMEhB film. Similar results are shown when 

evaluating the PTEhB measurements, however no thermal treatment is required for this film to 

exhibit crystallinity as peaks are observed at 4.74º, 4.66º, 4.69º, and 4.77 ºC (100) corresponding 

to interlayer lamellar d-spacing of 18.6 Å, 18.9 Å, 18.8 Å, and 18.5 Å at RT, 100 ºC, 150 ºC, and 

200 ºC respectively. This can be attributed to the lack of a substituent group on the thiophene 
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spacer in the M3 structure which promotes chain packing. Interestingly, the peak intensity for the 

PTEhB measurements increases from RT to 100 ºC which follows the DOC-Ta trend observed 

with PMEhB. However, the peak intensity decreases slightly when going from a Ta of 100 ºC to 

150 ºC and decreases significantly at Ta of 200 ºC. The peak intensity dropping suggests that the 

polymer chain may begin to undergo re-organization to more disordered chain packing. However, 

the AFM image for PTEhB with Ta = 200 ºC indicate a high degree of order. This suggests that 

the polymer chain may be re-organizing from predominantly edge-on orientation to a more 

isotropic packing orientation. This is evidence by the widening of the ring in the 2D XRD 

measurements  as the Ta goes from 100 ºC to 150 ºC and the significant widening when Ta = 200 

ºC indicating a reduction in edge-on orientation.  

 

In OFET applications edge-on orientation is favorable for better charge transport between 

electrodes, while for OPV applications face-on orientation is preferred for better carrier transport 

in the vertical direction of active layers143. In general, higher DOC semiconducting materials are 

desirable in both cases. Conversely, for the purposes of these polymers the amorphous films may 

be more advantageous. It is hypothesized that the crystalline domains, or the development of such 

domains upon thermal treatment, may the drive the dopant molecules out of the polymer phase 

which would destabilize the complex and lead to reduced conductivity over time. Hence, from the 

results of the XRD analysis, it is postulated that the polymer:dopant complex generated with the 

PEEhB polymer may exhibit better stability due to its amorphous nature. Conveniently, this aligns 

with the results of the CV analysis where PEEhB is expected to show better dopant stability due 

to EHOMO being high enough to generate deep traps with the proposed dopant.  
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Figure 2-21: (a) One-dimensional and (b) two-dimensional XRD spectra of PEEhB film on 
DDTS-modified SiO2/Si substrate annealed at RT, 100 ºC, 150 ºC, and 200 ºC respectively. 

 

(a)

(b)
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Figure 2-22: (a) One-dimensional and (b) two-dimensional XRD spectra of PMEhB film on 
DDTS-modified SiO2/Si substrate annealed at RT, 100 ºC, 150 ºC, and 200 ºC respectively. 

(a)

(b)

RT 100 ºC 150 ºC 200 ºC
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Figure 2-23: (a) One-dimensional and (b) two-dimensional XRD spectra of PTEhB film on 
DDTS-modified SiO2/Si substrate annealed at RT, 100 ºC, 150 ºC, and 200 ºC respectively. 
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2.4.3 Temperature Sensing Performance of HID Polymer Devices 

 

The temperature sensing capabilities of each polymer doped with F4TCNQ were evaluated by 

depositing the films on interdigitated silver electrode devices with PET substrates. The sensor 

fabrication and experimental methodology are described in detail in section 2.6.2. A heating stage 

was used to increase temperature by 5-8 ºC per interval and the current was allowed to stabilize 

for ~ 250 s per interval. All three devices exhibited a step function response where a sharp rise in 

current was observed as the temperature increased before the response stabilized at a current value 

corresponding to the heating stage temperature.  

 

Figure 2-24, Figure 2-25, and Figure 2-26 below represent the real-time current as a function of 

temperature (I-T) relationship for PEEhB:F4TCNQ, PMEhB:F4TCNQ, and PTEhB:F4TCNQ, 

sensors respectively. The step-function response is clearly depicted in each plot and the current at 

a given temperature is recorded and then plotted against the reciprocal of the absolute temperature 

taken to the one-quarter power (T-0.25). This secondary plot provides the calibration curve for the 

sensor devices and a strong I-T-0.25 correlation is apparent for all three devices. This agrees well 

with the hypothesized VRH mechanism of charge transport as proposed by Mott in 1968 where 

Equation 2-4 was used to describe low temperature conductivity61: 

 

 s = s!𝑒
89:": ;

#
$
	 (2-4) 

 

where s0 is the conductivity at the reference temperature T0 and s is the conductivity at a given 

temperature T. Each device exhibited this step-function response until the upper limit of their 

temperature working range. Above this upper limit, a sharp decrease in current was exhibited by 

all three devices which is referred to as the device breakdown. The device fabricated using 

PEEhB:F4TCNQ active layer showed an excellent working range as the device breakdown did 

not occur until after 120 ºC was reached while the upper limit of both the PMEhB:F4TCNQ and 

PTEhB:F4TCNQ devices was only 60 ºC respectively. This breakdown may be attributed to the 

thermal expansion of the polymer and the crystallization of the alkyl sidechains on the HID 

monomer units leading to the formation of insulating domains. Both of these effects will increase 
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the hopping distance for charge carriers which reduces their mobility144–146. This is a positive-

temperature coefficient (PTC) effect that conflicts with the NTC effect from the proposed VRH 

mechanism. At the breakdown temperature the PTC effect will begin to dominate the NTC effect 

and thus the device will not function as an NTC thermistor above this temperature. The device 

fabricated using PEEhB:F4TCNQ active layer has been shown to remain completely amorphous 

upon thermal treatment thus it is more difficult for the sidechains to interact with one another and 

form these insulating domains. Hence, the temperature required for the PTC effect to dominate in 

this device may be higher than that of the other two ordered complexes where the insulating 

domains may form more readily due to the polymer crystallinity. 

 

 
 Figure 2-24: (a) Real-time current vs time (I-t) graph of PEEhB:F4TCNQ device at varying 

temperatures, (b) current vs adjusted absolute temperature (I-T-0.25) graph of PEEhB:F4TCNQ 
interdigitated device.  

(a) (b)
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 Figure 2-25: (a) Real-time current vs time (I-t) graph of PMEhB:F4TCNQ device at varying 

temperatures, (b) current vs adjusted absolute temperature (I-T-0.25) graph of PMEhB:F4TCNQ 
interdigitated device. 

 

 
Figure 2-26: (a) Real-time current vs time (I-t) graph of PTEhB:F4TCNQ device at varying 

temperatures, (b) current vs adjusted absolute temperature (I-T-0.25) graph of PTEhB:F4TCNQ 
interdigitated device. 

 

The TCR of each device was estimated using the method described in section 2.6.2 and the 

corresponding plots are shown below in Figure 2-27. The response time, film thickness, working 

range, and initial conductivity of each device is summarized in Table 2-6. The response time of 

each device was measured to be on the order of 10s of seconds. It is determined that the 

(a) (b)

(a) (b)
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PEEhB:F4TCNQ and PMEhB:F4TCNQ devices displayed the highest sensitivity up to 60 ºC 

with a TCR of -1.09%/ºC while PTEhB:F4TCNQ were slightly less sensitive with a TCR of -

1.02%/ºC. It is noted that the TCR curve of the PEEhB:F4TCNQ device does not follow a linear 

trend instead it exhibited a TCR of -1.09%/ºC at 25-60 ºC and a TCR of -0.38%/ºC at 60-120 ºC. 

This nonlinearity maybe due to the amorphous nature of the polymer itself which allows the highly 

disordered polymer chains to move and reorient themselves more easily at temperatures higher 

than 60 ºC. This may lead to a large distance between polymer chains and creates a PTC effect that 

will reduce the sensitivity of the device at higher temperatures. It may also be noted that the low 

molecular weight of the PMEhB made the film difficult to process and it took several layers of 

the polymer and dopant to fabricate a practical working sensor device. 

 

 
Figure 2-27: Normalized resistance vs temperature plots for TCR determination of sensor 

devices fabricated using (a) PEEhB:F4TCNQ, (b) PMEhB:F4TCNQ, and (c) 
PTEhB:F4TCNQ. 

 

Table 2-6: Temperature sensing performance of the three devices fabricated on PET/Ag 
substrates using the HID polymers doped with F4TCNQ. 

 
Thickness 

(nm) 

Working 

Range (ºC) 

TCR 

(%/ºC) 

Response 

Time (s) 

Conductivity 

(S/cm) 

PEEhB:F4TCNQ 43 
25 - 60 

60 -120 

-1.09 ± 0.07 

-0.38 ± 0.02 
54.4 ± 10.9 1.23 x 10-3 

PMEhB:F4TCNQ 82 25 - 60 -1.09 ± 0.09 24.2 ± 8.8 2.26 x 10-4 

PTEhB:F4TCNQ 55 25 - 60 -1.02 ± 0.08 97.2 ± 14.4 1.15 x 10-2 

 

 

(a) (b) (c)
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The polymer:dopant complex stability was evaluated by measuring the conductivity of the device 

periodically every four days and plotting the normalized conductivity over a thirty-two-day period. 

The results of this stability study are shown in Figure 2-28 below. It may be noted that the devices 

were stored under ambient conditions in a petri dish with no encapsulation layer to best mimic 

environmental settings that sensors would be exposed to. The PTEhB:F4TCNQ complex 

remained stable after four days but beyond that, underwent a steady degradation in conductivity to 

below 20% of its original value after thirty-two days. The PMEhB:F4TCNQ device showed better 

stability as the device remained stable for twelve days before significant degradation occurred. 

The degradation of this device occurred at a much slower rate than that of PTEhB:F4TCNQ and 

the conductivity was only reduced to roughly 60% of its original value by the end of the study 

period. The device using PEEhB:F4TCNQ maintains a constant conductivity, within 

measurement error, over the thirty-two-day period. The EHOMO of the PEEhB polymer was the 

only one that met the criteria for forming deep traps with the F4TCNQ dopant and hence it is not 

surprising that it was the only polymer to form a stable complex with the dopant. However, PTEhB 

had a higher lying EHOMO than PMEhB so that it would be expected that PTEhB should exhibit 

better time stability. This was not case in this study as the PTEhB:F4TCNQ complex deteriorated 

much faster and more significantly than the PMEhB:F4TCNQ complex. Therefore, the EHOMO of 

the polymer alone cannot be used to predict the stability of the polymer:dopant complex for these 

materials. The results indicate that the crystallinity of the polymer thin film does indeed play a 

significant role in engineering a stable complex. The PEEhB polymer was virtually completely 

amorphous while the PMEhB polymer exhibited increasing crystallinity upon thermal treatment 

and the PTEhB film was crystalline at RT with its highest crystallinity being at Ta = 100 ºC. The 

DOC of the polymer film (PTEhB > PMEhB > PEEhB) may be directly correlated to the 

instability of the polymer:dopant complex as the result supports the hypothesis that crystalline 

domains drive the dopant molecules out of the polymer phase. While further investigation is 

necessary to quantify the significance of EHOMO and DOC relative to each other in forming stable 

complexes with this family of polymers, it can be concluded that HID polymers consisting of  

mostly amorphous domains are more successful at retaining dopant molecules and thus display 

better complex stability over time. 
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Figure 2-28: Conductivity vs. time stability of PEEhB:F4TCNQ, PMEhB:F4TCNQ, and 

PTEhB:F4TCNQ. 
 

2.5 Summary and Future Directions 

 

The synthesis of three new D-A copolymers PEEhB, PMEhB, and PTEhB is reported using HID 

acceptor and DDOBT donor units. EHOMO of the polymers are calculated to be 4.72 eV, 5.05 eV, 

and 4.95 eV respectively. All three polymers exhibit a narrow Eg which are calculated to be 1.41 

eV, 1.43 eV, and 1.48 eV respectively using UV-Vis-NIR absorption spectroscopy. The three 

polymers are relatively low molecular weight (< 10 kDa) materials and are processable in 

chlorinated solvents such as chloroform or chlorobenzene.  

 

The polymers may be doped using p-type dopant F4TCNQ to fabricate conductive films of 

polymer:dopant complexes PEEhB:F4TNCQ, PMEhB:F4TCNQ, and PTEhB:F4TCNQ which 

are coated onto PET substrates with interdigitated silver electrodes to create NTC-type temperature 

sensors or thermistors. The current response of all three devices displayed a strong temperature 

dependence (I α T-0.25) between 25-60 ºC for PTEhB and PMEhB and between 25-120 ºC for 

PEEhB. The devices also displayed excellent sensitivity to ambient temperatures up to 60 ºC with 

TCRs between -1.02 %/ºC to -1.09 %/ºC. Above 60 ºC, the device fabricated using 
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PEEhB:F4TCNQ as the active layer exhibited nonlinearity and the TCR decreased to -0.38%/ºC 

between 60-120 ºC while the other two devices with PMEhB:F4TCNQ and PTEhB:F4TCNQ 

active layers experienced device breakdown above 60 ºC. These TCR values are quite good for 

organic thermistors76,147,148 and they may partially be attributed to the thin PET substrate that 

allows for better heat transfer from the heating stage to the active layer compared to thicker rigid 

substrates. 

 

The device stability over time was assessed by monitoring the conductivity and it was determined 

that the while the PEEhB:F4TCNQ complex may remain stable for over thirty-two days, the 

PMEhB:F4TCNQ and PTEhB:F4TCNQ complexes degrade after twelve and four days 

respectively. A relationship between DOC and polymer:dopant stability is established in that 

amorphous polymers hold onto dopant molecules more tightly as the crystalline domains drive out 

dopant molecules to destabilize the complex. Therefore, it may be concluded these polymers with 

lower DOC minimize the effect of phase segregation in the polymer:dopant complex and are thus 

better suited for long-term sensing applications where dopants are required to synthesize a 

conductive film.  

 

These novel polymers exhibited tremendous real-time sensitivity and the thin film sensors show 

potential for applications for accurate temperature monitoring. These sensors on the highly flexible 

PET substrate may also lend themselves towards wearable electronic devices and artificial e-skin 

applications using thermal arrays for tactile sensing19,20,27. Future work on these materials should 

aim to take advantage of this polymer:dopant complex stability-DOC relationship by synthesizing 

highly amorphous polymers. This may be done by using monomers with a high degree of 

geometric isomerism which can reduce the DOC in the corresponding copolymer. Other potential 

avenues for future work may include different functionalization on the HID acceptor monomers at 

the nitrogen atom or on the thiophene spacer unit to improve the sensitivity of the film or to work 

towards developing HID-based sensor devices for various other analytes such as ion detection, gas 

sensing, and chemical sensing, amongst others. 
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2.6 Experimental Section 

 

2.6.1 Materials and Characterization 

 

Materials 

All chemicals used in the synthesis procedures were purchased from Sigma-Aldrich, VWR, TCI, 

Fluka, and Armstrong. Solvents used during synthesis procedures were analytical grade and 

anhydrous or used as received. Solvents used for the fabrication of devices or setting up any 

samples for characterization experiments were HPLC grade. Arsenic n-doped 6-inch silicon 

dioxide wafers with 300 nm polished oxide layers were purchased from the University of 

Waterloo. All column chromatography purification procedures were performed using silica gel 

(230-400 mesh) slurries purchased from the University of Waterloo. 

 

High Temperature Gel Permeation Chromatography (HT-GPC) 

HT-GPC analysis was performed to obtain the molecular weight characteristics of each of the three 

polymers. The chromatograms provide details on the number average (Mn) and weight average 

(Mw) molecular weight of each polymer, and the polydispersity index (PDI) is calculated using 

the two. The measurements were performed using a Viscotek Malvern 350 HT-GPC system with 

300 mm Jordi Gel DVB Mixed Bed liquid chromatography column. 1,2,4-trichlorobenzene was 

used as the eluent for polystyrene standards at 150 ºC and the samples were detected using a 

refractive index (RI) detector. 

 

Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) images were taken using a Dimension 3100 scanning probe 

microscope. AFM analysis was used for the determination of the surface morphology and 

roughness of the thin film samples. The films used for AFM were spin-coated on a bare or 

dodecyltrichlorosilane modified SiO2/p++Si substate. 
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X-Ray Diffraction (XRD) 

The X-Ray diffraction (XRD) measurements were conducted using a Bruker D8 Advance 

diffractometer with Cu Ka radiation (l = 0.15418 nm) with the polymer films spin coated onto 

dodecyltrichlorosilane modified SiO2/p++Si substates annealed at different temperatures. 

 

Nuclear Magnetic Resonance (NMR) Spectroscopy 
1H NMR analysis is conducted for structural identification and purity confirmation of the target 

compounds routinely after each synthesis step. The samples are dissolved in either deuterated 

chloroform (CDCl3, ALDRICH 99.8% atom % D, contains 0.1 % (v/v) TMS) or deuterated 

dimethoxy sulfoxide (DMSO-d6, ALDRICH, 99.5% atom % D, contains 0.1 % (v/v) TMS). The 

NMR spectra is recorded using a Bruker 300 Ultrashield 300 MHz FT-NMR spectrometer. 

 

Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) was used to determine melting temperature (Tm) and 

crystallization temperature (Tc) of materials in this work. A TA Instruments Q20 Differential 

Scanning Calorimeter was used to take these measurements. The samples were scanned for one 

heating and one cooling cycle under nitrogen atmosphere at a rate of 10 ºC min-1. 

 

Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is used to determine the oxidative potentials for the synthesized 

polymers to establish the EHOMO. The samples are casted on a platinum (Pt) working electrode as 

a thin film and submersed in a 0.1M tetrabutylammonium hexafluorophosphate (Bu4NPF6) 

solution in HPLC grade acetonitrile as the electrolyte. The scan rate is 50 mV/s between -1.6 to 

1.6 V and Ferrocene is used as the internal standard with a known EHOMO of -4.80 eV. The reference 

electrode is silver/silver chloride while the auxiliary electrode is a blank platinum rod. 

 

Ultraviolet-Visible-Near-Infrared (UV-Vis-NIR) Spectroscopy  

The UV-Visible-NIR spectroscopy measurements are conducted using a Thermo Scientific 

GENESYSTM 10S VIS spectrophotometer or using the Cary 7000 UMS UV-Vis-NIR 

spectrophotometer. Solutions are prepared using chloroform as the solvents while thin films are 

prepared via either spin-coating or drop-casting the sample solution onto a thin glass slide and 
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using a blank glass slide as the reference. The optical Eg for each polymer is obtained using the 

UV-Vis-NIR spectra in which the λonset is used to estimate Eg. 

 

Film Thickness Determination 

Film thickness of the sensor devices is determined using an Alpha-Step D-500 Profiler. The PET 

substrate is fixed onto a glass slide as a thicker surface is required for an accurate measurement. 

The film is scratched off both ends of the device to leave behind just the substrate surface. The tip 

of the profiler is swept across both ends of the device at a scan rate of 0.03 mm/s starting and 

finishing on the scratched off areas of the device. 

 

2.6.2 Fabrication of Temperature Sensor Devices 

 
The thermistors used in this chapter were fabricated on polyethylene terephthalate (PET) substrates 

with interdigitated bottom/top-contact silver (Ag) electrodes that were provided to us by the 

NSERC-Green Electronics Network (GreEN) network to design flexible, more environmentally 

friendly devices. The fabrication procedure as described by the GreEN network consists of using 

silver (Ag) nanoparticle ink in water procured from NovaCentrix (PFI500). The ink is transferred 

onto a printing form to define the pattern information. The devices are then printed with an OMET 

Varyflex V2 Roll-to-Roll (R2R) Continuous Press with flexography printing units at a speed of 15 

m/min on a 125 µm-thick PET substrate. The printed devices are then dried in-line with hot air at 

a temperature of 100 ºC and the produced samples have a conductivity of 4.40 MS/m with a 

thickness of 352 nm149. 

 

The device substrates used in this work had a W/L ratio of 10,000 and were first cleaned using 

ultrasonication in DI water, isopropanol, and then acetone each for 15 min. Due to the size of the 

devices spin coating was not very practical given the size of the spin coater used in the PEML 

laboratory. Instead, 40 µL of a 5 mg/mL solution PEEhB/PMEhB/PTEhB in chloroform was 

casted onto the substrate and then a clean glass slide is lightly dragged back and forth to across the 

substrate to mimic blade coating. Once the solvent has evaporated (~ 30 s of blade coating) the 

device is then thermally annealed at 100 ºC for 30 min. The sample is then washed with ethanol 

before the doping procedure. To dope the sample 40 µL of a 1 mg/mL solution of F4TCNQ in 
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acetonitrile was casted onto the organic film using the same blade coating technique to deposit the 

dopant until the solvent evaporates. Once the acetonitrile is evaporated the device is annealed at 

100 ºC for 30 mins to remove any excess solvent. The process of depositing the polymer films and 

doping them is depicted below in Figure 2-29.  

 

 
Figure 2-29: Process flow schematic for the blade-coating preparation of the doped HID 

polymer films onto the flexible PET/Ag substrates provide by the NSERC Green Electronics 
Network (GreEN). 

 

The thermal sensing of the device was done using ambient conditions outside of a glovebox. The 

device is placed on a heating stage and a thermal probe is placed on the device surface connected 

to a Uni-T UT33C Multimeter to yield a temperature readout. The electrodes of the sensor are 

connected to an Agilent B2912A Precision Source/Measure Unit. A current versus time 

measurement (I-t) is conducted to first establish a stable baseline before the heating stage 

temperature is set to ~ 26 ºC to begin temperature measurement. Once the current stabilizes to the 

corresponding temperature the device is left at that temperature for ~ 250 s before the heating stage 

is turned up by 5-8 ºC per interval. This procedure is repeated until a temperature is reached where 

the current readout is no longer stable which also defines the working range of each thermistor.  

Active Material 100 ºC
30 minutes

F4TCNQ Dopant 100 ºC
30 minutes

Sensor Device

Blade Coating

Blade Coating
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At each interval the temperature and IV response are recorded so that resistance may be 

determined. The resistance values are normalized and then plotted against absolute temperature. 

This data is fitted via linear regression and the slope is taken as the estimated TCR of the device 

This method for TCR determination was adapted from Wang et al.150 To evaluate the time stability 

of the temperature sensor devices the I-V response is measured at room temperature in ambient 

conditions with no encapsulation layer. The conductivity of the device is determined, and this 

measurement is repeated every four days for thirty-two days. The conductivity values are then 

normalized over this time frame, and this is plotted to determine whether or not the polymer:dopant 

complex has degraded over time. 

 

2.6.3 Synthesis Procedures 

 

Synthesis of 3-(dodecyloxy)thiophene (3DDT) 

 

 
 

A solution of 3-methoxythiophene (3.00 g, 26.3 mmol), dodecanol (19.6 g, 105.1 mmol), and p-

toluene sulfonic acid (450 mg, 2.63 mmol) in 25 mL anhydrous toluene all in a 100 mL three-neck 

oven-dried round bottom flask was heated to 100 ºC using a silicon oil bath. The mixture was 

allowed to react at temperature overnight before being extracted with chloroform and washed with 

DI water and saturated sodium bicarbonate. The solvent was removed with the rotary evaporator 

and the mixture was purified via flash column chromatography using pure hexane as the eluent to 

afford a white crystal material as the 3-(dodecyloxy)thiophene product. Yield: 5.03 g (71.1%) 
1H NMR (300 MHz, chloroform-d) δ 7.19 (dd, 1H), 6.77 (dd, 1H), 6.25 (dd, 1H), 3.96 (t, 2H), 
1.79 (m, 2H), 1.40 (m, 18H), 0.91 (t, 3H)  
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Synthesis of 2-bromo-3-(dodecyloxy)thiophene (3DDT-Br) 

 

 
 

A solution of 3-(dodecyloxy)thiophene (2.50 g, 9.31 mmol) and N-bromosuccinimide (1.66 g, 9.31 

mmol) was dissolved in 20 mL of anhydrous DMF in a 100 mL three-neck oven-dried round 

bottom flask and was stirred vigorously at room temperature while being monitored via TLC. After 

two hours the starting material was fully consumed, and the mixture was extracted with diethyl 

ether and washed with DI water and saturated sodium bicarbonate solution then further purified 

via flash column chromatography using hexane as the eluent to afford a yellow-white crystal as 

the 2-bromo-3-(dodecyloxy)thiophene product. Yield: 1.97 g (61.0%) 
1H NMR (300 MHz, chloroform-d) δ 7.20 (d, 1H), 6.77 (t, 1H), 4.05 (t, 2H), 1.76(dd, 2 H), 1.41 

(m, 19H), 0.90 (t, 3H) 

 

Synthesis of 3,3'-Bis(dodecyloxy)-2,2'-bithiophene (DDOBT) 

 

 
 

To a solution of 2-bromo-3-(dodecyloxy)thiophene (830 mg , 2.40 mmol) in  15 mL of anhydrous 

dimethylacetamide, zinc powder (941 mg, 14.39 mmol), triphenylphosphine (377 mg , 1.44 

mmol), nickel(II) chloride (62 mg, 0.48 mmol),  and 2,2’-bipyridine (75 mg, 0.48 mmol) were all 

added in a 50 mL oven-dried two-neck round bottom flask. The mixture was heated to 80 ºC and 

reacted overnight before water was added to quench the reaction. The mixture was filtered, and 

the black solid was dissolved using isopropanol and washed again with isopropanol. The filtrate 

was collected, and the solvent was removed before the product was purified via flash column 
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chromatography with hexane as the eluent to afford a yellow solid as the 3,3'-bis(dodecyloxy)-

2,2'-bithiophene. Yield: 266 mg (41.4%) 
1H NMR (300 MHz, chloroform-d) δ 7.05 (d, 2H), 6.81 (d, 2H), 4.07 (t, 4H), 1.81 (dd, 4H), 1.24 

(s, 38H), 0.86 (t, 8H) 

 

Synthesis of (3,4'-bis(dodecyloxy)-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylstannane) 

(DDOBT-TMT) 

 

 
 

A solution of 3,3'-bis(dodecyloxy)-2,2'-bithiophene (200 mg, 0.37 mmol) in 10 mL of THF all in 

a two-neck oven-dried 50 mL round bottom flask was cooled to -78 ºC using a dry ice in acetone 

bath. N-butyllithium (0.33 mL, 0.82 mmol) was added dropwise over the course of 15 minutes and 

the reaction was allowed to mix at -78 ºC for two hours. A solution of trimethlytin chloride (0.93 

mL, 0.93 mmol) in 10 mL THF was added dropwise to the mixture and the dry ice bath was 

removed allowing the mixture to warm up and react for 90 minutes. The reaction mixture was 

extracted with DCM and washed with DI water and brine and the organic layer was dried using 

anhydrous sodium sulfate drying salt. The solvent was removed via rotary evaporation and the 

product was recrystallized using hexane to afford a brown crystal solid as the (3,4'-

bis(dodecyloxy)-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylstannane) product. Yield: 266 mg 

(65.2%) 
1H NMR (300 MHz, chloroform-d) δ 6.86 (s, 2H), 4.09 (t, 4H), 1.83 (m, 4 H), 1.40 (m, 36H), 0.86 

(t, 6H), 0.34 (m, 18H) 
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Synthesis of 2,3-dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde (EDOT-CHO) 

 

 

 
 

A solution of 3,4-ethylenedioxythiophene (1.50 g, 10.55 mmol) in 20 mL of anhydrous THF all in 

a 100 mL oven dried three-neck round bottom flask was cooled to -78 ºC using a dry ice in acetone 

bath. N-butyllithium 2.5 M in hexanes (4.22 mL, 10.55 mmol) was added dropwise through the 

auxiliary neck over the course of 30 minutes. The mixture was left to stir vigorously for two hours 

when it became a pale slurry. Anhydrous DMF (3.08 g, 42.20 mmol) was added quickly to the 

mixture and the mixture was left to react for another two hours. The reaction is quenched by adding 

DI water and extracted with DCM then washed with DI water twice. The mixture is dried over 

anhydrous sodium sulfate drying salt and recrystallized using DCM/methanol to afford 2,3-

dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde as a white crystal product. Yield: 1.19 g, 

(66.1%) 
1H NMR (300 MHz, chloroform-d) δ 10.00 (d, 1H) 6.82 (s, 1H), 4.35 (m, 4H) 

 

Synthesis of 7-bromo-2,3-dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde (EDOT-CHO-

Br) 

 

 
 

A solution of 2,3-dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde (1.00 g, 5.876 mmol) and N-

Bromosuccinimide (1.15 g, 6.464 mmol)  in 20 mL of anhydrous acetonitrile in a 100 mL oven 

dried three-neck round bottom flask was stirred and a single drop of 48% hydrobromic acid was 

added as a catalyst to the reaction. The reaction was monitored by TLC and when the starting 

material was consumed DI water was added to quench the reaction and DCM was used to extract 
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the mixture which was then washed with DI water and saturated sodium bicarbonate solution 

before drying with anhydrous sodium sulfate drying salt. The solvent was removed using rotary 

evaporation and the further purified via flash column chromatography using hexane: ethyl acetate 

(4:1) to yield 7-bromo-2,3-dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde as a light tan crystal 

product. Yield: 1.29 g (88.1%) 
1H NMR (300 MHz, chloroform-d) δ 9.85 (s, 1H), 4.39 (m, 4H) 

 

Synthesis of (Z)-6-bromo-3-((7-bromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-5-

yl)methylene)indolin-2-one (EEI-dBr) 

 

 

 
 

7-bromo-2,3-dihydrothieno[3,4-b][1,4]dioxine-5-carbaldehyde (1.00 g, 4.02 mmol) and 6-

bromooxindole (851 mg, 4.02 mmol) were dispersed in 30 mL of anhydrous ethanol in a 100 mL 

oven-dried two-neck round bottom flask. Piperidine (820 mg, 4.82 mmol) was added to the 

dispersion dropwise over the course 10 minutes and the dispersion was then heated to 90 ºC using 

a silicon oil bath. The mixture was left to react overnight when the mixture became an orange 

slurry which was allowed to cool to room temperature before being filtered to afford a single 

isomer of (Z)-6-bromo-3-((7-bromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)methylene)indolin-

2-one as an orange crystal product. Yield: 1.63 g (91.6%) 
1H NMR (300 MHz, dimethyl sulfoxide-d6) δ 10.77 (s, 1H), 7.79 (s, 1H), 7.61 (s, 1H), 7.13 (s, 

1H), 6.99 (s, 1H), 4.42 (dd, 4H) 
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Synthesis of 6-bromo-3-((7-bromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)methylene)-1-

(2-ethylhexyl)indolin-2-one (M1) 

 

 
 

(Z)-6-bromo-3-((7-bromo-2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)methylene)indolin-2-one 

(250 mg, 0.56 mmol) and potassium carbonate (187 mg, 1.36 mmol) were dissolved in 10 mL 

anhydrous DMF in a 25 mL two-neck oven-dried round bottom flask and the mixture is stirred at 

room temperature for 20 minutes before heating the mixture to 100 ºC using a silicon oil bath. 2-

ethylhexyl bromide (131 mg, 0.68 mmol) is added dropwise to the solution over the course of 15 

minutes and the reaction is monitored using TLC. Upon the full consumption of the starting 

material the solution is cooled to room temperature and filtered out with the organic portion being 

collected then washed with DI water and brine. The solvent was removed and the crude product 

was precipitated using a minimum amount of methanol before further purification via flash column 

chromatography using hexane: ethyl acetate (1:1) as the eluent to yield a red-orange crystal 

material as a mixture of Z and E (~ 7:1, Z:E ratio) isomers of 6-bromo-3-((7-bromo-2,3-

dihydrothieno[3,4-b][1,4]dioxin-5-yl)methylene)-1-(2-ethylhexyl)indolin-2-one as the product. 

Yield: 174 mg (55.6%) 
1H NMR (300 MHz, chloroform-d) δ 7.93/7.73 (s, 1H), 7.91/7.13 (d, 1H), 7.35/7.17 (d, 1H), 6.93 

(s, 1H), 4.34 (q, 4H), 3.60 (m, 2H), 1.84 (s, 1H), 1.30 (m, 8 H), 0.89 (dd, 6 H) 
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Synthesis of 3,4-dimethoxythiophene-2-carbaldehyde (3,4-DMT-CHO) 

 

 

 
 

A solution of 3,4-dimethoxythiophene (2.50 g, 17.34 mmol) in 30 mL of anhydrous THF all in a 

100 mL oven dried three-neck round bottom flask was cooled to -78 ºC using a dry ice in acetone 

bath. N-butyllithium 2.5 M in hexanes (7.28 mL, 18.205 mmol) was added dropwise through the 

auxiliary neck over the course of 30 minutes. The mixture was left to stir vigorously for two hours 

when it became a pale slurry. Anhydrous DMF (5.07 g, 69.35 mmol) was added quickly to the 

mixture and the mixture was left to react for another two hours. The reaction is quenched by adding 

DI water and extracted with DCM then washed with DI water twice. The mixture is dried over 

anhydrous sodium sulfate drying salt and recrystallized using DCM/methanol to afford 3,4-

dimethoxythiophene-2-carbaldehyde as a light tan crystal product. Yield: 2.07 g (69.5%) 
1H NMR (300 MHz, chloroform-d) δ 10.04 (s, 1H), 6.67 (s, 1H), 4.01 (d, 6H) 

 

Synthesis of 5-bromo-3,4-dimethoxythiophene-2-carbaldehyde (3,4-DMT-CHO-Br) 

 

 

 
 

A solution of 3,4-dimethoxythiophene-2-carbaldehyde (1.40 g, 8.13 mmol) and N-

bromosuccinimide (1.75 4, 9.76 mmol) in 40 mL of anhydrous chloroform in a 100 mL oven dried 

three-neck round bottom flask was stirred and a single drop of 48% hydrobromic acid was added 

as a catalyst to the reaction. The reaction was monitored by TLC and when the starting material 

was consumed DI water was added to quench the reaction and DCM was used to extract the 

mixture which was then washed with DI water and saturated sodium bicarbonate solution before 
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drying with anhydrous sodium sulfate drying salt. The solvent was removed using rotary 

evaporation and the further purified via flash column chromatography using hexane: ethyl acetate 

(4:1) to yield 5-bromo-3,4-dimethoxythiophene-2-carbaldehyde as a light-yellow crystal product. 

Yield: 1.43 g (70.3%) 
1H NMR (300 MHz, chloroform-d) δ 9.93 (s, 1H), 4.05 (d, 6H) 

 

Synthesis of (Z)-6-bromo-3-((5-bromo-3,4-dimethoxythiophen-2-yl)methylene)indolin-2-one 

(MEI-dBr) 

 

 

  
 

5-bromo-3,4-dimethoxythiophene-2-carbaldehyde (700 mg, 2.788 mmol) and 6-bromooxindole 

(591 mg, 2.788 mmol) were dispersed in 20 mL of anhydrous ethanol in a 50 mL oven-dried two-

neck round bottom flask. Piperidine (570 mg, 5.74 mmol) was added to the dispersion dropwise 

over the course 10 minutes and the dispersion was then heated to 90 ºC using a silicon oil bath. 

The mixture was left to react overnight when the mixture becomes a yellow slurry which was 

allowed to cool to room temperature before being filtered to afford a single isomer of (Z)-6-bromo-

3-((5-bromo-3,4-dimethoxythiophen-2-yl)methylene)indolin-2-one as an orange crystal product. 

Yield: 953 mg (76.8%) 
1H NMR (300 MHz, dimethyl sulfoxide-d6) δ 10.80 (s, 1H), 7.84 (s, 1H), 7.67 (d, 1H), 7.16 (d, 

1H), 7.00 (s, 1H), 3.96 (m, 6H) 
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Synthesis of 6-bromo-3-((5-bromo-3,4-dimethoxythiophen-2-yl)methylene)-1-(2-

ethylhexyl)indolin-2-one (M2) 

 

  
 

(Z)-6-bromo-3-((5-bromo-3,4-dimethoxythiophen-2-yl)methylene)indolin-2-one (600 mg, 1.35 

mmol) and potassium carbonate (447 mg, 3.24 mmol) are dissolved in 20 mL anhydrous DMF in 

a 100 mL two-neck oven-dried round bottom flask and the mixture is stirred at room temperature 

for 20 minutes before heating the mixture to 100 ºC using a silicon oil bath. 2-ethylhexyl bromide 

(286 mg, 1.48 mmol) is added dropwise to the solution over the course of 15 minutes and the 

reaction is monitored using TLC. Upon the full consumption of the starting material the solution 

is cooled to room temperature and filtered out with the organic portion being collected then washed 

with DI water and brine. The solvent was removed and the crude product was precipitated using a 

minimum amount of methanol before further purification via flash column chromatography using 

hexane: ethyl acetate (2:1) as the eluent to yield an orange crystal material as a mixture of Z and 

E (~ 7:1, Z:E ratio) isomers of 6-bromo-3-((5-bromo-3,4-dimethoxythiophen-2-yl)methylene)-1-

(2-ethylhexyl)indolin-2-one as the product. Yield: 487 mg (64.8%)  
1H NMR (300 MHz, chloroform-d) δ 7.81 (s, 1H), 7.42 (d, 1H), 7.19 (d, 1H), 6.98 (s, 1H), 3.98 

(m, 6H), 3.96 (m, 2H), 1.88 (s, 1H), 1.34 (dt, 8H), 0.93 (m, 6H) 
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Synthesis of (Z)-6-bromo-3-((5-bromothiophen-2-yl)methylene)indolin-2-one (TEI-dBr) 

 

 
 

5-bromothiophene-2-carbaldehyde (700 mg, 3.64 mmol) and 6-bromooxindole (777 mg, 3.64 

mmol) were dispersed in 20 mL of anhydrous ethanol in a 50 mL oven-dried two-neck round 

bottom flask. Piperidine (749 mg, 8.794 mmol) was added to the dispersion dropwise over the 

course 10 minutes and the dispersion was then heated to 90 ºC using a silicon oil bath. The mixture 

was left to react overnight when the mixture becomes a yellow slurry which was allowed to cool 

to room temperature before being filtered to afford a single isomer of (Z)-6-bromo-3-((5-bromo-

3,4-dimethoxythiophen-2-yl)methylene)indolin-2-one as a yellow crystal product. Yield: 1.23 mg 

(87.2%) 
1H NMR (300 MHz, dimethyl sulfoxide-d6) δ 10.78 (s, 1H), 7.99 (d, 1H), 7.74 (s, 1H), 7.70 (d, 

1H), 7.47 (d, 1H), 7.25 (m, 1H), 7.06 (d, 1H) 

 

Synthesis of (Z)-6-bromo-3-((5-bromothiophen-2-yl)methylene)-1-(2-ethylhexyl)indolin-2-

one (M3) 

 

 
 

(Z)-6-bromo-3-((5-bromothiophen-2-yl)methylene)indolin-2-one (600 mg, 1.56 mmol) and 

potassium carbonate (517 mg, 3.74 mmol) are dissolved in 20 mL anhydrous DMF in a 100 mL 

two-neck oven-dried round bottom flask and the mixture is stirred at room temperature for 20 

minutes before heating the mixture to 100 ºC using a silicon oil bath. 2-ethylhexyl bromide (331 

mg, 1.71 mmol) is added dropwise to the solution over the course of 15 minutes and the reaction 
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is monitored using TLC. Upon the full consumption of the starting material the solution is cooled 

to room temperature and filtered out with the organic portion being collected then washed with DI 

water and brine. The solvent was removed and the crude product was precipitated using a minimum 

amount of methanol before further purification via flash column chromatography using hexane: 

ethyl acetate (2:1) as the eluent to yield a yellow crystal material as a mixture of Z and E (~ 7:1, 

Z:E ratio) isomers of 6-bromo-3-((5-bromo-3,4-dimethoxythiophen-2-yl)methylene)-1-(2-

ethylhexyl)indolin-2-one as the product. Yield: 423 mg (54.6%) 
1H NMR (300 MHz, chloroform-d) δ 7.60 (s, 1H), 7.41 (d, 1H), 7.38 (d, 1H), 7.20 (d, 1H), 7.15 

(d, 1H), 6.99 (s, 1H), 3.70 (dd, 2H), 1.89 (s, 1H), 1.37 (m, 8H), 0.94 (dd, 6H) 

 

Synthesis of Poly(3-((7-(3,3'-bis(dodecyloxy)-[2,2'-bithiophen]-5-yl)-2,3-dihydrothieno[3,4-

b][1,4]dioxin-5-yl)methylene)-1-(2-ethylhexyl)indolin-2-one)  (PEEhB) 

 

 

 
 

In a 25 mL two-neck oven dried round bottom flask, 6-bromo-3-((7-bromo-2,3-dihydrothieno[3,4-

b][1,4]dioxin-5-yl)methylene)-1-(2-ethylhexyl)indolin-2-one (26 mg, 0.05 mmol), (3,4'-

bis(dodecyloxy)-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylstannane) (40 mg, 0.05 mmol), and 

tri(o-tolyl)phosphine (1.13 mg, 0.004 mmol) are dissolved in 1.5 mL of degassed anhydrous 

chlorobenzene. Tris(dibenzylideneacetone)dipalladium(0) (0.85 mg, 0.001 mmol) is dissolved in 

1 mL of the degassed anhydrous chlorobenzene and added to the reaction mixture under anhydrous 

conditions. The reaction mixture was heated to 80 ºC using a silicon oil bath and the Stille coupling 

reaction was allowed to proceed for 24 hours before the reaction was cooled to room temperature 

where the reaction mixture went from a dark red color to a blue color to signal the reaction is 

proceeding. Methanol is added to the reaction mixture to crash out the polymer and the polymer is 

purified using Soxhlet extraction using methanol, acetone, hexane, and chloroform in that order to 
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afford the Poly(3-((7-(3,3'-bis(dodecyloxy)-[2,2'-bithiophen]-5-yl)-2,3-dihydrothieno[3,4-

b][1,4]dioxin-5-yl)methylene)-1-(2-ethylhexyl)indolin-2-one)  [PEEhB] polymer product. 

Acetone Yield: 12.2 mg (27.3%) 

Chloroform Yield: 32.0 mg (71.7%) 

 

Synthesis of Poly(3-((3'',4'-bis(dodecyloxy)-3,4-dimethoxy-[2,2':5',2''-terthiophen]-5-

yl)methylene)-1-(2-ethylhexyl)indolin-2-one) (PMEhB) 

 

 
 

In a 25 mL two-neck oven dried round bottom flask, 6-bromo-3-((5-bromo-3,4-

dimethoxythiophen-2-yl)methylene)-1-(3-ethylheptyl)indolin-2-one (27 mg, 0.05 mmol), (3,4'-

bis(dodecyloxy)-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylstannane) (40 mg, 0.05 mmol), and 

tri(o-tolyl)phosphine (1.13 mg, 0.004 mmol) are dissolved in 1.5 mL of degassed anhydrous 

chlorobenzene. Tris(dibenzylideneacetone)dipalladium(0) (0.85 mg, 0.001 mmol) is dissolved in 

1 mL of the degassed anhydrous chlorobenzene and added to the reaction mixture under anhydrous 

conditions. The reaction mixture was heated to 80 ºC using a silicon oil bath and the Stille coupling 

reaction was allowed to proceed for 24 hours before the reaction was cooled to room temperature 

where the reaction mixture went from a dark red color to a blue color to signal the reaction is 

proceeding. Methanol is added to the reaction mixture to crash out the polymer and the polymer is 

purified using Soxhlet extraction using methanol, acetone, hexane, and chloroform in that order to 

afford the Poly(3-((3'',4'-bis(dodecyloxy)-3,4-dimethoxy-[2,2':5',2''-terthiophen]-5-

yl)methylene)-1-(2-ethylhexyl)indolin-2-one)  [PMEhB] polymer product. 

Acetone Yield: 10.7 mg (24.2%) 

Chloroform Yield: 29.2 mg (66.0%) 
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Synthesis of Poly(3-((3'',4'-bis(dodecyloxy)-[2,2':5',2''-terthiophen]-5-yl)methylene)-1-(2-

ethylhexyl)indolin-2-one) (PTEhB) 

 

 
In a 25 mL two-neck oven dried round bottom flask, 6-bromo-3-((5-bromothiophen-2-

yl)methylene)-1-(2-ethylhexyl)indolin-2-one (100 mg, 0.20 mmol), (3,4'-bis(dodecyloxy)-[2,2'-

bithiophene]-5,5'-diyl)bis(trimethylstannane) (173) mg, 0.20 mmol), and tri(o-tolyl)phosphine 

(4.89 mg, 0.02 mmol) are dissolved in  2.5 mL of degassed anhydrous chlorobenzene. 

Tris(dibenzylideneacetone)dipalladium(0) (3.68 mg, 0.004 mmol) is dissolved in 1 mL of the 

degassed anhydrous chlorobenzene and added to the reaction mixture under anhydrous conditions. 

The reaction mixture was heated to 80 ºC using a silicon oil bath and the Stille coupling reaction 

was allowed to proceed for 24 hours before the reaction was cooled to room temperature where 

the reaction mixture went from a dark red color to a blue color to signal the reaction is proceeding. 

Methanol is added to the reaction mixture to crash out the polymer and the polymer is purified 

using Soxhlet extraction using methanol, acetone, hexane, and chloroform in that order to afford 

the Poly(3-((3'',4'-bis(dodecyloxy)-[2,2':5',2''-terthiophen]-5-yl)methylene)-1-(2-

ethylhexyl)indolin-2-one) [PTEhB] polymer product. 

Hexane Yield: 10.4 mg (5.4%) 

Chloroform Yield: 181 mg (93.0%) 
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Chapter 3: Synthesis, Characterization, and Performance of HID Oligomers 
 

3.1 Introduction 

 

Oligomeric π-conjugated organic molecules have been the subject of extensive study for the 

development of new electronic materials. These oligomeric materials have been researched 

comprehensively for the purposes of organic solar cells (OSCs)151, OFETs152, organic light 

emitting diodes (OLEDs)153, chemical sensing154, pH sensing155, and temperature sensing156. These 

organic oligomers possess inherent advantages relevant to their analogous CPs which includes: 

i. Well-defined chemical structure allows for high purity reproducibility of the oligomer 

leading to repeatable device performance 

ii. Oligomer films favor long-range order (high DOC) which leads to enhanced charge carrier 

transport 

iii. Readily fabricated by both solution-deposition and vacuum deposition techniques 

 

Of these organic oligomers, oligothiophenes are of the most studied materials due to the structural 

versatility of thiophene moieties which allow for the synthesis of tailor-made materials for tuning 

of the electrical properties. The oligothiophene, a-sexithiophene (a-6T) has a wide range of 

electronic and optoelectronic applications which include OPVs, OLEDs, spatial modulators, and 

luminescent diodes making it the most heavily researched oligothiophene. Barbarella et al 

functionalized the generic structure with methylsulphanyl groups on the b positions of each 

thiophene in the inner quaterthiophene as well as on all six thiophenes of a-6T157. These 

functionalized compounds were shown to be solvent processable which the unsubstituted a-6T is 

not but had significantly lower melting points (~ 150-170 ºC) than their unsubstituted analog (~ 

303 ºC). The UV-Vis analysis of these compounds showed that the methylsulphanyl groups 

incurred a small shift to wider Eg, but this was considered the trade-off for functionalizing the 

oligomer such that it can be processed in chloroform. Later, Afzali et al. functionalized the a 

positions of the terminal thiophenes in the a-sexithiophene structure with dibutylphosphonate 

groups to synthesize dibutylphosphonate-a-sexithiophene (DBP-a-6T)158. These polar terminal 

groups yielded a chloroform-soluble oligomer without the need for alkyl sidechains on the b 
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positions of the inner thiophenes which can often reduce the coplanarity of the material due to 

steric hinderance and significantly decrease its electronic performance. When this material was 

used to fabricate TFT devices, they exhibited a modest carrier mobility, but the high purity material 

afforded by the Ullmann-type synthesis route yielded high on/off ratios in the TFTs. 

 

A second family of oligomer electronic material is oligothiazoles as n-type semiconducting 

materials. Regioselective thiazole oligomers were synthesized in a study by Ando et al. along with 

thiazole-thiophene co-oligomers with terminal trifluoromethylphenyl groups on each end of the 

molecule152. Upon treating the SiO2 substrates used to fabricate top-contact OFETs with 

octadecyltrichlorosilane (OTS) the electron mobility (µn) of the 5,5’-bithiazole-core oligomer was 

reported to be 1.83 cm2/V·s which, at the time, was of the highest reported values. This work was 

expanded on in 2008 by Moon et al who developed the “push-pull” co-oligomer using a bi-EDOT 

core with b-alkylated bithiazole terminal units to form the donor-acceptor oligomer BT2B. This 

novel oligomer was fabricated onto a top-contact TFT device with an indium tin oxide (ITO) glass 

substrate and a PMMA dielectric layer via both solution and vacuum deposition methods. The 

theoretical hole mobility (µh) for these devices was calculated to be 0.86 cm2/V·s but it was 

hypothesized this could be enhanced to 3.5 cm2/V·s with a more favorable eclipsed geometry159.  

 

While thiazole and thiophene oligomers and co-oligomers are of the most popular for electronic 

applications there several other π-conjugated structures that warrant further study. Grimsdale and 

Müllen introduced oligo(ladder-phenylene)s to overcome the issue of incomplete bridge 

formations in synthesis of polyphenylenes160. These oligomers are bridged with heteroatoms such 

as nitrogen or sulfur and were shown to be successfully used as the active material in light-emitting 

diodes, solar cells, and TFTs. Sun et al. introduced a solution processable oligomer based on an 

anthracene core that exhibited a glass transition temperature (Tg) above 200 ºC. This X-shaped 

oligomer was solution deposited as the active layer in conjunction with PEDOT:PSS for OLED 

devices161. The high Tg of anthracene oligomer material allowed for device fabrication to be 

conducted at elevated temperature without destabilizing the thin film morphology. The structures 

for some of the discussed π-conjugated oligomers are shown in Figure 3-1. 
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Figure 3-1: Conjugated oligomer materials used in organic electronics; (a) simple a-

sexithiophene, (b) DBP-a-6T158, (c) BT2B159, (d) the family of methylsulphanyl substituted a-6T 
oligomers157, (e) trifluoromethylphenyl substituted bithiazole152, (f) X-shaped anthracene 

oligomer161, (g) heteroatom-bridged oligophenylene160. 
 

Analyzing the results from the previous chapter indicates that the molecular weight of polymers 

did not correlate strongly with device performance. The device that used the higher molecular 

weight PTEhB doped with F4TCNQ exhibited the lowest sensitivity, the worst time stability, and, 

along with PMEhB doped with F4TCNQ, the narrowest working range. Hence, it was 

hypothesized that the HID materials may exhibit sufficient π-π stacking without the need for 

copolymerization for the purposes of temperature sensing applications. Therefore, this chapter 

focuses on the development of two HID oligomers OG-D1 derived from the M1 chemical structure 

and OG3 which stems from the monomer structure of M3. Theses oligomer materials were 

designed to be doped with the same F4TCNQ p-type dopant for real-time temperature sensing 

applications. Compared to the copolymers discussed in previous chapter, oligomers allow for 

complete control of the chemical structure as the molecular weight is defined.  

S

S S S S S

α-sexithiophene

S

S S S S S

S
H3C

S
CH3

S
H3C

S
CH3

S

S S S S S

S
H3C

S
H3C

S
CH3

S
CH3

S

S S S S S

S
H3C

S
H3C

S
CH3

S
CH3

S
H3C

S
CH3

methylsulphanyl substituted α-sexithiophene oligomers

S

S S S S S (CH2)4PO(OEt)2

(EtO)2OP(H2C)4

DBP-α-6T

N

S
S

N

CF3
CF3

2,2'-bis(4-(trifluoromethyl)phenyl)-5,5'-bithiazole

S

S

N

S

S

N

O
O

O
O

N

S

S

N C4H9

C4H9

C4H9

C4H9

BT2B

S
SS

C6H13 C6H13

h-DBTBT

N

C2H5
C2H5

N

N

N

C2H5
C2H5

C2H5
C2H5

C2H5
C2H5

X-shaped anthracene oligomer

(a) (b) (c)

(d)

(e) (f) (g)



 80 

3.2 3,3'-((2,2',3,3'-tetrahydro-[5,5'-bithieno[3,4-b][1,4]dioxine]-7,7'-

diyl)bis(methaneylylidene))-bis(2-oxoindoline-1-carboxylate) Dimer (OG-D1) 

 

3.2.1  3,3'-((2,2',3,3'-tetrahydro-[5,5'-bithieno[3,4-b][1,4]dioxine]-7,7'-

diyl)bis(methaneylylidene))-bis(2-oxoindoline-1-carboxylate) Molecular Design 

 

Due to the PEEhB polymer considerably outperforming the other two polymers discussed in the 

previous chapter, as well as the high frequency at which successful EDOT materials are reported 

for electronic applications162–164 the M1 structure was adopted for the design of the dimer. OG-D1 

The molecular structure of the material consists of two M1 units coupled together at the a position 

of their respective thiophene moieties. In this dimer structure, a solubilizing sidechain, similar to 

the ethylhexyl chain in the M1 structure, is still required for solution processability. In the case of 

OG-D1, the sidechain is converted from the simple ethylhexyl carbon chain to an ethylhexyl 

carbamate chain on both the indigo moieties. This change may provide several advantageous 

properties for the material. The carbamate sidechain is significantly more polar than the aliphatic 

sidechain which may enable better solubility in non-halogenated, more environmentally friendly 

solvents. These carbamate sidechains may also be thermally cleaved under moderate conditions 

hence the resulting oligomer structure would exhibit reduced steric hinderance. This should induce 

a higher degree of coplanarity between oligomer molecules that can reduce the Eg of the resulting 

material and enhance conductivity. Without the sidechains the PTC effect discussed in the previous 

chapter is reduced and removing the sidechain leaves behind N-H groups on the indigo unit which 

induces intermolecular hydrogen bonding to prevent separation of neighboring molecules with 

increasing temperature and thus both effects should improve temperature stability and reversibility 

of the corresponding sensor device. 

 

3.2.2 Structure Simulation by Density Functional Theory (DFT) 

 

The DFT simulation results for OG-D1 upon removal of the carbamate sidechains (referred to as 

OG-D1A) are shown in Figure 3-2 and the results are compared with that of M1 and DDOBT in 

Table 3-1. The even delocalization of electrons across the molecule is apparent and implies that 

good π-stacking should occur. Extending the conjugation of the M1 monomer to a dimer structure 
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has significantly impacted the simulated energy levels of the material. The EHOMO and ELUMO for 

OG-D1A without the sidechains are simulated to be -4.76 eV and -2.25 eV respectively which is a 

0.42 eV increase in EHOMO and a 0.38 eV decrease in the ELUMO relative to the simulation results 

for M1. Moreover, the EHOMO of this material calculated by the DFT simulation is comparable to 

that of the DDOBT donor material which was simulated to be -4.62 eV. Therefore, it stands to 

reason that if a sufficient percentage of the carbamate sidechains are removed, the donor-acceptor 

structure may not be necessary as the corresponding OG-D1A film could already exhibit the 

necessary electronic properties for developing a stable oligomer:dopant complex. 

 

 

 
 

(a)

(b)

HOMO: -4.76 eV
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Figure 3-2: (a) Geometry of OG-D1A optimized by DFT simulation in Gaussian software, (b) 
HOMO/(c) LUMO orbitals of the OG-D1A and the DFT calculation of the orbital energy levels 

with respect to vacuum (0 eV). 
 

Table 3-1: DFT calculation results for DDOBT, M1, and OG-D1A. 
 EHOMO ELUMO Eg 

DDOBT -4.62 eV -0.66 eV 3.96 eV 

M1 -5.18 eV -1.87 eV 3.31 eV 

OG-D1A -4.76 eV -2.25 eV 2.51 eV 

 

3.2.3 Synthesis of 3,3'-((2,2',3,3'-tetrahydro-[5,5'-bithieno[3,4-b][1,4]dioxine]-7,7'-

diyl)bis(methaneylylidene))-bis(2-oxoindoline-1-carboxylate)  

 

The synthetic route of OG-D1 is depicted in Scheme 3-1 using similar reactions that were 

introduced in chapter 2 for the HID polymers. The first step is an aromatic coupling reaction using 

n-butyllithium and copper (II) chloride. This is followed by a Vilsmeier-Haack reaction to 

formlyate both aromatic units which is then proceeded by the same Knoevenagel condensation 

reaction from chapter 2. The final reaction adds an ethylhexyl carbamate side chain instead of the 

alkyl analog for increased solubility and the additional functionality of being able to remove the 

carbamate sidechain upon sufficient thermal treatment. It is important to note that after steps ii) 

and iii) the materials produced are quite insoluble and thus NMR analysis and column purification 

was not possible for these products. Instead, the crude solid material yielded from these two 

reactions was used for the next stage of the series with no purification, this leads to a low yield of 

the final product which may be purified via column chromatography due to the carbamate 

(c)

LUMO: -2.25 eV



 83 

sidechains improving solubility. The yield of 67 mg (21.6%) is reported under the assumption that 

the mass of starting material used in reaction iv) was purely material 11. While the dimer was 

successfully synthesized, this reaction scheme may not be practical for larger scale synthesis and 

different avenues of producing OG-D1 should be explored. Details of each reaction are available 

in section 3.5.3 and the NMR analysis after steps i) and iv) are shown in Appendix A.  

 

 
Scheme 3-1: Synthetic route towards the OG-D1 dimer. Reaction conditions: i) n-butyllithium/ 

copper(II) chloride/ anhydrous THF/ -78 ºC to r.t 56.8% ii) anhydrous DMF/ phosphorous(V) 

oxychloride/ anhydrous 1,2-dichloroethane/ 100 ºC iii) oxindole/ piperidine/ anhydrous ethanol/ 

90 ºC/ iv) sodium hydride/ anhydrous THF/ 2-ethylhexyl chloroformate/ 50 ºC 21.6%. 

 

The thermal removal of the carbamate sidechains along with the potential reaction byproducts are 

depicted in Scheme 3-2 below where literature reports that significant cleavage of these carbamate 

chains can be achieved by annealing at ~ 100-150 ºC in air165,166. Upon thermal treatment the 

carbamate sidechains will decompose and react with air to form carbon dioxide (CO2) and the 

corresponding olefins. This reaction will leave behind a single hydrogen bonded at the atom where 

the carbamate chain previously was. In the case of OG-D1 an N-H group is left behind to provoke 
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a hydrogen bonding network. This type of process where the carbamate chain is used to design a 

solution processable material and then removed to optimize the electronic properties of the 

deposited film has been reported to improve the performance of diketopyrrolopyrrole (DPP) 

materials for OFET, OPV, and sensor applications167–169. 

 

 
 

Scheme 3-2: Thermal treatment at 150 ºC to remove the carbamate sidechains from OG-D1 to 

yield OG-D1A and the byproducts of CO2 and 2-ethyl-1-hexene. 

 

3.2.4 Characterization of OG-D1 by UV-Vis-NIR and CV 

 

The UV-Vis-NIR spectra of OG-D1 in solution, and as a film is depicted in Figure 3-3a alongside  

the spectra for OG-D1A as a thin film and as a doped film deposited on a glass slide in Figure 3-

3b. The results of this UV-Vis-NIR absorbance analysis are summarized in Table 3-2 below which 

includes the λmax peak positions for the multimodal distributions. Initially, the solution spectrum 

exhibits a bimodal distribution but only a single peak is observed when that solution is deposited 

on a glass slide as a thin film. The two peaks in the solution spectrum must be due to either the 

presence of two compounds in the solution or two distinct electronic transitions between two 

different electronic or vibronic states. The latter case would require a material with high 

crystallinity and since this absorbance spectrum is in solution it is more likely the bimodal peak is 

due to a mixture of two compounds. This may arise due to the high degree of geometric 

isomerization in the OG-D1 structure stemming from the two C=C bonds between the EDOT 
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spacers and indigo units. While there is also isomerization in the M1 and M2 structures from the 

previous chapter, a distinct bimodal absorbance spectrum is not observed for either of the 

corresponding polymers PEEhB and PMEhB. Several factors may contribute to this, the first of 

which being that the polymers incur a molecular weight distribution which gives them broader 

peaks in the UV-Vis-NIR analysis. This is apparent when comparing the film peaks for OG-D1 to 

the film peaks of the three polymers and noting that the dimer peaks are significantly narrower. 

Thus, the excitation of the geometric isomers with varied molecular weight may be encompassed 

within that single broad peak. Also, the geometric isomerization is only a ~ 1:7 ratio so it may not 

have a very significant impact on the absorbance properties of the material. Lastly, the polymer 

chains for PEEhB, PMEhB, and PTEhB may only exist as one of their Z-form or E-form isomers. 

The structure of OG-D1 gives rise to three potential geometric isomers Z-Z, Z-E, and E-E. It is 

difficult to discern the percentage of each isomer in the NMR analysis, but it stands to reason that 

since sharp, narrow peaks exists for this oligomer as opposed to the polymers, isomers with 

significant enough structural differences, specifically Z-Z versus E-E, may lead to different 

electronic transitions and thus a multimodal absorbance spectrum is observed. Interestingly, when 

going from the solution to a thin film, the single film peak has undergone a hypsochromic shift (~ 

57 nm) to higher energy wavelengths relative to the two solution peaks. This is the opposite of 

what is normally expected as in most cases the solid-state packing of π-conjugated materials in a 

thin film leads to absorbance peaks of lower energy. This should be due to the formation of H-

aggregates in the film. When H-aggregation occurs the individual molecules stack predominantly 

face-to-face as opposed when J-aggregation occurs the molecules will orient themselves in 

predominantly a head-to-tail arrangement170. In D-A systems, H-aggregation phenomenon occurs 

when the oligomer materials stack in a donor-donor (D-D) and (A-A) orientation and this leads to 

a hypsochromic shift as reported by Bricks et al. which is observed in Figure 3-3a.   

 

After annealing at 150 ºC for 30 minutes to remove the carbamate sidechains and yield OG-D1A, 

the UV-Vis-NIR spectrum shows significant differences relative to the OG-D1 film. The single 

peak film spectrum evolves into two distinctive peaks with a shoulder on lower wavelength peak. 

The overall curve shifts significantly towards lower energy absorption (λmax = 698 nm, 609 nm) 

relative to the non-annealed film (λmax = 552 nm). This may be attributed to the partial removal of 

the carbamate sidechains upon annealing at 150 ºC which increases the coplanarity of the oligomer 
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that enhances the π-π stacking and reduces the Eg. The thermal treatment may also impact the 

aggregation of the molecules as annealing imparts energy for solid-state rearrangement. This may 

lead to the evolution of J-aggregation and would cause a bathochromic shift from the OG-D1 film 

to the OG-D1A film.  Hence, when annealed the corresponding OG-D1A film may include a 

mixture of H-aggregation and J-aggregation as well as different crystalline regions as thermal 

treatment may allow the molecules to rearrange themselves into more ordered solid-state packing. 

The combination of these effects is likely what led to the multimodal absorbance distribution of 

the annealed film. This effect may not be observed in the HID polymers because of the higher 

molecular weight and thus this leads to more randomness in both the solution and film. Hence, all 

these characteristics described in the oligomer structure are encompassed within the single broad 

absorbance peak that the HID polymer solutions and films exhibit as reported in section 2.4.2.  

 

Upon doping, the emergence of a broader peak in the UV-Vis region spanning between 502-715 

nm is observed. The peak also undergoes a bathochromic shift relative to the neat OG-D1A film 

when doped which is consistent with the results from the previous chapter and agrees with the 

conventional p-type doping mechanism. This broad peak may encompass the absorption 

characteristics of the OG-D1A doped regions, the F4TCNQ- anion, as well as any remaining 

undoped OG-D1A molecules. As with the polymer materials discussed in the previous chapter, the 

baseline level is increased when going from solution to film due to reflection from the film. 

However, upon doping, the baseline is only slightly increased in the NIR region which indicates 

that there is some formation of the NIR-polaron broad peak, but it is nowhere near as intense as 

that of the polymeric samples. This should indicate that the doping for the OG-D1A material is not 

as efficient as for the HID polymers and it may be more difficult to fabricate a conductive film 

using this oligomer:dopant complex.  
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Figure 3-3: UV-Vis-NIR spectra for (a) OG-D1 in solution and as a thin film and (b) OG-D1A 

as a thin film post annealing and doped with F4TCNQ dopant. 

(a)

(b)
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Table 3-2: Summary of the UV-Vis-NIR spectroscopy results for OG-D1 and OG-D1A showing 
the shifts in the absorbance λmax from solution to film to doped film and film λonset. 

 Film λonset Solution λmax Film λmax Doped λmax 

OG-D1 
737 nm 609 nm 

 556 nm 
552 nm  - 

OG-D1A 
771 nm 

- 
698 nm 

609 nm 

618 nm 

(502-715 nm) 

 

CV analysis was conducted to determine the EHOMO of the oligomer film using the same procedure 

as the previous chapter. The ELUMO is once again determined using the optical Eg from the UV-

Vis-NIR results. The energy levels for OG-D1 and OG-D1A including the ET values are 

summarized in Table 3-3 and illustrated in the energy diagram in Figure 3-4 along with the 

F4TCNQ dopant for reference. The CV trace for both the OG-D1 and OG-D1A films are presented 

in Figure 3-5. The neat OG-D1 film has a EHOMO of -5.18 eV with respect to vacuum (0 eV) and 

this increases slightly upon thermal annealing to yield a EHOMO of -5.16 eV for the OG-D1A film. 

The bandgap is also slightly decreased by ~ 70 meV when the film is annealed, and these 

phenomena may be due to the partial removal of the carbamate sidechains. Another potential 

reason for the shift in energy levels is that the thermal annealing may impact the solid-state packing 

of the film. For organic materials, thermal treatment normally increases the DOC of the π-

conjugated system and leads to a lower Eg as is the case here. Nevertheless, the EHOMO of both 

OG-D1 and OG-D1A is well below the ELUMO of the F4TCNQ dopant hence one would not expect 

this oligomer:dopant complex to form deep traps. However, as was noted in the previous chapter, 

the EHOMO alone cannot be used to determine whether a complex will be stable. Upon thermal 

treatment of the film electrons can use the thermal energy to jump to higher energy levels in the 

oligomer and thus they may be high enough to readily fall into the ELUMO level of the dopant if 

annealed at high enough temperatures. Hence, an attempt was still made to deposit a conductive 

film using the OG-D1A:F4TCNQ complex onto the PET substrate to evaluate as a temperature 

sensor.  
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Table 3-3: Summary of the molecular orbital energy levels of the OG-D1, OG-D1A, and the 
F4TCNQ dopant molecule along with ET values. 

 EHOMO ELUMO Eg ET 

OG-D1 -5.18 eV -3.50 eV 1.68 eV -0.17 eV 

OG-D1A -5.16 eV -3.55 eV 1.61 eV -0.15 eV 

F4TCNQ -9.02 eV -5.01 eV 4.02 eV - 

 

 

 
Figure 3-4: Energy level diagram depicting the relative EHOMO and ELUMO of OG-D1, OG-D1A 

and the F4TCNQ dopant with respect to vacuum (0 eV). 
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Figure 3-5: The CV trace of (a) OG-D1 and (b) OG-D1A at a scan rate of 0.1 V/s in 0.1 M 

tetrabutylammonium hexafluorophosphate with anhydrous acetonitrile as the solvent. 
 

3.2.5 Temperature Sensing Performance of OG-D1 

 

The temperature sensing performance of the OG-D1A:F4TCNQ complex was evaluated by 

fabricating temperature sensors using the same technique described in the previous chapter with 

interdigitated silver electrodes on a PET substrate. Any deviations from the original fabrication 

technique are detailed in section 3.5.2. The results of the temperature sensing trials are presented 

in Figure 3-6 where a step function response is once again observed upon increasing the 

temperature in the real-time current measurement. Interestingly, while this device doesn’t suffer 

from the device breakdown described in the previous section until ~ 120 ºC, after reaching 66 ºC 

the current signal exhibits visible noise relative to the signal at lower temperatures. As the 

temperature increases, the step-function shape of the response is maintained but at each 

temperature interval the noise is increased. This supports the theory that the removal of the 

carbamate sidechain may inhibit the formation of the insulating regions leading to the PTC effect 

described in the previous chapter. These insulating regions will form more slowly with less 

sidechain present and thus this effect will increase the working range of the sensor as evidence by 

the absence of device breakdown below 120 ºC. The signal noise increasing with temperature is 

likely also due to the carbamate sidechains and the process of which they are removed. While the 

sensors are washed with minimal amounts of ethanol after fabrication to remove any impurities, 

(a) (b)
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the 2-ethyl-1-hexene byproduct of the carbamate cleavage reaction is reported to be an aliphatic 

liquid material171. Hence, any of it that is in the bulk of the film may not be removed by ethanol 

wash. This material is reported to have a boiling point of 120 ºC so it should be mostly in the liquid 

phase during the temperature sensing trial. As the temperature is increased this will affect the 

viscosity of the liquid olefins which may interact with the solid doped film and distort the signal. 

Also, as the temperatures get closer to ~ 100 ºC more carbamate sidechains may be thermally 

cleaved from the film. This will impact the nature of the doped film as well as lead to the 

production of more byproduct which can further distort the signal, and this should explain why the 

noise in the signal is larger as the temperature increases. The I-T-0.25 response is plotted in Figure 

3-6b, and a relatively good fit is depicted which indicates that this material may also follow the 

VRH theory of thermal conduction. The TCR of the device exhibits nonlinearity similar to that of 

the PEEhB:F4TCNQ device from the previous chapter. At 25-60 ºC the TCR is determined to be 

-1.39%/ºC and at 60-120 ºC the TCR is -0.53%/ºC (Figure 3-7). This should be due to the ability 

of the lower molecular weight oligomer molecules to move at higher temperatures. It is easier for 

these oligomers to reorganize as they don’t suffer from any chain entanglements like the polymers 

of the previous chapter. This movement may again result in larger distances between the 

conductive polymer chains leading to the same PTC effect discussed for the PEEhB:F4TNCQ 

device. The device performance is summarized in Table 3-5 along with the results of the PEEhB 

polymer for comparison. 

 

 
Figure 3-6: (a) Real-time current vs time (I-t) graph of OG-D1A:F4TCNQ device at varying 

temperatures, (b) current vs adjusted absolute temperature (I-T-0.25) graph of OG-D1A:F4TCNQ 
interdigitated device. 

(a) (b)
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Figure 3-7: Normalized resistance vs temperature plots for TCR determination of sensor device 

fabricated using OG-D1A:F4TCNQ. 

 

Table 3-4: Temperature sensing performance of the PEEhB:F4TCNQ and OG-D1A:F4TCNQ 
devices fabricated on PET/Ag substrates. 

 
Thickness 

(nm) 

Working 

Range (ºC) 

TCR 

(%/ºC) 

Response 

Time (s) 

Conductivity 

(S/cm) 

PEEhB:F4TCNQ 43 
25 - 60 

60 -120 

-1.09 ± 0.07 

-0.38 ± 0.02 
54.4 ± 10.9 1.23 x 10-3 

OG-D1A:F4TCNQ 115 
25 - 60 

60 -120 

-1.39 ± 0.11 

-0.53 ± 0.02 
67.2 ± 12.1 3.02 x 10-3 

 

The OG-D1A:F4TCNQ complex was successfully deposited as a  conductive film as is evident 

from the results of the temperature sensing trials. The stability of the device was then evaluated 

over the thirty-two-day time frame tested every periodically every four days. The results of this 

stability study are shown in Figure 3-8. While the film was conductive upon fabrication, the 

complex deteriorated rapidly as the corresponding device had its conductivity drop to ~ 10% of 
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the original value (s0) after just four days. The current continued to drop over the time frame but 

at a more gradual rate. As previously mentioned, the EHOMO of the oligomer is theoretically unable 

to form deep traps and is above the ELUMO level of the dopant so the doping process is reliant on 

the thermal excitation of electrons from their ground state. However, since the sensor is stored at 

room temperature, the electrons may fall from the dopant LUMO level back into the oligomer 

HOMO level and this along with the other polymer/oligomer:dopant destabilizing mechanisms 

mentioned in the introductory chapter lead to the very poor time stability of this device. Even 

though the OG-D1A:F4TCNQ device had poor time stability, a conductive film was still produced 

that when evaluated shortly after fabrication exhibited excellent temperature sensing capabilities. 

This implies that the dimer structure can still be used as part of an active layer without needing to 

engineer a donor-accepter conjugated system. Future work on these HID dimer materials may 

include different functional groups that induce stronger electron donating effects in the structure 

such that deeper charge traps may be created. Also, a more efficient synthesis route should be 

explored that leads to more soluble and processable intermediate products for purification and 

characterization purposes. 

 
Figure 3-8: Conductivity vs. time stability of OG-D1A:F4TCNQ 
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3.3 3,3'-((3'',4'-bis(dodecyloxy)-[2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-

diyl)bis(methaneylylidene))bis(1-(2-ethylhexyl)indolin-2-one) (OG3) 

 

3.3.1  3,3'-((3'',4'-bis(dodecyloxy)-[2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-

diyl)bis(methaneylylidene))bis(1-(2-ethylhexyl)indolin-2-one) Molecular Design 

 

While the previous oligomer OG-D1A was able to be doped with F4TCNQ to yield a temperature 

sensitive conductive film, the relatively low EHOMO level led to poor stability of the material. 

Hence, it was believed that increasing the conjugation length of the oligomer with a donor unit 

should be able to increase the EHOMO. Since the molecular weight of the polymers from the previous 

chapter didn’t seem to have an impact on the time stability of the sensors it was theorized that 

using the same D-A system may be suitable for real-time sensing applications. Hence, OG3 was 

designed by inserting the DDOBT donor units in between two M3 monomer units to synthesize 

the D-A oligomer. The idea behind this design is to utilize the same D-A system for advantageous 

electronic properties such as higher EHOMO and narrower Eg but maintain the defined structure of 

the oligomer unit. This lower molecular weight structure may also prove to be advantageous when 

trying to process in the material in less harmful, non-chlorinated solvents. 

 
3.3.2  Structure Simulation by Density Functional Theory (DFT) 

 

The DFT simulations and calculated energy level estimates for the OG3 material are shown below 

in Figure 3-9. It is noted that as with the simulations for M3, the alkyl sidechain on the indigo unit 

was simulated as a simple methyl group to reduce computation time. Table 3-5 summarizes the 

simulation results along with that of M3 and the OG-D1A to compare the effects of adding the 

donor unit as well as the effects of increasing the conjugation of the HID structure. As with the 

previous HID structures simulated using DFT, the OG3 results indicate even delocalization of 

electrons across the whole structure to suggest good π-π stacking is expected. The EHOMO of the 

OG3 simulation is calculated to be -4.65 eV and the ELUMO is calculated to be -2.38 eV. As 

anticipated, when compared to the M3 simulation (EHOMO = -5.44 eV), the EHOMO is increased 

significantly due to the presence of the donor DDOBT even at a very low conjugation length which 
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in turn also leads to a significant reduction in Eg. When compared with the other oligomer reported 

in this work OG-D1A, the inclusion of the DDOBT unit in between the two HID units leads to a 

110 meV increase in the EHOMO and a 130 meV decrease in the ELUMO even without the 

ethylenedioxy group on the thiophene unit. Hence, the OG3 simulation calculates an Eg ~ 240 

meV less than that of the OG-D1A even without the sidechains being thermally cleavable. These 

simulations suggest that the incorporation of the donor should bring about the increase in the 

EHOMO to provide more efficient doping in the oligomer structure. Furthermore, the narrowing of 

the bandgap should yield a more conductive thin film when fabricating sensor devices. 

 

 

 

(a)

(b)

HOMO: -4.65 eV
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Figure 3-9: (a) Geometry of OG3 optimized by DFT simulation in Gaussian software, (b) 

HOMO/(c) LUMO orbitals of the OG3 and the DFT calculation of the orbital energy levels with 
respect to vacuum (0 eV). 

 

Table 3-5: DFT calculation results for OG3, M3, and OG-D1A. 
 EHOMO ELUMO Eg 

OG3 -4.65 eV -2.38 eV 2.27 eV 

M3 -5.44 eV -2.10 eV 3.34 eV 

OG-D1A -4.76 eV -2.25 eV 2.51 eV 

 

3.3.3 Synthesis of 3,3'-((3'',4'-bis(dodecyloxy)-[2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-

diyl)bis(methaneylylidene))bis(1-(2-ethylhexyl)indolin-2-one) 

 

Scheme 3-3 shows the synthetic route to yield the OG3 oligomer utilizing the same reaction 

conditions as described in chapter 2 for synthesizing the HID monomers. The final step of this 

reaction once again utilizes the same Stille coupling mechanism but with only a single functional 

group on the HID units, thus further conjugation is not possible. The details for each reaction in 

the scheme and corresponding purification are available in section 2.6.3 with the NMR analysis 

for the materials are displayed in Appendix A. 

(c)

LUMO: -2.38 eV
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Scheme 3-3: Synthetic route towards the OG3 oligomer. Reaction conditions: i) oxindole/ 

piperidine/ anhydrous ethanol/ 90 ºC 94.2% ii) potassium carbonate/ anhydrous DMF/ 2-

ethylhexyl bromide/ 100 ºC 52.4% iii) tri(o-tolyl)phosphine/ 

tris(dibenzylideneacteone)dipalladium(0)/ degassed anhydrous chlorobenzene/ 80 ºC 32.8%. 

 

3.3.4 Characterization of OG3 by UV-Vis-NIR and CV 

 

The UV-Vis-NIR absorbance spectra of OG3 dissolved in chloroform, deposited as a thin film on 

a glass slide, and as a film doped with F4TCNQ is shown in Figure 3-10 below. The results of 

this characterization are summarized in Table 3-6 along with that of PTEhB to evaluate the effects 

that increasing the molecular weight has on this general HID structure. The solution absorbance 

peak of the OG3 material is shifted towards higher energy wavelengths relative to that of the 

PTEhB material which is in accordance with conjugation theory as outlined in Equation 2-2 from 

the previous chapter. An important aspect of this material is to note that while two C=C bonds are 

in the structure, only the Z-isomer form was present in the NMR analysis of M3 and the NMR 

analysis of OG3. Hence, the absorbance spectra for this material in solution only shows the single 

sharp peak as opposed to that of OG-D1 which showed the two distinct narrow peaks attributed to 

the geometric isomerization of the structure.  
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Upon going from solution to thin film the absorbance spectrum shifts to lower energy as expected 

but the λonset of the oligomer is ~ 100 nm blue-shifted relative to that of the polymer analog. This 

leads to OG3 having a Eg ~ 190 meV wider than that of PTEhB so it would be expected that the 

corresponding OG3 film will not be as conductive. Furthermore, going from solution to thin film, 

the single solution peak transforms into two discernible peaks with the lower energy peak having 

a noticeable shoulder which is similar to the results from the OG-D1A absorbance. This effect 

should be characteristic of these HID oligomers due to the mixture of H- and J-aggregation 

imparted by the thermal annealing of the film as well as the thermal energy likely inducing the 

organization of the oligomers into different crystalline domains. These crystalline regions will 

have a different interlamellar spacing and which will impact the π-π stacking and in this case, these 

separate crystalline and amorphous regions will exhibit their own distinct absorption 

characteristics.  

 

Upon doping, the peak in the UV-Vis region becomes a single peak again and the lonset is shifted 

to lower energy from the effect of conventional semiconductor doping. The same broad peak in 

the NIR region is observed for this material was observed for the doped polymers where the peak 

height is significantly higher than the baseline of the undoped film. This signals that efficient 

doping has occurred with this material unlike the OG-D1A. It is also noted that the lmax of this 

broad peak is ~ 1250 nm which is similar to that of the PMEhB:F4TCNQ film. This provides 

more evidence that the lower molecular weight materials will have their polaron peak shifted to 

higher energy wavelengths as hypothesized in the previous chapter. 
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Figure 3-10: UV-Vis-NIR spectra of OG3 in solution, as a film, and as a doped film. 

 

Table 3-6: Summary of the UV-Vis-NIR spectroscopy results for OG3  showing the shifts in the 
absorbance λmax from solution to film to doped film and film λonset. 

 Film λonset Solution λmax Film λmax Doped λmax 

OG3 741 nm 585 nm 690 nm 633 nm 

PTEhB 839 nm 634 nm 665 nm 761 nm 

 

The CV trace shown in Figure 3-11 below was used in conjunction with the lonset from the UV-

Vis-NIR analysis to determine the molecular orbital energy levels of the oligomer and these are 

summarized along with PTEhB and OG-D1A in Table 3-7 below which also includes the relevant 

ET values. The corresponding energy diagram in Figure 3-12 represents the three materials 

alongside the energy levels determined for F4TCNQ. As expected, the introduction of the donor 

unit in the OG3 structure (EHOMO = -4.91 eV) significantly increased the EHOMO compared to OG-

D1A (EHOMO = -5.16 eV) even without the incorporation of the electron donating ethylenedioxy 

group. However, the Eg of the two oligomers was roughly the same indicating that further 

conjugation or functionalization is required if the bandgap needed to be narrowed further. 
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Interestingly, the EHOMO level of the oligomer is ~ 40 meV higher at than the polymeric analog 

PTEhB indicating that for the unsubstituted thiophene HID structures, the molecular weight may 

not impact the EHOMO too significantly. However, the same conclusion cannot be reached for the 

HID polymers that include the EDOT and DMT units as the substituent groups may interact 

differently as conjugation length is increased to affect the EHOMO. Hence, strictly based on the 

EHOMO, both the OG3 and PTEhB materials should have a relatively equal probability of forming 

the deep traps required for good complex time stability. 

 
Figure 3-11: The CV trace of OG3 at a scan rate of 0.1 V/s in 0.1 M tetrabutylammonium 

hexafluorophosphate with anhydrous acetonitrile as the solvent. 
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Figure 3-12: Energy level diagram depicting the relative EHOMO and ELUMO of OG3, OG-D1A, 

PTEhB, and the F4TCNQ dopant with respect to vacuum (0 eV). 
 

Table 3-7: Summary of the molecular orbital energy levels of the OG3, OG-D1A, PTEhB, and 
the F4TCNQ dopant molecule along with ET values. 

 HOMO LUMO Eg ET 

OG3 -4.91 eV -3.22 eV 1.67 eV 0.10 eV 

OG-D1A -5.16 eV -3.55 eV 1.61 eV -0.15 eV 

PTEhB -4.95 eV -3.51 eV 1.48 eV 0.06 eV 

F4TCNQ -9.02 eV -5.01 eV 4.02 eV - 

 

3.3.5 Temperature Sensing Performance of OG3 

 
A device was fabricated using the OG3:F4TCNQ complex, with the same process as the OG-

D1A:F4TCNQ device, then was evaluated for its temperature sensing performance. The results of 

these experiments are shown in Figure 3-13 and Figure 3-14 as well as summarized and compared 

to OG-D1A:F4TCNQ results in Table 3-8. The device current was on the order of microamperes 

which is the lowest of any of the devices discussed in this work leading to a noticeably nosier 
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signal. However, the same general step function shape of the curve was still observed but this 

device exhibited the lowest upper limit of working range at 55 ºC. This may be due to the low 

conjugation length of the material which cannot remove its sidechains. The lower molecular 

weight of the material allows for easier movement and reorganization of OG3 when compared to 

the HID polymers. This is due to a lower degree of both intermolecular (between molecules) and 

intramolecular (within the chain) interactions of the oligomeric material. Hence, it is easier for the 

insulating sidechain domains to form, and the PTC breakdown effect dominates at a lower 

temperature compared to the other materials. This does not occur with OG-D1A due to the removal 

of sidechains upon thermal annealing as previously discussed. Surprisingly, the I-T-0.25 fit is poor 

(R2 < 0.9) with this complex so the correlation between conductivity and temperature discussed in 

Equation 2-4 does not apply in this case. However, that equation strictly refers to the Mott VRH 

mechanism for three-dimensional charge transport while the general equation for VRH conduction 

is shown here in Equation 3-1: 

 

 s = s!𝑒
89:": ;

#
(&!#)

	 (3-1) 

 

where d represents the dimensionality of the transport. Therefore, in Figure 3-13 the fit between 

the current and temperature with each dimensionality is shown and none exhibit a strong 

correlation. These results indicate that the active layer of this device does not exhibit VRH 

transport, and a different mechanism or combination of mechanisms are dictating conduction in 

this temperature range. This is further supported by the significant difference in the TCR of this 

material compared to the four devices that displayed three-dimensional VRH transport properties. 

 

Furthermore, the TCR of this device was determined to be -2.66%/ºC which is substantially 

stronger than that of the previous four devices. This is likely due the different mechanism of charge 

transport occurring in this device which leads to a higher sensitivity. However, the device 

conductivity is relatively low (7.50 x 10-5 S/cm) which leads to the unstable signal and thus it may 

be difficult to use this oligomer:dopant active layer for practical temperature sensing applications. 

It may be possible that minor chemical alterations to the structure of the oligomer may increase 

the conductivity such that the resulting sensor device can operate with this enhanced sensitivity.  



 103 

 

 
Figure 3-13: (a) Real-time current vs time (I-t) graph of OG3:F4TCNQ device at varying 

temperatures, (b) current vs adjusted absolute temperature (I-T-0.25) three-dimensional VRH, (c) 
current vs adjusted absolute temperature (I-T-0.5) one-dimensional VRH, (d) current vs adjusted 

absolute temperature (I-T1/3) two-dimensional VRH graphs of OG3:F4TCNQ interdigitated 
device. 

(a) (b)

(c) (d)
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Figure 3-14: Normalized resistance vs absolute temperature plots for TCR determination of 

sensor device fabricated using OG3:F4TCNQ. 

 
Table 3-8: Temperature sensing performance of the OG3:F4TCNQ and OG-D1A:F4TCNQ 

devices fabricated on PET/Ag substrates. 

 
Thickness 

(nm) 

Working 

Range (ºC) 

TCR 

(%/ºC) 

Response 

Time (s) 

Conductivity 

(S/cm) 

OG3:F4TCNQ 88 25 - 55 -2.66 ± 0.03 42.3 ± 27.6 7.50 x 10-5 

OG-D1A:F4TCNQ 115 
25 - 60 

60 -120 

-1.39 ± 0.11 

-0.53 ± 0.02 
67.2 ± 12.1 3.02 x 10 -3 

 
 

The time stability of the device using OG3:F4TCNQ was evaluated (Figure 3-15) and compared 

to the polymer analog PTEhB:F4TCNQ device. While the polymeric complex remained stable 

for four days before degradation, the OG3:F4TCNQ device already displayed conductivity loss 

when evaluated four days after fabrication. Both complexes showed a steady drop in conductivity 

over time after the initial degradation and both had reached less than 20% of their original 

conductivity by the end of the thirty-two-day period. These results indicate that while the EHOMO 
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of OG3 (-4.91 eV) is slightly higher than that of PTEhB (-4.95 eV) the latter material is better at 

holding onto dopant molecules. This should be due to the solid-state packing of the HID molecules 

with the F4TCNQ dopant and leads to the conclusion that increasing the conjugation length should 

lead to superior dopant efficiency for these materials. Therefore, it may be concluded that even 

though the OG3 oligomer in conjunction with the F4TCNQ dopant has superb thermal sensitivity, 

the poor long-term stability of the OG3:F4TCNQ complex inhibits its applicability for real-time 

temperature monitoring. However, the well-defined structure may have more predictable changes 

to its properties with additional chemical modification compared to its polymeric analog and this 

could be advantageous in future work using these HID oligomers. 

 
Figure 3-15: Conductivity vs. time stability of OG3:F4TCNQ. 

 

3.3.6 OG3:PSS Dispersion Results 

 

While the oligomers discussed in this chapter failed to form stable complexes with the F4TCNQ  

dopant, they were still able to form conductive films that were temperature sensitive. That implies 

that the materials still have some potential for use in organic electronics but instead of altering the 
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structure of the material, this work explores altering the dopant. Thanks to the relatively low 

molecular weight of the oligomers compared to the polymers it was believed that they may have a 

higher chance of being processed in less toxic solvents as they are free of chain entanglements that 

occur upon increasing conjugation length. Hence, inspired by the success of PEDOT:PSS, an 

effort was made to disperse the OG3 material and PSSA dopant in a polar, non-chlorinated solvent 

using the doping mechanism of PSS as described in section 1.5. 3.84 mg of OG3 was added to a 

small vial of  1.00 mL isopropanol and ultrasonicated before 13.7 µL of 18% PSSA solution in 

water was added to the vial. This should yield a ~ 1.5:1 ratio of OG3 to PSSA and overall give a 

0.8% weight dispersion of OG3:PSS in IPA. The mixture was stirred overnight, and the resulting 

dispersion was blade coated onto an interdigitated device. 

 
The temperature sensing performance of the device was evaluated after a confirmed conductive 

film was deposited onto the PET device substrate. The results of the temperature sensing trial are 

shown in Figure 3-16. The results show that going from room temperature to 32 ºC initially yields 

and increase in current but when further increasing the temperature, it is difficult to discern a 

noticeable change in the current response. While the signal stays relatively constant between 32 to 

57 ºC there is a small drop in current when the temperature is increased to 64 ºC.  It has been 

previously shown that the PSS dopant counterions can expand to form insulating regions. This 

swelling may increase the distance between OG3 domains and lead to a similar PTC effect as 

previously discussed with the HID polymers. The NTC effect seems to be strong enough when 

going from 26 to 32 ºC but afterwards the NTC effect may begin to compete with the PTC effect 

which would reduce the sensitivity of the device and, with this noisy of a signal, make it difficult 

to discern any sort of I-T relationship. Then after 57 ºC, the PTC effect may begin to dominate 

enough such that  a drop in the current is noticeable. It may also be noted that when establishing 

the baseline current large fluctuations occurred which may have led to the highly noisy signal. 

From these results it can be concluded that this OG3:PSS dispersion as currently processed and 

deposited may not yield a device suitable for practical real-time temperature monitoring. 

 
Despite the device fabricated using OG3:PSS dispersion did not perform effectively as a 

temperature sensor, this work reports that a conductive film was able to be processed by doping 

OG3 with PSSA and dispersing in isopropanol. The film was determined to be moderately 
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conductive as the conductivity was evaluated to be 5.34 x 10-4 S/cm and the metrics of the device 

are summarized in Table 3-9 alongside Figure 3-17 depicting the current response when probed 

between -1 V and 1 V. This proof of concept may lead to further investigation on HID materials 

dispersed using PSSA for fabrication of organic electronics using environmentally friendly solvent 

processing techniques. Furthermore, it may open the door for the evaluation of other thiophene-

rich conjugated organic materials as candidates for PSS doping to determine whether dispersions 

with improved properties can be manufactured. 

 

Figure 3-16: Real-time current vs time (I-t) graph of OG3:PSS device at varying temperatures. 
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Figure 3-17: Current response of OG3:PSS device when probed between -1 V to 1 V. 

Table 3-9: Conductivity determination results and metrics for OG3:PSS device. 

 Thickness (nm) 
Substrate/ 

Electrodes 
W/L Ratio Conductivity (S/cm) 

OG3:PSS 270 PET/Ag 120 5.34 x 10-4 

 

3.4 Summary and Future Directions 

 

In this chapter the synthesis of two HID oligomers OG-D1 and OG3 are reported derived from 

the M1 and M3 structures. The EHOMO of the two oligomers are calculated to be -5.16 eV and -

4.91 eV respectively. Both materials exhibit a significantly larger Eg relative to the HID D-A 

copolymers at 1.67 eV for OG3 and 1.68 for OG-D1 which is reduced slightly after annealing to 

1.61 eV for OG-D1A. Both materials are processable in chlorinated solvents such as chloroform 

or chlorobenzene, but a higher concentration is used in solution deposition as the film 

processability of these oligomers is worse than that of the polymer analogs. 
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OG-D1 exhibited H-aggregation properties upon deposition where the UV-Vis-NIR absorbance 

peak shifted towards lower wavelengths relative to the solution spectrum. Upon annealing to yield 

OG-D1A, the single peak of the film was transformed into a multimodal distribution indicating 

that molecular re-arrangement has occurred leading to J-aggregation domains and potentially 

different crystalline regions. These effects may also be related to the removal of the carbamate 

sidechains used for this material to increase the coplanarity post-deposition and yield advantageous 

electronic properties. OG-D1A was doped with F4TCNQ to fabricate an NTC-type temperature 

sensor on PET substrate. The device showed better sensitivity compared to the HID polymers with 

a TCR of -1.39%/ºC at 25-60 ºC which decreased to -0.53%/ºC at 60-120 ºC. Similar to the HID 

copolymers, a good I a T-0.25 relationship was observed with this oligomeric device. Interestingly, 

the device did not breakdown until after 120 ºC was reached which is twice the upper limit of the 

working range for the PMEhB:F4TCNQ and PTEhB:F4TCNQ devices. This is attributed to the 

removal of carbamate sidechains which slows down the evolution of insulating domains formed 

by the sidechains. The stability of the devices was evaluated and an immediate drop in conductivity 

to less than 20% of the original value was observed indicating that the OG-D1A:F4TCNQ 

complex is not suitable for long-term temperature monitoring applications.  

 

OG3 showed a similar EHOMO compared to its polymer analog PTEhB (EHOMO ~ -4.95 eV) via CV 

analysis so it was believed it should have similar probability of forming deep traps. The oligomer 

exhibited the same multimodal distribution as OG-D1A which may be a unique phenomenon 

observed in these HID oligomers. An NTC-type temperature device was fabricated using a thin 

film of OG3:F4TCNQ and the device was shown to be thermally sensitive. However, this device 

did not exhibit a good I a T-0.25 correlation nor did it correlate well with other dimensionalities of 

the VRH conduction, indicating that other mechanisms besides the proposed VRH mechanism 

may be governing the charge transport. The device had a slightly lower upper limit of working 

range at 55 ºC which should be due to reduced intermolecular interactions allowing for the faster 

evolution of insulating regions. The sensitivity of the device was the best of the five films using 

F4TCNQ at -2.66%/ºC which is attributed to different mechanisms other than three dimensional 

VRH dictating charge transport in the temperature range of interest.  The stability of the complex 

was evaluated and compared to PTEhB:F4TCNQ and while the latter remained stable for four 

days, the OG3:F4TCNQ complex was less stable as it exhibited conductivity loss after four days. 
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However, due to the oligomeric nature of the material, it was able to form a dispersion in IPA with 

PSSA after sonication and overnight stirring. The dispersion was used to fabricate a temperature 

sensor. The I-T response of this OG3:PSS sensor was noisy and only a current increase from 26 

ºC to 32 ºC was observed. From 32 ºC to 57 ºC it was difficult to discern any fluctuation in the 

current response due to the NTC effect of the organic material competing with the PTC effect of 

the PSS swelling as well as the potential PSS interaction with atmospheric moisture. At 64 ºC a 

small dip in the current response is observed indicating that the PTC effect should be starting to 

dominate the NTC effect. While the device did not exhibit good temperature sensing properties, 

the film was moderately conductive with a conductivity of 5.34 x 10-4 S/cm. The processing of 

OG3 in a non-chlorinated solvent is crucial discovery for reducing the environmental damage done 

by processing these types of conjugated organic materials in solvents like chloroform or 

chlorobenzene. 

 

Two novel oligomers that demonstrate enhanced thermal sensitivity when doped with F4TCNQ 

compared to the polymers from the previous chapter are reported here. However, neither 

oligomer:dopant complex remains stable after initial deposition while the polymer:dopant 

complexes from the previous chapter exhibited superior time stability. This chapter also presents 

a proof of concept for processing an HID oligomeric material using the PSS dopant as a dispersion 

with IPA solvent for less toxic deposition. Future work on these materials should take advantage 

of their well-defined chemical structure and introduce different functional groups and sidechains 

to increase the EHOMO or reduce the crystallinity of the material for better dopant stability. Other 

avenues for these materials may include optimizing the process for creating a dispersion using the 

HID materials. This may include use of different non-toxic solvents, changing the dopant, or other 

methods of breaking the bulk material into small particles for finer dispersions. For the purposes 

of temperature sensing, working towards mitigating the PTC effect via methods such as isolating 

the film from the environment with an inert protective layer should be considered for the further 

development of this technology. 
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3.5 Experimental Section 

 

3.5.1 Materials and Characterization 

 

The characterization techniques and devices used for the materials discussed in this chapter are the 

same as those discussed in section 2.6.1.  

 

3.5.2 Fabrication of Temperature Sensor Devices 

 
Temperature sensor devices in this chapter were fabricated using the same method as previously 

described in section 2.6.2 . Any deviations from the method are as follows:  

• A solution of 10 mg/mL in chloroform instead of 5 mg/mL in chloroform was used for 

OG-D1/OG3 as the processibility of the polymers was better compared to these lower 

molecular weight materials.  

• The device using OG-D1 was annealed at a Ta of 150 ºC instead of 100 ºC to maximize 

thermal cleavage of carbamate sidechains 

The device fabricated using OG3:PSS dispersion was done so using the following technique. OG3 

solid was added to a 4 mL vial containing 1.00 mL of IPA. The mixture was sonicated using an 

ultra-sonication probe at medium setting for three hours until the mixture appeared visually 

uniform. A solution of 18% PSSA (Mn ~ 75 kDa) was micropipetted into the vial and a small stir 

bar was added. The mixture was stirred overnight at high setting and a visually uniform dispersion 

was observed the following day. The dispersion was deposited onto the interdigitated device on 

PET substrate using the same blade coating technique as previously described. 
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3.5.3 Synthesis Procedures 

 
Synthesis of 2,2',3,3'-tetrahydro-5,5'-bithieno[3,4-b][1,4]dioxine (BEDOT) 

 

 
 

A solution of 3,4-ethylenedioxythiophene (1.00 g, 7.03 mmol) in 15 mL of anhydrous THF all in 

a 50 mL oven dried three-neck round bottom flask was cooled to -78 ºC using a dry ice in acetone 

bath. N-butyllithium 2.5 M in hexanes (2.81mL, 7.03 mmol) was added dropwise through the 

auxiliary neck over the course of 30 minutes. The mixture was left to stir vigorously for two hours 

when it became a pale slurry. Anhydrous copper(II) chloride (946 mg, 7.03 mmol) was added 

quickly to the mixture and the mixture was left to react for another two hours. The reaction is 

quenched by adding DI water and the mixture is filtered with the precipitate being washed 

thoroughly with chloroform. The filtrate is collected and washed with water and brine before being 

dried over anhydrous sodium sulfate drying salt. The solvent is removed, and the material is 

recrystallized using the minimum amount of cold methanol to afford a pale white crystal solid as 

the 2,2',3,3'-tetrahydro-5,5'-bithieno[3,4-b][1,4]dioxine product. Yield: 564 mg, (56.8%) 
1H NMR (300 MHz, chloroform-d) δ 6.29 (s, 2H), 4.31 (m, 8H) 

 

Synthesis of 2,2',3,3'-tetrahydro-[5,5'-bithieno[3,4-b][1,4]dioxine]-7,7'-dicarbaldehyde 

(BEDOT-dCHO) 
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A solution of 2,2',3,3'-tetrahydro-5,5'-bithieno[3,4-b][1,4]dioxine (400 mg, 1.42 mmol) is 

dissolved in 2 mL of  anhydrous dichloroethane in a two-neck oven-dried 50 mL round bottom 

flask and then anhydrous DMF is added to the solution (0.66 mL, 8.50 mmol) dropwise. Once the 

mixture becomes homogenous, phosphorous(V) oxychloride (0.79 mL, 8.50 mmol) dropwise to 

the solution. The flask is heated to reflux conditions at 100 ºC using a silicon oil bath and the 

reaction is monitored by TLC until starting material is consumed. The reaction is quenched with 

DI water and extracted with DCM before being washed with water and saturated sodium 

bicarbonate solution before being dried over anhydrous sodium sulfate drying salt. The solvent is 

removed, and the resulting product is 263 mg of dark yellow material that NMR shows is partially 

monoaldehyde material but can proceed with the reactions as planned as due to the insolubility of 

the material it is difficult to separate the desired product from the side-products. 

 

Synthesis of 3,3'-((2,2',3,3'-tetrahydro-[5,5'-bithieno[3,4-b][1,4]dioxine]-7,7'-

diyl)bis(methaneylylidene))bis(indolin-2-one) (BEEI) 

 

 
 

The dark yellow material that according to NMR was mostly the 2,2',3,3'-tetrahydro-[5,5'-

bithieno[3,4-b][1,4]dioxine]-7,7'-dicarbaldehyde (200 mg, 0.59 mmol) desired product from the 

previous reaction was dispersed with oxindole (157 mg, 1.18 mmol) in 4 mL of anhydrous 

methanol in an oven-dried two-neck round bottom flask. Piperidine (0.18 mL, 1.77 mmol) was 

added dropwise to the solution and the mixture was heated to 90 ºC using a silicon oil bath and the 

mixture was allowed to react overnight. The reaction mixture was cooled to room temperature and 

the solvent was removed with the rotary evaporator and the resulting dark blue mixture was filtered 

out and washed with methanol and DCM. The resulting 298 mg of a dark blue crystal material was 

assumed to be at least partially the 3,3'-((2,2',3,3'-tetrahydro-[5,5'-bithieno[3,4-b][1,4]dioxine]-
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7,7'-diyl)bis(methaneylylidene))bis(indolin-2-one) product but was insoluble and thus NMR could 

not be completed to confirm the purity of the material. Instead, the next step in the reaction series 

was conducted to add ana carbamate sidechain to the material that should increase solubility to 

allow for purification and characterization. 

 

Synthesis of bis(2-ethylhexyl) 3,3'-((2,2',3,3'-tetrahydro-[5,5'-bithieno[3,4-b][1,4]dioxine]-

7,7'-diyl)bis(methaneylylidene))-bis(2-oxoindoline-1-carboxylate) (OG-D1) 

 

 
In a 100 mL two-neck oven-dried round bottom flask the dark blue material that is presumed to be 

partially the bis(2-ethylhexyl) 3,3'-((2,2',3,3'-tetrahydro-[5,5'-bithieno[3,4-b][1,4]dioxine]-7,7'-

diyl)bis(methaneylylidene))-bis(2-oxoindoline-1-carboxylate) product from the previous reaction 

(200 mg, 0.35 mmol) and sodium hydride 60% in mineral oil (70 mg, 1.76 mmol) were dissolved 

in 7 mL of anhydrous THF. The reaction mixture was stirred for one hour and then 2-ethylhexyl 

chloroformate (0.17 mL, 0.879 mmol) was added dropwise to the solution. The reaction mixture 

was then warmed to 50 ºC using a silicon oil bath and allowed to react for three hours while 

monitoring TLC. The mixture was extracted with diethyl ether and washed with water and brine. 

The organic portion was collected, and the solvent was reduced to a minimum before the reaction 

mixture was further purified via flash column chromatography using hexane: ethyl acetate (3:1) as 

the eluent. The resulting dark blue product yielded 67 mg of a mix of potentially three isomers of 

the 3,3'-((2,2',3,3'-tetrahydro-[5,5'-bithieno[3,4-b][1,4]dioxine]-7,7'-diyl)bis(methaneylylidene))-
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bis(2-oxoindoline-1-carboxylate) product but the NMR had the correct proton count hence the 

material was assumed to be pure isomers of the desired product. Yield: 67 mg (21.6%). NMR 

analysis difficult to assign isomer triplets to one another so it is excluded from this section. 

 

Synthesis of (Z)-3-((5-bromothiophen-2-yl)methylene)indolin-2-one (TEI-2-Br) 

 

 
 

5-bromothiophene-2-carbaldehyde (2.00 g, 10.53 mmol) and oxindole (1.40 mg, 10.53 mmol) 

were dispersed in 40 mL of anhydrous ethanol in a 100 mL oven-dried three-neck round bottom 

flask. Piperidine (2.15, 25.28 mmol) was added to the dispersion dropwise over the course 10 

minutes and the dispersion was then heated to 90 ºC using a silicon oil bath. The mixture was left 

to react overnight when the mixture becomes an orange slurry which was allowed to cool to room 

temperature before being filtered to afford the single isomer of (Z)-3-((5-bromothiophen-2-

yl)methylene)indolin-2-one one as a yellow crystal product. Yield: 3.03 g (94.2%) 
1H NMR (300 MHz, dimethyl sulfoxide-d6) δ 10.69 (s, 1H), 8.07 (s, 1H), 7.67 (d, 1H), 7.61 (d, 

1H), 7.37 (d, 1H), 7.23 (t, 1H), 7.01 (t, 1H), 6.87 (d, 1H) 

 

Synthesis (Z)-3-((5-bromothiophen-2-yl)methylene)-1-(2-ethylhexyl)indolin-2-one (TEI-2-

Br-EH) 
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(Z)-3-((5-bromothiophen-2-yl)methylene)indolin-2-one one (514 mg, 1.67 mmol) and potassium 

carbonate (855 mg, 6.18 mmol) are dissolved in 15 mL anhydrous DMF in a 50 mL three-neck 

oven-dried round bottom flask and the mixture is stirred at room temperature for 20 minutes before 

heating the mixture to 100 ºC using a silicon oil bath. 2-ethylhexyl bromide (389 mg, 2.00 mmol) 

is added dropwise to the solution over the course of 15 minutes and the reaction is monitored using 

TLC. Upon the full consumption of the starting material the solution is cooled to room temperature 

and filtered out with the organic portion being collected then washed with DI water and brine. The 

solvent was removed, and the crude product was precipitated using a minimum amount of 

methanol before further purification via flash column chromatography using hexane: ethyl acetate 

(2:1) as the eluent to yield a yellow crystal material as the single isomer (Z)-3-((5-bromothiophen-

2-yl)methylene)-1-(2-ethylhexyl)indolin-2-one product. Yield: 367 mg (52.4%) 
1H NMR (300 MHz, chloroform-d) δ 7.56 (s, 1H), 7.48 (s, 1H), 7.35 (s, 1H), 7.23 (m, 1H), 7.10 

(t, 1H), 7.03 (dt, 1H), 6.82 (d, 1H), 3.67 (m, 2H), 1.86 (m, 1H), 1.33 (ddt, 8H), 0.87 (dt, 6H) 

 

Synthesis of 3,3'-((3'',4'-bis(dodecyloxy)-[2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-

diyl)bis(methaneylylidene))bis(1-(2-ethylhexyl)indolin-2-one) (OG3) 

 

 
 

In a 25 mL two-neck oven dried round bottom flask, 3-((5-bromothiophen-2-yl)methylene)-1-(2-

ethylhexyl)indolin-2-one (97 mg, 0.23 mmol), (3,4'-bis(dodecyloxy)-[2,2'-bithiophene]-5,5'-

diyl)bis(trimethylstannane) (100 mg, 0.12 mmol), and tri(o-tolyl)phosphine (2.83 mg, 0.009 

mmol) are dissolved in 3 mL of degassed anhydrous chlorobenzene. 

Tris(dibenzylideneacetone)dipalladium(0) (2.13 mg, 0.002 mmol) is dissolved in 1 mL of the 

degassed anhydrous chlorobenzene and added to the reaction mixture under anhydrous conditions. 

The reaction mixture was heated to 80 ºC using a silicon oil bath and the Stille coupling reaction 

was allowed to proceed for 24 hours before the reaction was cooled to room temperature where 
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the reaction mixture went from a dark red color to a blue color to signal the reaction is proceeding. 

The material was extracted with diethyl ether and washed with water and brine then further purified 

via flash column chromatography using DCM: hexane (3:1) as the eluent to yield a dark blue 

crystal material as the 3,3'-((3'',4'-bis(dodecyloxy)-[2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-

diyl)bis(methaneylylidene))bis(1-(2-ethylhexyl)indolin-2-one) single isomer product. Yield: 46 

mg (32.8%) 
1H NMR (300 MHz, chloroform-d) δ 7.64 (s, 2H), 7.54 (d, 2H), 7.49 (d, 2H), 7.19 (d, 4H), 7.03 
(t, 2H), 6.84 (d, 2H), 4.19 (t, 4H), 3.71 (s, 4H), 1.91 (s, 7H), 1.59 (s, 5H), 1.24 (s, 47 H), 0.89 (m, 
18 H) 
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Chapter 4: Conclusions and Direction for Future Work 
 

4.1 Conclusions 

 

In Chapter 2, three novel D-A HID copolymers PEEhB, PMEhB, PTEhB, were synthesized and 

characterized. Each polymer utilized a DDOBT donor unit along with their HID acceptor unit each 

with the different spacers EDOT, DMT, and thiophene respectively. Of the three polymers, only 

the PEEhB polymer exhibited a EHOMO level high enough to theoretically form deep traps for 

reliable polymer:dopant complex stability. Characterization shows that the EHOMO is governed  by 

the spacer functional unit more strongly than the molecular weight of the polymer. The XRD 

analysis of these polymer films indicates that the PEEhB remains completely amorphous upon 

thermal treatment up to 200 ºC while PTEhB is a crystalline material and PMEhB forms 

crystalline domains upon thermal treatment. These crystalline domains are thought to drive out 

dopant molecules from the polymer phase and negatively affect the polymer:dopant stability. 

 

The three polymers were each deposited on an interdigitated electrode PET substrate and then 

doped with F4TCNQ to fabricate organic thermistors. The thermistors using PEEhB:F4TCNQ, 

PMEhB:F4TNCQ, and PTEhB:F4TCNQ exhibited excellent temperature sensing performance 

with TCRs of -1.09%/ºC, -1.09%/ºC, and -1.02%/ºC at 25-60 ºC. The PEEhB sensor exhibited a 

wider working range, up to 120 ºC (TCR of -0.38%/ºC at 60-120ºC), than the other two polymers 

which only worked up to 60 ºC. This was attributed to the amorphous nature of the polymer 

hindering the formation of sidechain insulating domains. While both PMEhB:F4TNCQ and 

PTEhB:F4TNCQ complexes degraded over time, conductivity loss after twelve and four days 

respectively, the PEEhB:F4TNCQ polymer remained stable for over thirty-two days. This was 

attributed more to the amorphous nature of the film than the elevated EHOMO since if the latter was 

the dominant mechanism, one would expect the PTEhB:F4TNCQ complex to be more stable than 

the PMEhB:F4TCNQ complex which was shown to not be the case. 

 

In Chapter 3, two HID oligomers were introduced derived from the M1 and M3 monomer 

structures. Both oligomeric devices doped with F4TCNQ exhibited better thermal sensitivity than 

the polymeric devices but both oligomeric devices had poor time stability. The OG-D1 oligomer 
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incorporated the use of thermally removable carbamate sidechains to replace the alkyl sidechains 

used with the previous polymers. The oligomer exhibited interesting aggregation properties before 

and after the film was annealed. The removal of the carbamate sidechains should theoretically lead 

to better coplanarity and overall, a more conductive film. Annealing of the film to remove 

carbamate chains and leave an OG-D1A film only led to ~ 70 meV reduction in Eg and the material 

exhibited quite a low EHOMO at -5.16 eV. The oligomer was deposited and doped with F4TCNQ 

to yield an organic thermistor. The device showed good thermal sensitivity with a TCR -1.38%/ºC 

at 25-60 ºC and a working range of up to 120 ºC (TCR of -0.53%/ºC at 60-120ºC) which is 

attributed to the removal of carbamate sidechains that should also impede the formation of 

insulating regions. The device stability was shown to be poor as after four days the conductivity 

rapidly degraded to less than 20% of its original value.  

 

The OG3 oligomer was synthesized and the EHOMO (-4.91 eV) was determined to be similar to that 

of the polymeric analog (-4.95 eV). This further supports the argument that the EHOMO does not 

solely govern HID material dopant stability. The same aggregation properties seen with OG-D1 

were present in the UV-Vis-NIR analysis of OG3. The corresponding temperature sensor with 

F4TNCQ had the strongest sensitivity with a TCR of -2.66%/ºC and the working range was 

slightly narrower with an upper limit of 55 ºC. The conductivity of the complex also degraded after 

four days but less dramatically than the OG-D1A:F4TCNQ device. This was a less stable complex 

than the polymer analog which only destabilized after eight days even though the oligomeric 

material exhibited a higher EHOMO. As a proof of concept, a device was fabricated using OG3 

dispersed in IPA with PSSA used as the dopant. The resulting film on the flexible PET substrate 

was moderately conductive with a conductivity of 5.34 x 10-4 S/cm. 

 

4.2 Future Work 

 
Future work regarding the HID copolymers introduced in Chapter 2 may include using different 

polymerization techniques to try and increase the molecular weight of the polymers. The three 

polymers have molecular weights less than 10 kDa which is unusual for polymer electronics. 

PEEhB and PMEhB specifically, had HT-GPC results that indicate the majority of polymer 

chains were no more than three repeating units long. While PTEhB and OG3 have indicated that 
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extending the conjugation length will narrow the bandgap but have a minimal effect on the EHOMO 

it cannot be assumed PMEhB and PEEhB will follow the same trend due to potential interactions 

stemming from the functional groups on the thiophene spacer. Increased conjugation may also be 

achieved by extending the alkyl sidechain on the HID structure of the monomers to increase the 

solubility of the material for the polymerization process leading to higher molecular weight 

polymers. This extension of the sidechain can also lead to better solubility of the resulting polymer, 

improving processability. Other avenues for exploring these materials may include changing the 

nature of the functional group on either the indigo unit or the thiophene spacer. While the alkyl 

chain serves its purpose in converting the HID intermediate from an insoluble material to a solution 

processable monomer the aliphatic chain does not provide much else in terms imparting useful 

properties on the resulting polymer. Altering these solubilizing sidechains to an electron donating 

group may further elevate the EHOMO of the material to increase the probability of forming deep 

traps with the F4TCNQ dopant. Furthermore, polar chains such as oligoglycols may enhance the 

solubility of the material in environmentally friendly solvents and is worth exploring in future 

works. Both increasing the length of the sidechain and altering its nature may also impact the 

crystallinity of the material and research should focus on synthesis of highly amorphous films as 

those are shown to be advantageous for holding dopant molecules in the polymer phase. 

 

Future work on the oligomeric materials may include further functionalizing OG-D1 with electron 

donating groups to raise the EHOMO which would reduce the Eg of the oligomer as well as 

theoretically improve oligomer:dopant complex stability. Since the M1 may be synthesized with 

a bromine group on the end of the indigo unit, as was done when preparing the PEEhB monomer 

M1, that position of the molecule is a prime location for functionalizing OG-D1. Some potential 

modifications for the M1 structure to synthesize a modified OG-D1 material are shown below in 

Figure 4-1. Other prospects regarding these types of materials may include improving the 

synthesis procedure for a better yield that would allow for practical scale-up of the material. The 

current yield of the material is very low due to insoluble intermediate products making purification 

challenging. Methods of circumventing this may include the coupling of two M1 units without the 

indigo bromine group after the sidechain has been added. Another potential optimization of the 

synthesis procedure may be the addition of the sidechain to the indigo unit before the condensation 

reaction which would at least remove one of the insoluble intermediates from the reaction scheme.  
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Figure 4-1: The original structure of OG-D1 and the structures of potential modifications that 

may yield enhanced properties for the corresponding doped film. 

 

Similar methods of exploring future work on the OG3 structure may also be implemented to 

improve the electronic properties. More polar functional groups may improve the solubility in non-

chlorinated solvents and thus lead to a more uniform dispersion. Other potential changes to explore 

may include using other polar dopants for these dispersions such as HCl along with different 

solvents to optimize the dispersion so that thinner, more uniform films may be fabricated. Another 

avenue worth exploring is working towards circumventing the issue with PSS swelling to form 

insulating layers by either isolating the film from the environment or via other means to properly 

characterize the temperature sensing capabilities of a device using OG3:PSS active layer. 
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Appendix A 
 

 

 

Appendix A-1: 300 MHz 1H NMR Spectrum for the 3-(dodecyloxy)thiophene (3DDT) in 
chloroform-d 
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Appendix A-2: 300 MHz 1H NMR Spectrum for the 2-bromo-3-(dodecyloxy)thiophene 
(3DDT-Br) in chloroform-d 
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Appendix A-3: 300 MHz 1H NMR Spectrum for the 3,3'-Bis(dodecyloxy)-2,2'-bithiophene 
(DDOBT) in chloroform-d 
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Appendix A-4: 300 MHz 1H NMR Spectrum for the (3,4'-bis(dodecyloxy)-[2,2'-bithiophene]-
5,5'-diyl)bis(trimethylstannane) (DDOBT-TMT) in chloroform-d 
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Appendix A-5: 300 MHz 1H NMR Spectrum for the 2,3-dihydrothieno[3,4-b][1,4]dioxine-5-
carbaldehyde (EDOT-CHO) in chloroform-d 
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Appendix A-6: 300 MHz 1H NMR Spectrum for the 7-bromo-2,3-dihydrothieno[3,4-
b][1,4]dioxine-5-carbaldehyde (EDOT-CHO-Br) in chloroform-d 
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Appendix A-7: 300 MHz 1H NMR Spectrum of (Z)-6-bromo-3-((7-bromo-2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)methylene)indolin-2-one (EEI-dBr) in dimethyl 

sulfoxide-d6 
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Appendix A-8: 300 MHz 1H NMR Spectrum of 6-bromo-3-((7-bromo-2,3-dihydrothieno[3,4-
b][1,4]dioxin-5-yl)methylene)-1-(2-ethylhexyl)indolin-2-one (M1) in chloroform-d 
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Appendix A-9: 300 MHz 1H NMR Spectrum of 3,4-dimethoxythiophene-2-carbaldehyde 
(3,4-DMT-CHO) in chloroform-d 
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Appendix A-10: 300 MHz 1H NMR Spectrum of 5-bromo-3,4-dimethoxythiophene-2-
carbaldehyde (3,4-DMT-CHO-Br) in chloroform-d 
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Appendix A-11: 300 MHz 1H NMR Spectrum of (Z)-6-bromo-3-((5-bromo-3,4-
dimethoxythiophen-2-yl)methylene)indolin-2-one (MEI-dBr) in dimethyl sulfoxide-d6 
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Appendix A-12: 300 MHz 1H NMR Spectrum of 6-bromo-3-((5-bromo-3,4-
dimethoxythiophen-2-yl)methylene)-1-(2-ethylhexyl)indolin-2-one (M2) in chloroform-d 
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Appendix A-13: 300 MHz 1H NMR Spectrum of (Z)-6-bromo-3-((5-bromothiophen-2-
yl)methylene)indolin-2-one (TEI-dBr) in dimethyl sulfoxide-d6 
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Appendix A-14: 300 MHz 1H NMR Spectrum of (Z)-6-bromo-3-((5-bromothiophen-2-
yl)methylene)-1-(2-ethylhexyl)indolin-2-one (M3) 
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Appendix A-15: 300 MHz 1H NMR Spectrum of 2,2',3,3'-tetrahydro-5,5'-bithieno[3,4-
b][1,4]dioxine (BEDOT) in chloroform-d 
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Appendix A-16: 300 MHz 1H NMR Spectrum of bis(2-ethylhexyl) 3,3'-((2,2',3,3'-tetrahydro-
[5,5'-bithieno[3,4-b][1,4]dioxine]-7,7'-diyl)bis(methaneylylidene))-bis(2-oxoindoline-1-

carboxylate) (OG-D1) in chloroform-d 
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Appendix A-17: 300 MHz 1H NMR Spectrum of 3-((5-bromothiophen-2-
yl)methylene)indolin-2-one (TEI-2-Br) in dimethyl sulfoxide-d6 
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Appendix A-18: 300 MHz 1H NMR Spectrum of (Z)-3-((5-bromothiophen-2-yl)methylene)-1-
(2-ethylhexyl)indolin-2-one (TEI-2-Br-EH) in chloroform-d 
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Appendix A-19: 300 MHz 1H NMR Spectrum of 3,3'-((3'',4'-bis(dodecyloxy)-
[2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-diyl)bis(methaneylylidene))bis(1-(2-

ethylhexyl)indolin-2-one) (OG3) in chloroform-d 
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