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IV Abstract  

Organic semiconductors have demonstrated great ability to act as electroactive components at 

the interface with biological media, featuring in numerous bioelectronic applications over the 

past two decades. Electron-transporting (n-type) materials, in particular, are essential for 

probing biological events that involve generation of electrons such as metabolite sensing or for 

developing electrochemical complementary inverters. However, current n-type materials have 

a narrow scope and low performance compared to their p-type counterparts,  providing ample 

opportunities for improvement through chemical design. This work explores the relationship 

between the structure of n-type polymers, their electrochemical activity and their performance 

in organic electrochemical transistors (OECTs) operating in aqueous electrolytes.   

The polymer series designed in this work consist of electron deficient units functionalised with 

polar ethylene glycol side chains, which ensure penetration and transport of hydrated ions into 

the bulk of the polymer. Using the widely investigated naphthalene diimide (NDI)-bithiophene 

motif, it was found that introduction of alkyl spacers in between the conjugated backbone and 

the ethylene glycol units improves the electronic mobility and operational stability of the 

polymer in OECTs. Next, the NDI core was laterally extended to enhance the polymer 

backbone coplanarity, with the aim of improving its charge transport properties. The 

naphthodithiophene diimide unit led to the development of polymers with improved stability 

during extended cycling relative to their NDI-based analogues, as well as stable n-type OECT 

operation in aqueous electrolytes. The third study employed a backbone engineering strategy 

to increase the electron affinity of isoindigo-based copolymers and allow n-type operation 

within the electrochemical window of water. The polarity of OECT operation was controlled 

through subtle backbone modifications, achieving a transition from unipolar p-type to unipolar 

n-type operation with a thickness-normalised gm of up to 60.10 and 0.148 S/cm, respectively.  
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1.1 Organic Electronics  

The rapidly growing demand for electronic devices with flexible, cost-efficient components 

has led to remarkable progress in organic electronics, with technologies such as organic light-

emitting diode (OLED) displays and organic photovoltaic (OPV) modules already available in 

global markets. The interest in organic semiconductors (OSC) for electronic applications stems 

from their compatibility with flexible substrates, synthetic tunability and low energy processing 

methods, in contrast with their inorganic counterparts. Due to these reasons, organic 

semiconductors are actively investigated for the development of thin-film transistors,1–3 

organic solar cells,4,5 energy storage6,7 and neuromorphic computing.8,9 More recently, new 

challenges have arisen from the emerging field of organic bioelectronics, which aims to couple 

organic electronics with biological systems for therapy, diagnostics and healthcare 

monitoring.10–15 

1.1.1 Introduction to organic semiconductors  

Organic semiconductors comprise a broad range of conjugated small molecules and polymers 

with sp2-hybridised centres along a path of alternating single and double bonds. The overlap 

between unhybridised pz orbitals perpendicular to the σ-framework gives rise to delocalised π-

orbitals.  Extended conjugation increases the range over which atomic orbitals can interact and 

leads to a broadening of the highest occupied and lowest unoccupied molecular orbitals 

(HOMO and LUMO) into electronic bands (Figure 1.1). Using inorganic semiconductor 

terminology, this gives rise to an occupied valence band and an unoccupied conduction band 

separated by a  band gap (Eg).16,17 A similar effect occurs due to interactions between the π-

electronic density on adjacent molecules. This combination of intra- and inter-molecular 

delocalisation has a central role in determining the optical and charge transport properties 

exploited in a wide range of organic electronics applications.  
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The band gap can be also interpreted as the difference between the energy required to remove 

an electron from the top of the valence band (ionisation potential, IP) and the energy gained by 

adding an electron to the bottom of the conduction band (electron affinity, EA).16,17 For 

polymers, the band gap generally decreases as the number of repeat units increases, until a 

certain effective conjugation length has been reached. At this point, the band gap stabilises and 

becomes independent of the degree of polymerisation or molecular weight.18 The energy of the 

band gap determines the wavelength of light required to promote electrons from the valence 

band to the conduction band (absorption), as well as the wavelength of light emitted upon 

radiative relaxation (emission). Organic semiconductors typically absorb in the visible range 

of light, with band gaps between 1 eV and 4 eV.19   

Organic semiconductors have a low density of mobile charge carriers and a low electrical 

conductivity in their pristine state. Charge carriers can be generated by introducing electrons 

into the conduction band or holes into the valence band through doping or electrical injection. 

Delocalisation of π-orbitals provides ideal pathways for the transport of electrons or holes, 

giving rise to electrical conductivity. 

 

 

 

 

 

Figure 1.1.  Schematic representation of the energy bands and band gap of an organic 

semiconductor, showing the density of states approximated with Gaussian distributions. 

(adapted from literature).17  
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1.1.2 Charge transport in organic semiconductors   

The transport of electronic charges in the bulk of semiconducting polymers requires a 

combination of intrachain transport, facilitated by delocalisation of π-orbitals across the 

polymer chain and interchain transport, facilitated by π-π stacking of adjacent chains. The 

charge carrier mobility (µ) is a measure of the speed at which charge carriers can be transported 

under an applied electric field and is the main performance criterion for organic 

semiconductors. Extensive research in understanding structure-property relationships and the 

mechanisms of charge transport has led to the development of materials with hole and electron 

mobilities of up to ~ 20 cm2 V‒1 s‒1 and 9 cm2 V‒1 s‒1, respectively.20 Interestingly, the charge 

carrier mobility along isolated polymer chains has been reported to be several orders of 

magnitude higher, reaching 600 cm2 V‒1 s‒1 in ladder-type polymers.21 This suggests that the 

limiting step of charge transport in organic semiconductors is generally the interchain transport.  

For polymers with high charge carrier mobilities, the mechanism of charge transport has been 

described using the Boltzmann band model, where the transport occurs through diffusion 

facilitated by delocalisation of charge carrier wavefunctions over several molecules (Figure 

1.2a).20,22,23 Recent studies have estimated that band-like charge transport is only applicable to 

systems exhibiting µ ≳ 50 cm2 V s‒1, whereas most organic semiconductors show much lower 

charge carrier mobilities.23,24 Due to the presence of weak van der Waals intermolecular 

interactions, organic semiconductors are characterised by intermolecular vibrations and 

structural disorder, which limits the degree of delocalisation of charge carriers. When charge 

carriers are localised on individual molecular sites, the charge transport proceeds as a series of 

hopping events between these sites (μ ≲ 0.5 cm2 V–1 s–1, Figure 1.2c).23,25 An intermediate 

regime of charge transport has also been identified, in which there is a transient localisation of 

charge carriers on timescales shorter than the timescale of intermolecular vibrations. (Figure 

1.2b).25,26 
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Figure 1.2.  Schematic representation of the charge transport mechanism in (a) the Boltzmann 

band, (b) transient localisation and (c) hopping regimes. Organic semiconductor molecules are 

indicated in grey and the charge delocalisation is shown as orange areas (adapted from 

literature).20,23 

To facilitate intrachain charge transport, many research efforts have been directed at increasing 

the coplanarity of adjacent monomer units and minimising the degree of energetic disorder 

along the polymer backbone. Fused monomers with rigid aromatic cores and extended π-

conjugation have proved to be highly useful in this context.1,27–29 For instance, replacing 

thiophene units in P3HT with a fused thienothiophene unit in PBTTT led to an increase in 

hole mobility by an order of magnitude (Figure 1.3a).27 Other strategies include the use of 

non-covalent through-space interactions such as S⸱⸱⸱O interactions30 or H-bonding,31 which 

can act as a barrier for rotation and planarise the backbone (Figure 1.3b).  

Backbone coplanarity and rigidity play an important role in facilitating interchain transport as 

well,  allowing for more efficient π-π stacking. In addition to the molecular structure of the 

OSC, interchain charge transport is closely linked to the arrangement of the organic 

semiconductor in solid state, which determines the extent of orbital overlap. The vast majority 

of conjugated polymers are semicrystalline and show a heterogeneous microstructure with a 

mixture of crystalline and amorphous regions. As the charge transport occurs largely between 

the crystalline regions,32 formation of tie-chains bridging adjacent crystalline domains is 

a) b) c) 
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critical for establishing a pathway for charge transport.23,33,34 The probability of forming tie 

chains has been correlated with the molecular weight of the conjugated polymer, where a longer 

chain shows more intercrystallite connectivity .33,35 

 

  

 

 

 

 

 

Figure 1.3.  (a) Structures of P3HT and PBTTT polymers. (b) Planarising S⸱⸱⸱O and H-

bonding interactions in poly(3-alkoxy)thiophene, diketopyrrolopyrrole and isoindigo 

backbones.  

1.1.3 Principles of organic field-effect transistors 

A solid-state device which has leveraged the charge transport properties of organic 

semiconductors is the organic field-effect transistor (OFET). Research efforts to incorporate 

organic semiconductors in FET configurations date back to the work of Tsumura et al.  in 1986, 

who demonstrated a charge carrier mobility of ~ 10‒5 cm2 V‒1 s‒1.36 Despite the poor transistor 

characteristics, this example opened up promising directions for the development of electronic 

circuits on low-cost flexible substrates at near ambient temperature and pressure. With 

significant advances in understanding their device physics,  OFETs are also used to characterise 

organic semiconductors and extract charge carrier mobilities for benchmarking different 

materials.1,17,37,38 

b) 

a) 
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The components of an OFET with a top gate bottom contact (TG-BC) architecture are 

illustrated in Figure 1.4. In an OFET, the electrical current is measured between a source and 

a drain electrode, which define the active channel where the organic semiconductor is deposited 

as a thin film. A gate electrode, which is separated from the organic semiconductor by a 

dielectric, allows switching of the device between its ON and OFF states. Several other device 

architectures can be fabricated depending on application requirements, all sharing the same 

working principle.39 

 

 

 

 

Figure 1.4.  Schematic representation of an OFET showing the source (S), drain (D) and gate 

(G) and charge accumulation under an applied gate and drain bias. 

Due to the low electrical conductivity of semiconducting materials in their pristine state, 

OFETs typically show a near-zero current and are therefore in their OFF state without an 

applied gate bias (VG). Upon applying a gate bias, the dielectric becomes polarised and a layer 

of charge carriers accumulates at the dielectric-semiconductor interface, forming a conducting 

channel between the source and drain electrodes (Figure 1.4). Application of a drain voltage 

(VD) drives the flow of charge carriers between the source and drain electrodes and generates 

an electronic current (ID). The applied gate voltage has to be higher than a certain threshold 

voltage (VT) before a drain current can be recorded. The threshold voltage is a result of inherent 

trap states in every organic semiconductor and device, which need to be filled first by the 

applied VG. When |VD| ≪ |VG–VT|, the transistor operates in the linear regime and the drain 
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a) b) 
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current increases linearly with the drain voltage following Ohm’s law.  As the drain voltage to 

increases to |VD| = |VG–VT|, the charge carriers near the drain electrode are depleted and the 

channel becomes “pinched-off”. A further increase to |VD| > |VG–VT| moves the pinch-off 

point towards the source and extends the depletion region. Under these conditions, the drain 

current no longer increases with applied drain potential and the transistor operates in saturation 

regime. The dependence of ID on biasing conditions in the linear and saturation regime can be 

described according to Schockley equations (1) and (2), involving the channel width (W), the 

channel length (L), the charge carrier mobility (µ) and the capacitance of the dielectric (C).   

𝐼D−lin =
 𝑊  

𝐿
µ𝐶(𝑉𝐺 − 𝑉𝑇)𝑉D        (1) 

 𝐼D−sat =
𝑊  

2𝐿
µ𝐶(𝑉𝐺 − 𝑉𝑇)2          (2) 

The current-voltage characteristics of OFETs are represented using transfer and output plots 

(Figure 1.5). For the output characteristics, ID is measured as a function of VD for different VG, 

showing both linear and saturation operation regimes. The transfer plots show ID as a function 

of VG for a particular VD, which can correspond to either the linear or saturation regime.  

 

 

 

Figure 1.5.  Current-voltage characteristics of an OFET: (a) output curve showing the drain 

current as a function of the drain voltage for different gate voltages and (b) transfer curve in 

the saturated regime showing the drain current as a function of gate voltage on a semi-log scale 

(black) and as a square root (red). 
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The transfer and output characteristics allow derivation of a series of key parameters for 

evaluating the performance of the device and channel material. The threshold voltage of the 

device can be obtained by extrapolating a plot of √ID
 versus VG as illustrated in Figure 1.5b. 

Another parameter is the ratio between the drain current in the ON state at a particular VD and 

the drain current in the OFF state (ON/OFF ratio), which describes the switching performance 

of the device. A high OFF current and consequently a low ON/OFF ratio are often indicative 

of unintentional doping of the organic semiconductor or current leakage.20 

Additionally, starting from the Schockley equations (1) and (2), the transfer characteristics 

allow extraction of the charge carrier mobility (μ), in the linear and saturation regime according 

to equations (3) and (4):  

µlin =
𝐿  

𝑊𝐶𝑉D

𝜕𝐼D

𝜕𝑉G
           (3) 

µsat =
2𝐿  

𝑊𝐶
(

𝜕√𝐼D

𝜕𝑉G
)

2

       (4) 

The Schockley equations and equations (3) and (4) used to extract charge carrier mobility are 

derived using the gradual channel approximation, which assumes that the transverse gate 

electric field is much larger than the longitudinal electric field between the source and drain 

and that the mobility is independent of the charge carrier density.20,40 This implies that the 

linearity of the relationship of  ID on VG  (linear regime) or √ID on VG (saturation regime) is very 

important for accurate determinations of μ. However, ‘kinks’ in the transfer characteristics due 

to contact resistance often lead to deviations from this ideal case and overestimation of μ values. 

The challenge of extracting μ in devices with non-ideal characteristics, as well as methods for 

more accurate analysis have been discussed in detail in several recent reports.20,40–42 

Replacing the conventional gate dielectric used in OFETs with an ionically conducting and 

electronically insulating electrolyte (e.g. aqueous salt solutions, ionic liquids, ionic gels or 
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polyelectrolytes) led to the development of a particular class of field-effect transistors, the 

electrolyte-gated field-effect transistor (EG-OFET) presented in Figure 1.6.3,43 EG-OFETs 

follow similar working principles to conventional OFETs, relying on the application of a gate 

voltage to control the number of charge carriers accumulated at the channel interface. In this 

case, upon applying a gate bias, the charge carriers in the semiconductor channel are 

compensated by electrolyte ions which migrate and accumulate at the semiconductor-

electrolyte interface, as well as the gate-electrolyte interface. EG-OFETS benefit from a high 

electric double layer (EDL) capacitance at the semiconductor-electrolyte interface, allowing 

operation at low voltages (< 1 V).3 A remarkable operation regime occurs when the 

semiconductor is permeable to ions and allows accumulation of charge carriers throughout its 

bulk, forming the basis of numerous technologies that rely on the coupling between ions and 

electronic species, as discussed in the following sections.  

 

 

 

 

 

Figure 1.6.  Schematic representation of an EG-OFET, showing the source (S), drain (D), gate 

(G) and charge accumulation under an applied gate and drain bias.  
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1.2 Mixed ionic-electronic transport in polymers  

1.2.1 Introduction to mixed ionic-electronic transport  

The electronic transport abilities of conjugated polymers have been extensively exploited to 

advance organic electronics applications such as organic thin-film transistors (Section 1.1), 

organic photovoltaics and organic light-emitting diodes. More recently, conjugated polymers 

have experienced a surge of novel electrochemical applications which require ionic transport, 

in addition to electronic transport. Such conjugated polymers that efficiently conduct both ionic 

and electronic currents are commonly termed organic mixed ionic-electronic conductors 

(OMIECs).  

Ion transport has been extensively studied in the context of non-conjugated polymers such as 

poly(ethyleneoxide) (PEO) derivatives.44 In this case, ion motion occurs through random 

hopping assisted by segmental motion of the PEO polymer chains. Ionic transport in conjugated 

polymers, however, has been explored on a much more limited basis. The simultaneous 

presence of electronic carriers obstructs the use of common techniques such as conductivity 

and diffusion measurements to measure ionic transport.45 A moving front experiment 

developed by Malliaras et al. established a straightforward platform for estimating ion-drift 

mobility in poly(ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) when in 

contact with aqueous electrolytes. Small cations such as K+ or Na+ were found to have higher 

mobilities in PEDOT:PSS than their electrophoretic mobility in bulk water, enabled by 

extensive hydration of the PEDOT:PSS film.46 A more recent computational model 

investigating the diffusion of Na+ and Cl‒ through a similar OMIEC found that the ion diffusion 

coefficients decrease exponentially with decreasing hydration level.47 At high hydration, large 

clusters of water molecules create percolation pathways for ion transport through the polymer 

matrix. In contrast, a decrease in hydration level leads to smaller and more disconnected water 
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clusters, hence a smaller number of diffusion paths. Using in situ electrochemical microscopy, 

Giridharagopal et al. showed that ion uptake in conjugated polymers is suppressed in stiffer, 

more ordered domains of the film.48 These studies provide evidence that contrary to electronic 

transport, ion transport in OMIECs is promoted by loose structures that can accommodate 

considerable free volume and undergo swelling in contact with an electrolyte.  

One of the first investigated effects of ion inclusion in conjugated polymers is the increase in 

electrical conductivity in contact with a metal electrode and an electrolyte.49 Upon introducing 

ionic charges, charge carriers are generated along the polymer backbone in order to maintain 

charge neutrality. This electrostatic stabilisation of excess ionic charge by charge carriers 

provided by the metal electrode is commonly referred to as electrochemical doping. If the 

ionisation potential of the polymer is sufficiently low, generation of holes stabilised by anions 

is energetically favourable (p-type doping). Conversely, if the electron affinity of the polymer 

is high, generation of electrons stabilised by cations is favoured (n-type doping). The increase 

in conductivity during doping has been attributed to the formation of polaronic/bipolaronic 

species associated with new energetic states within the band gap of the polymer. At high doping 

levels, the overlap between adjacent polaron/ bipolaron bands leads to shrinking of the band 

gap and causes a transition to a metallic-like state.50  

The degree of electrochemical doping can be modulated by applying a bias through an 

electrolyte. The strength of the coupling between ionic and electronic charge is captured by 

capacitance C,  which represents the amount of charge induced in a given potential window. 

This coupling provides the foundation of transduction between ionic and electronic 

environments or charge storage in most OMIEC-based applications.  Examples of technologies 

which leverage mixed conduction in conjugated polymers include electrochromics51–53, energy 

storage,54–56 neuromorphic computing,57 artificial muscles58 and organic bioelectronics.59–64 
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The following sections of this thesis will be focused on mixed ionic-electronic transport in 

conjugated polymers for bioelectronics applications.  

1.2.2 Conjugated polymers in organic bioelectronics  

Electronic components that can either trigger biological events or monitor signals and 

physiological states have promising applications in new healthcare technologies. Constructing 

such devices requires materials that are not only soft and biocompatible, but also can convert 

biological signals into electrical ones and vice versa (Figure 1.7).  

 

 

 

 

 

 

Figure 1.7.  Conjugated polymers in organic bioelectronics for sensing or actuation (adapted 

from literature).11 

Signal transmission and regulation of key cellular processes in biological systems rely on ionic 

currents.10 Due to their ability to support both ionic and electronic currents, conjugated 

polymers have emerged as ideal mediators between biological systems and electronics, giving 

rise to the field of organic bioelectronics.10 An early implementation of conjugated polymers 

for interfacing with biological systems are conjugated polymer-coated electrodes. Malliaras 

and co-workers demonstrated the use of a conducting polymer (PEDOT:PSS) to coat electrode 

arrays for in vivo electrocorticography,  which were able to record typical epileptic activity in 
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rats.65 The same group extended the initial use of PEDOT:PSS as a coating for electrodes to 

transistor configurations, which allowed local signal amplification and recordings of lower 

amplitude neural signals.66 Since then, transistor configurations where the conjugated polymer 

acts as the channel material have been successfully used to amplify electrophysiological signals 

associated with the human brain, muscle and cardiac activity,61,67,68 but also as selective 

biosensors for the detection of electrolytes69 and key metabolites such as lactate or glucose.62,64 

The transduction of signals can occur in the opposite direction as well, where an electronic 

signal is used to stimulate a biological event. For instance, an organic electronic ion pump 

based on PEDOT:PSS implanted on the spinal cord of a rat was used for localised delivery of 

an inhibitory neurotransmitter to treat neuropathic pain.60 

In addition to their ion-to-electron conversion abilities, conjugated polymers are mechanically 

flexible and can preserve their conductivity under repeated strain, which has made them highly 

attractive for devices that mimic human skin70 and wearable biosensors.71,72 For example, 

incorporation of PEDOT:PSS in hydrogel networks allowed tuning of the elastic modulus to 

match biological tissues, whilst maintaining a high electrical conductivity (> 10 S m‒1).73 

Conjugated polymers also offer numerous possibilities for chemical modification to tailor their 

biological functionality for specific applications. For instance, Bao and co-workers 

demonstrated functionalisation of a semiconducting polymer thin film with Au nanoparticles, 

which could couple to a thiolated DNA aptamer to selectively detect thrombin proteins.74 In 

another example, hydroxyl groups generated on the surface of conjugated polymers were used 

to immobilise antibodies for the detection of E. coli bacteria, via reactions with epoxide-

containing silanes and subsequent ring-opening by the bacteria antibodies.75 

 Further examples of bioelectronics applications employing conjugated polymers have been 

discussed in several comprehensive reviews.11,15,76–78 
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1.2.3 Organic electrochemical transistors  

A particular device architecture which has shown efficient signal transduction between ion- 

and electron-mediated systems in organic bioelectronics is the organic electrochemical 

transistor (OECT). Originally reported by Wrighton et al. in 1984,79  OECTs belong to the class 

of electrolyte-gated transistors and feature a three-terminal architecture with a source, a drain 

and a gate electrode (Figure 1.8a). In a typical OECT, the source and drain electrodes are 

bridged by an active channel (an OMIEC) in which charge carriers (holes or electrons) are 

transported. The gate electrode is immersed into an electrolyte rich in mobile ions, which is in 

direct contact with the OMIEC deposited as a film.80 The technique traditionally used to deposit 

the channel material involves mechanical peel-off of a sacrificial layer of parylene C, avoiding 

exposure to harsh plasma or solvent treatments.81–83 

During the operation of an OECT, a voltage bias is applied between the source and drain 

electrodes (VD), driving an electronic current (ID) through the channel.  The magnitude of this 

current is modulated by an input voltage at the gate electrode (VG), which controls the 

extraction/injection of ions from the electrolyte into the channel and therefore the doping state 

of the channel material.  

Depending on the level of doping of the channel material at zero gate bias, two OECT operation 

modes can be identified: depletion or accumulation mode.  When conducting polymers such as 

PEDOT:PSS with an excess of mobile electronic charge carriers are used, the OECT operates 

in depletion mode. In the absence of a gate bias, the sulfonate groups of the PSS polyelectrolyte 

compensate the mobile holes along the PEDOT conjugated backbone and at negative drain 

potentials, a hole current flows across the channel (ON state, Figure 1.8b). When a positive 

gate voltage is applied, cations from the electrolyte are injected into the channel, charge-

balancing the PSS anions and decreasing the number of holes across the channel. As the 
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channel material is de-doped, the drain current decreases and the device reaches the OFF state 

(OFF state, Figure 1.8b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8.   (a) Schematic representation of an organic electrochemical transistor (OECT), 

showing the source (S), drain (D) and gate (G) (b) Working principle of OECTs operating in 

depletion and accumulation mode for a p-type channel material.  

a) 

b) 
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Conversely, accumulation mode OECTs employ organic semiconductors which are de-doped 

in their pristine state and the device is OFF at zero gate bias. Upon applying a negative gate 

voltage, anions driven into the channel dope the film leading to an accumulation of holes across 

the channel and bringing the device to the ON state (Figure 1.8b). N-type accumulation 

OECTs follow a similar working principle. However, since the channel current is carried by 

electrons and the charge balance is provided by injected cations, the required drain and gate 

biases are opposite in sign with respect to p-type OECTs.  

Such devices which turn on in the presence of an analyte and therefore operate in accumulation 

mode are often preferred for sensing applications as they consume low power and show 

superior ON/OFF ratios.84 Operation of OECTs in an accumulation/depletion hybrid mode has 

also been demonstrated by Inganas and co-workers using a conjugated polyelectrolyte which 

is semi-doped in the absence of a gate voltage.85 The material achieved a high amplification 

close to zero gate bias, which is an attractive feature for applications involving sensitive 

biological systems such as lipid membranes, cells and tissue.83   

Regardless of the operation mode, the electrolyte ions can penetrate the active material and 

modulate the electronic conductivity throughout its entire volume in an OECT.68 This 3D 

interaction of the active material with the electrolyte is the identifying feature of OECTs and a 

remarkable advantage over EG-OFETs. For many applications, OECTs operate as amplifying 

transducers, converting small changes in the gate voltage into electric signals (i.e. changes in 

the drain current ID). The bulk nature of the OECT response gives a volumetric capacitance, 

which can be many orders of magnitude larger than the electrical double layer capacitance 

residing at the electrolyte-channel interface specific for EG-OFETs. This leads to higher 

amplification of the current compared to other transistor technologies at equivalent biasing 

conditions and geometries.68 In addition, it allows operation at low voltages, rendering OECTs 
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suitable for biological applications where the narrow electrochemical window of the aqueous 

media limits the applied potentials to ~ 1.2 V.86,87  

The device parameter which quantifies the ability of OECTs to amplify an input signal is the 

transconductance gm and is given by the first derivative of the transfer characteristics (∂ID/∂VG). 

A commonly used model reported by Bernards et al. divides the OECT into an electronic 

circuit, which accounts for the flow of electronic charge in the channel and an ionic circuit, 

which accounts for the flow of ions in the electrolyte.88  Relying on analogies with charge 

transport in metal oxide semiconductor field-effect transistors (MOSFET), the Bernards model 

allows derivation of an equation for the OECT transconductance gm.. In the saturation regime, 

the transconductance is given by:68,88  

𝑔𝑚 =
𝑊 × 𝑑 

𝐿
µ𝐶∗(𝑉𝑇 − 𝑉𝐺)            (5) 

Accordingly, the transconductance shows a direct dependence on the thickness of the active 

layer d, the volumetric capacitance (C*) and the OECT charge carrier mobility (µ), where  L 

and W are the channel length and width, respectively, and VT is the threshold voltage. Given 

the scaling of gm with channel thickness d, a higher transconductance can be obtained for 

devices with a thicker semiconductor channel. This is however at the expense of the response 

time. As the redistribution of ionic charges and doping/de-doping processes are slower, the 

OECT response to a change in gate voltage is also slower for a thicker active layer.89 Beyond 

altering the device footprint, tuning the ionic and electronic properties of the active material in 

order to maximise C* and µ and thereby gm offers many more possibilities to explore.  

1.2.4  Extracting material parameters from OECT performance 

Organic electrochemical transistors rely on channel materials that are able to: (1) transport 

electronic charge, represented by the charge carrier mobility, µ and (2) store ionic charge, 

represented by the volumetric capacitance, C*. With both ionic and electronic elements 
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captured, OECTs have become useful test platforms for evaluating the performance of organic 

mixed conductors.  

While the transconductance (gm) assesses the performance of the device as an amplifier, it does 

not allow a fair comparison between different channel materials due to its scaling with 

geometry parameters and applied biases. Many recent studies focused on material development 

have reported thickness-normalised transconductance values (i.e. gm/d) to account for 

variations in the channel thickness.90–92 

Recently, Inal and co-workers proposed that the key figure of merit from a material design 

perspective is the product µC*.93 The authors note that this product can be deduced from the 

gm of a single device with known geometry parameters and applied bases according to equation 

(5). For a more rigorous analysis, the transconductance of multiple devices of different 

geometries can be measured to allow plotting the gm versus W d L−1 (VT−VG), where the slope 

gives the µC* product.93  

The µC* product can be also found by determining each property separately using other 

techniques. The volumetric capacitance C* can be measured by performing electrochemical 

impedance spectroscopy (EIS) measurements of polymer-coated electrodes. The EIS results 

can be typically fit to an equivalent circuit to extract a capacitance value which can be 

normalised by the product of the electrode area and film thickness to give the volumetric 

capacitance C*.93 

As both ionic and electronic charges are present in the OECT channel, the charge carrier 

mobility cannot be extracted directly from the device transfer characteristics as described for 

organic field-effect transistors (Section 1.1).  Instead, charge carrier mobilities can be estimated 

using simultaneous measurements of drain and gate current at varying frequencies as detailed 

by Rivnay et al.94 Matching the measured impedance (from the gate current IG) with the 
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impedance derived from the drain current ID yields the hole/electron transit time e. Using the 

hole/electron transit time in the channel (e), the channel length (L) and the applied drain 

voltage (VD), the OECT mobility can be estimated according to the following equation:93  

µ𝑂𝐸𝐶𝑇 =
𝐿2

𝜏e  𝑉D
             (6) 

When comparing the µC* product extracted from the device transconductance and the value 

obtained by measuring µ and C* independently, Inal et al. found a good agreement for all 

studied channel materials.93 Therefore, by using EIS and impedance matching measurements 

in addition to OECT transfer characteristics,  the terms of the µC* product can be decoupled. 

Deconvoluting the electronic mobility from the volumetric charge storage capacity is 

particularly relevant for materials evaluation and development as the limiting factors are more 

easily identified.  

While the µC* product is typically used to quantify the properties of the material, it can be 

influenced by other factors as well. For example, Savva et al. demonstrated that optimising the 

processing conditions by changing the solvent used for casting the film is a good strategy to 

increase both the electron mobility and volumetric capacitance of n-type copolymers.91 The 

nature of the electrolyte is also expected to strongly influence the ion-polymer interaction and 

consequently the µC* product. Recently, Flagg et al. showed that higher doping levels and 

drain currents can be achieved when gating a hydrophobic conjugated polymer with aqueous 

electrolytes containing large molecular anions such as hexafluorophosphate compared to 

smaller atomic anions.95 A similar trend was observed for a conjugated polymer with polar side 

chains, where anions with a larger crystallographic radius led to an increase in the µC* product 

and the transconductance of the device.96 

It should be also noted that the µC* product relates to the steady-state performance of the 

device (i.e. gm) and it does not provide information on the device speed. Fast response times 
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are particularly important for applications requiring high-frequency recordings such as 

monitoring single-neuron action potentials.97 The transient responses are normally measured 

by recording ID as a function of time, upon applying square-wave gate voltages at a fixed VD. 

These measurements assess the switching ability of the device and the ON (τON) and OFF (τOFF) 

switching times, defined as the time required to reach 90% and 10% of the ID for the ON and 

OFF state, respectively.98,99  

1.3 OECT channel materials  

The design of OECT channel materials has experienced rapid growth in recent years as 

researchers target new applications, improved performance and stability, as reported in several 

comprehensive reviews.100–103 This section focuses on channel materials that advanced the 

understanding of OECT operation or elucidated key structure-property relationships. 

1.3.1 P-type channel materials  

The prototypical channel material for a variety of applications that leverage mixed conduction 

has been PEDOT:PSS (Figure 1.9), since its first use as an OECT active layer in 2002 by 

Berggren and co-workers.104 PEDOT:PSS has been particularly attractive due to its stability, 

high hole conductivity above 2000 S cm‒1 and commercial availability in the form of aqueous 

dispersions.105 These dispersions are typically described as colloidal gel particles with a 

hydrophobic PEDOT-rich core that is stabilised in aqueous media by a hydrophilic PSS-rich 

shell.106–108 Following deposition and drying, the PEDOT:PSS thin films are believed to show 

a pancake-like morphology108 with evidence of π-stacking.109 Several reports demonstrate that 

PEDOT:PSS consistently achieves a gm in the range of mS and a response time in the range 

of tens of ms in spin-coated devices, which are suitable for most OECT-based 

applications.68,82,110 The performance can be further enhanced by the addition of co-solvent 

additives such as ethylene glycol (EG) in the casting dispersion. Rivnay et al.  demonstrated 
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that PEDOT:PSS films cast from formulations with higher EG content showed an increase in 

the size of the PEDOT-rich domain and tighter π-stacking, leading to opposite trends in 

electronic and ionic conductivity.106 While electronic conductivity increased due to enhanced 

aggregation, the ionic mobility in the resulting closely packed structures was lower. A balance 

between these two factors was found at 5 vol% EG, where the OECTs exhibited a peak gm of 

~ 8 mS (W = 50 µm, L = 50 µm, d = 174 nm).106 

 

Figure 1.9.  Examples of conjugated polymer composites used as OECT channel materials. 

Despite the attractive properties of PEDOT:PSS, one disadvantage is the acidity of the PSS 

polyanion, limiting its suitability for certain in vivo applications such as bioelectronic implants. 

This motivated the design of a new series of PEDOT derivatives where the sulfonate functional 

groups on the polyanion were replaced with less acidic (trifluoromethylsulfonyl)sulfonylimide 

(TFSI) groups. PSTFSI polymers (Figure 1.9) containing polystyrene backbones of different 

molecular weights were able to match the gm and switching speed of PEDOT:PSS devices 

reasonably well, with the top performer showing a peak gm of  3.41 mS (W = 100 µm, L = 10 

µm, d = 200 nm).111 Due to intrinsic doping, a key drawback of these conjugated polymer 

composites has been the depletion-mode operation of the devices (Section 1.2).112 Recently, 

van de Burgt et al. have overcome this problem for PEDOT:PSS-based devices by adding 

aliphatic amines to the polymer dispersion as de-dopant molecules, which allowed 

accumulation mode operation and tuning of the operation voltage.113 
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Despite these recent developments and the good performance in OECTs, several drawbacks 

remain unaddressed for PEDOT-based composites. Their complex microstructure and 

morphology limit their use as model systems for establishing structure-property relationships. 

In addition, the presence of bulky, electrically insulating polyanion dopants lowers the volume 

fraction of PEDOT in the film and limits their volumetric capacitance C* (< 100 F cm‒3).93,114  

In order to address these limitations, attention has been recently focused on single-component 

systems, where the ion conducting component is covalently attached to the conjugated 

backbone, typically as a side chain. Inal and co-workers opened a new direction by introducing 

the conjugated polyelectrolyte PTHS (Figure 1.10) for OECT applications.84 The authors 

exploited the high hole mobility specific for polythiophenes and the hydrophilic nature of the 

side chains bearing a sulfonate group to achieve a peak gm of 3.0 mS (W = 250 µm, L = 5 µm, 

d = 60 nm) in optimised devices. As the pendant sulfonate group is compensated by a 

tetrabutylammonium ion, PTHS has semiconducting character in its pristine form and operates 

in accumulation mode in OECTs.  

 

 

 

 

Figure 1.10.   Examples of conjugated polyelectrolytes used as OECT channel materials.  

Conjugated polyelectrolytes where the ionic groups on the side chains are compensated by 

charge on the conjugated backbone and thereby operate in depletion mode have also been 

reported. One example of a self-doped conjugated polyelectrolyte is PEDOTS (Figure 1.10), 

which features a PEDOT backbone functionalised with alkylsulfonate side chains. The electron 
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donating ethylenedioxy moiety directly attached to the conjugated system decreases the 

ionisation potential and leads to hole stabilisation, rendering PEDOTS conducting in its 

pristine form. When used as an OECT channel material, PEDOTS achieved a high peak gm of 

16.2 mS (W = 1125 µm, L = 20 µm, d = 75 nm).98 By blending PEDOTS with a semiconducting 

conjugated polyelectrolyte, PTEB-S (Figure 1.10), it was possible to operate the OECT in a 

hybrid accumulation/depletion mode, albeit with slightly lower peak gm compared to the neat 

polymer (< 12.0 mS for W = 1125 µm, L = 20 µm, d = 55 to 75 nm). Devices fabricated with 

these blends also showed faster switching speeds, which the authors attributed to enhanced ion 

transport in the rougher fibrillar morphology.98 Due to the high solubility of PEDOTS in 

aqueous media, an ionic liquid (BMIMBF4) had to be used as the electrolyte, limiting its use 

for biological applications.  The hydrophilic character of PEDOTS was later decreased by the 

same group through counterion exchange with ammonium salts with long hydrophobic alkyl 

chains. The resulting ammonium complexes allowed fabrication of active layers with good 

stability in aqueous OECTs and showed a peak gm of 11.0 mS, however for significantly thicker 

and wider channels (W = 39000 µm, L = 20 µm, d = 720 nm).85  

A recent addition to accumulation mode OECT channel materials are conjugated 

semiconducting polymers functionalised with ethylene glycol side chains. The strategy of 

attaching ethylene glycol side chains onto established backbone motifs leverages the 

knowledge accumulated on charge transport in traditional organic semiconductors, such as 

those used for organic photovoltaics and field-effect transistors. Several studies have 

demonstrated that hydrophilic ethylene glycol side chains endow conjugated polymer 

backbones with the ability to swell in aqueous electrolytes and therefore facilitate the transport 

of hydrated ions. These polymers are typically processed from common organic solvents and 

show remarkable stability as thin films in aqueous media, with no requirements for formulation 

additives or cross-linkers.86,90,115–119  
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The first report by Nielsen et al. exemplified this design strategy on a series of p-type polymer 

backbones containing benzodithiophene (BDT) or bithiophene (T2) units with triethylene 

glycol side chains.118  The study investigated the effect of backbone conformation and side 

chain density on the p-type OECT operation. It was found that polymers containing electron 

rich glycolated bithiophene units show significantly lower oxidation potential in aqueous 

electrolytes and superior electrochemical stability compared to the BDT-based polymers. A 

high density of glycol chains led to an increase in the π-π stacking distance and predominantly 

face-on orientation in the solid state, which the authors correlated with lower mobility and gm 

in OECTs. Remarkably, the top performing material p(g2T-T) (Figure 1.11) displayed higher 

gm than PEDOT:PSS at all tested device dimensions, achieving a peak gm of 21 mS and 

switching speeds in the millisecond range (W = 100 µm, L = 10 µm, d = 160 nm). Following 

the proven success of TEG-functionalised bithiophene units, Giovannitti et al. substituted the 

thiophene comonomer with a more rigid thieno[3,2]thiophene (TT) unit to further reduce the 

π-π stacking distances. The resulting polymer, p(gT2-TT) (Figure 1.11), showed higher OECT 

hole mobility than p(gT2-T), with values of 0.95 and 0.28 cm2 V‒1 s‒1 respectively.  Devices 

also displayed a record gm of 27 mS (W = 100 µm, L = 10 µm, d = 40 nm), excellent stability 

and fast switching times.86 By fabricating additional OECT devices with different footprints 

and analysing the µC* product, Inal and co-workers confirmed that p(gT2-TT) outperformed 

all other state-of-the-art p-type channel materials to date, with a µC* of 261 ± 

29 F cm−1 V−1 s−1.93 

However, a recent follow-up study revealed that de-doped p(gT2-TT) films undergo a 

spontaneous oxygen reduction reaction when immersed in aqueous electrolytes affording 

H2O2, with potentially detrimental effects for energy storage or sensing applications.120 The 

authors postulated that channel materials with IPs higher than 4.9 eV are required in order to 

shift the operational voltages of the OECT to a range where this competing process is 
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minimised. Backbone engineering led to the development of p(gPyDPP) (Figure 1.11) with a 

larger IP (4.92 eV cf. 4.5 eV for p(gT2-TT)), which showed no formation of H2O2 during 

device operation in the presence of oxygen.120 An approach focused on enhancing the 

operational stability of p-type accumulation mode materials was recently reported by Yue et 

al.116 In this case,  hybrid alkyl/glycol side chains were used to tune the hydrophilicity of a 

series of donor-acceptor copolymers comprising isoindigo and EDOT units. It was found that 

polymer PIBET-AO (Figure 1.11) bearing a hybrid alkyl/glycol side chains shows enhanced 

operational stability and substrate adhesion in contact with aqueous electrolytes compared to 

the analogues containing EG side chains only.116 

 

 

 

 

 

 

 

Figure 1.11.  Examples of p-type semiconducting polymers used as OECT channel materials. 

1.3.2 N-type channel materials  

Similar strategies of tethering ion-transporting EG side chains to tailor traditional organic 

semiconductors for OECTs has also been recently applied for the development of n-type 

channel materials. The first example of stable operation of an n-type OECT in aqueous 

electrolytes was reported by Giovannitti et al.115 Electron deficient naphthalene diimide units 
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functionalised with EG side chains were copolymerised with bithiophene units to obtain the 

same backbone motif as one of the most studied n-type polymers in organic electronics, 

N2200.121,122 The resulting polymer, p(gNDI-gT2) (Figure 1.12), showed remarkable long-

term stability during pulsed experiments, but it suffered from low amplification. The peak gm 

and µC* product (Table 1.1) for the reported devices were several orders of magnitude lower 

than those typically observed for p-type channel materials (Section 1.3.1). A more in-depth 

analysis showed that although p(gNDI-gT2) exhibits a record C* of 397 F cm-3, the overall 

performance in OECTs is limited by its poor charge transport properties, with an electron 

mobility of only 3.1 × 10‒4 cm2 V−1 s−1.93,115 

 

 

 

 

 

 

 

 

 

 

Figure 1.12.  Examples of n-type semiconducting polymers and small molecules used as 

OECT channel materials. 
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The effect of glycol chain density on the properties of n-type polymers for OECTs was explored 

further for a series of polymers comprising the same naphthodithiophene diimide-bithiophene 

backbone. In this study, the hydrophobic 2-octyldocecyl side chains of N2200 were gradually 

exchanged for more hydrophilic heptakis(ethylene glycol) side chains to afford seven random 

copolymers with glycol chain densities ranging from 0% (P-0) to 100% (P-100), with examples 

shown in Figure 1.12.90 High densities of EG side chain led to an increase in the degree of 

swelling in aqueous electrolytes, with > 100% swelling for P-100. Polymers with high degree 

of swelling (P-75 to P-100) showed lower reduction potentials in water, due to more facile ion 

penetration into the bulk of the material during electrochemical doping. Electrochemical 

impedance measurements identified two charging regimes: P-0 to P-50 show electrostatic 

accumulation of charges at the semiconductor-electrolyte interface, whereas P-75 to P-100 can 

be charged volumetrically. Similar differences in the operation regimes were also observed in 

transistor configurations. Glycol percentages > 50% were required for OECT operation in 

aqueous electrolytes, while polymers with lower glycol percentages could only perform 

moderately well in OFETs. It is noteworthy that increasing the glycol side chain density 

impaired the electron mobility of the conjugated polymer, although a higher capacitance could 

be accessed. A good balance between these two factors was achieved for P-90, which showed 

the highest µC* and normalised gm within the series (Table 1.1). When comparing with the 

previously reported p(gNDI-gT2),115 copolymers within this series showed inferior normalised 

gm. This was attributed to a 2-fold decrease in volumetric capacitance, while maintaining a 

similar charge carrier mobility (Table 1.1), however the structural features that led to these 

effects have not been elucidated yet.  

As an alternative approach, Sun et al. demonstrated that ladder-type conjugated polymers such 

as BBL (Figure 1.12) can also be used for n-type OECT operation.123 Taking advantage of the 

high electron conductivity and electron affinity of BBL, the OECTs exhibited good operational 
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stability and high transconductance. Due to the lack of electrically insulating side chains, BBL 

showed a remarkable volumetric capacitance of 930 F cm‒3. However, a drawback of BBL-

based devices was the slow response time, attributed to poor ion diffusion throughout the 

channel. One strategy to overcome this limitation could be functionalisation of the polymer 

backbone with polar side chains that promote ion migration.123 However, this is expected to 

have a detrimental effect on both C* and µ, due to lowering of the active volume and disrupting 

of the structural order, respectively.90  

It should be also noted that BBL-based devices were evaluated using interdigitated electrode 

arrays,123 rather than a typical OECT planar architecture.83 A recent study by Mayer and co-

workers revealed that gm does not have a straightforward linear dependence on the channel 

aspect ratio (W/L) for OECTs with interdigitated electrodes and intricate 2D geometries.124 

Therefore, it remains debatable whether a comparison between BBL and previously reported 

n-type materials based on normalised gm and derived µC* provides reliable structure-property 

relationships.  

Beyond conjugated polymers, Bischak and co-workers recently demonstrated that small 

molecule acceptors can be also tailored for OECT operation.125 A fullerene derivative bearing 

ethylene glycol side chains (C60-TEG, Figure 1.12) showed n-type OECT operation with a 

record high µC* of ~ 7.0 F cm‒1 V‒1 s‒1. Surprisingly, this effect did not translate into high 

amplification in OECT devices, as the peak gm was approximately one order of magnitude 

lower than p(gNDI-gT2) after considering the differences in device footprints (Table 1.1). 

Furthermore, C60-TEG-based devices showed a decrease in current of 15% upon repeated 

cycling for 5 min, rendering them impractical for long-term device operation. However, this 

study opened up new directions for material design as improved stability upon reduction could 

potentially be achieved using fullerene derivatives with higher electron affinities.125  
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Table 1.1.  Overview of OECT performance of current n-type channel materials  

a OECT peak transconductance normalized by channel thickness. b  Determined from electrochemical impedance 

spectroscopy measurements. c Determined from carrier transit time through impedance matching methods. d 

Calculated from independently measured µel and C*. e Calculated from OECT transfer characteristics by fitting a 

plot of gm versus W d L‒1 (VG‒VT) for multiple devices with varying dimensions. *[µeC*] was estimated from the 

transfer characteristics of one reported OECT device with known channel dimensions and biasing conditions.  f 

Devices were fabricated using degassed 0.1 M KCl electrolyte solutions instead of 0.1 M NaCl solutions in 

ambient conditions. 

1.3.3 Applications of n-type OECT materials  

N-type materials with mixed ionic-electronic conduction are particularly promising for 

developing the complexity and functions of OECT-based technologies. A research area which 

benefits from n-type channel materials is enzymatic sensing of metabolites.  Recently, P-90 

was used to fabricate an OECT-based enzymatic sensor for the detection of lactate with a highly 

specific and sensitive response.62 High selectivity for lactate was achieved by drop-casting a 

solution of lactate oxidase (LOx) on the P-90 channel, without the need for any additional 

chemical treatments to immobilise the enzyme or integration of electron transfer mediators. 

Upon successive additions of lactate to the electrolyte solution, the shift in effective gate 

voltage modulated the conductivity of P-90, leading to a drain current response. With a rational 

choice of the gate and drain voltages, P-90-based OECTs were able to respond to micromolar 

Material  W/L   gm                
(S/cm)a 

C* 
(F/cm3)b 

µe                       
(cm2 V‒1s‒1)c 

  µeC*                 
(F cm‒1 V‒1s‒1)d 

[µeC*]            
(F cm‒1 V‒1s‒1)e 

p(gNDI-gT2)93,115 10 1.09 397 3.1 × 10‒4  0.12 0.18 + 0.01e 

P-7590 10 0.14 188.0 1.46 × 10‒4  0.027 ‒ 

P-9090 10 0.21 198.2 2.38 × 10‒4  0.047 ‒ 

P-10090 10 0.20 192.4 1.96 × 10‒4  0.038 ‒ 

BBL123 1950 539 930 + 40 ‒  ‒ 0.65* 

C60-TEG f  125 20 0.29  220 + 50 ‒  ‒ 7.0 + 2.0 e 
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concentrations and detect a wide range of concentrations of lactate between 10 µM to 100 

mM.62 Sensing of glucose using P-90-based devices was also achieved, this time using glucose 

oxidase (GOx) to catalyse the enzymatic reaction.64 Going one step further, the GOx 

functionalised P-90 film was used as an anode and paired with a p-type copolymer as the 

cathode to fabricate an enzymatic biofuel cell.  Notably, the P-90 based biofuel cell was able 

to harvest glucose and oxygen and operate as a self-powered glucose sensor in aqueous 

electrolytes.64 The authors postulated that a key element in the sensing mechanism is 

spontaneous electron transfer from the enzyme to P-90, enabled by its high electron affinity.64 

However, a recent study showed that the electrons generated in the enzymatic reaction are more 

likely to undergo reduction of O2 to form H2O2, instead of direct electron transfer to P-90.126 

In order to promote spontaneous electron transfer from GOx, the highly electron deficient 

complex TTF-TCNQ was employed due to its higher electron affinity (4.55 eV) compared to 

the reduced FADH2 co-factor of the enzyme (4.38 eV).127 This emphasises the need for 

designing solution-processable n-type channel materials with high electron affinities.  

N-type channel materials are also key components in electrochemical complementary 

inverters, which allow greater circuit speeds and reduced power consumption.103 The first 

example of a complementary inverter based entirely on electrochemical operation was recently 

reported by Sun and co-workers by combining a n-type BBL-based OECT with a p-type OECT 

based on poly(3-carboxy-pentyl-thiophene). Although the inverter showed a relatively high 

gain at low supply voltages (> 11 at 0.6 V),123 its speed is currently much lower than 

technologically relevant figures.103  

The opportunities to drive forward these emerging applications are very limited as the 

development of n-type channel materials is still at an early stage. Progress in this area requires 

new design strategies, which in turn require a better understanding of the closely linked 

relationships between mixed conduction and chemical structure.  
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1.3.4 Design considerations for n-type OECT materials  

Several strategies have been used successfully to improve the OECT performance of p-type 

semiconducting polymers with mixed conduction, yet a comparable performance among n-

type materials remains difficult to achieve. While many p-type OECT materials show µC* > 

100 F cm‒1 V‒1 s‒1 and thickness-normalized gm approaching 1000 S/cm, most n-type materials 

show µC* between 0.1–1 F cm‒1 V‒1 s‒1 and thickness-normalised gm less than 1 S/cm.93 

Similar gaps in performance between p-type and n-type organic semiconductors have been 

traditionally reported in other transistor-based technologies, such as OFETs.128–130 This has 

been attributed to the instability of n-type polymers in ambient conditions,87,131 rather than 

intrinsic differences between the transport mechanisms of electrons and holes.132 In most cases, 

the instability in air is due to redox reactions between the corresponding radical anion and 

atmospheric water/oxygen, which leads to a reduction in the number of mobile electrons 

available.87 This has been linked to shifts in the threshold voltage, decrease in field-effect 

mobility or increase in the OFF current in OFETs under ambient conditions.131,133,134 

Experimental and theoretical studies have identified that in order to prevent the electron 

polaron from reducing ambient species, an electron affinity between 4.1 and 4.3 eV is 

needed.37,129,135–137 It should be noted that degradation pathways caused by specific interactions 

between the electronic orbitals of acceptor units and molecular oxygen or water, rather than the 

particular energy of the LUMO level have also been reported.131 Nonetheless, high electron 

affinities are expected to be crucial for stable operation of OECTs in ambient conditions, where 

the n-type channel material is in direct contact with an aqueous media and is specifically 

designed to support hydrated ions.  

In addition to stability, a key design challenge for n-type OECT materials is achieving 

volumetric penetration of hydrated dopant ions without disrupting the pathways for electron 
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transport. High electron mobility is closely linked to strong intermolecular orbital overlap 

between neighbouring chains, which is typically found in polymers with well-connected 

crystalline domains.1,130 However, charge transport in OECT channels is complex, due to the 

presence of dopants and solvent molecules from the electrolyte. Several studies have shown 

that electrochemical doping leads to swelling and morphological changes as the film 

reorganises to accommodate the additional volume of ions.48,91,95,96,138,139 When OECTs are 

operating in aqueous electrolytes, the films do not only uptake ions, but also several molecules 

of water due to the hydration shell carried by the dopants.95,140 For instance, a recent study by 

Flagg et al. estimated that during electrochemical oxidation of P3HT, the influx of small anions 

such as Cl‒ is accompanied by ~ 10–13 molecules of water.  Polymers specifically engineered 

to uptake hydrated ions, such as those bearing hydrophilic side chains, show swelling and 

crystal lattice expansion even in the absence of an electrochemical bias.139,140 Recent 

investigations show that the majority of water molecules reside in the amorphous regions of 

the polymers,139 while ions infiltrate into the crystallites along the side chain directions during 

OECT operation.18,67 This higher level of hydration in the amorphous regions leads to 

heterogenous swelling across the polymer film upon doping. Such morphological features due 

to excessive swelling hinder electron transport, as high degrees of volumetric expansion of the 

amorphous domains can disrupt the connections between the crystalline regions of the 

polymer.139–141 Therefore, although some degree of hydration is beneficial for ion transport, the 

swelling ability of the channel material needs to be controlled for efficient charge transport and 

overall performance in OECTs.  

Accumulation of cations in the lamellar spacing of the crystallites during doping could also 

lead to strong electrostatic interactions between the injected ions and the electronic charges on 

the polymer backbone. Backbone or side chain engineering strategies focused on preventing 



50 
 

the infiltration of dopant ions close to the backbone could be beneficial for minimising this 

coulombic charge-pinning effect and enhancing the OECT electron mobility.  

These design considerations highlight the complex interplay between efficient ionic transport, 

electronic transport and ionic-electronic coupling required for n-type OECT materials. While 

their design can draw on strategies developed in the field of organic electronics, most design 

principles need to be adapted. As OECT-based applications that require n-type materials 

continue to mature, there is a growing need for design principles that take into consideration 

the interactions of n-type polymers with water and dopant ions.  

1.4 Thesis aims and overview  

The overall aim of this work is to develop n-type organic semiconductors with mixed ionic-

electronic transport for bioelectronics applications based on organic electrochemical transistors 

(OECTs). Due to its extensive use, current material design strategies for OECT-based 

applications are mostly built upon studies of the p-type conducting polymer, PEDOT:PSS.  By 

investigating three series of copolymers, this work aims to establish structure-property 

relationships specific for n-type semiconductors operating in aqueous electrolytes. Particular 

focus is given to the role of polymer structure in determining their swelling ability, 

electrochemical activity, stability and performance in OECTs.  

Chapter 2 presents a series of naphthalene diimide-bithiophene (NDI-T2) copolymers 

functionalised with hybrid alkyl-glycol side chains, where the conjugated backbone is 

segregated from the ethylene glycol units within the side chain by an alkyl spacer. This chapter 

explores the ability of alkyl spacers to prevent excessing swelling of the polymers and minimise 

structural deformation when exposed to aqueous electrolytes. The optimum side chain 

composition for high stability and balanced mixed conduction is identified using a combination 

of electrochemical and OECT measurements.  
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Chapter 3 focuses on increasing the polymer backbone coplanarity by lateral extension of the 

NDI core to a naphthodithiophene diimide (NDTI) unit, with the aim of increasing the strength 

of intermolecular interactions and improving the charge transport properties. The solubility and 

molecular weight of the NDTI-based copolymers are optimised by carefully adjusting the 

structure and length of the ethylene glycol side chains. The discussion focuses on the effect of 

enhanced backbone coplanarity on the structural order, electrochemical activity and swelling 

ability in aqueous media. 

Chapter 4 investigates a backbone engineering strategy to tune the electron affinity of 

isoindigo-based polymers for stable n-type OECT operation within the electrochemical 

window of water. By systematically altering the energy levels, distinct p-type, ambipolar and 

n-type OECT operation are achieved within the same polymer series. The chapter investigates 

the relationships between polymer energetics, interaction with aqueous electrolytes and 

operation in OECTs.  
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CHAPTER 2  

The effect of alkyl spacers on the mixed ionic-electronic conduction 

properties of naphthalene diimide-copolymers 
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2.1 General information and attributions  

Polymer p(gNDI-gT2) used for this study was provided by Dr Alexander Giovannitti 

(McCulloch Group, Imperial College London) and synthesised as previously reported.142 

Polymer p(C3-gNDI-gT2) was previously synthesised by Dr Alexander Giovannitti 

(McCulloch Group, Imperial College London); scale-up and characterisation of the polymer 

were performed by the author. GPC measurements in chloroform were performed by Dr Rawad 

Hallani (McCulloch Group, KAUST) and PESA and NIR UV-Vis measurements were 

performed by Weiyuan Du (McCulloch Group, KAUST). QCM, EQCM, EIS and OECT 

measurements were performed by Dr Achilleas Savva (Inal Group, KAUST). OFET devices 

were fabricated and analysed by Dr Aniruddha Basu (Anthopoulos Group, KAUST). GIWAXS 

measurements were performed and analysed by Dr Bryan Paulsen and Ruiheng Wu (Rivnay 

Group, Northwestern University).  

2.2 Introduction   

The nature of the side chains is known to have a strong influence on the properties of 

semiconducting polymers, such as solubility, stability, electrochemical activity, molecular 

packing and charge transport.143 Past examples have shown that exchanging the hydrophobic 

alkyl chains of solution-processable conjugated polymers with hydrophilic ethylene glycol 

(EG) side chains is a versatile strategy to promote mixed ionic-electronic 

transport.86,90,115,116,118,144 Through careful side chain engineering, n-type polymers can now 

operate in accumulation-mode OECTs with a high volumetric capacitance (C*) ranging from 

200 to 400 F cm‒3 in aqueous environments.90,115 Despite recent progress, n-type polymers still 

suffer from low electron mobilities and  show µC* products ≈ three orders of magnitude lower 

than their p-type counterparts, as discussed in Section 1.3. While many strategies for improving 
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the electron mobility of OFET materials have been reported,1,17 the relationship between 

polymer structure and charge transport in OECTs remains less clear.  

Functionalisation of n-type backbone motifs with polar EG side chains increases the 

hydrophilicity of the polymer and promotes the uptake of hydrated ions upon exposure to an 

aqueous electrolyte, with a swelling percentage that can be as high as 102%.90 Excessive 

swelling of the polymer film can lead to drastic morphological changes, with detrimental 

effects on the charge transport properties.139,141 Several strategies have therefore been 

employed to control the hydration state of the channel material, including varying the 

concentration of the electrolyte140 or the nature of the anions.95,96 In an alternative approach, 

Flagg et al. used thermal annealing to improve the crystallinity of a polymer film, which limited 

the extent of swelling.139 A more systematic approach to modulate the swelling ability of the 

channel material is by varying the density of EG side chains. This was previously achieved by 

synthesising random copolymers containing monomers bearing either alkyl or EG side chains 

in different ratios.90,141 Recently, Yue et al. reported the use of hybrid alkyl-glycol side chains 

to improve the operational stability of a p-type isoindigo-based copolymer.116 In this chapter, 

it is hypothesised that hybrid alkyl-glycol side chains with different ratios between the 

alkyl/glycol fractions could be used to tune the swelling ability of the polymer film and balance 

its ionic and electronic transport properties.  

A previous report showed that the relative position of the alkyl unit within a hybrid alkyl-glycol 

side chain with respect to the conjugated backbone has significant impact on the electronic 

transport properties.145 The polymer in which the alkyl unit was adjacent to the conjugated 

backbone showed a shorter π-stacking distance and a longer correlation length, which resulted 

in a superior electron mobility in OFET devices.  In the context of OECTs, it is unclear whether 

improving the long-range ordering in the dry state would translate into a superior OECT 

mobility when operating in aqueous media. However, it was reasoned that inserting a 
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hydrophobic alkyl unit adjacent to the polymer backbone could prevent penetration of the 

hydrated dopant ions close to the backbone and minimise coulombic charge-pinning of the 

polaron (Figure 2.1a), hence improving the OECT mobility.  

This chapter investigates the electrochemical behaviour and OECT performance in aqueous 

electrolytes of a series of NDI-T2 copolymers functionalised with hybrid alkyl-glycol chains, 

where the conjugated backbone is segregated from the EG units by an alkyl spacer. Starting 

from the previously reported polymer p(gNDI-gT2) (Section 1.3.2),115 two derivatives 

featuring either a C3- or a  C6-alkyl spacer were designed (Figure 2.1b). Increasing the length 

of the alkyl spacer was investigated as a potential design strategy to modulate the swelling, 

optimise the mixed ionic-electronic transport properties and improve the operational stability 

of n-type materials.  

 

 

 

 

 

 

 

 

 

 

Figure 2.1.  (a) Schematic representation of the side chain engineering strategy and (b) the 

structures of copolymers studied in this chapter.  

a) 

 

b) 
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2.3 Synthesis of the polymers  

Symmetric NDI monomers with alkyl side chains at the imide-position can be prepared from 

commercially available 2,6-dibromonaphthaleneanhydride via a condensation reaction with the 

appropriate primary amine. However, in the case of hybrid alkyl-EG side chains, the synthesis 

of the amine precursor involves a series of substitution reactions and is often tedious.116,145 A 

one pot synthesis of NDI derivatives with complex EG side chains such as p(gNDI-gT2) 

(Figure 2.1) was reported by Giovannitti et al.115 2,6-Dibromonaphthaleneanhydride was 

treated with a commercially available amino-alcohol and a carboxylic acid, achieving both 

functionalisation at the imide-position and extension of the side chain via an ester linkage in 

one step. As various amino-alcohols can be chosen for this condensation reaction, the ester-

linked side chains allow a versatile approach to screen alkyl spacers of various lengths starting 

from 2,6-dibromonaphthaleneanhydride.  

 

 

 

 

 

 

 

 

Scheme 2.1.  Synthesis of the polymers  p(C3-gNDI-gT2) and p(C6-gNDI-gT2).  
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Accordingly, monomers 2.2 and 2.3 were prepared from 2,6-dibromonaphthaleneanhydride 

(2.1) using excess 2-[2-(2-methoxyethoxy)ethoxy]acetic acid with 3-amino-1-propanol and 6-

amino-1-propanol, respectively (Scheme 2.1).  The formation of the monomers was confirmed 

by NMR analysis. The HSQC spectra in the side chain region for both monomers are shown in 

Figure 2.2. Monomer 2.3 shows additional methylene proton signals resonating from δ 1.79 to 

1.45 ppm, correlated with four carbon signals from δ 25.9 to 28.8 ppm, which is consistent 

with the presence of an extended C6-alkyl spacer. 

 

 

 

 

 

 

 

Figure 2.2.  HQSC spectra of monomers (a) 2.2 and (b) 2.3 showing 1H-13C correlations for 

the side chain region.  

Monomers 2.2 and 2.3 were obtained in a yield of 36% and 44%, respectively, following 

purification by preparative gel permeation chromatography in chloroform. Although modest, 

the yields are comparable to previously reported values for the synthesis of NDI 

derivatives.90,121 The low yields of the condensation reaction of 2.1 with primary amines are 

typically due to the formation of core-substituted amine side products via nucleophilic aromatic 

substitution of the bromine atoms.146 It should be noted that attempts to purify the monomers 

by column chromatography led to even lower isolated yields (< 15%). Due to their high 
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polarity, elution of the monomers required the addition of methanol to the solvent mixture, 

which could have led to a transesterification reaction and degradation on the column. 

The comonomer 2.7 (Scheme 2.1) was functionalised with additional triethylene glycol chains 

at the 3,3’-positions to ensure solubility of the polymers in common organic solvents such as 

chloroform.115 3-Methoxythiophene (2.4) was subjected to an acid catalysed transetherification 

reaction with triethylene glycol monomethyl ether to give 2.5. Following a protocol by Nielsen 

et al.,118 selective head to head coupling of 2.5 to give 2.6 was achieved by lithiation with n-

BuLi at ‒10 °C, followed by the addition of stoichiometric amounts of Fe(acac)3. 2.6 was 

lithiated at the 2-position with n-BuLi and quenched with trimethyltin chloride to give the 

distannylated bithiophene monomer 2.7. 

Polymers p(C3-gNDI-gT2) and p(C6-gNDI-gT2) were prepared by Stille cross-coupling of 

the NDI monomers with the bithiophene comonomer 2.7 (Scheme 2.1). The polymerisation 

reaction was carried out at a relatively low temperature of 80 °C in DMF. These conditions 

were chosen in order to limit the molecular weight of the polymer and ensure a high yield of 

the chloroform soluble fractions.142 Polymers p(C3-gNDI-gT2) and p(C6-gNDI-gT2) were 

obtained in good yields of 83% and 70%, respectively and they both showed good solubility in 

chloroform at room temperature.   
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2.4 Properties of the polymers  

The number average molecular weights (Mn) measured by gel permeation chromatography 

using polystyrene as the standard and chloroform as the eluent at 40 °C are summarised in 

Table 2.1.  It should be noted that bimodal molecular weight distributions were observed for 

all polymers, most likely due to aggregation of the polymers in chloroform solutions. Similar 

weight distributions have been previously reported for NDI-T2 polymers with high densities 

of EG side chains and are expected to lead to an overestimation of molecular weight.90 Indeed, 

when the molecular weight distribution was analysed by matrix-assisted laser 

desorption/ionization time-of-flight spectrometry (MALDI-ToF), polymer chains only up to 7–

9 repeating units were detected (Table 2.1, Figure A1 in Appendix A).  

Table 2.1.  Properties of the copolymers 

Polymer Mn [Ð]    

(kDa)a 

Repeat 

unitsb 

Td  

(°C)c 

Eg
 

(eV)d 

EA 

(eV)e 

IP 

(eV) f 

p(gNDI-gT2) 16.8 [3.04] 7 334 0.8 4.04 5.05 

p(C3-gNDI-gT2) 32.4 [2.27] 9 311 0.9 4.06 5.17 

p(C6-gNDI-gT2)  20.2 [2.68] 8 323 0.9 3.98 5.11 

 a Number-average molecular weight (Mn) and dispersity (Ð)  (GPC versus polystyrene standards in chloroform). 
b MALDI-ToF. c Temperature for 5% weight-loss from thermogravimetric analysis. d Optical band gap estimated 

from thin film absorption onset. e Cyclic voltammetry of the polymer thin films on ITO coated glass substrates in 

acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate as the supporting electrolyte. f Measured by 

photoelectron spectroscopy in air. 

The thermogravimetric analysis (TGA) data indicates that all polymers have good thermal 

stability, with decomposition temperatures above 300 °C (Table 2.1, Figure A2 in Appendix 

A). The decomposition temperatures are however lower compared to NDI-T2 analogues with 

linear EG side chains (cf. ~ 390 °C for P-100),90 which can be attributed to the presence of less 

thermally stable ester groups.147   
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The optoelectronic properties of the polymers series are summarised in Table 2.1. 

Photoelectron spectroscopy in air (PESA) measurements were carried out to calculate the 

ionisation potentials (IP).  The IP of both p(C3-gNDI-gT2) (5.17 eV) and  p(C6-gNDI-gT2) 

(5.11 eV) bearing alkyl spacers were found to be higher than that of p(gNDI-gT2) (5.05 eV). 

This result is in line with previous observations, where decreasing the density of EG chains 

leads to an increase in the IP.86,90,148,149  

The electron affinities (EA) of the polymer series were measured by cyclic voltammetry of the 

thin films in 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile (Table 

2.1, Figure A3 in Appendix A). The EA values are comparable across the series, ranging from 

3.98 to 4.06 eV. Due to electron decoupling of the imide substituents from the NDI core, the 

lack of major differences in EA values upon varying the side chains is common for NDI 

derivatives.150 The similarity between these polymers implies that any differences in n-type 

doping processes should be due to differences in the side chain structure, rather than energy 

levels.  

The UV-Vis absorption spectra in solution (chloroform) and thin film of the polymer series are 

shown in Figure 2.3. As for other NDI-T2 copolymers,151 the spectra show a high energy 

absorption band at ~ 400 nm, ascribed to the π-π * transition and a broad low energy band at ~ 

1000 nm, due to internal charge transfer (ICT). In chloroform solutions, additional peaks can 

be observed for all polymers between 980–1100 nm, indicative of aggregation between the 

polymer chains. The optical band gaps were estimated from the absorption onset of the thin-

film spectra, resulting in similar values of about 0.9 eV for all polymers (Table 2.1). Notably, 

the thin film absorption spectrum of p(C3-gNDI-gT2) shows aggregation features with a low 

energy shoulder peak at 1172 nm, suggesting enhanced order of the polymer chains.152  
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Figure 2.3.  UV-Vis Spectra of the polymers (a) in chloroform solution and (b) as thin films 

on glass substrates using a UV-Vis NIR detector. 

2.5 Electrochemical activity in aqueous electrolytes  

An understanding of the electrochemical processes in aqueous electrolytes is of great 

importance for rationalising OECT characteristics. Low reduction potentials are desired for 

operation in aqueous environments to avoid electrolysis of water and reduction of oxygen.87 

Cyclic voltammetry (CV) measurements of the thin films were carried out in aqueous solutions 

of NaCl (0.1 M) to study the influence of alkyl spacers on the reduction potential, as well as 

the stability of the redox reactions.  

As shown in Figure 2.4, all polymers can be charged and discharged in the aqueous electrolyte. 

Polymers p(gNDI-gT2) and p(C3-gNDI-gT2) show comparable reduction onsets of 

approximately ‒0.11 V versus the Ag/AgCl reference electrode. Upon extending the alky 

spacer to a C6-alkyl unit, the reduction onset shifts by ΔV = 0.09 V to a more negative value. 

As the copolymers have identical backbones and EA, the shift in the reduction potential is most 

likely due to the lower density of hydrophilic units within the side chains and a larger activation 

barrier for ion penetration.90,141 It should be noted that due to the relatively small IP of the 

polymers, oxidative processes can also be observed within the applied potential range. 
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However, the current response was low compared with the reduction processes, indicative of 

predominantly n-type nature. 

 

 

 

 

 

 

Figure 2.4.  Cyclic voltammetry of the polymer films on ITO coated glass substrates in 

degassed 0.1 M NaCl aqueous solution with a scan rate of 100 mV s‒1 and a Ag/AgCl reference 

electrode (2nd cycle).  

The n-type doping processes in aqueous electrolytes were further evaluated using 

spectroelectrochemical measurements. The evolution of the UV-Vis spectra was monitored as 

the polymers underwent electrochemical reduction under an applied potential from 0 to ‒0.8 V 

and the results are presented in Figure 2.5. All polymers show a gradual reduction in intensity 

of the low energy ICT band and a simultaneous increase in intensity of new absorption features 

between 810–830 nm and 500–650 nm. These spectral changes are consistent with formation 

of a polaronic species during electrochemical reduction, as previously demonstrated using 

time-dependent density functional theory (TD-DFT) calculations.54 

In line with the CV data, polymer p(C6-gNDI-gT2) shows a slightly larger onset of polaron 

formation (i.e. the bias at which the relative absorption of the ICT band decreases and the 

absorption of the polaronic species increases) and smaller changes in absorption intensity with 

respect to the other copolymers (Figure 2.5d and Figure 2.5e). Despite the slight differences 
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in reduction onsets, all polymers show reversible polaron formation up to ‒0.8 V and recover 

the features of the initial spectrum when the potential is reversed to 0 V. 

 

 

Figure 2.5.  Evolution of the UV-Vis absorption spectrum during charging between 0 and ‒

0.8 V in 0.1 M NaCl aqueous solution using a scan rate of 50 mVs‒1 for (a) p(gNDI-gT2), (b) 

p(C3-gNDI-gT2) and (c) p(C6-gNDI-gT2). Relative difference between the absorbance 

recorded with bias (0 V to ‒0.6 V in steps of 50 mV) and the initial spectrum without bias of 

the (d)  ICT peak (926 nm) and (e) polaron peak (540 nm).  

The abilities of the polymer films to uptake water and ions upon electrochemical doping were 

investigated using electrochemical quartz crystal microbalance with dissipation monitoring  

(EQCM-D). A QCM-D sensor allows recordings of the changes in mass of a polymer film 

deposited on a piezoelectric crystal, which manifest as a change in oscillation frequency (f) and 

dissipation of energy (D).153 A decrease in the oscillation frequency indicates an increase in 

the mass of the film.154 First, QCM-D measurements were used to determine the swelling of 
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the polymers in contact with a 0.1 M NaCl aqueous solution prior to reduction/oxidation, due 

to passive diffusion of ions and water from the electrolyte into the films (Figure 2.6a, raw data 

in Figure A4 in Appendix A). Polymer p(gNDI-gT2) showed the largest passive swelling of 

44%. Introducing alkyl spacers led to a decrease in the swelling ability to 28% for p(C3-gNDI-

gT2) and 13% for p(C6-gNDI-gT2). 

 

 

 

 

 

 

Figure 2.6.   (a)  Swelling percentage of polymer films when immersed in 0.1 M NaCl aqueous 

solution from QCM-D measurements (raw data in Figure A4 in Appendix A) (b) EQCM-D for 

polymer films for one doping cycle (up to ‒0.40 V versus Ag/AgCl) in 0.1 M NaCl aqueous 

solution.  

A similar trend was observed when measuring the changes in mass triggered by a doping 

potential. Figure 2.6b shows the applied voltage versus Ag/AgCl and the change in mass as a 

function of time for a single voltage sweep (0 V to 0.6 V to  ‒0.40 V to 0 V). During 

electrochemical reduction of an n-type material, hydrated cations migrate into the polymer film 

to compensate for the electronic charges generated on the NDI units. In line with this doping 

process, the mass uptake increases with the applied potential for all polymers (Figure 2.6b). A 

lower gain in mass for the same doping potential is observed as alkyl spacers are introduced. 
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For instance, at a bias of ‒0.3 V, the mass accumulated within the p(C6-gNDI-gT2) film is 

half the mass accumulated within the p(gNDI-gT2) film, with values of 0.84 µg/cm2 and 1.68 

µg/cm2, respectively. In addition, when the potential is reverted to 0 V, a fraction of the injected 

mass remains in the polymer films, which is lower for the polymers bearing hybrid alkyl-glycol 

side chains. 

The swelling behaviour of the polymers both with and without an applied bias indicates that 

functionalisation with alkyl spacers allows modulation of the hydration state of the polymer 

film. In agreement with previous studies,90,141 decreasing the density of EG units, in this case 

correlated with extending the length of the alkyl spacer, leads to a lower swelling ability in 

aqueous electrolytes. Previous reports have shown that a low swelling ability hinders ion 

penetration into the bulk of the material and leads to high reduction potentials, which could 

preclude stable operation within the electrochemical window of water.90 Notably, the hybrid 

side chains of p(C3-gNDI-gT2) and p(C6-gNDI-gT2) provide an appropriate balance of 

hydrophilic and hydrophobic units for controlling the swelling of the polymer, while still 

allowing reversible electrochemical reduction with onsets lower than ‒0.20 V (cf. passive 

swelling of ~ 40% and reduction onset of ‒0.25 V versus Ag/AgCl for P-90).90  

2.6 GIWAXS analysis of the polymers  

2.6.1 Structural properties of the neat polymer films  

Grazing incidence wide angle X-ray scattering (GIWAXS) measurements of the thin films on 

p+ doped Si wafer substrates were carried out to investigate the morphology of the polymers. 

Figure 2.7 shows the 2D GIWAXS patterns, as well as in-plane and out-of-plane line cuts of 

the as-spun thin films and Table 2.2 at the end of Section 2.6 summarises the relevant peak 

parameters. The general microstructure is similar to other NDI-T2 analogues,90,91,155 showing 
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a mixture of edge-on and face-on crystallites with varying degrees of isotropic character. The 

enhanced out-of-plane π-stack scattering and in-plane backbone scattering indicates that the 

majority of domains are oriented face‐on.  

 

 

Figure 2.7.  GIWAXS of neat as-cast films: qr-qz maps of scattered X-ray intensity from thin 

films of (a) p(gNDI-gT2) (b) p(C3-gNDI-gT2) and (c) p(C6-gNDI-gT2) polymers and (d) 

out-of-plane (qz) and (e) in-plane (qr) line cuts of each polymer. 

Both polymers functionalised with alkyl spacers show a slight (~ 0.05 Å)  out-of-plane π-stack 

expansion relative to p(gNDI-gT2). The polymer having a C3-alkyl spacer, p(C3-gNDI-gT2), 

shows stronger out-of-plane π-stack scattering compared to p(gNDI-gT2) and p(C6-gNDI-

gT2). All films show evidence of three orders of out-of-plane lamellar scattering. Increasing 

the fraction of alkyl chains leads to an increase in in-plane lamellar scattering and the 

emergence of a second order lamellar peak for p(C3-gNDI-gT2) and p(C6-gNDI-gT2). As 
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expected, polymer p(C3-gNDI-gT2) with the shortest overall length of the side chain shows a 

contracted lamellar d-spacing both in- and out-of-plane compared with the rest of the series.  

Previous studies have shown that NDI-T2 based polymers display two polymorphs which differ 

in terms of stacking of the T2 and NDI units: Form I where the polymer chains orient with  

alternating NDI-to-NDI and T2-to-T2 units producing a longer backbone periodicity and Form 

II where the polymer chains orient with mixed NDI-to-T2 units producing a shorter backbone 

periodicity.156 The ratio between the in-plane backbone scattering peak associated with Form I 

(noted as (001)) and Form II (noted as (001)’) provides an indication of the relative content of 

each polymorph.  Polymers p(gNDI-gT2) and p(C3-gNDI-gT2) show evidence of both 

polymorphs in a similar ratio, with a preference for Form II crystallites. Upon introducing alkyl 

spacers, the magnitude of both of (001) and (001)’ peaks decreases, leading to indistinguishable 

Form I peaks for p(C6-gNDI-gT2). Interestingly, the presence of only Form II stacking did 

not result in a transition to predominately edge-on orientation, as it was previously reported for 

analogues with alkyl side chains.157 

To quantitatively assess the long-range packing order, the GIWAXS data was fit to extract the 

disorder associated coherence length (ξ), both in the backbone direction (as assessed from the 

in-plane (001)’ peak) and in the lamellar direction  (as assessed for the in-plane (100) peak).158 

Notably, (C3-gNDI-gT2) shows the largest coherence lengths (213 and 345 Å) within the 

polymer series, as assessed by the in-plane (100) and (001)' peaks, respectively.  
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2.6.2 Influence of aqueous electrolytes on the structural properties  

During OECT operation, polymer films are expected to undergo significant changes in their 

structure and morphology due to the uptake of ions and water. Therefore, the structural features 

observed for the as cast films may not provide sufficient information to understand any 

potential differences in mixed ionic and electronic transport. In order to understand the effect 

of aqueous electrolytes on the structure of each polymer, GIWAXS measurements were 

performed on thin films that had undergone ex situ electrolyte exposure or n-type doping. It 

should be noted that while EQCM-D allows for a quantitative determination of the bulk 

swelling behaviour of the polymer, in both ordered and disordered regions, GIWAXS only 

probes the ordered domains in the film.  

Electrolyte exposure of the GIWAXS samples was carried out by covering the polymer film 

with a droplet of 0.1 M NaCl aqueous solution for approximately 30 min. A similar procedure 

was used to electrochemically dope the polymer film, with application of a bias of ‒0.65 V 

versus a Ag/AgCl pellet electrode immersed in the electrolyte. The samples were rinsed with 

deionised water to remove excess salt and dried with N2 prior to measurement.  

Figure 2.8 shows the GIWAXS line cuts and Table 2.2 summarises the relevant peak 

parameters, whereas the 2D GIWAXS patterns are included in Figure A5 in Appendix A. As 

shown in Figure 2.8, all polymers exhibit minimal changes in the out-of-plane π-stack 

scattering upon electrolyte exposure and electrochemical reduction. Due to the small 

differences in π-π spacing, comparisons could not be performed outside the experimental error 

in this crystallite direction.  

Analysing the in-plane backbone scattering,  p(gNDI-gT2) shows fairly steady coherence 

lengths across all film conditions. This was in contrast with a large expansion of the in-plane 

lamellar d-spacing from 24.7 Å to 25.9 Å (5%) and a decrease in coherence length by ~ 15% 
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upon electrolyte exposure. Electrochemical doping resulted in even more pronounced changes 

until the in-plane (100) peak diminished into the scattering background.  

In the case of p(C3-gNDI-gT2), both polymorphs showed minimal fluctuations (~ 1%) in the 

in-plane backbone d-spacings upon electrolyte exposure and reduction. Notably, lower 

expansions of the in-plane lamellar spacing are observed upon electrolyte exposure (0.4%) and 

electrochemical doping (3%) relative to p(gNDI-gT2). The low expansion upon electrolyte 

exposure for p(C3-gNDI-gT2) suggests that the crystal lattice does not expand spontaneously 

in contact with the aqueous electrolyte and expands only upon electrochemical doping. 

Interestingly, a much higher decrease in the coherence length is observed in the direction of 

lamellar stacking, compared with the backbone direction upon electrochemical doping (42% 

versus 18% of the as-cast ξ).  

The structure of p(C6-gNDI-gT2) functionalised with an extended alkyl spacer showed the 

lowest sensitivity to electrolyte exposure and electrochemical reduction. Notably, the in-plane 

lamellar scattering peak did not shift upon processing, indicating a constant d-spacing 

irrespective of ex situ conditions. The relative decrease in coherence length of ~ 18% between 

as cast and electrochemically reduced p(C6-gNDI-gT2) both along the lamellar and backbone 

directions indicated a more uniform increase in disorder, compared to p(gNDI-gT2) and p(C3-

gNDI-gT2). 

Overall, the structural changes due to interactions with aqueous electrolytes agree with 

previous reports, where electrochemical doping leads to lamellar expansion as hydrated ions 

accumulate between the side chains to counterbalance the electronic charges along the polymer 

backbone.96,140 Notably, the degree of distortion in the lattice spacings is influenced by the 

nature of the side chain, where introduction and extension of the alkyl spacer adjacent to the 

conjugated backbone leads to less pronounced structural changes.  
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Figure 2.8.  Ex situ GIWAXS: out-of-plane (qz) and in-plane (qr) line cuts for the polymer 

series as-cast (purple), exposed to electrolyte (blue) and electrochemically reduced (green), 

measured ex-situ for (a), (b) p(gNDI-gT2) (c), (d) p(C3-gNDI-gT2) (e), (f) p(C6-gNDI-gT2). 
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Table 2.2.  GIWAXS peak parameters across film conditions. 

a Out-of-plane π-stack scattering peak (010). b In-plane lamellar scattering peak (100). c In-plane backbone 

scattering associated with Form II (001)’. 

2.7 Electrical characterisation  

2.7.1 OFET performance 

In order to assess the electronic transport properties of the polymers in dry state, OFET devices 

were fabricated with a bottom-gate (Si) bottom-contact (Ti/Au) architecture, using silicon 

dioxide as the dielectric. The polymer films were blade coated from chloroform solutions at 40 

°C onto the substrates. The transfer characteristics were used to extract the OFET mobility in 

the linear regime (Figure A6 in Appendix A). As previously reported for other NDI-T2 

copolymers functionalised with EG side chains,90,115 the OFET mobilities were found to be up 

to 4 orders of magnitude lower compared to their alkylated analogue, N2200.106 Both polymers 

bearing alkyl spacers show a slight improvement in OFET mobility compared with the EG-

only analogue. The derivative functionalised with a short C3-alkyl spacer, p(C3-gNDI-gT2), 

was found to have the highest electron mobility of 9.2 × 10‒4 cm2 V‒1 s‒1, relative to p(gNDI-

gT2) (2.2 × 10‒4 cm2 V‒1 s‒1) and p(C6-gNDI-gT2) (6.3 × 10‒4 cm2 V‒1 s‒1). 

  
π-π 

stackinga  
 lamellar 
stackingb  

backbone 
stackingc 

  d (Å)  d (Å) ξ (Å)  d (Å) ξ (Å) 

p(gNDI-gT2) 
As-cast 3.76  24.7 112  7.00 303 
Exposed 3.78  25.9 95  7.13 278 
Reduced 3.72  ‒ ‒  7.00 307 

p(C3-gNDI-gT2) 
As-cast 3.82  23.4 213  6.99 345 
Exposed 3.74  23.5 155  6.94 311 
Reduced 3.75  24.0 123  7.00 284 

p(C6-gNDI-gT2) 
As-cast 3.81  25.8 164  6.92 254 
Exposed 3.76  25.7 144  6.92 293 
Reduced 3.76  25.8 134  6.90 208 
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The higher OFET mobility of p(C3-gNDI-gT2) can be explained based on the structural 

characterisation of the neat polymer films using GIWAXS.  In the as-cast form, p(C3-gNDI-

gT2) displayed the largest π-stack scattering intensity and longest coherence length in both the 

backbone and lamellar directions within the polymer series. The enhanced coherence length 

along the backbone direction is likely to be a significant factor as NDI-T2 copolymers show 

anisotropic charge transport that favours the backbone direction over the lamellar direction.157 

In agreement with previous findings,159 these results indicate that shorter side chains promote 

structural order in the pristine films, which is beneficial for charge transport in OFETs.  

2.7.2 OECT performance   

To assess the effect of alkyl spacers on the mixed ionic-electronic transport, OECT devices 

were measured in 0.1 M NaCl aqueous solutions in ambient conditions using a Ag/AgCl pellet 

electrode as the gate. The output and transfer characteristics are shown in Figure 2.9 and device 

parameters are summarised in Table 2.3.  

As expected, the source-drain current increases upon application of a positive bias at the gate, 

demonstrating n-type OECT operation in accumulation mode. The transfer characteristics 

show that p(C6-gNDI-gT2) bearing an extended spacer has a higher threshold voltage of 0.37 

V than both p(C3-gNDI-gT2) and p(C6-gNDI-gT2) (0.25 and 0.26 V, respectively). This 

result is in accordance with the CV and spectroelectrochemistry findings and can be interpreted 

as a higher energy barrier for penetration of hydrated cations into the less hydrophilic film.  

Notably, both copolymers functionalised with alkyl spacers adjacent to the polymer backbone 

show a higher thickness-normalised peak transconductance gm compared with p(gNDI-gT2) 

(Figure 2.9). The derived µC* products follow the same trend, increasing from 0.06 to 0.13 

and 0.16 F cm‒1  V‒1 s‒1 when going from p(gNDI-gT2) without a spacer to p(C3-gNDI-gT2) 

and p(C6-gNDI-gT2).  
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Figure 2.9.  Performance of the OECT devices (W = 100 µm, L = 10 µm) in 0.1 M NaCl 

aqueous solution in ambient conditions showing (a) n-type transfer curve (VD = 0.6 V) (b) 

current on a logarithmic scale (c) normalised transconductance (gm) versus gate voltage (VG). 

The transconductance was normalised by the thickness of the active layer. The output 

characteristics of the OECT devices fabricated with (d) p(gNDI-gT2) (e) p(C3-gNDI-gT2) (f) 

p(C6-gNDI-gT2).  
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Table 2.3.  OECT performance of polymers 

Polymer gm                    
(S/cm)a 

 

VT            
(V)b

 

[µel C*] 
(F/cmVs)c 

C* 
(F/cm3)d 

µel OECT 
(cm2/(Vs))e 

µel OFET 
(cm2/(Vs))f 

p(gNDI-gT2) 0.13 0.26 0.06 221 1.28 ×10‒6 2.2 ×10‒4 

p(C3-gNDI-gT2) 0.34 0.25 0.13 72 4.02 ×10‒5 9.2 ×10‒4 

p(C6-gNDI-gT2) 0.37 0.37 0.16 59 1.52 ×10‒4 6.3 ×10‒4 

a OECT peak transconductance measured at VG = 0.5 V for p(gNDI-gT2) and p(C3-gNDI-T2) and VG = 0.6 V for 

p(C6-gNDI-gT2) normalized by thickness. b Threshold voltage. c [µelC*] estimated from the transfer 

characteristics of the OECT device with known channel dimensions and biasing conditions. d Electrochemical 

impedance spectroscopy measurements of the polymers at the OECT gates in 0.1 M NaCl aqueous solution (L = 

W = 500 μm, V = ‒0.6 V versus Ag/AgCl). e Electron mobility extracted from bandwidth measurements. f  OFET 

mobility extracted from bottom-gate bottom-contact transistors.  

To investigate further the µC* product of the polymer series, electrochemical impedance 

spectroscopy (EIS)  and impedance matching measurements were performed to determine the 

volumetric capacitance (C*) and electron mobility (µ) in turn. EIS measurements were carried 

out by spin coating the polymer solutions on gold electrodes and recording the changes in the 

impedance magnitude and phase (Figure 2.10). The phase behaviour in EIS is useful for 

identifying whether the film is dominated by a more resistive  (0° < φ < −45°) or capacitive 

(−45° < φ < −90°) character.160 As shown in Figure 2.10b, all polymers exhibit capacitive 

behaviour at low frequencies. The extracted capacitance (Figure 2.10c) shows a cut-off 

frequency after which the capacitance drops. The frequency cut-off appears to be affected by 

the nature of the side chain and decreases in the order p(gNDI-gT2) > p(C3-gNDI-gT2) > 

p(C6-gNDI-gT2). This could be indicative of slower ionic charging for the polymers 

functionalised with alkyl spacers.140 
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Figure 2.10.  Electrochemical impedance spectroscopy of the polymers at the OECT gates in 

0.1 M NaCl aqueous solution in ambient conditions (L = W = 500 μm, V = ‒0.6 V versus 

Ag/AgCl). (a) The impedance magnitude (b) phase and (c) the corresponding capacitance 

versus frequency plots.  

The capacitance at 0.1 Hz for an offset voltage of ‒0.6 V versus Ag/AgCl was normalized by 

the volume of the film to calculate C*. The polymer with the highest density of glycol units, 

p(gNDI-gT2), shows the largest C* of 221 F/cm3. The C* decreases for the polymers 

functionalised with alkyl spacers, with values of 72 F/cm3 for p(C3-gNDI-gT2) and 59 F/cm3 

for p(C6-gNDI-gT2) (Table 2.3). According to the model proposed by Proctor et al., the 

volumetric capacitance is directly related to the density of cation/electron pairs within the bulk 

of the polymer.114 The lower C* of p(C6-gNDI-gT2) relative to p(C3-gNDI-gT2) could be 
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correlated with the presence of longer, electrically insulating side chains which lower the 

fraction of electroactive components (conjugated backbone). However, when comparing p(C6-

gNDI-gT2) with p(gNDI-gT2), the lengths of the side chains are similar and therefore cannot 

account for the large difference in C*. Based on the EQCM-D findings, p(C6-gNDI-gT2) has 

a lower density of hydrophilic EG side chains and swelling ability. Therefore, in this case, the 

electronic states are presumably less accessible to the penetrated hydrated cations, giving a 

lower C*.  

The lower C* of both polymers functionalised with alkyl spacers relative to p(gNDI-gT2) 

suggests that the higher µC* product must be due to a higher electron mobility (µ). In order to 

verify these trends, the electron mobility was estimated from bandwidth measurements of the 

OECT channels using the impedance matching method.94 As summarised in Table 2.3, 

p(gNDI-gT2) shows the lowest µ of 1.28 × 10‒6 cm2 V‒1 s‒1. Introduction of alkyl spacers leads 

to an increase in µ to 4.02 × 10‒5 cm2 V‒1 s‒1 for p(C3-gNDI-gT2) and 1.52 × 10‒4 cm2 V‒1 s‒1 

for p(C6-gNDI-gT2). Notably, µ varies over a much larger range than C* across the polymer 

series. At the expense of a small decrease in the volumetric capacitance, the introduction of 

alkyl spacers adjacent to the backbone leads to a larger increase in electron mobility, giving a 

larger µC* product and normalised gm overall.  

It should be noted that the product between the independently measured values for µ and C* 

and the µC* product derived from the device transconductance deviate from an exact match. 

This has also been observed for p-type OECT materials such as PTHS.93 Although the 

independently derived µC* product appears to be underestimated, the trends are maintained 

across the polymer series.  

Overall, the degree of swelling and mass uptake was inversely correlated with OECT 

performance, suggesting that the susceptibility of the polymer to structural disruption by ion 
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and water uptake played a limiting role. The structural benefits that seemed to impart improved 

electron mobility in OFETs did not necessarily result in improved electron mobility and 

performance in OECTs. While p(C3-gNDI-gT2) showed the highest OFET electron mobility, 

its OECT performance was lower than p(C6-gNDI-gT2) as assessed by µC* product and 

normalised gm. Similar findings have been recently reported by Flagg et al., where increasing 

the crystallinity of the polymer through annealing led to a higher OFET mobility, whilst the 

OECT mobility decreased.139  

Polymer p(C6-gNDI-gT2) functionalised with an extended alkyl spacer showed the smallest 

changes in crystallite lattice spacings upon electrolyte exposure and after electrochemical 

doping (particularly in the lamellar direction), but also the lowest swelling ability and mass 

uptake from EQCM analysis. While the pristine film of p(C3-gNDI-gT2) showed structural 

features indicative of more efficient charge transport, these were presumably not preserved in 

the hydrated state due to more swelling and morphological changes. As a result, its OECT 

mobility was found to be more than one order of magnitude lower than its OFET mobility.  

2.7.3 Stability measurements  

An important requirement for bioelectronics applications based on OECTs is long-term 

stability during operation. Stability measurements were carried out for all polymers by 

monitoring the ID upon the application of gate voltage steps alternating between 0 and 0.5 V 

(DVG = 0.5 V) or 0 and 0.6 V (DVG = 0.6 V)  over 150 min.  

The current response of p(gNDI-gT2) and p(C3-gNDI-gT2) was first recorded at DVG = 0.5 

V, which represents the gate voltage at which the peak gm is measured. The ON current of 

p(gNDI-gT2) decreased by ~ 7% after the first 60 min of operation, after which it recovers 
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partially towards the end of the measurement. Polymer p(C3-gNDI-gT2) shows a steady 

increase in the ON current, with a total increase of  ~ 19% over 150 min.  

 

 

 

 
 
 

Figure 2.11.  Stability pulsing experiment by alternating the gate potentials between VG = 0 V 

and VG = 0.5 V for (a) p(gNDI-gT2) (d  = 1 µm), (b) p(C3-gNDI-gT2) (d  = 1 µm) and between 

VG = 0 V and VG = 0.6 V for (b) p(gNDI-gT2) (d = 1 µm), (d) p(C3-gNDI-gT2) (d = 1 µm) 

and (e) p(C6-gNDI-gT2) (d = 344 nm) with a pulse duration of 5 s at VD = 0.6 V for OECT 

channels in 0.1 M NaCl aqueous solution.  

When the gate voltage is increased to DVG = 0.6 V, p(gNDI-gT2) shows much lower 

operational stability, retaining only 67% of the ON current after 2 h. The current response of 

p(C3-gNDI-gT2) at DVG = 0.6 V is similar to the recordings at DVG = 0.5 V, showing a total 
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increase of ~ 19%. The changes in ON current that p(gNDI-gT2) and p(C3-gNDI-gT2) show 

at both DVG = 0.5 V and DVG = 0.6 V could hinder their use for long-term sensing applications, 

where these fluctuations could interfere with changes in current in response to biological events 

or detection of analytes. 

Remarkably, p(C6-gNDI-gT2) shows very stable operation, with no decrease in the original 

current for over 2 h of on-off switching at DVG = 0.6 V, corresponding to the bias at which peak 

gm is observed. The improved long-term stability of p(C6-gNDI-gT2) is attributed to its lower 

extent of swelling and structural deformation during charging. These results demonstrate that 

optimisation of the length of the alkyl spacer within the polymer side chains is a useful strategy 

for improving the long-term operational stability of OECT materials.  

2.8 Conclusions   

A series of NDI-T2 copolymers functionalised with hybrid alkyl-glycol chains, where the 

conjugated backbone is segregated from the EG units by either a C3- (p(C3-gNDI-gT2)) or C6-

alkyl spacer (p(C6-gNDI-gT2)), was synthesised. Their properties were studied with respect 

to the analogue p(gNDI-gT2) bearing EG-only side chains, which was the first reported n-type 

OECT material.115 By studying the interactions of the copolymers with aqueous electrolytes 

and their performance in OECTs, it was possible to derive structure-property relationships for 

n-type materials used in aqueous-based electrochemical devices.  

The chosen hybrid alkyl-glycol side chains allow electrochemically reversible reduction at low 

onsets (< ‒0.2 V versus Ag/AgCl), while limiting detrimental swelling of the polymers in the 

aqueous environment. The polymer functionalised with a C6-alkyl spacer showed the lowest 

extent of water and ion uptake, swelling 70% less upon exposure and taking up half as much 

mass upon charging and discharging as p(gNDI-gT2).  
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Introduction of alkyl spacers adjacent to the backbone led to a slight increase in the OFET 

mobility, in line with the design strategy this study was based on.145 Both polymers 

functionalised with alkyl spacers showed a simultaneous decrease in C* and increase in OECT 

mobility, which overall resulted in a higher µC* and normalised gm compared with p(gNDI-

gT2). The polymer bearing an extended alkyl spacer, p(C6-gNDI-gT2), shows remarkable 

long-term stability in OECT devices, with no decrease in the original current for over 2 h of 

operation.  

Using GIWAXS analysis, the OECT performance and stability were correlated with the extent 

of disruption of the crystallite lattice parameters due to ion/water uptake. The C6-alkyl spacer 

which imparted the least sensitivity to electrolyte exposure and doping also led to improved 

OECT performance and stability. Further in operando GIWAXS measurements could provide 

more insight into the structural changes that each polymer undergoes during OECT operation.   

Overall, these results highlight the importance of side chain engineering for preventing 

excessive swelling of the active material and achieving high stability and balanced mixed ionic-

electronic transport properties during operation in aqueous electrolytes. 
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CHAPTER 3  

Increasing the backbone coplanarity of naphthalene diimide-

copolymers with mixed ionic and electronic conduction 
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3.1 General information and attributions  

Polymers P3gNDI and P3gNDTI were synthesised in collaboration with Sophie Griggs 

(McCulloch Group, Imperial College London) as part of an undergraduate research project. 

OECT and EIS measurements were carried out during a research visit at Northwestern 

University under the supervision of Dr Bryan Paulsen (Rivnay Group, Northwestern 

University). DFT calculations were carried out by Dr Karl Thorley (Anthony Group, University 

of Kentucky). GPC measurements in chloroform were performed by Dr Rawad Hallani 

(McCulloch Group, KAUST) and PESA measurements were performed by Dr Craig Combe 

(KAUST). QCM and EQCM measurements were performed by Jokubas Surgailis (Inal Group, 

KAUST). GIWAXS measurements were performed and analysed by Dr Bryan Paulsen (Rivnay 

Group, Northwestern University).  

3.2 Introduction  

Previous studies have shown that functionalisation of n-type backbone motifs with hydrophilic 

ethylene glycol-based side chains is an effective strategy to allow stable n-type operation in 

aqueous electrolytes. Tuning of the ethylene glycol side chain density and its relative position 

(Chapter 2) for NDI-T2 copolymers proved to be a useful strategy to control swelling and 

increase the OECT mobility and the µC* product. However, their µC* and thickness-

normalised gm remain low compared to their p-type counterparts. When decoupling the µC* 

terms, it becomes apparent that the low charge carrier mobility of n-type materials is still a 

limiting factor, with values of 3–4  orders of magnitude lower than those of p-type polymers 

(~ 0.00015 vs. ~ 1 cm2 V‒1 s‒1 for p(C6-gNDI-gT2) and p(gT2-TT),86 respectively).  

A strategy often adopted to increase the charge carrier mobility is to use rigid π-frameworks 

which favour intermolecular π-π stacking.17 In this context, Takimiya and co-workers reported 
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the synthesis of naphthodithiophene diimide (NDTI, Figure 3.1), a core-extended NDI bearing 

fused thiophene rings with a highly planar molecular structure and small reorganisation 

energies.161 Asymmetric derivatives with only one fused thiophene ring, known as 

naphtho[2,3-b]thiophene diimide (NTI, Figure 3.1), have also been developed as terminal 

building blocks for n-type small molecules.162 Investigations of the electronic properties of 

NDI, NTI and NDTI units functionalised with N,N’-dioctyl side chains showed that extension 

of the core leads to an increase in electron affinity by ca. 0.1 V per each fused thiophene ring. 

Despite the electronic-rich nature of the thiophene rings, the stabilisation of the LUMO was 

attributed to extension of the π-conjugation. Conjugated NDTI-based polymers containing 

various comonomers such as vinylene, thiophene, bithiophene, thienothiophene, dithieno[3,2-

b:2’,3’-d]thiophene or naphtho[1,2-b:5,6-b’]dithiophene have shown electron affinities 

between 4.0–4.2 eV and stable n-type operation in air, with electron mobilities up to 0.31 cm2 

V‒1 s‒1 in OFET devices.163–165 The attractive features conferred by the NDTI units in these 

cases motivated their choice as building blocks for n-type OECT materials.  

Several studies have alluded to an inherent conflict between ionic and electronic transport in 

organic mixed conductors:  while loosely packed chains are beneficial for ionic transport, 

electronic transport is supported by more ordered polymer backbones with π-stacked 

crystallites.48,106,118 However, with an appropriate choice of side chains,  p-type polymers with 

enhanced backbone coplanarity demonstrated high charge carrier mobilities, whilst 

maintaining efficient ion transport and storage.86 For example, substitution of the thiophene 

unit with more rigid thienothiophene (TT) units from p(g2T-T) to p(g2T-TT) (Section 1.3.1) 

led to shorter π–π stacking distances and a three-fold increase in hole mobility, but also overall 

OECT performance of the material, as judged by the µC* product.86,93,118 
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In search of n-type materials with higher charge carrier mobilities, this chapter investigates the 

effect of enhanced backbone coplanarity on the electrochemical activity and n-type OECT 

performance in aqueous electrolytes. Specifically,  polymers containing core-extended NDTI 

units were synthesised for a comparative study versus the NDI-T2 backbones used for 

previously reported n-type OECT materials90,115 and Chapter 2.  A series of both linear and 

branched EG-based side chains were investigated to ensure both optimum performance and 

solubility of the resulting polymer.  

 

 

 

Figure 3.1.  Structure of NDI and thiophene-annulated units, NTI and NDTI.  

3.3 Density Functional Theory calculations 

Density Functional Theory (DFT) calculations of methyl-functionalised NDI-T2 and NDTI-T2 

tetramers were carried out at the ωB97XD/6-31G* level of theory to investigate the backbone 

conformation of the polymers and the frontier orbital wave function distribution (Figure 3.2). 

As previously reported,166–168 the NDI backbone shows a significant twist and dihedral angles 

of 49-59° between the NDI and bithiophene moieties. In contrast, the NDTI backbone adopts 

a highly coplanar geometry with small dihedral angles of 3–5° for the NDTI-T2 linkage. 

Introduction of NDTI units also leads to a low dihedral angle of 12–14° for the bithiophene 

unit, while a twist of up to 31° is observed when coupled with NDI units. The increase in 

backbone coplanarity does not appear to influence the distribution of the LUMO wave function 

and both tetramers show strong localisation on the acceptor units. Conversely, the HOMO of 
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the NDI-T2 backbone is localised on the bithiophene moiety, whereas the NDTI-T2 analogue 

shows a slight delocalisation on the neighbouring NDTI units.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.  DFT calculations of methyl-substituted NDI-T2 and NDTI-T2 tetramers at the 

ωB97XD/6-31G* level of theory showing the energy-minimised structures and HOMO and 

LUMO wave function distributions.  

To investigate further the backbone conformation, the torsional energy profiles were calculated 

using  B3LYP-D3/6-31G* in gas phase along the dihedral coordinate connecting a thiophene 

ring with either NDI or NDTI units. The resulting profile and the atoms defining the torsion 

are shown in Figure 3.3. In agreement with previous reports,169 the NDI-T unit shows a double 

well potential with stable conformations at ~ 50° and ~ 130° and high barriers for planarisation 

of 3.3 kcal/ mol. In sharp contrast, the NDTI-T unit shows a stable planar conformation at 180° 

and a barrier for rotation of 5.3 kcal/ mol. When compared to a rotatable bond between the two 

thiophene rings, the NDTI-T linkage shows a larger barrier for rotation, indicating that the 

LUMO 

 HOMO 

 LUMO 

HOMO 
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planar conformation is more stabilised. The DFT calculations therefore corroborate the 

enhanced backbone coplanarity upon lateral extension of the NDI core with thiophene units. 

 

 

 

 

Figure 3.3.  Torsional energy profile of the NDI-T and NDTI-T units calculated using  

B3LYP-D3/6-31G* in gas phase. The rotatable bonds are highlighted in red for the 0° 

conformer.  

3.4 Synthesis  

3.4.1 Synthesis of the side chains  

Efforts towards the NDI and NDTI monomers began with the synthesis of a series of EG-based 

side chains containing either a hydroxyl or an amine pendant group. The linear 

heptakis(ethyleneglycol) 3.3 with a hydroxyl group was prepared using a two-step procedure170 

in an overall yield of 57%, involving tosylation of 3.1 and a SN2 reaction with tetraethylene 

glycol to extend its chain length (Scheme 3.1). A similar series of substitution reactions was 

employed to synthesise the heptakis(ethylene glycol) monomethyl ether tosylate 3.6 from 

commercially available materials. Conversion of the tosyl end group to an azide, followed by 

Staudinger reduction in the presence of triphenylphosphine gave the heptakis(ethylene glycol) 

side chain 3.8 with a pendant amine group in an overall yield of 20% (4 steps). 
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Scheme 3.1.  Synthesis of the linear heptakis(ethyleneglycol) side chains. 

The branched side chains with a pendant hydroxyl group, containing either triethylene glycol 

(3.11) or tetraethylene glycol units (3.12) were synthesised according to literature171 as shown 

in Scheme 3.2. Triethylene glycol monomethyl either 3.1  was deprotonated with sodium 

hydride and treated with methallyl dichloride to give the olefin 3.9. The olefin was then 

subjected to a hydroboration-oxidation reaction to give 3.11 in an overall yield of 70% (2 

steps). Following the same protocol, the analogue 3.12 containing tetraethylene glycol units 

was synthesised in an overall yield of 62% (2 steps). The branched side chains functionalised 

with hydroxyl groups were advanced to the amine derivatives using a sequence of tosylation, 

conversion to azide and Staudinger reduction as shown in Scheme 3.2. Accordingly, the side 

chains 3.17 and 3.18 were obtained in overall yields of  31% and 17%, respectively (5 steps). 

Although a shorter route involving Gabriel synthesis has been reported,172 the chosen route 

avoided the use of highly toxic hydrazine hydrate. Moreover, the amine derivatives could be 

readily purified using a series of aqueous extractions, which removed the triphenylphosphine 

oxide obtained as a by-product after the Staudinger reaction. 
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Scheme 3.2.  Synthesis of the branched ethylene glycol-based alcohols 3.11 and 3.12 and 

amines 3.17 and 3.18. 

3.4.2 Synthesis of the NDI monomers 

The NDI monomers functionalised with either a linear (3.8) or branched (3.17 and 3.18) EG-

based side chain were obtained via an imidisation reaction from 2,6-dibromonaphtalene-

anhydride (2.1) with the corresponding primary amine in yields of 27–37% (Scheme 3.3). 

Following an optimised protocol,90 the reaction was carried out in o-xylene in the presence of 

anhydrous zinc acetate as a Lewis acid catalyst, which suppresses the formation of core-

substituted side-products. Although the reaction appeared to have proceeded with the required 

selectivity, the highly polar solvent systems required for chromatography led to poor separation 

and therefore low isolated yields. 

 

 

 

Scheme 3.3.  Synthesis of the NDI monomers. 
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3.4.3 Synthesis of the NDTI monomers 

Previous studies on substrates functionalised with N,N’-alkyl substituents suggest that the core 

of the NDI monomers can be readily extended to a NDTI unit via a Na2S-promoted annulation 

of their ethynyl(trimethyl)silane derivative. While the mechanism is not completely elucidated, 

a plausible pathway involves addition of the sulfide anion to the ethyne moiety to give a 

vinylthiolate (3.22), followed by intramolecular Michael-like addition and oxidative 

aromatisation of 3.23, as shown in Scheme 3.4.161  

 

Scheme 3.4.  Proposed mechanism of sodium sulfide-promoted annulation (adapted from 

literature).161 
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The annulation conditions were first trialled for monomer 3.19 as shown in Scheme 3.5. The 

2,6-di((trimethylsylil)ethynyl)-derivative 3.27 was synthesised via Stille coupling of 3.19 and 

3.26, which proceeded in a yield of 85%. It should be noted that all attempts to convert the NDI 

monomer into 3.27 under Sonogashira coupling conditions,173 led to a complex mixture 

containing only trace amounts of the desired product. This is presumably due to homocoupling 

of the organosilane product to form butadiynlyne-NDI species, which has been reported to 

proceed in the presence of Cu(I) salts.174 The annulation reaction was attempted by stirring a 

suspension of the 2,6-bis((trimethylsylil) ethynyl)-derivative 3.27 and sodium sulfide 

nonahydrate in ethanol at 60 °C in the presence of acetic acid. In line with the proposed reaction 

mechanism,161 the nucleophilic hydrogen substitution (SNH) reaction with sodium sulfide was 

carried out under inert conditions, after which the reaction mixture was exposed to air for 

subsequent oxidative aromatisation.  Under these conditions, product 3.28 was obtained as a 

mixture containing several other aromatic species, where the mono-thiophene-fused NTI 

derivative was identified as the major component by NMR analysis. Due to the high polarity 

of the species, separation of the mixture by column chromatography was not possible.  

 

Scheme 3.5.  Attempted route for the synthesis of the NDTI unit. 

Due to the low conversion of the reaction and purification challenges, it was reasoned that a 

viable alternative would be to carry out the thiophene-annulation before functionalisation with 
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EG chains. Moreover, by carrying out the alkylation on the imide nitrogen in the late stages of 

the synthesis, NDTI derivatives with various substituents can be accessed much more readily.  

Based on previous literature,28 the synthetic route was redesigned such that the key 

intermediate was the N,N’-unsubstituted NDTI 3.32, which could be subsequently 

functionalised with EG chains via a Mitsunobu reaction with the corresponding alcohol 

(Scheme 3.6). Naphthalene dianhydride 2.1 was converted into the diimide analogue 3.29 

using ammonium acetate under acidic conditions in almost quantitative yields.175 Subsequent 

Stille coupling with the stannylated ethynyl(triethyl) silane 3.30 gave the annulation precursor 

3.31 in 93% yield. In this case, triethylsilyl groups were chosen instead of trimethylsilyl groups 

in order to improve the solubility of 3.31 in the solvent required for the annulation step.28 Upon 

treatment with sodium sulfide nonahydrate, 3.31 was converted to the NDTI unit 3.32 at room 

temperature. Despite a modest yield of 22%, no extensive work-up or purification procedures 

were needed. Both ES and spectroscopic analysis were consistent with formation of the desired 

product, showing a proton signal at δ 9.10 ppm and δ  9.00 ppm attributable to the thiophene 

β-hydrogen and imide hydrogen, respectively.28 

Having successfully synthesised the NDTI unit, the next step was a Mitsunobu reaction to 

introduce the EG substituents at the imide positions. Accordingly, the NDTI core 3.32 was 

treated in turn with alcohols 3.3, 3.11, 3.12 and a mixture of diethylazodicarboxylate and 

triphenylphosphine. The NDTI derivatives 3.28, 3.33 and 3.34  were obtained in good yields 

ranging from 66% to 90%. It should be noted that a large excess of both 

diethylazodicarboxylate and triphenylphosphine (4 equivalents) was needed for full conversion 

to product. The final step in the synthesis of the NDTI monomers involved bromination of the 

triethylsilyl groups, which proceeded with yields between 40–51%. Notable NMR features of 
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the monomers included the presence of a singlet at ~ δ 9.05 attributable to the thiophene β-

hydrogen and its corresponding carbon signal at ~ δ 127.0 ppm.  

 

Scheme 3.6.  Synthesis of the NDTI monomers. 

3.4.4 Synthesis of the polymers  

In order to synthesise the target NDTI-T2 copolymers, the Stille coupling between the 

dibromo-NDTI derivatives and bis(trimethylstannyl)-3,3'-dimethoxy-2,2'-bithiophene 3.38 

was undertaken,  as shown in Scheme 3.7. As a first attempt, the reaction was carried out in 

chlorobenzene at 135 °C using monomer 3.35 functionalised with linear EG-based side chains. 

However, the resulting polymer proved to be insoluble in common organic solvents, even at a 

high temperature. In an attempt to limit the molecular weight and increase the solubility of the 

polymer, the polymerisation was repeated at 80 °C in DMF and end-capped after 1 h of 

reaction. However, these conditions led to similar results, affording an insoluble dark-green 

solid.  It was therefore reasoned that the linear EG side chains are not able to provide enough 
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solubility to the polymer, most likely due to enhanced rigidity of the NDTI-T2 backbone and 

stronger π-stacking interactions.  

 

Scheme 3.7.  Synthesis of the NDTI copolymers. 

The polymerisation conditions were next trialled using the NDTI derivative functionalised with 

a branched triethylene glycol side chain (3.36) to afford P3gNDTI (Scheme 3.7). Stille 

coupling of 3.36 and 3.38 in chlorobenzene at 135 °C resulted in trace amounts of polymer that 

could be dissolved in hot chloroform, whereas most of the material was insoluble. Notably, 

when the reaction was carried out at 80 °C in DMF, a larger fraction of P3gNDTI (83%) could 

be extracted in hot chloroform. However, GPC analysis in chloroform at 40 °C indicated a low 

number average molecular weight (Mn) of 13.0 kDa (Ð 1.57). In addition, a bimodal molecular 

weight distribution was observed, suggesting that the determined Mn is most likely 

overestimated. The molecular weight was also analysed by MALDI-ToF measurements, 

however the results were inconclusive and no identifiable peaks could be observed.  

Similar conditions were employed for the polymerisation of the NDTI derivative functionalised 

with branched tetraethylene glycol side chains (3.37) with 3.38. Coupling in DMF at 80 °C 

afforded polymer P4gNDTI in a yield of 80% and a Mn of 21.3 kDa (Ð 1.48) for the chloroform 

fraction. The higher molecular weights obtained under the same conditions compared to 

P3gNDTI are due to the longer branched side chains of P4gNDTI, which provide greater 
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solubility in the polymerisation solvent and allow formation of more extended polymer chains. 

Notably, the Mn of the chloroform fraction was increased to 59.4 kDa (Ð 4.54) when the 

polymerisation was carried out at 135 °C in chlorobenzene, while maintaining a good yield of 

58%.  

Having successfully synthesised P3gNDTI and P4gNDTI, their NDI analogues were 

synthesised for comparison by Stille coupling of the NDI monomers with 3.28 in 

chlorobenzene at 135 °C (Scheme 3.8). Polymers P3gNDI and P4gNDI were obtained in 

yields of 88% and 48%, respectively. Both polymers showed good solubility in chloroform at 

room temperature. GPC analysis indicated relatively high molecular weights and narrow 

dispersity, with Mn of 40.7 kDa (Ð 1.79) and 22.0 kDa (Ð 1.63) for P3gNDI and P4gNDI, 

respectively.  

 

 

 

 

Scheme 3.8.  Synthesis of the NDI polymers. 

3.5 Physical and optoelectronic properties  

The thermal and optoelectronic properties of the polymers, along with the determined 

molecular weights are summarised in Table 3.1. Thermogravimetric analysis (TGA) was 

carried out to investigate the thermal stability of the polymers series (Figure B1, Appendix B). 

Polymers P4gNDTI, P3gNDI, P4gNDI displayed good thermal stability with 5% weight-loss 

temperature in the range 381–391 °C under nitrogen flow. In contrast, P3gNDTI showed less 

robust thermal properties, with a low decomposition temperature of 202 °C.  
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Table 3.1.  Optical and electronic properties of the polymers  

Polymer Mn [Ð] 
(kDa)a 

Td  
(°C)b 

Eg
opt 

(V)c  
soln λmax 
abs (nm)d 

EA 
(eV)e 

IP 

(eV)f 

P3gNDTI 13.0 [1.57]* 202 1.34 741 4.21 5.12 

P4gNDTI 59.4 [4.54]* 381 1.30 793 4.17 5.14 

P3gNDI 40.7 [1.79] 385 1.45 610 4.02 5.39 

P4gNDI 22.0 [1.63] 391 1.39 612 4.04 5.40 

a Number-average molecular weight and dispersity (GPC vs polystyrene standards in chloroform). b Temperature 

for 5% weight-loss from thermogravimetric analysis. c Optical band gap estimated from thin film absorption onset. 
d Solution absorption spectra (chloroform). e Cyclic voltammetry of polymer thin films on glassy carbon electrodes 

in acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate as the supporting electrolyte. f Measured by 

photoelectron spectroscopy in air. *Bimodal distribution observed.  

The UV-Vis absorption spectra of the polymer series in dilute chloroform solution and as a 

thin film are shown in Figure 3.4 and the corresponding optical parameters are summarised in 

Table 3.1. As expected,151 the NDI-T2 copolymers show two absorption features, with a high 

energy band, ascribed to the π−π* transition and a lower energy band, due to intramolecular 

charge transfer. While the absorption spectra in solution are virtually identical for both NDI-

T2 copolymers, P4gNDI exhibits a larger bathochromic shift (106 nm) of the absorption 

maximum from solution to thin-film compared to P3gNDI (77 nm). This results in a smaller 

optical band gap for P4gNDI (1.39 eV) relative to P3gNDI (1.45 eV), as determined from the 

absorption onset of the thin film absorption spectra.  

The NDTI-based polymers show an additional weak band between 500–590 nm and markedly 

red-shifted absorption features compared to their NDI analogues, extending into the near-IR 

region. Replacing the NDI acceptors with NDTI units led to a reduction of the optical band gap 

to ~ 1.30 eV, consistent with increased effective π-conjugation. Due to the significant 

differences in molecular weight between P3gNDTI and P4gNDTI, the effect of extending the 

length of the side chain on their optical properties could not be determined with certainty.  
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Figure 3.4.  UV-Vis Spectra of the polymers (a) in chloroform solution and (b) as thin films 

on glass substrates.  

The increased effective conjugation of NDTI-based copolymers is also reflected in their 

electronic properties. Both P3gNDTI and P4gNDTI show a lower ionisation potential than 

their NDI analogues, as determined by photoelectron spectroscopy in air (PESA) 

measurements (Table 3.1). The electron affinities of the polymer series were estimated using 

cyclic voltammetry of the thin films in 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) in acetonitrile (Table 3.1, Figure B2 in Appendix B). In line with previous 

reports,161,176 introduction of NDTI units led to a stabilisation of the LUMO levels by 0.1–0.2 

eV in comparison to those of the NDI analogues. With high electron affinities of approximately 

4.20 eV, P3gNDTI and P4gNDTI are therefore promising candidates for stable n-type 

operation in ambient conditions.87 

3.6 GIWAXS analysis of the polymer films 

Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements were carried out to 

study the structural organisation of the P3gNDI, P4gNDI and P4gNDTI thin films. The effect 

of backbone coplanarity on the microstructure of the polymer was investigated through 

comparison of P4gNDTI and P4gNDI. The structural features of P4gNDI were also compared 
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to those of P3gNDI in order to identify any structural changes induced by extension of the side 

chain length. The two-dimensional GIWXAS patterns and line cuts taken along the out-of-

plane and in-plane scattering directions are shown in Figure 3.5 and the relevant peak 

parameters are summarised in Table 3.2. 

 

 

 

 

 

 

 

 

Figure 3.5.  GIWAXS of neat as-cast films: qr-qz maps of scattered X-ray intensity from thin 

films of (a) P3gNDI (b) P4gNDI and (c) P4gNDTI polymers and (d) out-of-plane (qz) and (e) 

in-plane (qr) line cuts of each polymer. 

All polymers adopt a  predominantly face-on orientation, with enhanced out-of-plane π-stack 

scattering and in-plane backbone scattering. The in-plane π-stack scattering peaks are weak for 

P4gNDTI (q ~ 1.73 Å−1) and indistinguishable for both NDI-based polymers. Introduction of 

NDTI units led to a significant contraction of the out-of-plane π-stack d-spacing (~ 0.40 Å) of 

P4gNDTI relative to both P4gNDI and P3gNDI. In line with the DFT calculations and 

optoelectronic properties, this is indicative of enhanced coplanarity and stronger intermolecular 

interactions for P4gNDTI.  
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Both P3gNDI and P4gNDI show evidence of three orders of in-plane lamellar scattering, while 

P4gNDTI shows a clear first order lamellar peak, followed by a broad shoulder. The nature of 

the polymer backbone does not appear to affect side chain ordering, with both P4gNDI and 

P4gNDTI  displaying a  lamellar d-spacing of 28.4 Å. Decreasing the length of the side chain 

branches by one ethylene glycol unit from P4gNDI to P3gNDI led to a contracted lamellar d-

spacing of 27.0 Å, as judged by the (100) peak. Interestingly, the lamellar spacing of these 

NDI-T2 copolymers was more sensitive to the length of the EG side chain branches than 

previously reported NDI-T backbones. NDI-T copolymers with similar branched EG side 

chains showed only a ~ 0.5 Å increase in lamellar d-spacing when the side chain branches were 

extended by one EG unit,159 compared to the ~ 1.4 Å increase observed herein. 

Table 3.2.  GIWAXS peak parameters 

 

As previously demonstrated for NDI-T2 polymers,156 P3gNDI and P4gNDI display in-plane 

backbone scattering peaks associated with two distinct polymorphs: Form I (noted as (001)) 

and Form II (noted as (001)' and (002)'). In contrast,  P4gNDTI displayed no clear in-plane 

(001) peak, and (001)' and (002)' peaks were completely absent. From the P4gNDTI line cut 

(Figure 3.5e), the broad shoulder (0.3–0.5 Å-1) may be due to overlapping (001) and (200) 

scattering, though this cannot be determined with certainty. This indicates significant loss of 

order along the backbone direction compared to P3gNDI and P4gNDI. Upon increasing the 

length of the branched side chain from P3gNDI to P4gNDI, the backbone d-spacing for both 

Form I and Form II polymorphs remained nearly identical.  

d-spacings (Å) In-plane   Out-of-plane 
 (100) (001) (001)' (002)' (010)  (010) 
P3gNDI 27.0 14.6 7.48 7.50 ‒  4.07 

P4gNDI 28.4 14.5 7.41 7.43 ‒  4.09 

P4gNDTI 28.4 ‒ ‒ ‒ 3.62  3.67 
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Overall, the GIWAXS results indicate that substituting the NDI units with core-extended NDTI 

units promotes tighter π- π stacking of the polymer chains, however at the expense of structural 

order in the lamellar and backbone directions. Modifying the side chain branch length from 

P3gNDI to P4gNDI did not disrupt polymer ordering, with out-of-plane π−stack and in-plane 

backbone ordering remaining strong.  Previous investigations have shown that the NDI-T2 

copolymers show anisotropic charge transport that favours the backbone direction over the 

lamellar direction.157As the backbone ordering is maintained,  functionalisation with longer 

tetraethylene glycol side chains is not expected to have a dramatic effect on the charge transport 

properties in dry state.  

3.7 Electrochemical activity in aqueous electrolytes  

3.7.1 Cyclic voltammetry of the polymer films  

The electrochemical doping processes were screened in conditions more relevant to OECT 

operation by carrying out cyclic voltammetry of the polymer films in 0.1 M NaCl aqueous 

solutions. Figure 3.6a shows the reduction behaviour of the polymer series for three 

consecutive doping cycles, where the first cycle was disregarded to eliminate any differences 

due to reorganisation of the polymer chains and break-in effects.177,178  

P3gNDI showed stable, reversible reduction with a low onset of ~ ‒0.15 V versus the Ag/AgCl 

reference electrode. In contrast, its NDTI analogue P3gNDTI quickly delaminated and showed 

a weak and featureless current response by the third doping cycle. Attempts to vary the film 

thickness through different spin- or drop-casting conditions onto both ITO substrates and 

glassy carbon electrodes failed to improve the stability of the P3gNDTI in aqueous 

electrolytes. The poor redox stability is most likely a result of its low molecular weight and 

indicates that P3gNDTI is not compatible with OECT operation in water-based electrolytes. 
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Figure 3.6.  (a) Cyclic voltammetry of P3gNDI, P3gNDTI, P4gNDI and P4gNDTI on glassy 

carbon electrodes in degassed 0.1 M NaCl aqueous solution with a scan rate of 100 mV s‒1 and 

a Ag/AgCl reference electrode (2nd, 3rd and 4th cycles). The 3rd and 4th cycles for P3gNDTI are 

shown are dashed lines (b) Cycling stability (50 scans) of  P4gNDI (top) and P4gNDTI 

(bottom) films on glassy carbon electrodes in degassed 0.1 M NaCl aqueous solution with a 

scan rate of 100 mV s‒1 and a Ag/AgCl reference electrode. The dashed lines show the first 

cycle.  

Conversely, both P4gNDI and P4gNDTI showed reversible reduction features with constant 

current over the three doping cycles. Polymer P4gNDI shows a well-resolved reduction peak 

with an onset of ‒0.16 V. A lower reduction onset of ‒0.08 V is observed for P4gNDTI, which 

is attributed to its higher electron affinity. Notably, P4gNDTI displays broader reduction 

waves compared to its NDI analogue, suggesting that P4gNDTI allows more superposition of 

redox states and delocalization of the polaronic species over the extended π-system.178,179 
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Due to their ability to be reversibly (de)doped at low potentials, P4gNDI and P4gNDTI 

constitute a promising NDI/NDTI pair for studying the influence of backbone coplanarity on 

the OECT characteristics in aqueous electrolytes. Focusing on this system, the redox stability 

was further investigated during 50 charging and discharging cycles between 0 and 0.8 V versus 

Ag/AgCl (Figure 3.6b). While P4gNDI retains only 74% of the initial current, P4gNDTI 

exhibits stable current for the first reduction wave and retention of 94% of the initial current of 

the second wave, demonstrating improved stability during extended cycling.  

3.7.2 Spectroelectrochemical measurements of the polymer films  

To further investigate the electrochemical reduction behaviour of P4gNDI and P4gNDTI, their 

optical changes upon doping were monitored with spectroelectrochemical measurements in 

aqueous electrolytes. All experiments were conducted on thin films deposited on ITO 

electrodes by spin-coating, at potentials ranging from 0 to ‒0.8 V versus the Ag/AgCl reference 

electrode (Figure 3.7). 

At biases between 0 to ‒0.6 V versus Ag/AgCl, P4gNDI shows a gradual decrease in the 

absorption of the π-π* and ICT bands with concomitant formation of a new feature at 500 nm 

and a shoulder at 791 nm, which is consistent with formation of a radical anion (polaron) 

species (Figure 3.7a).179 In the case of P4gNDTI, the absorption of the bands with absorption 

maxima at 438, 552 and 794 nm gradually decreases, while a new feature emerges at 609 nm 

and the absorption in the sub-band gap region increases (Figure 3.7b). By monitoring the 

relative changes in the intensity of the ICT band as a function of applied bias, it can be observed 

that P4gNDTI undergoes larger spectral modulation relative to P4gNDI at the same doping 

potential (Figure 3.7e). The higher degree of electrochemical doping, as well as improved 

redox stability of P4gNDTI, are attributed to its higher EA,  imparted by the extended π-

conjugation.  
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Figure 3.7.  Evolution of the UV-Vis absorption spectrum during charging between 0 and ‒

0.6 V for (a) P4gNDI and (c) P4gNDTI and between ‒0.6 and ‒0.8 V versus Ag/AgCl for (b) 

P4gNDI and (d) P4gNDTI in 0.1 M NaCl aqueous solution in steps of 100 mV. The dashed 

lines show the spectrum when the potential is reversed to 0 V after charging at ‒0.8 V versus 

Ag/AgCl. (e) Relative difference between the absorbance recorded with bias (0 V to ‒0.6 V 

versus Ag/AgCl) and the initial spectrum without bias of the ICT peak (696 nm for P4gNDI 

and 760 nm for P4gNDTI). 
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Figure 3.7b and Figure3.7d illustrate the spectral changes of the polymer thin films when the 

applied potential is decreased further to ‒0.8 V versus Ag/AgCl. Previous electrochemical 

investigations of NDI-T2 copolymers functionalised with alkyl side chains showed that the 

radical anion evolves into a dianion species (bipolaron) at more negative potentials.179  

Formation of the dianion species is typically evidenced by a decrease in the absorption of the 

radical anion bands and evolution of new features at 395 and 718 nm, red-shifted relative to 

the neutral polymer. However, in the case of P4gNDI, the characteristic features of the dianion 

species could not be identified in the applied potential range. This is in agreement with previous 

investigations of NDI-T2 copolymers functionalised with polar EG side chains in aqueous 

electrolytes,115 as well as the copolymers studied in Chapter 2.  

In contrast, P4gNDTI shows evidence of transformation into a distinct species with new 

absorption features at 422, 630 and 783 nm, when the applied potential is decreased to ‒0.8 V. 

When the potential is reversed to 0 V, the spectrum of the neutral polymer is restored in shape 

and intensity, demonstrating reversibility of the observed doping processes These results 

suggest that introduction of NDTI units may allow reversible formation of a dianion species at 

potentials within the electrochemical window of water.  Calculations of the dianion spectral 

features using time-dependent density functional theory (TF-DFT)54 are ongoing to support 

this assignment.  

3.7.3 EQCM-D analysis  

To study the effect of polymer backbone on the uptake of water and ions during electrochemical 

doping, electrochemical quartz crystal microbalance with dissipation monitoring  (EQCM-D) 

measurements were performed for P4gNDI and P4gNDTI. The QCM-D sensors were first 

analysed prior to biasing in order to determine the extent of passive swelling when exposed to 

a 0.1 M NaCl aqueous solution (raw data shown in Figure B3, Appendix B). However, no 
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passive swelling could be extracted for the P4gNDI film (d = 78.8 nm) as the signals exceeded 

the measurement window, suggesting a surprisingly large mass uptake upon exposure to the 

electrolyte. On the other hand, the thin film of P4gNDTI with a comparable thickness (d = 

91.8 nm) showed a detectable signal and was found to swell by 57% of its initial mass. Notably, 

the passive swelling of P4gNDTI is lower than that of NDI-T2 derivatives bearing linear side 

chains with a comparable number of EG units (cf. > 100% swelling for P-100).90 These results 

indicate more controlled swelling upon substituting the NDI with NDTI units and enhancing 

the rigidity of the backbone.  

At doping potentials, P4gNDTI shows further mass uptake with an additional 24% at ‒0.4 V 

and 218% at ‒0.7 V versus Ag/AgCl (Figure 3.8a) as more hydrated ions are injected into the 

film to stabilise the reduced species. Although the mass uptake of P4gNDI could not be 

quantified, it is reasonable to assume that its swelling would also increase further upon doping. 

 

  

 

 

Figure 3.8.   (a) Swelling percentage from QCM-D measurements with applied potentials 

between 0 and ‒0.7 V versus Ag/AgCl in 0.1 M NaCl aqueous solution for P4gNDTI (b) 

volumetric capacitance determined from electrochemical impedance spectra of the polymer-

coated EQCM-D sensors for P4gNDTI and P4gNDI at a frequency of  0.1 Hz as a function of 

potential.  
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Following the swelling analysis, electrochemical impedance spectroscopy (EIS) was carried 

out on the polymer-coated EQCM-D sensors to extract the potential-dependant capacitance at 

low frequencies (0.1 Hz) (Figure 3.8b). Both P4gNDI and P4gNDTI show an increase in 

capacitance with increasing potential at a similar rate up to ‒0.3 V versus Ag/AgCl. The 

capacitance then passes through a peak value and decreases at more negative potentials. A 

similar voltage dependence of the capacitance has been observed for other OECT materials at 

low frequencies.96,177A possible explanation for this behaviour could be the large extent of 

hydration at doping potentials > ‒0.4 V (Figure 3.8a), which presumably increases the distance 

between electron/cation pairs and leads to a decrease in volumetric capacitance.114  Consistent 

with more extreme levels of swelling, P4gNDI suffers a greater reduction in C* than P4gNDTI 

at high doping potentials.  

3.8 OECT performance  

3.8.1 OECT performance of P3gNDI 

A previous report by Wang et al. showed that functionalisation of p-type copolymers with 

branched EG side chains instead of linear ones leads to a decrease in the normalised 

transconductance and long-term stability of the OECT.116 Therefore, a key question that had to 

be answered was whether the branched EG side chains required to solubilise the NDTI-T2 

copolymers would have a detrimental effect on the n-type OECT characteristics. As the 

performance of NDI-T2 polymers with linear heptakis(ethylene glycol) side chains such as P-

100 had been investigated previously (Table 1.1, Section 1.3.2),90 P3gNDI was used for 

preliminary measurements aimed at evaluating the effect of functionalisation with branched 

side chains on the performance of n-type materials.  

OECT devices were fabricated as previously reported using P3gNDI as the channel material 

and gated using a Ag/AgCl electrode with a 0.1 M NaCl aqueous electrolyte solution in ambient 
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conditions.83,93 The thin films were first deposited by drop casting the polymer solution in 

chloroform (5 mg/mL), which resulted in a channel thickness ranging from 1.5 to 2.0 µm. 

Representative output and transfer curves of P3gNDI are illustrated in  Figure 3.9.   

 

 

 

 

 

 

 

 

Figure 3.9.  Performance of the P3gNDI OECT devices (W = 100 µm, L = 10 µm, d = 1.98 

µm, 200 mV/s) in 0.1 M NaCl aqueous solution in ambient conditions showing (a) output curve 

for 0.2 < VG < 0.5 V with DVG = 0.05 V (b) transfer curve at VD = 0.5 V and the corresponding 

transconductance (c) transfer curve at VD = 0.5 V on a linear and logarithmic scale (dotted 

lines), showing hysteresis with direction indicated with arrows.  

As the gate bias exceeds 0.2 V, the device turns on and reaches a peak drain current of ~ 2.6 

µA at VG = VD = 0.5 V. As observed for other NDI copolymers bearing EG side chains,90 

P3gNDI shows hysteretic operation and a decrease in ID at  VG = 0.5 V, however the origin of 

these non-idealities is not known (Figure 3.9a). The low threshold voltage (VT) of 0.23 V is in 

good agreement with the onset of electrochemical reduction estimated by CV. Based on the 
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transfer characteristics, a thickness-normalised peak transconductance (gm) of 0.08 S/cm was 

recorded at VG = 0.4 V.  

The OECT performance of P3gNDI was next evaluated as a thin active layer (130‒140 nm) by 

changing the processing conditions from drop- to spin-casting. Although similar n-type 

characteristics were observed (Figure B4, Appendix B), the thickness-normalised gm at VG = 

0.4 V decreased to 0.02 S/cm. Possible reasons for this discrepancy in the normalised gm values 

include errors in measuring the thickness of thin spin-cast channels, differences in the 

efficiency of ionic-electronic coupling in thin versus thick films180 or distinct microstructures 

of the polymers films upon changing the processing conditions.91  

To allow a better comparison with P-100, the product of the material-dependent parameters 

(µC*) was extracted based on the peak gm of multiple channels with different thicknesses using 

equation (5) (Section 1.2.3) and was found to be 0.034 + 0.007 F V‒1 cm‒1 s‒1 (averaged over 

five devices).  The volumetric capacitance (C*) was determined via electrochemical impedance 

spectroscopy (EIS) measurements of polymer-coated gold electrodes immersed in a 0.1 M 

NaCl aqueous solution (Figure B5, Appendix B). The capacitance of P3gNDI was extracted 

by fitting the impedance data at a doping potential of V = ‒0.4 V versus Ag/AgCl to a Randles 

circuit181 and normalising by the volume of the film to give a C* of 137 F/cm3. When 

comparing with the reported C* of P-100 (192.4 F/cm3),90 a slight decrease is observed upon 

replacing the linear EG side chains with branched ones. This is most likely a result of the 

increase in the overall length of the side chain by one EG unit and thereby lowering of the 

backbone to side chain ratio when going from P-100 to  P3gNDI. Although the impedance 

matching method94 was applied to the OECT channels to independently measure the electron 

mobility (µ), no reliable values could be extracted. Nonetheless, the µC* product of P3gNDI 

determined from the OECT measurements is comparable to the reported values for P-100 

(0.038 F cm‒1 V‒1 s‒1, Table 1.1).90 Therefore, despite the slight decrease in C*, 
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functionalisation of the NDI-T2 backbone with branched triethylene glycol side chains instead 

of linear heptakis(ethylene glycol) side chains ones has a minimal effect on the overall ionic-

electronic transport properties.  

3.8.2 OECT performance of P4gNDTI 

To quantify the volumetric charging of P4gNDTI, EIS analysis of the polymer films was 

carried out on gold electrodes using a 0.1 M NaCl aqueous solution as the supportive 

electrolyte. It should be noted that all measurements in this section were carried out 

preliminarily with a sample of P4gNDTI with a Mn of 21.3 kDa (Ð 1.79), rather than the higher 

Mn sample obtained after optimisation of the polymerisation conditions. 

The Bode magnitude and phase angle plots when applying a voltage offset between 0.1 V and 

‒0.5 V versus Ag/AgCl are presented in Figure 3.10a and Figure 310b. P4gNDTI behaves in 

a similar manner to high performing OECT materials,86,90,125 showing a modulation in 

impedance of more than two orders of magnitude and more capacitive character at low 

frequencies upon increasing the offset voltage.  

By fitting the impedance data at an offset voltage of ‒0.4 V (Figure 3.10b), the capacitance 

per area of P4gNDTI (1.43 × 10‒2 F/cm2) was found to be several orders of magnitude larger 

than that of alkylated  NDI polymers in EG-OFETS (0.08 × 10‒6 F/cm2),182 consistent with a 

volumetric doping regime. Considering the thickness of the polymer film (d = 2.16  μm), a 

volumetric capacitance (C*)  of 66 F/cm3 was obtained. EIS analysis of thinner polymer films 

(d = 133  nm) resulted in a similar C* of 70 F/cm3 at a potential of  ‒0.4 V versus Ag/AgCl. 

The C* of P4gNDTI is lower than the highest reported values for n-type OECT polymers 

functionalised with EG side chains  (cf. 397 F/cm3 for p(gNDI-gT2)),115 but comparable to the 

NDI-T2 copolymers with optimised mixed ionic-electronic transport properties studied in 

Chapter 2 (cf. 59 F/cm3 for p(C6-gNDI-gT2) and 72 F/cm3  for p(C3-gNDI-gT2)).   
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Figure 3.10.   EIS measurements of P4gNDTI in an 0.1 M NaCl aqueous solution showing (a) 

impedance magnitude and phase and (b) impedance magnitude and phase at an offset bias of V 

= ‒0.4 V with the fits to a Randles circuit (dashed lines) versus frequency. The films were 

coated by drop casting on a gold electrode with L = W = 600 μm, d = 2.16  μm.  

To gain further insight into the mixed conduction properties, OECT devices comprising 

P4gNDTI as the channel material were fabricated and analysed as described in Section 3.8.1. 

The output and transfer characteristics shown in Figure 3.11 demonstrate accumulation mode 

n-type operation in aqueous electrolytes. Notably, P4gNDTI shows minimal hysteresis for 

forward and reverse biasing and negligible decrease in  ID at  VG = 0.5 V, as opposed to  P3gNDI 

(Figure 3.11a cf. Figure 3.9a)  and previously reported NDI copolymers with polar side 

chains, which typically show non-idealities at this potential.90 The P4gNDTI-based device (d 

= 1.81 µm) is characterised by a low threshold voltage of 0.23 V and a peak gm of 8.61µS, 

corresponding to a thickness-normalised gm of 0.05 S/cm recorded at VG  = 0.43 V. Decreasing 

the thickness of the active layer  (d = 122 nm, Figure B6, Appendix B) led to a similar OECT 

behaviour, with the device reaching a peak gm of 0.30 µS at the same gate bias (VG  = 0.43 V). 

Based on the peak gm of multiple channels with known dimensions and biasing conditions, the 

µC* product was estimated to be 0.020 + 0.001 F V‒1 cm‒1 s‒1 (averaged over five devices).  
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Figure 3.11.  Performance of the P4gNDTI OECT devices (W = 100 µm, L = 10 µm, d = 1.81 

µm, 200 mV/s) in 0.1 M NaCl aqueous solution in ambient conditions showing (a) output curve 

for 0.2 < VG < 0.5 V with DVG = 0.05 V (b) transfer curve at VD = 0.5 V and the corresponding 

transconductance (c) transfer curve at VD = 0.5 V on a linear and logarithmic scale (dotted 

lines), showing hysteresis with direction indicated with arrows. 

Bandwidth measurements of both drop cast and spin cast OECT channels were also carried out 

to estimate the charge carrier mobility, as detailed by Rivnay et. al.94 The OECT electron 

mobility was found to be 3.55  +  0.99 × 10‒5    cm2 V‒1 s‒1 (averaged across six OECT channels),  

which is approximately one order of magnitude lower than the expected value based on the 

µC* and C* determined from OECT characteristics and EIS. This indicates an underestimation 

of the OECT mobility determined using the impedance matching method, most likely due to 

the low currents typically observed for n-type polymers (also seen in Chapter 2).    
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Overall, preliminary OECT analysis of P4gNDTI demonstrates n-type operation at low applied 

potentials with low hysteresis and a µC* of 0.020 + 0.001 F V‒1 cm‒1 s‒1.  Due to the differences 

in the length of the branched EG side chains, a comparison between the OECT performance of 

P4gNDTI and P3gNDI would not clearly identify the effect of enhanced backbone coplanarity 

on mixed ionic-electronic transport. Analysis of the OECT performance of P4gNDI, as well as 

P4gNDTI with a higher molecular weight remain ongoing.  

3.9 Conclusions 

Naphthodithiophene diimide, a core-extended derivative of the widely used NDI unit, was 

explored as a building block for n-type materials with OECT operation in aqueous electrolytes. 

Theoretical analysis revealed that NDTI units promote a more coplanar geometry and reduce 

torsional disorder along the polymer backbone relative to NDI units. As linear side chains failed 

to provide enough solubility, the rigid NDTI-T2 motif was functionalised with branched side 

chains containing either triethylene glycol or tetraethylene glycol units.  Consistent with 

enhanced backbone coplanarity and intermolecular interactions, P3gNDTI and P4gNDTI 

displayed a tighter π- π stacking of the polymer chains, as well as a narrower band gap (~ 1.30 

eV) and higher EA (~ 4.2 eV) compared to their NDI analogues.   

While P3gNDTI proved to be impractical for operation in aqueous electrolytes, P4gNDTI 

demonstrated improved stability during extended cycling and a higher degree of 

electrochemical doping than the NDI-based analogue, P4gNDI. Increasing the rigidity of the 

backbone also led to a more controlled swelling for P4gNDTI when exposed to aqueous 

electrolytes. Based on the findings in Chapter 2, the lower swelling ability could help preserve 

the structural order of the dry film to a larger extent and balance the mixed ionic and electronic 

transport properties.  
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Preliminary analysis of OECT devices fabricated with P4gNDTI revealed n-type accumulation 

mode operation with minimal forward-reverse hysteresis and less degradation of the drain 

current at gate biases > 0.45 V compared to NDI-based copolymers. Although the thickness-

normalised gm and µC* are lower than the current highest performing n-type materials, 

increasing the molecular weight of P4gNDTI is expected to promote more ordering of the 

polymer chains and presumably improve the charge transport properties. Investigations of the 

mixed ionic-electronic transport properties of P4gNDTI with a higher molecular weight, as 

well as its NDI analogue P4gNDI, are currently ongoing.  
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CHAPTER 4  

Tuning the electron affinity of isoindigo-based copolymers for n-type 

operation in OECTs  
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4.1 General information and attributions  

OECT and EIS measurements were carried out during a research visit at Northwestern 

University under the supervision of Dr Bryan Paulsen (Rivnay Group, Northwestern 

University). Monomer 4.8 was provided by Dr Weiyuan Du (McCulloch Group, KAUST). 

GPC measurements in chloroform were performed by Dr Weiyuan Du (McCulloch Group, 

KAUST) and PESA measurements were performed by Dr Craig Combe (KAUST). QCM-D 

and EQCM-D measurements were performed by Jokubas Surgailis (Inal Group, KAUST). 

GIWAXS measurements were performed and analysed by Dr Bryan Paulsen (Rivnay Group, 

Northwestern University).  

4.2 Introduction  

High operational stability of organic mixed ionic-electronic conductors (OMIECs) in aqueous 

electrolytes at ambient conditions is crucial for their use in electrochemical devices that can 

interface with biological media. While several p-type OECT materials have found practical 

applications in bioelectronics, achieving a comparable performance and stability for n-type 

analogues has proven to be significantly more challenging. The key challenges for n-type 

operation in aqueous media are restriction of the applied potentials to the narrow 

electrochemical window of water115,123 and stability of the polymer anion towards oxidation by 

atmospheric O2 and H2O.87,131 Trapping or neutralisation of the polymer anion by these species 

are more likely to occur when the injected electrons are residing in a high energy LUMO, or, 

in other words, if the OMIEC has a low electron affinity (EA).87,183 Similar challenges in other 

transistor technologies such as OFETs have inspired numerous synthetic efforts into lowering 

the LUMO levels of the polymer below ‒4.0 eV, often achieved by incorporating electron 

deficient units into the backbone.37,128,130,135–137   
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The limited number of reported n-type OECT polymers are based on either NDI or BBL 

units,90,115,123 with a wide selection of electron deficient building blocks remaining unexplored. 

Amongst these, isoindigo (II) is a well-established acceptor unit for the design of copolymers 

with strong intermolecular interactions for OFET applications. Structural modification of either 

the isoindigo core or its comonomer allowed the design of polymers with either p-type, n-type 

or ambipolar transport properties in ambient conditons.184–187 An efficient strategy to stabilise 

the LUMO levels and shift the charge transport polarity towards n-channel involves 

incorporation of pyridinic nitrogen atoms at the 7,7’-positions of the isoindigo core to form an 

azaisoindigo unit (AII).188,189 This substitution of the benzene units with pyridine units 

simultaneously enhances the electron-deficient character of the polymer and minimises the 

steric effects between the co-repeat units, leading to OFET electron mobilities as high as 3.88 

cm2  V−1 s−1.190 In the context of OECT applications, isoindigo units with EG-based chains have 

only recently been combined with electron rich bis(3,4-ethylenedioxythiophene) and 

bithiophene units to design a series of accumulation mode p-type materials.116 However, 

isoindigo derivatives have not yet been explored as potential building blocks for n-type 

polymers with stable operation in aqueous-based OECTs.  

This chapter focuses on design strategies to tune the electron affinity of isoindigo-based 

copolymers for n-type OECT operation in aqueous media. The frontier molecular orbital 

(HOMO/LUMO) energies were varied by systematically changing the nature of the key 

acceptor from isoindigo to azaisoindigo, as well as the choice of the comonomer. The 

investigated comonomers consist of bithiophene (T2), 5,6-difluoro-4,7-di(thiophen-2-yl)-

benzothiadiazole (T2FBT) and  4,7-dithiazolyl-benzothia-diazole units (TzBT) units, yielding 

a series of six copolymers as illustrated in Figure 4.1. The presence of a highly electron 

deficient fluorinated benzothiadiazole (BT) core within the T2FBT unit is expected to increase 

the EA of the copolymer relative to the T2 unit, as well as enhance the backbone coplanarity 
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through F⸱⸱⸱H nonbonding intramolecular interactions.191 Similarly, the TzBT moiety contains 

a BT core, however it is flanked with more electron deficient thiazole units instead of thiophene 

units. In this case, the central BT unit was not functionalised with fluorine substituents due to 

the higher planarising effect of N⸱⸱⸱H interactions compared to F⸱⸱⸱N interactions.192 All 

polymer backbones were functionalised with linear heptakis(ethylene glycol) side chains to 

facilitate penetration and transport of hydrated electrolyte ions. The polymer series allowed an 

investigation of the complex interplay between structural order, swelling ability and energetics 

in determining the electrochemical activity and OECT operation in aqueous electrolytes, 

extending the scope of present n-type OECT materials to isoindigo-based materials.  

 

 

 
 
 

 

 

 

 

 

Figure 4.1.  Structures of the isoindigo-based copolymers studied in this chapter. The 

polymers are functionalised with heptakis(ethylene glycol) side chains.  
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4.3 Synthesis of the polymers  

The synthesis of the heptakis(ethyleneglycol)-functionalised isoindigo monomer is outlined in 

Scheme 4.1. Adapting literature protocols,193 the synthetic route involved condensation of 6-

bromoisatin with 6-bromooxindole, followed by N-alkylation of the resulting 6,6’-dibromo-

isoindigo 4.1 with the tosylate derivative 3.4 (Chapter 3), which afforded 4.2 in an overall yield 

of 36%.  

 

 

 

 

 

 

Scheme 4.1.  Synthesis of the isoindigo acceptor 4.2, the distannylated T2FBT comonomer 

and the distannylated TzBT comonomer.  

Having successfully synthesised the isoindigo acceptor, attention was next focused on the 

comonomers. 5,5′-Bis(trimethylstannyl)-2,2′-bithiophene was commercially sourced, while 

the distannylated T2FBT derivative (4.4) was synthesised in two steps according to previous 

literature, as shown in Scheme 4.1.194 Adapting the method of Lee and co-workers,195 the 
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TzBT unit (4.6) was obtained by stannylation of thiazole at the 2-position, followed by Stille 

coupling with 4,7-dibromo-2,1,3- benzothiadiazole. Lithiation at the 2-position of 4.6 with 

lithium diisopropylamide at ‒78 °C and quenching with trimethyl tin chloride afforded the 

distannylated monomer 4.7 in an overall yield of 38% (3 steps). Despite several attempts to 

increase the amount of lithium diisopropylamide or the reaction temperature, the stannylation 

reaction failed to proceed to completion, most likely due to the low solubility of the starting 

material and lithiated species at low temperature. Purification by both recrystallisation and 

preparative gel permeation chromatography was required prior to polymerisation to ensure 

correct stoichiometry and a high degree of polymerisation.  

 

 

 

 

 

 

Scheme 4.2.  Synthesis of the polymers using Stille polymerisation conditions.  

The isoindigo 4.2 and azaisoindigo 4.8 units were co-polymerised in turn with each of the 

distannylated T2, T2FBT and TzBT units under Stille conditions90 to afford six polymers, as 

illustrated in Scheme 4.2. All polymers were purified by Soxhlet extraction using hexane, 

methanol, ethyl acetate, acetone and collected in hot chloroform, with isolated yields ranging 

from 45 to 87%. The polymers containing T2FBT units were obtained in lower yields 

compared to the T2 and TzBT analogues due to formation of insoluble residues with a 
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presumably a higher molecular weight, which accounted for a significant proportion of the 

mass balance.  

4.4 Properties of the polymers 

The number average molecular weights (Mn) of the polymers were estimated by gel permeation 

chromatography with chloroform as eluent at 40 °C and were found to vary between 5.9 and 

27.7 kDa, as summarised in Table 4.1. The copolymers containing T2FBT units showed 

significantly lower Mn compared to the rest of the series, which was attributed to the low 

solubility of the higher molecular weight fractions. Thermogravimetric analysis indicated that 

all polymers have good thermal stability, with 5% weight-loss temperature in the 354–383 °C   

range under nitrogen flow (Table 4.1, Figure C1 in Appendix C).  

Table 4.1  Properties of the polymers  
 

Mn [Ð] 
(kDa)a 

Td
 

(°C)b 
Eg

opt 

(V)c 
soln λmax 
abs (nm)d 

EA 
(eV)e 

IP  
(eV)e 

IP 

(eV)f 

p(gII-T2) 10.7 [7.40] 359 1.52 724 3.65 4.94 5.13 

p(gII-T2FBT) 5.90 [2.61] 362 1.58 701 3.69 5.16 5.40 

p(gII-TzBT) 27.7 [1.31] 354 1.64 618 3.70 5.36 5.37 

p(gAII-T2) 18.3 [1.99] 378 1.47 741 3.76 5.12 5.19 

p(gAII-T2FBT)  6.24 [3.48] 383 1.56 708 3.98 5.44 5.38 

p(gAII-TzBT) 22.4 [1.26] 364 1.66 619 3.94 5.58 5.50 

a Number average molecular weight and polydispersity (GPC versus polystyrene standards in chloroform). b 

Decomposition temperature from thermogravimetric analysis. c Optical band gap estimated from thin film 

absorption onset. d Solution absorption spectra (chloroform). e Cyclic voltammetry of polymer thin films on glassy 

carbon electrodes in acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate as the supporting 

electrolyte. f   Measured by photoelectron spectroscopy in air. 

The absorption profiles of the polymer series as a thin film and in dilute chloroform solution 

are shown in Figure 4.2 and the corresponding optical parameters are summarised in Table 
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4.1. All polymers display a broad absorption band with vibronic features (0–1 and 0–0) 

between 500–850 nm, which has been ascribed to intramolecular charge transfer.196–198 Both 

copolymers containing T2 units show an additional high energy band at 400–450 nm 

corresponding to the π−π* transition.196 From solution to solid state, the absorption profiles are 

nearly identical with small red-shifts in the absorption maximum (< 15 nm), indicative of pre-

aggregation in the chloroform solution for all polymers.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.   UV-Vis Spectra of the II and AII copolymers (a),(c) thin films on glass substrates 

and (b),(d) in chloroform solution.  

The optical gaps were estimated from the absorption onset of the thin-film spectra, resulting in 

values between 1.47 to 1.66 eV. Introduction of electron deficient BT units from p(gII-T2) to 

p(gII-T2FBT) led to a blue-shift of the absorption maximum and an increase in the band gap. 
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A further blue shift is observed for the thiazole-containing copolymers, with band gaps of 1.58 

and 1.64 eV for p(gII-T2FBT) and p(gII-TzBT), respectively. The azaisoindigo-based 

copolymers display similar trends in the band gap upon varying the nature of the comonomer 

unit, increasing in the order T2 < T2FBT < TzBT (Figure 4.2c and Figure 4.2d). When 

comparing the isoindigo and azaisoindigo-based polymers, introduction of pyridinic nitrogen 

atoms led to less evident changes in the absorption features and only slight red shifts in the 

absorption onset (< 0.05 eV).  

To investigate the electronic properties, cyclic voltammetry measurements of the polymer thin 

films were carried out in 0.1 M TBAPF6 acetonitrile solution (Figure C2, Appendix C). All 

electron affinities were determined from the onset of electrochemical reduction by calibrating 

against the ferrocene/ferrocenium redox couple. Similarly, the ionisation potentials (IP) were 

determined from the electrochemical oxidation onset, as well as photoelectron spectroscopy in 

air (PESA). The determined ionisation potentials and electron affinities of the polymer series 

are summarised in Table 4.1. The energy difference between the HOMO/LUMO levels and 

the Fermi level of the source electrode is expected to dictate the polarity of charge transport: 

while a high-lying HOMO (low IP) is preferred for hole injection and p-type operation, a low-

lying LUMO (high EA) is desirable for electron injection and n-type operation.  

The electron affinities vary from 3.65 eV for p(gII-T2) to 3.98 eV for p(gAII-T2FBT), 

demonstrating that the chosen acceptor and donor units allow for systematic modulation of the 

EA across the polymer series. In line with previous DFT calculations,189 the azaisoindigo-based 

copolymers show a larger electron affinity by approximately 0.1–0.3 V relative to their 

isoindigo analogues. Introduction of electron deficient BT units into the conjugated backbone 

led to an increase in the EA, with values of 3.76 eV to 3.98 eV for p(gAII-T2) and p(gAII-

T2FBT), respectively. In contrast, substitution of the T2FBT comonomer with TzBT units 
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resulted in negligible differences in the EA for both isoindigo- and azaisoindigo-based 

copolymers (< 0.04 eV).  

The ionisation potentials of the polymer series measured electrochemically span a wider 

window than the electron affinities, with values ranging from 4.94 eV for p(gII-T2) to 5.58 eV 

for p(gAII-TzBT). The larger ionisation potentials, as well as electron affinities, of p(gAII-

T2FBT) and p(gAII-TzBT) are consistent with the stronger electron deficient character of 

their repeat units relative to the rest of the series.  

4.5 GIWAXS analysis of the polymer thin films 

Grazing incidence wide angle X-ray scattering (GIWAXS) measurements were performed to 

study the effect of varying the monomer units on the structural order of the polymer thin films. 

The two-dimensional GIWAXS patterns and line cuts along the out-of-plane and in-plane 

scattering directions are shown in Figure 4.3 and the d-spacings calculated from peak fits are 

summarised in Table 4.2. 

The microstructure of p(gII-T2) and p(gII-T2FBT) is evocative of previously reported 

isoindigo-based copolymers functionalised with alkyl chains.191,199,200 Both polymers are 

strongly textured with predominantly edge-on orientated crystallites, with strong in-plane π-

stack (010) scattering and multiple orders of out-of-plane lamellar (h00) scattering. A minority 

population of face-on crystallites can be also observed, with weak out-of-plane π-stack (010) 

scattering and in-plane lamellar (h00) scattering. The lamellar stacking of p(gII-T2FBT) is 

contracted (‒1.9 Å) compared to p(gII-T2), while the π-stack is barely contracted. The in-plane 

scattering for both p(gII-T2) and p(gII-T2FBT) showed an intermediate q peak tentatively 

assigned as (001), which is also present out-of-plane for p(gII-T2FBT). A significant 

contraction of this (001) d-spacing (‒0.24 Å) was observed from p(gII-T2) to p(gII-T2FBT).  
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Figure 4.3.  GIWAXS of neat as-cast films: (a) qr-qz maps of scattered X-ray intensity from 

thin films of the II and AII copolymers and (b) out-of-plane (qz) and (c) in-plane (qr) line cuts 

of each polymer. 

The introduction of thiazole units within the polymer backbone led to a dramatic disruption of 

polymer chain ordering and crystallite orientation. In sharp contrast to the highly ordered and 

oriented p(gII-T2) and p(gII-T2FBT), the scattering from p(gII-TzBT) was isotropic and 

much weaker. The out-of-plane lamellar scattering was unresolvable from the specular ridge 
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background and weak in-plane. The in-plane π-stack peak of p(gII-TzBT)  showed a large 

decrease in intensity compared to p(gII-T2) and p(gII-T2FBT). 

Table 4.2  GIWAXS peak parameters  

 

The azaisoindigo-based copolymers show very similar trends in terms of the general 

microstructure and d-spacings upon varying the nature of the comonomer. The p(gAII-T2) and 

p(gAII-T2FBT) polymers adopted a predominantly edge-on orientation with strong in-plane 

π-stack (010) scattering and multiple orders of out-of-plane lamellar (h00) scattering, while 

p(gAII-TzBT)  scattering was weaker and isotropic.   

Comparing the isoindigo and azaisoindigo-based polymers, the structural changes upon 

changing the nature of the key acceptor unit are much more subtle. The azaisoindigo-based 

copolymers containing T2 and T2FBT units displayed less out-of-plane π-stack (010) 

scattering than their isoindigo counterparts, indicating a smaller proportion of face-on 

crystallites. The nature of the acceptor unit had little effect on the d-spacing as T2 and T2FBT 

containing copolymers from both series had effectively identical lamellar d-spacings.  

Similarly, p(gAII-TzBT) and p(gII-TzBT) show a comparable lamellar d-spacing of 27.0 and 

26.6 Å, respectively. While p(gAII-T2) exhibited a contracted π-stack spacing compared to 

d-spacings (Å) In-plane  Out-of-plane 

 (100) (001) (010)  (100) (001) (010) 

p(gII-T2) ‒ 4.78 3.66  20.4 ‒ 3.67 
p(gII-T2FBT) ‒ 4.54 3.63  18.5 4.48 3.62 
p(gII-TzBT) 27.0 ‒ 3.63  ‒ 5.07 3.64 
p(gAII-T2) ‒ 4.66 3.60  20.3 ‒ 3.66 
p(gAII-T2FBT) ‒ 4.55 3.64  18.5 4.45 3.65 
p(gAII-TzBT) 26.6 ‒ 3.65  ‒ ‒ 3.68 
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p(gII-T2), the rest of the azaisoindigo π-stack spacings were nearly identical to their isoindigo 

counterparts. 

Overall, the GIWAXS analysis reveals a predominantly edge-on orientation of the p(gII-T2), 

p(gII-T2FBT), p(gAII-T2) and p(gAII-T2FBT) domains, with subtle structural differences 

mostly dictated by the nature of the comonomer unit. In contrast, the thiazole-containing 

p(gAII-TzBT) and p(gII-TzBT) display a distinct isotropic microstructure with disrupted 

polymer chain ordering. The edge-on orientation of the T2 and T2BT copolymers should be 

more advantageous for in-plane charge transport as required in the common configuration of 

an OECT.201,202 In addition, several studies have demonstrated a strong correlation between the 

film microstructure and the mixed ionic-electronic conduction in aqueous 

environments.106,118,139 Therefore, the structural differences between the two sets of materials 

are expected to contribute to some extent to their swelling and OECT behaviour.  

To allow a more detailed investigation of the structure-property relationships, the polymer 

series was divided into two sets. The first set containing the highly oriented p(gII-gT2), p(gII-

T2FBT), p(gAII-T2) and p(gAII-T2FBT) in Section 4.6 focuses on the effect of polymer 

energetics on the OECT characteristics, without major structural differences between the 

polymers. The second set containing the isotropic p(gII-TzBT) and p(gAII-TzBT) in Section 

4.7 allows a study of the effect of disrupted structural ordering on the swelling ability and 

OECT operation.  
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4.6 Characterisation of the T2 and T2FBT copolymers 

4.6.1 Electrochemical activity in aqueous electrolytes  

 Cyclic voltammetry measurements can provide a first indication of whether the polymers can 

undergo stable oxidation or reduction at a potential that is compatible with operation in an 

aqueous media. The polymer thin films were immersed in 0.1 M NaCl aqueous solutions and 

cycled in ranges between ‒0.7 V and 1.0 V versus Ag/AgCl,  as shown in Figure 4.4b. The 

applied potentials were restricted to this range to ensure stability of the polymer films and 

prevent electrochemical reduction and oxidation of  water.87,103,115 

 

 

 

 

 

 

 

 

Figure 4.4.  (a) Energy level diagram of the copolymers for reference, with values determined 

from the electrochemical oxidation and reduction onsets as described in Section 4.4 (b) Cyclic 

voltammetry of p(gII-T2), p(gII-T2FBT), p(gAII-T2) and p(gAII-T2FBT) films on glassy 

carbon electrodes in degassed 0.1 M NaCl aqueous solution with a scan rate of 100 mV s‒1 and 

a Ag/AgCl reference electrode (2nd, 3rd and 4th cycles). The first cycle was disregarded to 

eliminate any differences due to reorganisation of the polymer chains and break-in effects.  

b) a) 
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The n-type electrochemical activity in aqueous electrolytes was found to be strongly correlated 

to their electron affinity, where p(gAII-T2FBT) with the highest EA showed the earliest onset 

of electrochemical reduction (‒0.46 V versus Ag/AgCl). The reduction onsets steadily shifted 

to more negative values with decreasing EA, with p(gII-T2) displaying the largest reduction 

onset of  ‒0.64 V versus Ag/AgCl and almost negligible n-type electroactivity. An opposite 

trend was observed for the oxidation onsets, where p(gII-T2) showed reversible oxidation with 

an onset of 0.55 V versus Ag/AgCl, while p(gAII-T2FBT) could not be stably oxidised in the 

tested potential window. Based on their electroactivity in aqueous electrolytes, p(gII-T2) and 

p(gAII-T2FBT) are expected to behave as unipolar p-type and n-type semiconductors, 

respectively, in OECT configurations. Conversely, polymers p(gII-T2FBT) and p(gAII-T2) 

with intermediate LUMO levels showed relatively balanced reduction and oxidation waves, 

suggesting ambipolar operation in OECTs.  

4.6.2 QCM-D analysis 

The mixed ionic-electronic transport properties and OECT characteristics of the active material 

are strongly influenced by the extent of its swelling, as shown in Chapter 2 and previous 

reports.95,140,141 To study the ability of the polymers to uptake hydrated ions, QCM-D 

measurements were carried out in a 0.1 M NaCl aqueous solution (Figure C3, Appendix C).  

In contact with the aqueous electrolyte, polymer films are expected to swell due to passive 

diffusion of ions and water molecules, which has been previously correlated with the 

hydrophilicity90,141,203 and microstructure of the polymer.139 As the polymers comprise 

identical side chains and show similar structural features, no major differences in mass uptake 

were expected. The swelling ability was found to vary slightly across the series in an 

unsystematic manner, with values of 25% for p(gII-T2FBT), 32% for p(gAII-T2), 43% for 

p(gII-T2) and 49% for p(gAII-T2FBT).  The similar swelling ability for p(gII-T2) and 
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p(gAII-T2FBT) confirms that the shift in their reduction onsets in aqueous electrolytes is 

caused by the differences in LUMO energetics, rather than any significant differences in their 

ability to interact with hydrated ions.  

4.6.3 OECT performance  

To investigate the mixed ionic-electronic transport, OECT devices were fabricated as 

previously reported93,204 and measured in 0.1 M NaCl aqueous solutions using a Ag/AgCl pellet 

electrode as the gate in ambient conditions. The OECT characteristics were acquired in turn at 

potentials corresponding to p-type (up to VD = ‒0.8 V and VG = ‒0.8 V) and n-type operation 

(up to VD = 0.7 V and VG = 0.7 V). Representative output and transfer curves are shown in 

Figure 4.5 and Figure 4.6 for p-type and n-type operation, respectively. The relevant OECT 

parameters for both p-type and n-type operation are summarised in Table 4.3.   

Table 4.3.  OECT parameters of T2 and T2FBT copolymers 

 p(gII-T2) p(gII-T2FBT) p(gAII-T2) p(gAII-T2FBT) 

n-type     

C* (F/cm3)a ‒ ‒ 48 151 
gm (S/cm)b ‒ ‒ 0.010 0.132 
VT (V)c ‒ ‒ 0.62 0.54 
[µC*] (F cm‒1V‒1s‒1)d ‒ ‒ 0.031 + 0.012 0.106 + 0.012 
p-type     
C* (F/cm3)a 78 54 ‒ ‒ 
gm (S/cm)b 60.10 0.129 0.077 ‒ 
VT (V)c ‒0.66 ‒0.72 ‒0.72 ‒ 
[µC*] (F cm‒1V‒1s‒1)d 44.36 + 2.875 0.144 + 0.017 0.097 + 0.001 ‒ 

a Electrochemical impedance spectroscopy measurements of the polymers at the OECT gates (L = W = 600 μm) 

in 0.1 M NaCl aqueous solution at an offset bias of V = 0.8 V (p-type) or V = ‒0.7 V (n-type). b OECT peak 

transconductance measured at VG = VD = 0.7 V (p-type) and VG = VD = ‒0.8 V (n-type). c Threshold voltage. d 

Estimated from the transfer characteristics of the OECT device with known channel dimensions and biasing 

conditions (averaged over three devices).  
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Figure 4.5.  P-type performance of the p(gII-T2) (blue, d = 2.56 µm), p(gII-T2FBT) (purple, 

d = 2.14 µm) and p(gAII-T2) (green, , d = 2.48 µm) OECT devices (W = 100 µm, L = 10 µm, 

200 mV/s) in 0.1 M NaCl aqueous solution in ambient conditions showing (top) output curves 

for ‒0.3 > VG >  ‒0.8 V with DVG = ‒0.05 V and (bottom) transfer curves at VD = ‒0.8 V on a 

linear and logarithmic scale (dashed lines), showing hysteresis with direction indicated with 

arrows.  

In line with their high onsets for electrochemical reduction, p(gII-T2) and p(gII-T2FBT) 

showed no modulation of the source-drain current at positive biases and could not be operated 

as n-type materials. Instead, both polymers demonstrated p-type behaviour. As illustrated in 

Figure 4.5, p(gII-T2) devices turn on at a gate bias VG  > ‒0.45 V and reach a peak drain current 

of ~ 0.9 mA at VD = VG = ‒0.8 V, with almost no forward-reverse hysteresis. The thickness-

normalised peak transconductance gm was found to be 60.10 S/cm at VG = ‒0.8 V. Notably, the 

normalised gm of p(gII-T2) is ~ 5 times higher than the values recorded for other isoindigo-
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based copolymers for OECT applications.116 In the case of p(gII-T2FBT), the peak drain 

current is approximately three orders of magnitude lower, resulting in a considerably lower 

thickness-normalised peak gm under the same biasing conditions (0.129 S/cm at VG = ‒0.8 V). 

Introduction of BT units also leads to an increase in the threshold voltage VT  from ‒0.66 V for 

p(gII-T2) to ‒0.72 V for p(gII-T2FBT), consistent with its higher IP and oxidation onset in 

aqueous electrolytes. Therefore, in the case of p(gII-T2FBT), the higher IP shifts the operation 

to higher potentials, leading to significantly lower ID and thickness normalised gm that can be 

achieved before degradation in the aqueous electrolyte. 

Notably, both p(gII-T2) and p(gII-T2BT) show low OFF currents on the order of 10‒9 to 10‒8 

A in ambient conditions, suggesting that faradaic noncapacitive side-reactions, such as the 

oxygen reductive reaction (ORR), are minimal during device operation. As demonstrated by 

Giovannitti et al., the ability to prevent ORR is due to their high IP ( > 4.9 eV) and represents 

an advantage over state-of-the-art materials such as PEDOT:PSS or p(gT2-TT) which 

undergo spontaneous electron transfer to molecular oxygen in ambient conditions.120  

Substitution of the isoindigo core with azaisoindigo units from p(gII-T2) to p(gAII-T2) leads 

to a drop in the p-type OECT performance, with a thickness-normalised gm of only 0.077 S/cm 

for p(gAII-T2). However, owing to its higher EA, p(gAII-T2) also allows n-type operation, 

as illustrated by the output and transfer characteristics in Figure 4.6. The devices turn on at a 

gate bias VG  > 0.60 V and reach a thickness-normalised gm of 0.010 S/cm at VG = 0.7 V.  Despite 

its low gm in both directions, p(gAII-T2) shows a stable drain current upon successive sweeps 

to negative and positive biases, demonstrating ambipolar character. The relatively balanced p-

n type characteristics make p(gAII-T2) a potential candidate for the development of 

complementary circuits based on OECTs containing a single channel material.205  
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Increasing both the EA and IP by inclusion of electron deficient BT units into the p(gAII-T2) 

backbone leads to unipolar n-type operation for p(gAII-T2FBT). The p(gAII-T2FBT) devices 

show minimal forward-reverse hysteresis, indicating reversible ion insertion/injection 

processes. The OECT can be switched on at lower gate biases and the threshold voltage VT was 

found to be nearly 0.1 V lower than that of p(gAII-T2). Notably, p(gAII-T2FBT) reaches a 

peak thickness-normalised gm of 0.132 S/cm at VG = 0.7 V, considerably higher than p(gAII-

T2) under the same device operation conditions.  

 

 

 

 

 

 

 

 

Figure 4.6.  N-type performance of the p(gAII-T2) (green, d = 3.21 µm), p(gAII-T2FBT) 

(red, d = 3.35 µm) OECT devices (W = 100 µm, L = 10 µm, 200 mV/s) in 0.1 M NaCl aqueous 

solution in ambient conditions showing (a), (c) output curves for 0.3 < VG  < 0.7 V with DVG = 

0.05 V (b), (d) transfer curves at VD = 0.7 V on a linear and logarithmic scale (dashed lines), 

showing hysteresis with direction indicated with arrows and (e) thickness-normalised gm as a 

function of VG for p(gAII-T2) and p(gAII-T2FBT), also showing the p(gAII-T2FBT) OECT 

fabricated by spin-coating with d = 82.3 nm. 



132 
 

Motivated by the superior performance of p(gAII-T2FBT) as a n-type channel material, the 

device preparation conditions were changed from drop- to spin-casting to deposit thinner active 

layers, which would allow a fair comparison with previously reported NDI-based OECTs.90,91 

Based on the transfer characteristics (Figure C4, Appendix C), the thickness-normalised gm at 

VG = 0.7 V was 0.148 S/cm, which is in good agreement with the gm estimated from the drop-

cast devices. Comparing with previously reported NDI-T2 based copolymers with identical EG 

side chains,90 p(gAII-T2FBT) achieves a comparable peak gm., but requires operation at a 

higher bias of VG = 0.7 V (cf. gm = 0.20 S/cm at VG ~ 0.4 V for P-100). Notably, the product of 

the material-dependent parameters (µC*) of p(gAII-T2FBT)  was found to be 0.106 + 0.012  

F V‒1 cm‒1 s‒1 (averaged over three devices), which is also in the range of the highest reported 

values for NDI-T2 copolymers with EG side chains.90,91,93  

As illustrated in Figure 4.6e, the transconductance of both p(gAII-T2) and p(gAII-T2FBT) 

OECT does not show the expected non-monotonic dependence on gate bias and does not appear 

to reach a peak value within the tested potential range (cf. polymers studied in Chapters 2 and 

3). The bell-shaped transconductance is an intrinsic property of OECTs, which is suggested to 

be induced by material disorder.206 This indicates that further backbone modifications to 

decrease the EA of the polymers could potentially shift the operational voltages to lower values 

and lead to higher transconductance values within the stable electrochemical window of the 

aqueous media. 

To further investigate the mixed ionic-electronic transport properties across the series, 

electrochemical impedance measurements (EIS) were performed under a range of offset 

potentials. The Bode magnitude and phase angle plots are shown in Figure 4.7. The impedance 

data at an offset potential of either 0.8 V (p-type) or ‒0.7 V (n-type) versus Ag/AgCl were fit 

to a Randles circuit to extract the capacitance of the polymers, which was then normalized by 

the volume of the films to estimate the volumetric capacitance C*.181  
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Figure 4.7.  Electrochemical impedance spectroscopy measurements of (a) p(gII-T2) (d = 

3.35 µm) (b) p(gII-T2FBT) (d = 2.89 µm) (c) p(gAII-T2) (d = 3.48 µm) (d) p(gAII-T2FBT) 

(d = 3.84 µm ) in a 0.1 M NaCl aqueous solution showing impedance magnitude and phase 

versus frequency. The films were coated on a gold electrode with L = W = 600 μm. 

All polymers show a decrease of more than two orders of magnitude in the impedance upon 

application of doping potentials and a high capacitance per area ranging from 1.56 × 10‒2  to 

5.81 × 10‒2 F/cm2, indicative of volumetric charging of the polymer film.86 Comparing the n-

type materials, p(gAII-T2) requires higher applied potentials than p(gAII-T2FBT) to achieve 

a similar degree of doping, consistent with its lower EA and higher reduction onset from cyclic 
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voltammetry. Accordingly, p(gAII-T2FBT) shows a considerably higher C* than p(gAII-T2) 

at an offset potential of ‒0.7 V versus Ag/AgCl, with values of 151 and 48 F/cm3, respectively. 

Interestingly, the C* of p(gAII-T2FBT) is also considerably higher than the C* of the p-type 

polymer p(gII-T2) (78 F/cm3). However, based on the OECT characteristics, the estimated 

µC* of p(gAII-T2FBT) is more than two orders of magnitude lower than the µC* of p(gII-

T2) (0.106 + 0.012 versus 44.36 + 2.875 F cm‒1V‒1s‒1 for p(gAII-T2FBT) and p(gII-T2), 

respectively). These results highlight the significant performance gap between p-type and n-

type materials, where the OECT mobility of n-type materials is a clear limiting factor.  

Overall, the device characteristics demonstrate that the backbone engineering strategy 

employed to tune the EA of isoindigo-based copolymers allows a gradual transition from 

unipolar p-type operation for p(gII-T2) to unipolar n-type OECT operation for p(gAII-

T2FBT). The comparable gm and µC* product of p(gAII-T2FBT) to previously reported n-

type OECT polymers90,91 confirms that the azaisoindigo core is a viable option for the design 

of high performing n-type OECT materials.  

4.7 Characterisation of the TzBT copolymers 

4.7.1 Interaction with aqueous electrolytes 

The electrochemical redox activity of p(gII-TzBT) and p(gAII-TzBT) was investigated by 

cyclic voltammetry measurements of the thin films in 0.1 M NaCl aqueous solutions. Both 

polymers show switching between their neutral and reduced state within the tested potential 

range, as shown in Figure 4.8. Due to their relatively wide band gap and large IPs relative to 

the T2 and T2FBT analogues, neither of the TzBT copolymers shows oxidative behaviour 

within the electrochemical window of water. The reduction onset shifts from ‒0.32 V versus 
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Ag/AgCl for p(gAII-TzBT)  to ‒0.57 V versus Ag/AgCl for p(gII-TzBT),  consistent with the 

trends in electron affinities.  

 

 

 

 

 

Figure 4.8.  (a) Cyclic voltammetry of the polymer films on glassy carbon electrodes in 

degassed 0.1 M NaCl aqueous solution with a scan rate of 100 mV s‒1 and a Ag/AgCl reference 

electrode (2nd, 3rd and 4th cycles). (b) Total swelling determined from EQCM-D measurements 

of the polymer films upon exposure to a 0.1 M NaCl aqueous solution as a function of applied 

potential versus Ag/AgCl.  

To further understand the interaction of TzBT copolymers with aqueous electrolytes, EQCM-

D measurements were carried out both prior to biasing and at a potential of V = ‒0.7 V versus 

Ag/AgCl in 0.1 M NaCl aqueous solutions. Prior to biasing, the passive swelling of p(gII-

TzBT) and p(gAII-TzBT) was found to be 48 and 74 %, respectively. As expected, upon 

applying a negative doping potential, both polymers show further mass uptake (Figure 4.8b). 

When electrochemical reduction occurs at the applied potential, the mass uptake increases 

further as cations migrate into the polymer film to counterbalance the negative electronic 

charges along the polymer backbone. The ability of p(gAII-TzBT) to undergo electrochemical 

reduction at lower potentials leads to an earlier onset for mass uptake and a significantly higher 

swelling throughout the potential range relative to p(gII-TzBT). For instance, at a bias of ‒0.7 

V, the total swelling was found to be 152% for p(gAII-TzBT) and 66% for p(gII-TzBT). The 
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higher swelling ability of p(gAII-TzBT) is most likely due to fact that it can achieve a higher 

degree of doping at this potential and a larger amount of hydrated cations are injected from the 

electrolyte for charge compensation.  

Comparing the electrochemical activity of the TzBT copolymers with their corresponding 

T2FBT derivatives (Section 4.6), the TzBT copolymers show considerably lower reduction 

onsets despite having nearly identical EAs (‒0.52 V versus Ag/AgCl for p(gII-T2FBT) and ‒

0.46 V versus Ag/AgCl for p(gAII-T2FBT)). This is attributed to more facile ion permeation 

for the TzBT-containing polymers, demonstrated by their higher swelling ability in the aqueous 

electrolyte. For instance, substitution of the T2FBT unit with a TzBT unit leads to an increase 

in the passive swelling from 49% for p(gAII-T2FBT) to 74% at p(gAII-TzBT). Similarly, the 

mass accumulated within the p(gII-TzBT) film is almost double the mass accumulated within 

p(gII-T2FBT), with a passive swelling of 48 and 25%, respectively.  

Considering the structural features observed by GIWAXS (Section 4.5), the higher swelling 

ability of the TzBT copolymers could be a result of their more disrupted ordering and expanded 

lamellar spacings, which allow more percolation of ions within the hydrophilic polymer side 

chains.96,140 These results demonstrate a complex interplay between the structural features and 

swelling ability, as well as HOMO and LUMO energetics of the polymers, in determining their 

electrochemical activity in aqueous electrolytes. 
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4.7.2 OECT performance  

Having established that both p(gII-TzBT) and p(gAII-TzBT) show n-type behaviour in an 

aqueous environment at suitable applied potentials, OECT devices were fabricated and 

analysed as described in Section 4.6. The OECT characteristics were acquired at potentials up 

to VD = 0.7 V and VG = 0.7 V for p(gII-TzBT) and VD = 0.6 V and VG = 0.6 V for p(gAII-

TzBT). Representative output and transfer curves are illustrated in Figure 4.9, where both 

copolymers show some degree of hysteresis. The relevant OECT parameters are summarised 

in Table 4.4.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9.  N-type performance of the p(gII-TzBT) (black, d = 1.20 µm), p(gAII-TzBT) 

(orange, d = 1.25 µm) OECT devices (W = 100 µm, L = 10 µm, 200 mV/s) in 0.1 M NaCl 

aqueous solution in ambient conditions showing (a), (c) output curves and (b), (d) transfer 

curves on a linear and logarithmic scale (dashed lines) at the indicated potentials.  
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The threshold voltages follow the trends in reduction onsets in aqueous electrolytes and shift 

from 0.61 to 0.44 V when going from p(gII-TzBT) to p(gAII-TzBT). Based on the transfer 

characteristics, a thickness-normalised gm of 0.030 S/cm was extracted for p(gII-TzBT) at VG 

= 0.7 V. The azaisoindigo analogue p(gAII-TzBT) shows a comparable peak gm of 0.041 S/cm, 

however at a lower gate bias of VG = 0.6 V. Although a higher gm might be reached at higher 

potentials,  application of a gate bias > 0.6 V led to an irreversible decrease in drain current for 

all p(gAII-TzBT) devices. 

Table 4.4.  OECT parameters of TzBT copolymers 

 
C*  

(F/cm3)a 
gm                    

(S/cm)b 
VT                

(V)c
 

[µC*]               
(F cm‒1 V‒1 s‒1)d 

p(gII-TzBT) 47 0.030 0.61 0.035 + 0.006 

p(gAII-TzBT) 44 0.041 0.44 0.030 + 0.004 

a Electrochemical impedance spectroscopy measurements of the polymers at the OECT gates (L = W = 600 μm) 

in 0.1 M NaCl aqueous solution at an offset bias of V = ‒0.7 V for p(gII-TzBT) or V = ‒0.6 V for p(gAII-TzBT). 

b OECT peak transconductance measured at VG= VD = 0.7 V for p(gII-TzBT) and VG = VD = 0.6 V for p(gAII-

TzBT). c Threshold voltage. d Estimated from the transfer characteristics of the OECT device with known channel 

dimensions and biasing conditions (averaged over three devices). 

To allow a comparison with the copolymers in the previous section, the product of the material-

dependent parameters (µC*) was calculated based on the OECT steady state performance using 

equation (5) (Section 1.2.3) and was found to be 0.035 + 0.006 F V‒1 cm‒1 s‒1 for p(gII-TzBT) 

and 0.030 + 0.004 F V‒1 cm‒1 s‒1 for p(gAII-TzBT) (averaged over three OECT devices). Next, 

the volumetric capacitance C* was determined by electrochemical impedance spectroscopy as 

described in Section 4.6, with the Bode magnitude and phase angle plots shown in Figure 4.10. 

The volumetric capacitance was 47 F/cm3 for p(gII-TzBT) at an offset potential of ‒0.7 V 

versus Ag/AgCl and 44 F/cm3 for p(gAII-TzBT) at an offset potential of ‒0.6 V versus 

Ag/AgCl.  
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Figure 4.10.  Electrochemical impedance spectroscopy measurements of (a) p(gII-TzBT) (d 

= 2.30 µm) (b) p(gAII-TzBT) (d = 2.39 µm) in an 0.1 M NaCl aqueous solution showing 

impedance magnitude and phase versus frequency. The films were coated on a gold electrode 

with L = W = 600 μm. 

When comparing the OECT characteristics of p(gII-TzBT) with p(gII-T2FBT), only p(gII-

TzBT) allows n-type behaviour within the safe operational window, despite both polymers 

having nearly identical EA. The azaisoindigo derivatives show a similar trend, where the 

threshold voltage is decreased by 0.1 V when going from p(gAII-T2FBT) to p(gAII-TzBT). 

This is attributed to the higher degree of swelling and ionic conduction of the TzBT polymers, 

which lowers the potential required to turn the device on.90,141 Considering the material 

parameters, p(gAII-TzBT) shows a three-fold decrease in the µC* product relative to p(gAII-

T2FBT). However, the µC* product is determined from the maximum transconductance 

achieved before sample instability, which corresponds to a different VG for the two copolymers 

(VG = 0.6 V for p(gAII-TzBT) and VG = 0.7 V for p(gAII-T2FBT)).  Given that both C*and µ 

can vary significantly with applied potential,93 it is unclear whether the decrease in µC* for 

p(gAII-TzBT) is due to structural differences or different device operation conditions. Based 

on the findings in Chapter 2, the  lower operational stability of p(gAII-TzBT) at higher applied 
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potentials could be a result of its larger extent of swelling and therefore greater structural 

changes when charged at V  >  ‒0.6 V versus Ag/AgCl.  

4.8 Conclusions 

This chapter presents a backbone engineering study involving systematic introduction of 

electron deficient units to enable n-type OECT operation in aqueous environments. This 

concept is explicitly demonstrated using a series of isoindigo- and azaisoindigo-based 

copolymers containing comonomers with varying donor strength, which allowed a shift in the 

IP and EA over a range of 0.33 eV and 0.64 eV, respectively. GIWAXS analysis revealed a 

higher degree of structural order for p(gII-T2), p(gII-T2FBT), p(gAII-T2) and p(gAII-

T2FBT) which all adopt a  predominantly edge-on orientation, while the thiazole-containing 

p(gAII-TzBT) and p(gII-TzBT) display an isotropic microstructure with disrupted ordering.  

The T2 and T2FBT copolymers demonstrated a strong correlation between their LUMO 

energetics and ease of n-type doping, where p(gAII-T2FBT) with the highest EA showed the 

earliest onset for reduction in the aqueous electrolyte. The TzBT copolymers exhibited higher 

swelling ability and lower reduction onsets relative to the T2FBT analogues with similar EA, 

indicating that the ease of permeation of the hydrated ions into the polymer matrix also has a 

key role in determining the electrochemical activity of the active material.  

Small modifications of the backbone of isoindigo-based copolymers allowed control of the 

polarity of device operation and led to the development of unipolar p-type, ambipolar and 

unipolar n-type OECT materials. The p-type material p(gII-T2) shows low OFF currents and 

a thickness-normalised gm of 60.10 S/cm at VG = ‒0.8 V, which rivals the performance of 

previously reported isoindigo-based copolymers for OECT applications.116 The combined 

inclusion of electron deficient difluoro-BT units and pyridinic nitrogen atoms when going from 

p(gII-T2) to p(gAII-T2FBT) led to a transition from unipolar p-type to unipolar n-type OECT 
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operation in the aqueous electrolyte. Polymer p(gAII-T2FBT) demonstrates a thickness-

normalised gm of 0.148 S/cm at VG = 0.7 V and µC* product of 0.106 + 0.012  F V‒1 cm‒1 s‒1 

in accumulation mode n-type OECTs, which are comparable to those of previously reported 

NDI-based copolymers with identical side chains. In contrast, the thiazole-containing p(gAII-

TzBT) with a similar EA exhibits lower performance and stability during device operation.  

Although both the gm and µC* product of p(gAII-T2FBT) are lower compared to the 

copolymers studied in Chapter 2 or the previously reported polymer BBL,123 this study 

introduces azaisoindigo derivatives as viable acceptor cores for the design of n-type OECT 

materials. More importantly, the polymer series provided a fundamental understanding of the 

effect of energy levels, structural features and swelling ability on the polarity of charge 

transport and device characteristics in OECTs.  

Further engineering of the p(gAII-T2FBT) backbone to increase the EA to values similar to 

those observed for the NDTI-based copolymers studied in Chapter 3 could potentially lower 

the operational voltages and lead to higher transconductance values recorded within the stable 

potential window of the aqueous media. 
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4.9 Synthetic progress towards other AII copolymers  

A previous study by Yue et al. demonstrated that alkylated acceptor-acceptor type polymers 

with alternating azaisondigo and benzothiazole (BT) units, where the backbone is composed 

exclusively of electron deficient units, show a higher electron affinity and more efficient n-

type charge transport compared with their donor-acceptor analogues.188 Motivated by these 

findings, it was reasoned that the electron affinity of p(gAII-T2FBT) could be further 

increased by removing the flanking thiophene units and synthesising its acceptor-acceptor 

analogue, p(gAII-FBT) (Scheme 4.3).  

 

Scheme 4.3.  Attempted synthesis of acceptor-acceptor copolymer p(gAII-FBT). 

Following the method of Yue et al.,188 the synthesis of p(gAII-FBT) was first attempted by 

Suzuki cross-coupling of 4.8 and diboronic ester 4.9 in toluene at 110 °C, using a 

tris(dibenzylideneacetone)dipalladium(0)/ tris(o-tolyl)phosphine catalytic system and an 

aqueous solution of K2CO3 as the base (Scheme 4.3). These conditions failed to give the target 

polymer and led to rapid decomposition of the azaisoindigo monomer. Decomposition of 

isoindingo monomers with polar N,N’-substituents was previously observed under Suzuki 

conditions with K2CO3 and occurs most likely due to hydrolysis into brominated isatin and 

oxindole derivatives.207 Using the method of Page et al.,207 the reaction was repeated with tetra-

n-butylammonium fluoride (TBAF) as an alternative mild base and at a lower temperature of 
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90 °C. However, only short oligomeric species were isolated, with a Mn of 1.8 kDa determined 

by GPC analysis (chloroform, 40 °C).  

As Suzuki cross-coupling conditions were unsuccessful, direct arylation polymerisation 

(DArP) was tested as an alternative route. Marder and co-workers have recently shown that 

electron poor heterocycles such as dicyano[2,1,3]benzothiadiazole undergo DArP with various 

bromoarenes to form polymers with reasonably high molecular weights.208 However, DArP of 

4.8 and 4.10 using a palladium(II) acetate/ tris(o-methoxyphenyl)phosphine catalytic system 

with pivalic acid and caesium carbonate in 1,4-dioxane at 90 °C did not show any evidence of 

coupling. Increasing the reaction temperature to 120 °C led to formation of oligomers, with 

chains only up to 2 repeat units detected by MALDI-ToF. 

These synthetic difficulties and the lack of literature reports of acceptor-acceptor copolymers 

incorporating fluorinated BT units led to the assumption that the presence of fluorine 

substituents lowers the coupling reactivity. Indeed, when monomer 4.8 was subjected to mild 

Suzuki cross-coupling conditions with the unsubstituted BT monomer 4.11, the polymerisation 

reaction proceeded to give p(gAII-BT) in a yield of 21% (Scheme 4.4). The polymer was 

purified by Soxhlet extraction (hexane, ethyl acetate, methanol and acetone) to remove low 

molecular weight oligomers and collected in chloroform. The chloroform fraction showed a 

relatively high Mn of 24.6 kDa and dispersity (Ð) of 2.44, as determined by GPC using 

chloroform as the eluent at 40 °C. 

Scheme 4.4.  Synthesis of acceptor-acceptor copolymer p(gAII-BT). 
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To investigate the effect of an all-acceptor backbone on the optoelectronic properties, p(gAII-

T2) was analysed by UV-Vis spectroscopy and cyclic voltammetry in acetonitrile with 0.1 M 

tetrabutylammonium hexafluorophosphate as the supporting electrolyte (Figure 4.11a and 

Figure 4.11b). The UV-Vis absorption profile of p(gAII-BT) shows blue-shifted features and 

a wider band gap of 1.60 eV relative to p(gAII-T2FBT). In addition to a less reversible doping 

process, p(gAII-BT) showed a very similar reduction onset to p(gAII-T2FBT), resulting in 

nearly identical EA for the two polymers (3.96 eV for p(gAII-BT) cf. 3.98 for p(gAII-

T2FBT)). The use of an acceptor-acceptor backbone containing unsubstituted BT units 

therefore did not prove to be an efficient strategy to increase the EA of p(gAII-T2FBT) and 

was not explored further. An alternative strategy could be replacement of the fluorine 

substituents with cyano groups, which has been shown to substantially increase the electron 

affinity of the polymer.209 

 

 

 

 

 

 

 

 

Figure 4.11.  (a) UV-Vis Spectra of p(gAII-BT) as thin films on glass substrates (b) Cyclic 

voltammetry of p(gAII-BT) films on glassy carbon electrodes in degassed 0.1 M TBAPF6  

solution in acetonitrile with a scan rate of 100 mV s‒1 and a Ag/AgCl reference electrode (2nd, 

3rd and 4th cycles). The data for p(gAII-T2FBT) is also shown for comparison.  
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CHAPTER 5  

Experimental procedures 
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General experimental. All reactions were performed in oven-dried glassware under a nitrogen 

atmosphere using standard Schlenk techniques unless otherwise stated. Preparative gel 

permeation chromatography was performed using a LaboACE LC-5060 instrument with a 

separation line containing 2HR and 2.5HR columns. Column chromatography was performed 

on Geduran® silica gel, particle size 40‒63 µm or with Biotage ZIP columns, using the 

indicated solvents. Reactions were monitored by analytical thin-layer chromatography with 

silica gel 60 F254 plates and visualised by either UV irradiation or staining with KMnO4. All 

commercially available materials were used as received.  

Materials characterisation. 1H, 13C and 19F NMR spectra were recorded on a Bruker AV-400 

(400 MHz) spectrometer at ambient temperature, unless otherwise stated. Chemical shifts are 

reported in units of parts per million (ppm, δ) for solutions in either chloroform-d, acetone-d6 

or dimethylsulfoxide-d6 and coupling constants (J) are given in Hz. The chemical shifts were 

referenced using residual chloroform (1H NMR: 7.26 ppm, 13C NMR: 77.36 ppm), acetone (1H 

NMR: 2.09 ppm, 13C NMR: 30.60 ppm), dimethylsulfoxide (1H NMR: 2.54 ppm, 13C NMR: 

40.45 ppm) or methanol (1H NMR: 3.34 ppm, 13C NMR: 49.86 ppm) peaks as an internal 

standard. UV-Vis absorption spectra were recorded on UV-1601 (λmax 1100 nm) and a UV-

2600 (λmax 1400 nm) Shimadzu UV-Vis spectrometers. Electrospray (ES-ToF) mass 

spectrometry was performed using a Micromass LCT Premier. MALDI-ToF measurements 

were carried out in negative linear mode with DTCB as the matrix on a Micromass 

MALDImxTOF. Thermogravimetric analysis (TGA) analysis was carried out on a Mettler 

Toledo instrument, heating from 30.0°C to 105.0 °C (34.99 K/min), keeping the temperature 

at 105.0 °C for 10.0 min and heating from 105.0 to 800.0 °C (10.0 K/min) under nitrogen flow 

(50 mL/min). Number average (Mn) and weight average (Mw) molecular weights in chloroform 

at 40 °C were determined using an Agilent Technologies 1260 infinity GPC at 40 °C, using 

two PLgel 10 micrometer Mixed-B columns in series (300 × 7.5 mm), and calibrated against 
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narrow weight-average dispersity (Ð  < 1.10) polystyrene standards. Number average (Mn) and 

weight average (Mw) molecular weights in dichlorobenzene at 80 °C were determined using 

an Agilent Technologies 1200 series GPC, using two PL mixed B columns in series, and 

calibrated against narrow weight-average dispersity (Ð  < 1.10) polystyrene 

standards.  Photoelectron spectroscopy in air (PESA) was carried out on a Riken-Keiki AC-2 

PESA Spectrometer. GIWAXS was carried out at the Advanced Photon Source at Argonne 

National Laboratory.  

Cyclic voltammetry. Cyclic voltammograms were recorded using an Autolab PGSTAT101 

with a standard three-electrode setup with a working electrode, a platinum mesh counter 

electrode (active area 25 × 35 mm) and a Ag/AgCl reference electrode calibrated against the 

ferrocene/ferrocenium redox couple (Fc/Fc+). The polymers were deposited by spin-coating 

chloroform solutions (5 mg/mL) at 1500 rpm on ITO-coated glass substrates (Chapter 2) or 

drop-casting chloroform solutions (5 mg/mL) on glassy carbon electrodes (Chapter 3 and 

Chapter 4). The measurements were carried out in either an anhydrous 0.1 M acetonitrile 

solution of tetrabutylammonium hexafluorophosphate (TBAPF6) or a 0.1 M NaCl aqueous 

solution as the supporting electrolyte at a scan rate of 100 mV/s. The electrolyte solutions were 

degassed with nitrogen for 15 min prior to performing the measurement. Ionisation potentials 

were obtained using the equation IP = (Eox ‒ EFc + 4.8 V) and electron affinities using EA = 

(Ered ‒ EFc + 4.8 V), where EFc was found to be 0.45 V versus Ag/AgCl.  

Spectroelectrochemical analysis. The polymers were deposited by spin-coating chloroform 

solutions (5 mg/mL) at 1500 rpm on ITO-coated glass slides. The spectroelectrochemical 

measurements were performed in a 0.1 M NaCl aqueous solution using a standard three-

electrode setup, with the ITO substrate as the working electrode, a platinum mesh counter 

electrode (active area 25 × 35 mm) and a Ag/AgCl reference electrode. For Chapter 2,  the ITO 

substrates were immersed in a quartz cuvette filled with the electrolyte solution. The 
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electrochemical measurements were performed while simultaneously recording the optical 

spectra using an OceanOptics USV 2000+ spectrometer, which collected the transmitted light 

through the cuvette from a tungsten lamp used as probe light source.54 For Chapter 3, the 

measurements were performed in a custom-made cell positioned in the beam path of a UV-

1601 Shimadzu UV-Vis spectrometer.  Each potential was applied for 5 s before recording the 

optical spectra.  

OECT fabrication and characterisation. All devices were fabricated using previously 

reported photolithographic procedures.86,210 The polymer solutions were deposited by spin-

coating at 500 rpm for 1 min (thin films) or drop-casting from chloroform solutions (5 mg/mL) 

before sacrificial peel off of Parylene C after drying. The samples were rinsed in deionised 

water and dried before testing, but no further annealing or cross-linking was carried out. All 

measurements were performed using an external Ag/AgCl pellet electrode as the gate in a 0.1 

M NaCl aqueous solution in ambient conditions. The I-V characteristics were recorded on a 

National Instruments PXIe-1082 system using custom-made LabView scripts. The mobility of 

the OECT channel was determined by applying a sinusoidal voltage pulse at the gate electrode 

at varying frequencies. A custom MATLAB script was employed for impedance matching to 

extract the electron transit time as previously described.94  

Electrochemical impedance spectroscopy. Electrochemical impedance spectroscopy was 

performed under ambient conditions in a 0.1 M NaCl aqueous solution with a potentiostat 

(Metrohm Autolab) and a three-electrode setup using a Ag/AgCl and Pt mesh as the reference 

and counter electrodes, respectively. The working electrode was a polymer-coated gold 

electrode, which was fabricated as described for the OECT channels above. The measurements 

were carried out with a 10 mV sine wave and frequencies from 0.1 Hz to 10 kHz. Analysis was 

performed with Metrohm NOVA software and custom MATLAB tools. 
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5.1 Synthetic procedures for Chapter 2  

(4,9-dibromo-1,3,6,8-tetraoxo-1,3,6,8-tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-

diyl)bis(propane-3,1-diyl) bis(2-(2-(2-methoxyethoxy)ethoxy)acetate) (2.2) 

 

2,6-Dibromonaphthalene-1,4,5,8-tetracarboxylic dianhydride (0.50 g, 1.18 mmol, 1.0 equiv) 

and 3-amino-1-propanol (0.18 mL, 2.39 mmol, 2.0 equiv) were suspended in anhydrous o-

xylene (25 mL) under argon. 2-[(2-Ethoxyethoxy)ethoxy]acetic acid (2.5 mL, 16.29 mmol, 

13.8 equiv) was added and the reaction mixture was heated to 140 °C for 72 h. The mixture 

was allowed to reach room temperature and concentrated under reduced pressure. The resulting 

residue was dissolved in chloroform (50 mL) and washed with water (3 × 50 mL). The organic 

phase was dried over MgSO4 and the solvent was removed under reduced pressure. The crude 

product was purified by preparative gel permeation chromatography in chloroform to give 2.2 

(0.37 g, 36%) as a yellow solid. 1H NMR (400 MHz, chloroform-d) δ 8.98 (s, 2H), 4.33 – 4.26 

(m, 8H), 4.16 (s, 4H), 3.76 – 3.73 (m, 4H), 3.70 – 3.67 (m, 4H), 3.66 – 3.64 (m, 4H), 3.56 – 

3.54 (m, 4H), 3.37 (s, 6 H), 2,14 (p, J = 6.5 Hz, 4H). 13C NMR (100 MHz, chloroform-d) δ 

170.6, 160.9, 139.2, 128.7, 127.9, 125.4, 124.2, 72.1, 71.1, 70.8, 70.7, 68.2, 62.4, 59.2, 38.7, 

27.3. HRMS (ES-ToF): 859.0926 [M+H+] (calc. 859.0924). 
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(4,9-dibromo-1,3,6,8-tetraoxo-1,3,6,8-tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-

diyl)bis(hexane-6,1-diyl) bis(2-(2-(2-methoxyethoxy)ethoxy)acetate) (2.3) 

 

2,6-Dibromonaphthalene-1,4,5,8-tetracarboxylic dianhydride (0.35 g, 0.82 mol, 1.0 equiv) and 

6-amino-1-hexanol (0.21 g,  1.81 mmol, 2.2 equiv) were suspended in anhydrous o-xylene (10 

mL) under argon. 2-[(2-Ethoxyethoxy)ethoxy]acetic acid (2.5 mL, 16.29 mmol, 20.0 equiv ) 

was added and the reaction mixture was heated to 140 °C for 16 h. The mixture was allowed 

to reach room temperature and concentrated under reduced pressure. The resulting residue was 

dissolved in chloroform (50 mL) and washed with water (3 × 50 mL). The organic phase was 

dried over MgSO4 and the solvent was removed under reduced pressure. The crude product 

was purified by preparative gel permeation chromatography in chloroform, followed by 

recrystallization from ethyl acetate to give 2.3 (0.35 g, 44%) as a yellow solid.  1H NMR (400 

MHz, chloroform-d) δ 8.99 (s, 2H), 4.21 – 4.12 (m, 12H), 3.73 (m, 4H), 3.70 (m, 4H), 3.64 (m, 

4H), 3.56 (m, 4H), 3.37 (s, 6H), 1.79 – 1.63 (m, 8H), 1.45 (m, 8H). 13C NMR (100 MHz, 

chloroform-d) δ 170.9, 161.1, 161.1, 139.4, 128.7, 128.1, 125.7, 124.4, 72.3, 71.3, 71.0, 70.9, 

69.0, 65.0, 59.4, 41.7, 28.8, 28.1, 27.0, 25.9. HRMS (ES-ToF): 965.1700 [M+Na+] (calc. 

965.1683). 
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3-(2-(2-(2-Methoxyethoxy)ethoxy)ethoxy)thiophene (2.5)118 

 

p-Toluenesulfonic acid monohydrate (1.67 g, 8.78 mmol) was added to a solution of 3-

methoxythiophene (10 g, 87.59 mmol) and triethylene glycol monomethyl ether (18.2 mL, 113. 

85 mmol) in anhydrous toluene (150 mL) under a reverse flow of nitrogen. The resulting 

mixture was heated to reflux for 16 h. After cooling to room temperature, the mixture was 

quenched with water (100 mL) and extracted with ethyl acetate (3 × 200 mL). The combined 

organic fractions were washed with distilled water (3 × 200 mL), dried over anhydrous MgSO4 

and concentrated in vacuo. The crude material was filtered through a plug of silica (hexane: 

ethyl acetate, 99:1, then ethyl acetate) to give the desired product (9.35 g, 43%) as a dark brown 

oil. 1H NMR (400 MHz, chloroform-d ) δ 7.16 (dd,  J = 5.3, 3.2 Hz , 1H), 6.77 (dd, J = 5.3, 1.6 

Hz, 2H), 6.25 (dd, J = 3.2, 1.6 Hz, 2H), 4.15 – 4.07 (m, 2H), 3.86 – 3.80 (m, 2H), 3.75 – 3.71 

(m, 2H), 3.70 – 3.64 (m, 4H), 3.58 – 3.52 (m, 2H), 3.38 (s, 3H). 13C NMR (100 MHz, 

chloroform-d ) δ 157.9, 125.0, 119.9, 97.9, 72.3, 71.1, 71.0, 70.9, 70.0, 69.9, 59.4. 

3,3'-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-2,2'-bithiophene (2.6)118 

 

Adapting the method of Nielsen et al.,118  n-BuLi (1.6 M in hexane, 13 mL, 20.8 mmol) was 

added dropwise to a solution of 2.5 (4.70 g, 19.1 mmol)  in anhydrous THF (40 mL) at ‒10 °C. 

After stirring at ‒10 °C for 2 h, the reaction mixture was transferred to a solution of iron(III) 

acetylacetonate (6.71 g, 19.0 mmol) in anhydrous THF (100 mL) at 0 °C. The resulting mixture 

was then heated under reflux for 2 h. After cooling to room temperature, the mixture was 

concentrated under reduced pressure and filtered through a short silica plug (ethyl acetate: 

hexane, 3:1, then ethyl acetate) to remove inorganic residues. Column chromatography (ethyl 
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acetate: hexane, 3:1 to ethyl acetate) followed by recrystallisation from Et2O afforded the title 

product (2.90 g, 62%) as a white crystalline solid. 1H NMR (400 MHz, chloroform-d) δ 7.07 

(d, J = 5.6 Hz, 2H), 6.85 (d, J = 5.6 Hz, 2H), 4.27 – 4.21 (m, 4H), 3.93 – 3.87 (m, 4H), 3.76 

(m, 4H), 3.69 – 3.62 (m, 8H), 3.56 – 3.51 (m, 4H), 3.37 (s, 6H). 13C (100 MHz, chloroform-d) 

δ 152.0, 122.2, 116.9, 115.1, 72.3, 71.7, 71.3, 71.0, 70.9, 70.3, 59.4. 

 (3,3'-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'-bithiophene]-5,5’diyl)bis(tri-methyl 

stannane) (2.7)54 

 

Adapting the method of Moia et al.,54 n-BuLi (2.5 M in hexane, 3.25 mL, 8.15 mmol) was 

added dropwise to a solution of 2.6 (1.0 g, 2.04 mmol) in anhydrous THF (150 mL) at ‒78 oC. 

The resulting solution was stirred for 3 h at ‒78 oC. Trimethyltin chloride (1 M in hexane, 10.2 

mL, 10.2 mmol) was added and the reaction mixture was allowed to warm to room temperature 

overnight. The mixture was diluted with diethyl ether (150 mL), washed with distilled water 

(3 × 150 mL) and dried over anhydrous Na2SO4. The resulting brown residue was dissolved in 

acetonitrile (100 mL) and washed thoroughly with hexane (3 × 100 mL) in order to remove tin 

by-products. The acetonitrile portion was concentrated under reduced pressure and subjected 

to preparative gel permeation chromatography in THF to remove small amounts of starting 

material and mono-substituted product. Recrystallisation from diethyl ether afforded the 

desired product (0.79 g, 48%) as a white crystalline solid, which was stored under nitrogen at 

4 °C. 1H NMR (400 MHz, acetone-d6) δ 7.13 (s, 2H), 4.33 – 4.29 (m, 4H), 3.93 – 3.89 (m, 4H), 

3.74 (m, 4H), 3.66 – 3.58 (m, 8H), 3.53 – 3.46 (m, 4H), 3.31 (s, 6H), 0.41 (s, 18H). 13C NMR 

(100 MHz, acetone-d6) δ 156.2, 131.6, 123.7, 117.6, 71.8, 71.3, 70.7, 70.5, 70.3, 70.0, 56.8, ‒

9.3. 
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p(C3-gNDI-gT2) 

 

A mixture of 2.2 (72.06 mg, 83.74 µmol, 1.0 equiv), 2.7 (68.35 mg, 83.74 µmol, 1.0 equiv) ,  

Pd2(dba)3 (1.54 mg, 1.68 µmol, 0.02 equiv) and P(o-tol)3 (2.00 mg, 6.57 µmol, 0.08 equiv) in 

anhydrous, degassed DMF (2.0 mL) was degassed for 10 min and heated to 80 °C for 4 h. 0.1 

mL of a solution of 2-(tributylstannyl)thiophene (0.1 mL) and Pd2(dba)3 (1.15 mg, 1.26 µmol)  

in anhydrous, degassed DMF (0.5 mL) were added and the resulting mixture was stirred for 1 

h at 90 °C. 0.1 mL of a solution of 2-bromothiophene (0.1 mL) in anhydrous, degassed DMF 

(0.5 mL) were subsequently added and stirring at 90 °C was maintained for a further 1 h.  The 

dark green reaction mixture was cooled to room temperature and precipitated in ethyl acetate, 

followed by the addition of hexane. The solid was collected in a glass thimble and Soxhlet 

extraction was carried out with hexane, ethyl acetate, acetone, THF and chloroform. The 

polymer was dissolved in hot chloroform and re-precipitated in ethyl acetate, followed by the 

addition of hexane. Polymer p(C3-gNDI-gT2) was obtained as a dark green solid in a yield of 

83% (83.0 mg, 69.79 µmol). 1H NMR (400 MHz, chloroform-d) δ 8.89 – 8.75 (br s, 2H), 7.22 

– 7.20 (br s, 1H, overlapped with residual solvent peak), 4.48 – 4.43 (m, 4H), 4.36 – 4.13 (m, 

12H), 4.04 – 3.94 (m, 4H), 3.83 – 3.52 (m, 32H), 3.40 – 3.34 (br s, 6H), 3.33 – 3.27 (br s, 6H), 

2.17-2.06 (m, 4H). GPC (chloroform, 40 °C): Mn=32.4 kDa, Mw=73.6 kDa. 
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p(C6-gNDI-gT2) 

 

A mixture of 2.3 (45.95 mg, 48.64 µmol, 1.0 equiv), 2.7 (39.71 mg, 1.0 equiv),  Pd2(dba)3 

(0.89 mg, 0.97 µmol, 0.02 equiv) and P(o-tol)3 (1.18 mg, 3.88 µmol, 0.08 equiv) in anhydrous, 

degassed DMF (1.5 mL) was degassed for 10 min and heated to 80 °C for 2 h. 0.1 mL of a 

solution of 2-(tributylstannyl)thiophene (0.1 mL) and Pd2(dba)3 (1.15 mg, 1.26 µmol)  in 

anhydrous, degassed DMF (0.5 mL)  were added and the resulting mixture was stirred for 1 h 

at 90 °C. 0.1 mL of a solution of 2-bromothiophene (0.1 mL) in anhydrous, degassed DMF 

(0.5 mL) were subsequently added and stirring at 90 °C was maintained for a further 1 h.  The 

dark green reaction mixture was cooled to room temperature and precipitated in ethyl acetate, 

followed by the addition of hexane. The solid was collected in a glass thimble and Soxhlet 

extraction was carried out with hexane, ethyl acetate, MeOH, acetone and chloroform. The 

polymer was dissolved in hot chloroform and re-precipitated in ethyl acetate, followed by the 

addition of hexane. Polymer p(C6-gNDI-gT2) was obtained as a dark green solid in a yield of 

70% (88.63 mg, 83.23 µmol). 1H NMR (400 MHz, chloroform-d) δ 8.86 – 8.81 (br s, 2H), 7.25 

– 7.20 (br s, 1H, overlapped with residual solvent peak), 4.46 – 4.37 (m, 4H), 4.21 – 4.10 (m, 

12H), 4.02 – 3.95 (m, 4H), 3.82 – 3.77 (m, 4H), 3.76 – 3.59 (m, 24H), 3.57 – 3.53 (m, 4H), 

3.51 – 3.45 (m, 4H), 3.40 – 3.35 (br s, 6H), 3.33 – 3.27 (br s, 6H), 1.78 – 1.65 (m, 8H), 1.51 – 

1.39 (m, 8H). GPC (chloroform, 40 °C): Mn=20.2 kDa, Mw=54.0 kDa. 
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5.2 Synthetic procedures for Chapter 3  

5.2.1 Synthesis of the linear side chains 

Triethylene Glycol Methyl Ether Tosylate (3.2)170 

 

Modifying the procedure of Tanaka et al.,170 a solution of triethylene glycol monomethyl ether 

(6 mL, 37.5 mmol) in THF (40 mL) was added dropwise to a solution of KOH (4.2 g, 74.9 

mmol) in distilled water (15 mL) at 0 oC. A solution of p-toluenesulfonyl chloride (7.9 g, 41.4 

mmol) in THF (20 mL) was added dropwise to the mixture at 0 oC and the resulting suspension 

was stirred overnight at room temperature. The mixture was poured over an ice-water mixture 

and extracted thoroughly with dichloromethane (3 × 250 mL). The organic fractions were 

washed with water (3 × 250 mL) and dried over anhydrous MgSO4. Removal of the solvent 

under reduced pressure afforded the product (11.2 g, 95%) as a pale yellow oil. The crude 

product was used in the next step without further purification.  1H NMR (400 MHz, chloroform-

d) δ 7.79 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H), 4.16 (t, J = 4.8 Hz, 2H), 3.70 – 3.66 (t, 

J = 4.8 Hz, 2H), 3.62 – 3.56 (m, 6H), 3.55 – 3.50 (m, 2H), 3.36 (s, 3H), 2.44 (s, 3H). 13C NMR 

(100 MHz, chloroform-d) δ 145.1, 132.8, 130.8, 128.3, 72.2, 71.1, 70.9, 70.9, 69.6, 69.0, 59.4, 

21.3. 

Heptaethylene Glycol Monomethyl Ether (3.3)170 

 

Modifying the procedure of Tanaka et al.,170 tetraethylene glycol (14.0 g, 72.1 mmol) was 

added in 3 portions to a mixture of sodium hydride (60% dispersion in mineral oil, 2.90 g, 72.5 

mmol) in anhydrous THF (80 mL) at 0 oC and the mixture was heated to 55 oC until gas 

evolution stopped (ca. 1 h). The resulting mixture was allowed to reach room temperature and 

a solution of 3.2 (7.66 g, 24.1 mmol) in anhydrous THF (20 mL) was added dropwise. The 
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reaction mixture was heated under reflux overnight. After cooling to 0 oC, the mixture was 

quenched with methanol (10 mL) and diluted with chloroform (100 mL). The organic fractions 

were washed with distilled water (3 × 100 mL) and dried over anhydrous MgSO4. The solvent 

was removed in vacuo and the crude oil was filtered through a plug of silica (chloroform, then 

chloroform: methanol, 90:10) to give the title product (4.92 g, 60%) as a colourless oil. 1H 

NMR (400 MHz, chloroform-d) δ 3.74 – 3.70 (m, 2H), 3.68 – 3.58 (m, 24H), 3.56 – 3.52 (m, 

2H), 3.37 (s, 3H). 13C NMR (100 MHz, chloroform-d) δ 72.9, 72.3, 70.9 (multiple peaks), 70.7, 

62.1, 59.4. 

Tetraethylene glycol di(p-toluenesulfonate) (3.5)211 

 

Modifying the procedure of Tanaka et al.,170 a solution of tetraethylene glycol (18.9 g, 97.5 

mmol) in THF (150 mL) was added dropwise to a solution of KOH (21.9 g, 390.3 mmol) in 

distilled water (60 mL) at 0 °C. A solution of p-toluenesulfonyl chloride (39.0 g, 204.8 mmol) 

in THF (100 mL) was added dropwise to the mixture at 0 °C and the resulting suspension was 

stirred overnight at room temperature. The mixture was poured over an ice-water mixture and 

extracted thoroughly with dichloromethane (3 × 400 mL). The organic fractions were washed 

with water (3 × 400 mL) and dried over anhydrous MgSO4. Removal of the solvent under 

reduced pressure afforded the product (41.2 g, 84%) as a pale yellow oil. The crude product 

was used in the next step without further purification. 1H NMR (400 MHz, chloroform-d) δ 

7.76 (d, J = 8.3 Hz, 4H), 7.32 (d, J = 8.3 Hz, 4H), 4.16 – 4.10 (t, J = 4.8 Hz, 4H), 3.67 – 3.63 

(m, 4H), 3.57 – 3.50 (m, 8H), 2.42 (s, 6H). 13C NMR (100 MHz, chloroform-d) δ 145.1, 133.2, 

130.1, 128.2, 70.9, 70.8, 69.5, 68.9, 21.9. HRMS (ES-ToF): 503.1395 [M+H+] (calc. 

503.1404). 
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Heptaethylene Glycol Monomethyl Ether Tosylate (3.6)170 

 

Triethylene glycol monomethyl ether (5.6 mL, 35.0 mmol) was added dropwise to a solution 

of NaH (60% dispersion in mineral oil, 2.13 g, 53.3 mmol) in dry THF (50 mL) at 0 °C and the 

mixture was stirred for 1 h at 55 °C. After allowing to reach room temperature, a solution of 

3.5 (17.6 g, 35.0 mmol) in dry THF (50 mL) was added and the resulting suspension was stirred 

at 80 °C overnight. The reaction mixture was subsequently cooled to 0 °C and slowly treated 

with isopropanol (20 mL), followed by the addition of water (50 mL). The mixture was 

extracted with dichloromethane and the combined organic phase was dried over anhydrous 

MgSO4 and concentrated in vacuo. The crude product was purified by column chromatography 

(ethyl acetate, then ethyl acetate: methanol, 95:5) to give product 3.6 (5.5 g, 32%) as an yellow 

oil. 1H NMR (400 MHz, chloroform-d) δ 7.82 – 7.76 (d, J = 8.3 Hz, 2H), 7.36 – 7.30 (d, J = 

8.3 Hz, 2H), 4.17 – 4.13 (t, 4.8 Hz, 2H), 3.71 – 3.52 (m, 26H), 3.37 (s, 3H), 2.45 (s, 3H); 13C 

NMR (100 MHz, chloroform-d) δ 145.0, 133.3, 130.1, 128.2, 72.2, 71.0  – 70.8 (multiple 

peaks), 69.5, 68.9, 59.3, 21.9. 

22-Azido-2,5,8,11,14,17,20-heptaoxadocosane (3.7)212 

 

According to modified procedures of Dreaden et al.213 and Wandrey et al.,214 sodium azide 

(0.52 g, 8.00 mmol) was added in one portion to a solution of 3.6 (2.62 g, 5.30 mmol) in dry 

DMF (20 mL).  The mixture was stirred for 2 h at 100 °C and allowed to reach room 

temperature overnight. After diluting with ethyl acetate (30 mL), the resulting precipitate was 

filtered.  The solvent was removed in vacuo and the crude mixture was subsequently filtered 

through a silica plug, eluting with ethyl acetate. Removal of solvent under reduced pressure 

afforded product 3.7 (1.73 g, 89%) as a yellow oil, which was used in the next step without 
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further purification: 1H NMR (400 MHz, chloroform-d) δ 3.69 – 3.61 (m, 24H), 3.56 – 3.52 

(m, 2H), 3.38 (m, 2H), 3.37 (s, 3H); 13C NMR (100 MHz, chloroform-d) δ 72.3, 71.1 – 70.8 

(multiple peaks), 70.4, 59.4, 51.0. HRMS (ES-ToF): 366.2252  [M+H+] (calc. 366.2240). 

2,5,8,11,14,17,20-Heptaoxadocosan-22-amine (3.8)212 

 

Adapting the method of Wandrey et al.,214 PPh3 (1.83 g, 6.98 mmol) was added in small 

portions to a solution of 3.7 (1.7 g, 4.65 mmol) in dry THF (30 mL) at 0 oC. After stirring for 

4 h at room temperature, the reaction mixture was heated to 50 oC for 1 h. The resulting mixture 

was allowed to reach room temperature and quenched with water (0.3 mL). After stirring at 

room temperature overnight, the solvent was removed under reduced pressure and water was 

added (100 mL). The aqueous portion was washed with Et2O (3 × 50 mL) and the solvent was 

removed in vacuo to give the title compound  (1.29 g, 82%) as a yellow oil. The crude product 

was used in the next step without further purification. 1H NMR (400 MHz, chloroform-d) δ 

3.74 – 3.57 (m, 24H), 3.54  (m, 2H), 3.50 (m, 2H),  3.37 (s, 3H), 2.86 (t, J = 5.2 Hz, 2H); 13C 

NMR (100 MHz, chloroform-d) δ 73.8, 72.3, 71.1 – 70.8 (multiple peaks), 70.4, 59.4, 51.0. 

HRMS (ES-ToF): 340.2347 [M+H+] (calc. 340.2335).  

5.2.2 Synthesis of the branched side chains 

General procedure for the synthesis of the branched olefins. Modifying the method of Wu 

et al.,171 the appropriate ethylene glycol monomethyl ether (3 equiv) was added dropwise to a 

suspension of sodium hydride (60% dispersion in mineral oil, 3.4 equiv) in anhydrous THF (2 

mL/mmol) at 0 oC. When gas evolution ceased, methallyl dichloride (1 equiv) was added 

dropwise and the resulting mixture was stirred for 15 min at 0 oC. The mixture was allowed to 

reach room temperature and subsequently heated to 65 °C overnight. After cooling to 0 °C, the 

reaction mixture was quenched with distilled water (1.5 mL/mmol) to quench excess sodium 
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hydride and extracted with dichloromethane. The organic fractions were washed with distilled 

water, dried over anhydrous MgSO4 and the solvent was removed in vacuo.  

13-Methylene-2,5,8,11,15,18,21,24-octaoxapentacosane (3.9)171 

 

Using the general procedure with triethylene glycol monomethyl ether (15.8 g, 96 mmol) and 

methallyl chloride (4.0 g, 32 mmol), the title product (12.0 g, 95%) was isolated as a pale 

yellow oil after column chromatography (ethyl acetate: hexane, 1:1). 1H NMR (400 MHz, 

chloroform-d) δ 5.18 (br s, 2H), 4.02 (br s, 4H), 3.67 – 3.53 (m, 24H), 3.38 (s, 6H). 13C NMR 

(100 MHz, chloroform-d) δ 142.6, 114.2, 72.1, 71.9, 70.8  – 70.7 (multiple peaks), 69.6, 59.2. 

HRMS (ES-ToF): 403.2295 [M+Na+] (calc. 403.2308). 

16-Methylene-2,5,8,11,14,18,21,24,27,30-decaoxahentriacontane (3.10)215 

 

Using  the general procedure with tetraethylene glycol monomethyl ether (20.9 g, 100.4 mmol) 

and methallyl chloride (4.18 g, 33.5 mmol), the title product (14.32 g, 91%) was isolated as a 

pale yellow oil after column chromatography (ethyl acetate: hexane, 3:2).  1H NMR (400 MHz, 

chloroform-d) δ 5.17 (br s, 2H), 4.02 (br s, 4H), 3.68 – 3.51 (m, 32H), 3.37 (s, 6H). 13C NMR 

(100 MHz, chloroform-d) δ 142.8, 114.4, 72.2, 72.1, 71.0, 70.9  – 70.8 (multiple peaks), 69.8, 

59.4. HRMS (ES-ToF): 491.2817 [M+Na+] (calc. 491.2827). 

General procedure for the hydroboration-oxidation of the branched olefins. Borane 

tetrahydrofuran complex solution (1 M, 1.05 equiv) was added dropwise to a solution of the 

appropriate methylene precursor (1 equiv) in anhydrous THF (4 mL/mmol) at 0 °C. After 

stirring for 2 h at 0 °C, an aqueous solution of sodium hydroxide (2 M, 1 mL/mmol) was added 

dropwise and the mixture was stirred for a further 15 min at 0 °C. The mixture was slowly 

treated with H2O2 (30%, 1 mL/mmol) at 0 °C and allowed to reach room temperature and stirred 
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for 30 min. The reaction mixture was saturated with potassium carbonate and extracted with 

DCM. The organic fractions were washed with distilled water and dried over anhydrous 

MgSO4. The solvent was removed in vacuo and the crude product was purified using column 

chromatography.  

13-(2,5,8,11-Tetraoxadodec-1-yl)-2,5,8,11-tetraoxatetradecan-14-ol (3.11)171 

 

Using the general procedure with 3.9 (4.91 g, 12.90 mmol), the title product (3.81 g, 74%) was 

isolated as a colourless oil after column chromatography (ethyl acetate). 1H NMR (400 MHz, 

chloroform-d) δ 3.74 (d, J = 5.6 Hz, 2H), 3.65 – 3.53 (m, 28H), 3.37 (s, 6H), 2.17 – 2.08 (hept, 

J = 5.6 Hz, 1H). 13C NMR (100 MHz, chloroform-d) δ 72.1, 71.1, 70.8  – 70.7 (multiple peaks), 

70.6, 63.8, 59.3, 41.3. HRMS (ES-ToF): 421.2410 [M+Na+] (calc. 421.2414). 

16-(2,5,8,11,14-Pentaoxapentadec-1-yl)-2,5,8,11,14-pentaoxaheptadecan-17-ol (3.12)215  

 

Using the general procedure with 3.10 (4.90 g, 10.46 mmol), the title product (3.81 g, 68%) 

was isolated as a colourless oil after column chromatography (ethyl acetate, then ethyl acetate: 

methanol, 90:10). 1H NMR (400 MHz, chloroform-d) δ 3.71 (d, J = 5.6 Hz, 2H), 3.66 – 3.50 

(m, 36H), 3.35 (s, 6H), 2.10 (hept, J = 5.6 Hz, 1H). 13C NMR (100 MHz, chloroform-d) δ 72.2, 

71.1, 70.9 (multiple peaks), 70.8, 63.6, 59.3, 41.5. HRMS (ES-ToF): 487.3115 [M+H+] (calc. 

487.3113). 

General procedure for the tosylation of branched alcohols. The appropriate alcohol (1 

equiv) was added dropwise to a solution of sodium hydroxide (6 equiv) in a mixture of distilled 

water and tetrahydrofuran (1:1 v/v, 1.2 mL/mmol) at 0 oC. The reaction mixture was slowly 

treated with a solution of p-toluenesulfonyl chloride (1.3 equiv) in THF (6 mL/mmol) and 
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stirred for 2 h at 0 oC. The resulting suspension was stirred overnight at room temperature. The 

mixture was quenched with an aqueous HCl solution (2 M, 10 mL/mmol) and extracted with 

chloroform. The organic layers were washed with distilled water, dried over anhydrous MgSO4 

and concentrated in vacuo. 

2,5,8,11-Tetraoxatetradecan-14-ol, 13-(2,5,8,11-tetraoxadodec-1-yl)-, 14-(4-methylbenzene 

sulfonate) (3.13)171 

 

Using the general procedure with 3.11 (0.99 g, 2.49 mmol), the title product (0.84 g, 61%) was 

isolated as a pale yellow after column chromatography (ethyl acetate, then ethyl acetate: 

methanol, 90:10). 1H NMR (400 MHz, chloroform-d) δ 7.82 – 7.73 (d, J = 8.3 Hz, 2H), 7.37 – 

7.31 (d, J = 8.3 Hz, 2H), 4.11 (d, J = 5.5 Hz, 2H), 3.66 – 3.39 (m, 28H), 3.37 (s, 6H), 2.45 (s, 

3H), 2.24 (hept, J = 5.5 Hz, 1H). 13C NMR (100 MHz, chloroform-d) δ 145.0, 133.3, 130.0, 

128.1, 72.1, 70.8 – 70.7 (multiple peaks), 70.5, 68.8, 68.5, 59.2, 39.6, 21.8. HRMS (ES-ToF): 

553.2699 [M+H+] (calc. 553.2683).  

2,5,8,11,14-Pentaoxaheptadecan-17-ol, 16-(2,5,8,11,14-pentaoxapentadec-1-yl)-, 17-(4-

methyl benzenesulfonate) (3.14)215 

 

Using the general procedure with 3.12 (8.04 g, 16.52 mmol), the title product (4.15 g, 40%) 

was isolated as a pale yellow after column chromatography (ethyl acetate, then ethyl acetate: 

methanol, 90:10). 1H NMR (400 MHz, chloroform-d) δ 7.78 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 

8.3 Hz, 2H), 4.11 (d, J = 5.5 Hz, 2H), 3.68 – 3.41 (m, 36H), 3.37 (s, 6H), 2.45 (s, 3H), 2.24 

(hept, J = 5.5 Hz, 1H). 13C NMR (100 MHz, chloroform-d) δ 145.0, 133.2, 130.1, 128.2, 72.1, 
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70.8 – 70.7 (multiple peaks), 70.6, 68.9, 68.6, 59.3, 39.8, 21.9. HRMS (ES-ToF): 641.3215 

[M+H+] (calc. 641.3207). 

General procedure for the conversion into branched azides. Sodium azide (2.7 equiv) was 

added in one portion to a solution of the appropriate tosylate (1 equiv) in anhydrous DMF (10 

mL/mmol). The mixture was stirred for 2 h at 100 oC and allowed to reach room temperature 

overnight. The mixture was diluted with ethyl acetate (70 mL/mmol) and the resulting 

precipitate was removed by filtration.  The solvent was removed in vacuo and the crude mixture 

was filtered through a silica plug (ethyl acetate).   

13-(Azidomethyl)-2,5,8,11,15,18,21,24-octaoxapentacosane (3.15)171 

 

Using the general procedure with 3.13 (1.40 g, 2.87 mmol) the title product (0.99 g, 82%) was 

isolated as a brown oil. 1H NMR (400 MHz, chloroform-d) δ 3.66 – 3.42 (m, 30H), 3.38 (s, 

6H), 2.17 (hept, J = 6.3 Hz, 1H); 13C NMR (100 MHz, chloroform-d) δ 72.1, 70.8 (multiple 

peaks), 70.7, 70.6, 67.9, 59.2, 50.4, 39.5. HRMS (ES-ToF): 446.2468 [M+Na+] (calc. 

446.2478). 

16-(Azidomethyl)-2,5,8,11,14,18,21,24,27,30-decaoxahentriacontane (3.16)  

 

Using the general procedure with 3.14 (0.86 g, 1.37 mmol), the title product (0.59 g, 84%) was 

isolated as a brown oil. 1H NMR (400 MHz, chloroform-d) δ 3.71 – 3.44 (m, 38H), 3.38 (s, 

6H), 2.16 (hept, J = 6.3 Hz, 1H). 13C NMR (100 MHz, chloroform-d) δ 73.0, 71.0 (multiple 

peaks), 70.9, 70.8, 69.3, 59.4, 50.6, 42.4. HRMS (ES-ToF): 534.2990 [M+Na+] (calc. 

534.3003). 
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General procedure for the Staudinger reduction of the branched azides. Triphenyl 

phosphine (2.6 equiv) was added in small portions to a solution of the appropriate azide (1 

equiv) in anhydrous THF (7 mL/mmol) at 0 °C. The mixture was allowed to reach room 

temperature and stirred for 6 h. The mixture was then heated to 50 °C for 1 h. After cooling to 

room temperature, the reaction mixture was quenched with distilled water (0.1 mL/mmol) and 

stirred overnight at room temperature. The solvent was removed in vacuo and the crude residue 

was suspended in distilled water (45 mL/mmol). The aqueous portion was thoroughly washed 

with diethyl ether and concentrated under reduced pressure.  

2-(2,5,8,11-tetraoxadodec-1-yl)-4,7,10,13-tetraoxatetradecan-1-amine (3.17)171  

 

Using the general procedure with 3.15 (0.95 g, 2.24 mmol), the title product (0.83 g, 88%) was 

isolated as a pale yellow oil. The crude product was used in the next step without further 

purification. 1H NMR (400 MHz, chloroform-d) δ 3.66 – 3.43 (m, 28H), 3.38 (s, 6H), 2.79 (d, 

J = 6.0 Hz, 2H), 1.98 (hept, J = 6.0 Hz, 1H), 1.65 (s, 2H); 13C NMR (100 MHz, chloroform-d) 

δ 72.1, 71.1, 70.8 (multiple peaks), 70.6, 59.2, 42.3, 42.1; HRMS (ES-ToF): 398.2766 [M+H+] 

(calc. 398.2754). 

2-(2,5,8,11,14- Pentaoxapentadec -1-yl)-4,7,10,13,16-pentaoxaheptadecan-1-amine (3.18) 

 

Using the general procedure with 3.16 (0.40 g, 0.78 mmol), the title product (0.31 g, 82%) was 

isolated as a pale yellow oil. The crude product was used in the next step without further 

purification. 1H NMR (400 MHz, chloroform-d) δ 3.68 – 3.49 (m, 36H), 3.38 (s, 6H), 2.79 (d, 

J = 6.0 Hz, 2H),  2.25 (hept, J = 6.0 Hz, 1H). 3C NMR (100 MHz, chloroform-d) δ 72.3, 71.2, 
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70.9 (multiple peaks), 70.8, 59.4, 42.5, 42.3. HRMS (ES-ToF): 486.3278 [M+H+] (calc. 

486.6230). 

5.2.3 Synthesis of the NDI monomers 

General procedure for the synthesis of the NDI monomers. A suspension of 2,6-

dibromonaphthalene-1,4,5,8-tetracarboxydianhydride (1 equiv) and anhydrous zinc acetate (2 

equiv) in anhydrous o-xylene (ca. 30 mL/mmol) was heated to 80 °C. The appropriate amine 

(2.2 equiv) was added dropwise. After heating to 130 °C for 2 h, the reaction mixture was 

diluted with chloroform and washed with water. The aqueous layer was further extracted with 

chloroform and the combined organic portions were washed with water and dried over 

anhydrous MgSO4. The solvent was removed in vacuo and the resulting red residues were 

purified by column chromatography.  

4,9-dibromo-2,7-di(2,5,8,11,14,17,20-heptaoxadocosan-22-yl)benzo[lmn][3,8]phenan-

throline-1,3,6,8(2H,7H)-tetraone (3.19) 

 

Using the general procedure with amine 3.8 (0.90 g, 2.65 mmol) and 2,6-dibromonaphthalene-

1,4,5,8-tetracarboxydianhydride (0.51 g, 1.20 mmol) the title product (0.46 g, 36%) was 

isolated as a yellow solid after column chromatography (ethyl acetate, then ethyl acetate: 

methanol, 90:10) and recrystallisation from ethyl acetate. 1H NMR (400 MHz, CDCl3) δ 8.98 

(s, 2H), 4.46 (t, J = 5.8 Hz, 4H), 3.84 (t, J = 5.8 Hz, 4H), 3.73 – 3.51 (m, 48H), 3.37 (s, 6H). 

13C NMR (100 MHz, CDCl3) δ 161.2, 161.1, 139.4, 128.7, 128.2, 125.7, 124.5, 72.3, 70.9 

(multiple peaks), 70.4, 67.9, 59.37, 40.4. HRMS (ES-ToF): 1067.2562  [M+H+] (calc. 

1067.2599). 
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2,7-bis(13-(2,5,8,11-tetraoxadodecyl)-2,5,8,11-tetraoxatetradecan-14-yl)-4,9-dibromo-

benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (3.20)159
 

 

Using the general procedure with amine 3.17 (0.84 g, 2.11 mmol) and 2,6-dibromonaphthalene-

1,4,5,8-tetracarboxydianhydride (0.41 g, 0.96 mmol), the title product (0.42 g, 37%) was 

isolated as a waxy yellow solid after column chromatography (ethyl acetate, then ethyl acetate: 

methanol, 90:10) and preparative gel permeation chromatography in chloroform . 1H NMR 

(400 MHz, chloroform-d) δ 8.97 (s, 2H), 4.32 (d, J = 6.2 Hz, 4H), 3.65 – 3.43 (m, 56H), 3.36 

(s, 12H), 2.56 – 2.50 (hept, J = 6.2 Hz, 2H). 13C NMR (100 MHz, chloroform-d) δ 161.4, 161.3, 

139.3, 128.5, 128.1, 125.7, 124.4, 72.2, 71.3, 70.9 – 70.8 (multiple peaks), 70.7, 59.4, 42.2, 

38.6. HRMS (ES-ToF): 1183.3452 [M+H+] (calc. 1183.3436). 

2,7-bis(16-(2,5,8,11,14-pentaoxapentadecyl)-2,5,8,11,14-pentaoxaheptadecan-17-yl)-4,9-

dibromobenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (3.21) 

 

Using the general procedure with amine 3.18 (0.25 g, 0.51 mmol) and 2,6-dibromonaphthalene-

1,4,5,8-tetracarboxydianhydride (0.10 g, 0.23 mmol), the title product (85 mg, 27%) was 

isolated as a waxy yellow solid after column chromatography (ethyl acetate, then ethyl acetate: 
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methanol, 90:10) and preparative gel permeation chromatography in chloroform. 1H NMR (400 

MHz, chloroform-d) δ 8.97 (s, 2H), 4.32 (d, J = 6.2 Hz, 4H), 3.66 – 3.46 (m, 72H), 3.37 (s, 

12H), 2.52 (hept, J = 6.2 Hz, 2H). 13C NMR (100 MHz, chloroform-d) δ 161.4, 161.3, 139.3, 

128.5, 128.0, 125.7, 124.4, 72.2, 71.3, 70.9 – 70.8 (multiple peaks), 70.7, 59.4, 42.2, 38.6. 

HRMS (ES-ToF): 1361.4431 (calc. 1361.4459).   

5.2.4 Synthesis of the NDTI monomers 

Tributyl(trimethylsilylethynyl)tin (3.26)216  

 

Following the procedure reported by Meana et al.,216 n-BuLi (1.6 M in hexane, 1.26 mL, 2.02 

mmol) was added dropwise to a solution of trimethylsilylacetylene (0.25 mL, 1.80 mmol) in 

anhydrous Et2O (3.5 mL) at ‒78 °C. The reaction mixture was allowed to warm to 0 °C over 1 

h. After cooling to ‒78 °C, tributyltinchloride (0.55 mL, 2.02 mmol) was added dropwise and 

the resulting mixture was allowed to reach room temperature overnight. The mixture was 

quenched with a saturated aqueous NH4Cl solution (10 mL) and extracted with diethyl ether (3 

× 20 mL). The combined organic layers were washed with distilled water and dried over 

anhydrous Na2SO4. Removal of the solvent in vacuo afforded the crude product (0.70 g, 98%) 

as a colourless oil. The crude product was used in the next step without further purification. 1H 

NMR (400 MHz, chloroform-d) δ 1.60 – 1.51 (m, 6H), 1.38 – 1.31 (m, 6H), 1.06 – 0.94 (m, 

6H), 0.90 (t, J = 7.3 Hz, 9H), 0.16 (s, 9H). 
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2,7-di(2,5,8,11,14,17,20-heptaoxadocosan-22-yl)-4,9-bis((trimethylsilyl)ethynyl)benzo 

[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (3.27) 

 

Tetrakis(triphenyl  phosphine)palladium(0) (2.36 mg, 2.04 µmol) was added to a solution of  

3.26 (30.00 mg, 77.47 µmol) and 3.19 (40.26 mg, 37.7 µmol) in anhydrous, degassed toluene 

(3.00 mL) under argon counterflow. The mixture was stirred overnight at 120 °C and after 

cooling, the solvent was removed in vacuo. The resulting brown residue was dissolved in 

acetonitrile (10 mL) and thoroughly washed with hexane (3 × 5 mL) in order to remove tin by-

products. The acetonitrile portion was concentrated under reduced pressure and subjected to 

column chromatography (ethyl acetate, then ethyl acetate: methanol, 95:5) to give the desired 

product (35.30 mg, 85%) as a yellow waxy solid. 1H NMR (400 MHz, chloroform-d) δ 8.78 (s, 

2H), 4.44 (t, J = 6.0 Hz, 4H), 3.82 (t, J = 6.0 Hz, 4H), 3.75 – 3.50 (m, 48H), 3.37 (s, 6H), 0.36 

(s, 18H). 13C NMR (100 MHz, CDCl3) δ 162.2, 161.5, 138.1, 127.3, 126.7, 126.5, 125.5, 111.1, 

103.5, 72.3, 70.9 (multiple peaks), 68.0, 59.4, 39.8, 1.4. HRMS (ES-ToF): 1125.4988 [M+Na+] 

(calc. 1125.4999). 

2,6-dibromo-1,4,5,8-tetracarboxynaphthalenediimide (3.29)175 

 

Following the procedure reported by Dawson et al.,175 a suspension of 2,6-

dibromonaphthalene-1,4,5,8-tetracarboxydianhydride (5.0 g, 11.7 mmol) and ammonium 
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acetate (18.1 g, 235 mmol) in glacial acetic acid (100 mL) was heated under reflux for 2 h. 

After cooling to room temperature, the precipitate was collected by filtration and washed with 

acetic acid and methanol to afford the title product (4.79 g, 97%) as an orange solid:  1H NMR 

(400 MHz, DMSO-d6) δ 12.28 (br s, 2H), 8.65 (s, 2H);  HRMS (ES-ToF): 420.8465 [M-H+] 

(calc. 420.8640).  

Tributyl(triethylsilylethynyl)tin (3.30)217  

 

Following the procedure reported by Kinashi et al.,217 n-BuLi (2.5 M in hexane, 10.3 mL, 25.8 

mmol) was added dropwise to a solution of triethylsilylacetylene (4.4 mL, 24.6 mmol) in 

anhydrous THF (100 mL) at ‒78 °C. The reaction mixture was stirred for 1 h at ‒78 °C. 

Tributyltinchloride (6.7 mL, 24.6 mmol) was added dropwise and the resulting mixture was 

allowed to reach room temperature overnight. The mixture was quenched with a saturated 

aqueous NH4Cl solution (20 mL) and extracted with hexane (3 × 200 mL). The combined 

organic layers were washed with distilled water, brine and dried over anhydrous Na2SO4. 

Removal of the solvent in vacuo afforded the crude product (9.97 g, 94%) as a colourless oil. 

The crude product was used in the next step without further purification. 1H NMR (400 MHz, 

chloroform-d) δ 1.65 – 1.49 (m, 6H), 1.38 – 1.29 (m, 6H), 1.09 – 0.91 (m, 15H), 0.89 (t, J = 

7.3 Hz, 9H), 0.58 (q, J = 7.3 Hz, 6H). 13C NMR (100 MHz, chloroform-d) δ 117.1, 114.3, 28.9, 

26.9, 14.4, 11.2, 7.5, 4.6. 

 

 

 



169  
 

2,6-Bis(triethylsilylethynyl)-1,4,5,8-naphthalene tetracarboxylic acid diimide (3.31)28 

 

Modifying the method of Nakano et al.,28 bis(triphenylphosphine)palladium (II) dichloride 

(0.31 g,  0.45 mmol) was added to a solution of 3.30 (8.46 g, 19.71 mmol) and  3.29 (3.80 g, 

8.96 mmol) in anhydrous, degassed toluene (120 mL). The mixture was stirred overnight at 

120 °C under an argon atmosphere and after cooling, the solvent was removed in vacuo. 

Recrystallisation from tetrahydrofuran-methanol afforded the title compound (4.54 g, 93%) as 

a yellow solid: 1H NMR (400 MHz, DMSO-d6) δ 12.12 (br s, 2H), 8.40 (s, 2H), 1.09 (t, J = 7.9 

Hz, 18H), 0.74 (q, J = 7.9 Hz, 12H). HRMS (ES-ToF): 541.1987 [M-H+] (calc. 541.1979). 

2,7-Bis(triethylsilyl)naphtho[2,3-b:6,7-b’]dithiophene-4,5,9,10-tetracarboxylic acid diimide 

(3.32)28 

 

Modifying the procedure of Nakano et al.,28 sodium sulfide nonahydrate (3.72 g, 15.49 mmol) 

was added in small portions to a suspension of 3.31 (1.40 g, 2.58 mmol) in anhydrous, degassed 

2-methoxyethanol (250 mL) and acetic acid (8.7 mL) at 0 °C. The suspension was allowed to 

reach room temperature and stirred overnight under nitrogen. The mixture was then exposed 

to atmospheric conditions and compressed air was continuously bubbled into the 

stirred reaction mixture for 72 h at room temperature. A gradual colour change from brown to 

maroon was observed. The reaction mixture was cooled to 0 °C and poured over distilled water 

(200 mL). The resulting precipitate was collected under vacuum and thoroughly washed with 
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distilled water and methanol. The solid was suspended in hot chloroform (60 mL) and the 

insoluble residues were removed by filtration. The filtrate was concentrated under reduced 

pressure and the resulting solid was recrystallised two times from chloroform-methanol to give 

the title product (0.35 g, 22%) as a maroon solid.  1H NMR (400 MHz, chloroform-d) δ 9.10 

(s, 2H), 9.00 (s, 2H), 1.13 – 1.03 (m, 30H). 13C NMR (100 MHz, chloroform-d) δ 163.3, 163.2, 

158.2, 148.6, 143.7, 131.2, 124.5, 118.8, 116.9, 7.8, 4.4. HRMS (ES-ToF): 606.1509 (calc. 

606.1499). 

General procedure for the Mitsunobu reaction.  Diethylazodicarboxylate (40 wt. % in 

toluene, 4 equiv) was added dropwise to a solution of 3.32 (1 equiv), appropriate alcohol (2.5 

equiv) and triphenylphosphine (4 equiv) in degassed anhydrous THF (ca. 25 mL/mmol) at 0 

°C.  The solution was allowed to reach room temperature and stirred overnight. The solvent 

was removed under reduced pressure and the crude residues were subjected to column 

chromatography.   

2,8-di(2,5,8,11,14,17,20-heptaoxadocosan-22-yl)-5,11-bis(triethylsilyl)thieno[3',2':5,6] 

benzo[1,2,3,4-lmn]thieno[2,3-f][3,8]phenanthroline-1,3,7,9(2H,8H)-tetraone (3.28) 

 

Using the general procedure with 3.32 (250 mg, 0.41 mmol) and alcohol 3.3  (350 mg, 1.03 

mmol), the title product  (320 mg, 66%) was isolated as a maroon waxy solid after column 

chromatography (ethyl acetate, then ethyl acetate: methanol, 93:7) and preparative gel 

permeation chromatography in chloroform. 1H NMR (400 MHz, chloroform-d) δ 9.15 (s, 2H), 

4.63 (t, J = 6.2 Hz, 4H), 3.94 (t, J = 6.2 Hz, 4H), 3.76 – 3.72 (m, 4H), 3.68 – 3.50 (m, 44H), 

3.36 (s, 6H), 1.14 – 1.08 (m, 18H), 1.06 – 0.99 (m, 12H). 13C NMR (100 MHz, chloroform-d) 
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δ 163.9, 163.7, 157.2, 148.7, 144.4, 131.6, 123.0, 118.7, 117.5, 72.3, 70.9 (multiple peaks), 

70.6, 68.2, 59.4, 40.2, 7.8, 4.4. HRMS (ES-ToF): 1251.5596  [M+H+] (calc. 1251.5560). 

2,8-bis(13-(2,5,8,11-tetraoxadodecyl)-2,5,8,11-tetraoxatetradecan-14-yl)-5,11-

bis(triethylsilyl)thieno[3',2':5,6]benzo[1,2,3,4-lmn]thieno[2,3-f][3,8]phenanthroline-

1,3,7,9(2H,8H)-tetraone (3.33) 

 

Using the general procedure with 3.32 (170 mg, 0.27 mmol) and alcohol 3.11 (272 mg, 0.68 

mmol),  the title product (270 mg, 73%) was isolated as a maroon waxy solid after column 

chromatography (ethyl acetate, then ethyl acetate: methanol, 90:10). 1H NMR (400 MHz, 

chloroform-d) δ 9.16 (s, 2H), 4.49 (d, J = 6.5 Hz, 4H), 3.73 – 3.39 (m, 56H), 3.33 (s, 12H), 

2.70 (hept, J = 6.5 Hz, 2H), 1.17 – 1.06 (m, 18H), 1.06 – 0.97 (m, 12H). 13C NMR (100 MHz, 

chloroform-d) δ 163.9, 163.7, 156.9, 148.6, 144.3, 131.7, 123.1, 118.9, 117.5, 72.3- 70.7 

(multiple peaks), 59.3, 41.9, 38.8, 7.8, 4.4; HRMS (ES-ToF): 1367.6714 [M+H+] (calc. 

1367.6397). 

2,8-bis(16-(2,5,8,11,14-pentaoxapentadecyl)-2,5,8,11,14-pentaoxaheptadecan-17-yl)-5,11-

bis(triethylsilyl)thieno[3',2':5,6]benzo[1,2,3,4-lmn]thieno[2,3-f][3,8]phenanthroline-

1,3,7,9(2H,8H)-tetraone (3.34) 
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Using the general procedure with 3.32 (300 mg, 0.49 mmol) and  alcohol 3.12 (600 mg, 1.23 

mmol), the title product (690 mg, 90%) was isolated as a dark red viscous oil after column 

chromatography (ethyl acetate, then ethyl acetate: methanol, 90:10) and preparative gel 

permeation chromatography in chloroform. 1H NMR (400 MHz, chloroform-d) δ 9.15 (s, 2H), 

4.48 (d, J = 6.7 Hz, 4H), 3.65 – 3.45 (m, 72H), 3.34 (s, 12H), 2.69 (hept, J = 6.7 Hz, 2H), 1.18 

– 0.94 (m, 30H). 13C NMR (100 MHz, chloroform-d) δ 164.1, 163.9, 156.9, 148.6, 144.3, 131.7, 

123.0, 118.8, 117.6, 72.2, 71.3, 70.9 – 70.8 (multiple peaks), 70.7, 59.3, 41.8, 38.8, 7.8, 4.4. 

HRMS (ES-ToF): 1543.7468 [M+H+] (calc. 1543.7446). 

General procedure for the bromination reaction. Bromine (5 equiv) was added to a solution 

of the appropriate triethylsilyl-functionalised NDTI (1 equiv) in degassed anhydrous DCM (ca. 

40 mL/mmol) at 0 °C. The resulting solution was heated to 40 oC and stirred for 3 h. After 

cooling to room temperature, the solvent was removed under reduced pressure and the crude 

residues were subjected to column chromatography (ethyl acetate, then ethyl acetate: methanol, 

90:10) and preparative gel permeating chromatography in chloroform.   

5,11-dibromo-2,8-di(2,5,8,11,14,17,20-heptaoxadocosan-22-yl)thieno[3',2':5,6]benzo 

[1,2,3,4-lmn]thieno[2,3-f][3,8]phenanthroline-1,3,7,9(2H,8H)-tetraone (3.35) 

 

Using the general procedure with 3.28 (293 mg, 0.23 mmol), the title product (125 mg, 45%) 

was isolated as a maroon waxy solid. 1H NMR (400 MHz, chloroform-d) δ) 9.05 (s, 2H), 4.58 

(t, J = 5.9 Hz, 4H), 3.92 (t, J = 5.9 Hz, 4H), 3.73 (m, 4H), 3.65 – 3.52 (m, 44H), 3.37 (s, 6H). 

13C NMR (100 MHz, chloroform-d) δ 163.0, 162.7, 146.2, 142.2, 133.5, 126.9, 122.0, 117.5, 
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115.9, 72.3, 70.9, 70.9, 70.4, 68.0, 59.4, 40.2. HRMS (ES-ToF): 1203.1859 [M+Na+] (calc. 

1203.1840). 

2,8-bis(13-(2,5,8,11-tetraoxadodecyl)-2,5,8,11-tetraoxatetradecan-14-yl)-5,11-dibromo 

thieno[3',2':5,6]benzo[1,2,3,4-lmn]thieno[2,3-f][3,8]phenanthroline-1,3,7,9(2H,8H)-

tetraone (3.36) 

 

Using the general procedure with 3.33 (270 mg, 0.20 mmol), the title product (100 mg, 40%) 

was isolated as a maroon waxy solid. 1H NMR (400 MHz, chloroform-d) δ 9.05 (s, 2H), 4.43 

(d, J = 6.7 Hz, 4H), 3.70 – 3.42 (m, 56H), 3.35 (s, 12H), 2.61 (hept, J = 6.7 Hz,  2H). 13C NMR 

(100 MHz, CDCl3) δ 163.8, 163.2, 146.4, 142.5, 133.6, 127.1, 121.8, 118.0, 116.4, 72.8, 72.2, 

71.3, 70.9 ‒ 70.8 (multiple peaks), 70.7, 59.4, 41.5, 38.3. HRMS (ES-ToF): 1317.2745 

[M+Na+] (calc. 1317.2697). 

2,8-bis(16-(2,5,8,11,14-pentaoxapentadecyl)-2,5,8,11,14-pentaoxaheptadecan-17-yl)-5,11-

dibromothieno[3',2':5,6]benzo[1,2,3,4-lmn]thieno[2,3-f][3,8]phenanthroline-

1,3,7,9(2H,8H)-tetraone (3.37) 
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Using the general procedure with 3.34 (380 mg, 0.25 mmol), the title product (185 mg, 51%) 

was isolated as a dark red viscous oil. 1H NMR (400 MHz, chloroform-d) δ 9.05 (s, 2H), 4.42 

(d, J = 6.6 Hz, 4H), 3.70 – 3.40 (m, 72H), 3.35 (s, 12H), 2.60 (hept, J = 6.6 Hz, 2H). 13C NMR 

(100 MHz, chloroform-d) δ 163.3, 163.0, 146.2, 142.3, 133.3, 127.0, 122.1, 117.8, 116.2, 72.2, 

71.2, 70.8 – 70.6 (multiple peaks), 59.3, 41.8, 38.7. HRMS (ES-ToF): 1473.3893 [M+H+] (calc. 

1473.3900). 

5.2.5 Synthesis of the polymers 

P3gNDTI 

 

A mixture of 3.36 (27.03 mg, 21.0 µmol, 1.0 equiv), 5,5'-bis(trimethylstannyl)-2,2'-bithiophene  

(10.21 mg, 21.0 µmol, 1.0 equiv) ,  Pd2(dba)3 (0.38 mg, 0.42 µmol, 0.02 equiv) and P(o-tol)3 

(0.51 mg, 1.68 µmol, 0.08 equiv) in anhydrous, degassed DMF (1.5 mL) was degassed for 10 

min and heated to 80 °C overnight. 0.1 mL of a solution of 2-(tributylstannyl)thiophene (0.1 

mL) and Pd2(dba)3 (1.00 mg, 1.09 µmol)  in anhydrous, degassed DMF (0.5 mL)  were added 

and the resulting mixture was stirred for 1 h at 90 °C. 0.1 mL of a solution of 2-bromothiophene 

(0.1 mL) in anhydrous, degassed DMF (0.5 mL) were subsequently added and stirring at 90 °C 

was maintained for a further 1 h.  The reaction mixture was cooled to room temperature and 

precipitated in ethyl acetate, followed by the addition of hexane. The solid was collected in a 

thimble and Soxhlet extraction was carried out with hexane, methanol, ethyl acetate, acetone 

and chloroform. The polymer was dissolved in hot chloroform and re-precipitated in ethyl 
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acetate, followed by the addition of hexane. Polymer P3gNDTI was obtained as a black green 

solid is a yield of 83% (22.6 mg, 17.36 µmol). 1H NMR (500 MHz, 328 K, chloroform-d) δ 

8.82 – 7.37 (broad), 4.57 – 4.53 (br s, 4H), 3.65 – 3.33 (m, 68H),  2.64 – 2.56 (br s, 2H). GPC 

(chloroform, 40 °C): Mn = 13.0 kDa, Mw = 20.4 kDa. 

P4gNDTI 

 

A mixture of 3.37 (71.75 mg, 48.70 µmol 1.0 equiv), 5,5'-bis(trimethylstannyl)-2,2'-

bithiophene  (23.95 mg, 48.70 µmol, 1.0 equiv) ,  Pd2(dba)3 (0.89 mg, 0.97 µmol, 0.02 equiv) 

and P(o-tol)3 (1.18 mg, 3.89 µmol, 0.08 equiv) in anhydrous, degassed chlorobenzene (2.0 mL) 

was degassed for 10 min and heated to 135 °C overnight. 0.1 mL of a solution of 2-

(tributylstannyl)thiophene (0.1 mL) and Pd2(dba)3 (1.00 mg, 1.09 µmol)  in anhydrous, 

degassed chlorobenzene (0.5 mL)  were added and the resulting mixture was stirred for 1 h at 

135 °C. 0.1 mL of a solution of 2-bromothiophene (0.1 mL) in anhydrous, degassed 

chlorobenzene (0.5 mL) were subsequently added and stirring at 135 °C was maintained for a 

further 1 h.  The reaction mixture was cooled to room temperature and precipitated in ethyl 

acetate, followed by the addition of hexane. The solid was collected in a thimble and Soxhlet 

extraction was carried out with hexane, methanol, ethyl acetate, acetone, THF and chloroform. 

The polymer was dissolved in hot chloroform and re-precipitated in ethyl acetate, followed by 

the addition of hexane. Polymer P4gNDTI was obtained as a black green solid is a yield of 

58% (42 mg, 28.42 µmol). 1H NMR (400 MHz, chloroform-d) δ 9.16 – 8.55 (broad), 4.57 – 



176 
 

4.53 (br s), 3.92 – 3.31 (m),  2.78 – 2.51 (br s).  GPC (chloroform, 40 °C): Mn = 59.4 kDa, Mw 

= 269.4 kDa. 

P3gNDI159 

 

A mixture of 3.20 (126.84 mg, 107.0 µmol, 1.0 equiv), 5,5'-bis(trimethylstannyl)-2,2'-

bithiophene  (52.65 mg, 107.0 µmol, 1.0 equiv) ,  Pd2(dba)3 (1.96 mg, 2.14 µmol, 0.02 equiv) 

and P(o-tol)3 (2.61 mg, 8.56 µmol, 0.08 equiv) in anhydrous, degassed chlorobenzene (3.0 mL) 

was degassed for 10 min and heated to 135 °C overnight. 0.1 mL of a solution of 2-

(tributylstannyl)thiophene (0.1 mL) and Pd2(dba)3 (1.00 mg, 1.09 µmol)  in anhydrous, 

degassed chlorobenzene (0.5 mL)  were added and the resulting mixture was stirred for 1 h at 

135 °C. 0.1 mL of a solution of 2-bromothiophene (0.1 mL) in anhydrous, degassed 

chlorobenzene (0.5 mL) were subsequently added and stirring at 135 °C was maintained for a 

further 1 h.  The reaction mixture was cooled to room temperature and precipitated in ethyl 

acetate, followed by the addition of hexane. The solid was collected in a thimble and Soxhlet 

extraction was carried out with hexane, methanol, ethyl acetate, acetone and chloroform. The 

polymer was dissolved in hot chloroform and re-precipitated in ethyl acetate, followed by the 

addition of hexane. Polymer P3gNDI was obtained as a deep blue solid is a yield of 88% (112.4 

mg, 94.5 µmol). 1H NMR (400 MHz, chloroform-d) δ 8.82 (br s, 2H), 7.37 (br s, 4H), 4.31 (br 

s, 4H), 3.62 – 3.49 (m, 56H), 3.35 (s, 12H), 2.56 (br s, 2H).  GPC (chloroform, 40 °C): Mn = 

40.7 kDa, Mw = 72.9 kDa. 
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P4gNDI 

 

A mixture of 3.21 (49.62 mg, 36.45 µmol, 1.0 equiv), 5,5'-bis(trimethylstannyl)-2,2'-

bithiophene  (17.93 mg, 36.45 µmol, 1.0 equiv) ,  Pd2(dba)3 (0.67 mg, 0.73 µmol, 0.02 equiv) 

and P(o-tol)3 (0.89 mg, 2.92 µmol, 0.08 equiv) in anhydrous, degassed chlorobenzene (1.5 mL) 

was degassed for 10 min and heated to 135 °C overnight. 0.1 mL of a solution of 2-

(tributylstannyl)thiophene (0.1 mL) and Pd2(dba)3 (1.00 mg, 1.09 µmol)  in anhydrous, 

degassed chlorobenzene (0.5 mL)  were added and the resulting mixture was stirred for 1 h at 

135 °C. 0.1 mL of a solution of 2-bromothiophene (0.1 mL) in anhydrous, degassed 

chlorobenzene (0.5 mL) were subsequently added and stirring at 135 °C was maintained for a 

further 1 h.  The reaction mixture was cooled to room temperature and precipitated in a mixture 

of ethyl acetate: hexane (1:1, v/v). The solid was collected in a thimble and Soxhlet extraction 

was carried out with hexane and ethyl acetate. The polymer was dissolved in hot ethyl acetate 

and re-precipitated in ethyl acetate: hexane (1:1, v/v). Polymer P4gNDI was obtained as a deep 

blue solid is a yield of 48% (24 mg, 17.57 µmol). 1H NMR (400 MHz, chloroform-d) δ 8.82 

(br s, 2H), 7.40 (br s, 4H), 4.29 (br s, 4H), 3.66 – 3.47 (m, 72H), 3.35 (s, 12H), 2.56 (br s, 2H). 

GPC (chloroform, 40 °C): Mn = 22.0 kDa, Mw = 36.0 kDa.   
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5.3 Synthetic procedures for Chapter 4 

5.3.1 Synthesis of the monomers  

(E)-6,6'-Dibromo-[3,3'-biindolinylidene]-2,2'-dione (4.1)193  

 

Adapting the method of Dinçalp et al.,193 6-bromoisatin (2.15 g, 9.51 mmol) and 6-

bromooxindole (2.01 g, 9.50 mmol) were suspended in glacial acetic acid (60 mL). Conc. HCl 

(0.4 mL) was added and the reaction mixture was heated to 135 oC for 36 h. After cooling to 

room temperature, the brown precipitate was collected by filtration and washed successively 

with distilled water, ethanol and ethyl acetate to give the title product (3.28 g, 82%) as a purple 

solid.1H NMR (400 MHz, DMSO-d6) δ 9.03 (d, J = 8.7 Hz, 2H), 7.22 (dd, J = 8.7, 2.0 Hz, 2H), 

7.03 (d, J = 2.0 Hz, 2H). 

(E)-6,6'-dibromo-1,1'-di(2,5,8,11,14,17,20-heptaoxadocosan-22-yl)-[3,3'-biindolinylidene]-

2,2'-dione (4.2) 

 

3.6 (2.59 g, 5.24 mmol) was added dropwise to a suspension of 4.1 (1 g, 2.38 mmol) and 

potassium carbonate (1.65 g, 11.90 mmol) in anhydrous DMF (40 mL). The reaction mixture 

was heated to 100 oC overnight. After cooling to room temperature, the dark red solution was 

poured over an ice-water mixture and extracted with chloroform (3 × 100 mL). The organic 

layers were washed distilled water (3 × 100 mL) and dried over anhydrous MgSO4. The solvent 
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was removed in vacuo to give the crude product as a red oil. Purification by column 

chromatography (ethyl acetate to ethyl acetate: MeOH, 90:10) afforded the desired product 

(1.12 g, 44%) as a purple solid. 1H NMR (400 MHz, acetone-d6) δ 9.19 (d, J = 8.6 Hz, 2H), 

7.39 (d, J = 2.0 Hz, 2H), 7.25 (dd, J = 8.6, 2.0 Hz, 2H), 4.07 (t, J = 5.4 Hz, 4H), 3.82 (t, J = 5.4 

Hz, 4H), 3.66 – 3.47 (m, 48H), 3.32 (s, 6H). 13C NMR (100 MHz, acetone-d6) δ 168.1, 147.3, 

132.8, 131.5, 126.7, 125.0, 120.9, 113.1, 72.3, 71.1, 71.0 – 70.9 (multiple peaks), 70.7, 69.0, 

58.5, 40.8. HRMS (ES-ToF): 1065.2988 [M+H+] (calc. 1065.2993). 

5,6-Difluoro-4,7-bis(thiophen-2-yl)-2,1,3-benzothiadiazole (4.3)194  

 

Tetrakis(triphenylphosphine)palladium (0) (175 mg, 0.15 mmol, 0.05 equiv) was added to a 

solution of 4,7-dibromo-5,6-difluoro-2,1,3-benzothiadiazole (1 g, 3.03 mmol, 1 equiv)  and 2-

(tributylstannyl)thiophene (2.2 mL, 6.93 mmol, 2.3 equiv) in degassed toluene (60 mL) under 

a reverse flux of nitrogen. The reaction mixture was heated to 120 oC overnight. The resulting 

yellow solution was concentrated in vacuo and ethanol (250 mL) was added to precipitate the 

product. The crude product was collected by filtration and recrystallised from hexane to afford 

the title product (0.72 g, 71%) as an orange crystalline solid. 1H NMR (400 MHz, chloroform-

d) δ 8.30 (d, J = 3.9, 2H), 7.62 (dd, J = 5.1, 3.9 Hz, 2H), 7.27 (d, J = 4.4 Hz, 2H). HRMS (ES-

ToF): 335.9654 (calc. 335.9656). 
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5,6-Difluoro-4,7-bis(5-(trimethylstannyl)thiophen-2-yl)-2,1,3-benzothiadiazole (4.4)194 

 

Lithium diisopropylamide (2 M in THF, 0.6 mL, 1.20 mmol, 2.5 equiv) was added dropwise 

to a solution of  4.3 (160 mg, 0.48 mmol, 1 equiv) in anhydrous THF (30 mL) at ‒78 °C. The 

resulting purple solution was stirred for 2 h at ‒78 °C. Trimethyltin chloride (1 M in THF, 1.25 

mL, 1.25 mmol, 2.6 equiv) was added dropwise at ‒78 °C and the mixture was allowed to reach 

room temperature with stirring. The reaction mixture was quenched with distilled water (10 

mL) and extracted with diethyl ether (3 × 50 mL). The combined organic layers were washed 

with distilled water (3 × 50 mL), dried over anhydrous MgSO4 and concentrated in vacuo. 

Recrystallisation from methanol afforded the title product (253 mg, 80%) as a golden 

crystalline solid. 1H NMR (400 MHz, chloroform-d) δ 8.34 (d, J = 3.7 Hz, 2H), 7.35 (d, J = 3.7 

Hz, 2H), 0.45 (s, 18H). 19F NMR (377 MHz, chloroform-d) δ ‒128.0. HRMS (ES-ToF): 

661.8952 (calc. 661.8946). 

2-(Tributylstannyl)thiazole (4.5)195   

 

Following the method of Lee et al.,195 n-BuLi (2.5 M in hexane, 5.14 mL, 12.8 mmol) was 

added dropwise to a solution of thiazole (1 g, 11.7 mmol) in anhydrous diethyl ether (45 mL) 

at ‒50 C. After stirring for 1 h at ‒50 C, tributyltin chloride (4.16 g, 12.8 mmol) was added 

dropwise and the reaction mixture was stirred overnight at room temperature. A saturated 

aqueous NaHCO3 solution was added (150 mL) and the mixture was extracted with diethyl 

ether (3 × 100 mL). The combined organic fractions were washed with distilled water (3 × 100 

mL) and dried over anhydrous MgSO4. Removal of the solvent in vacuo afforded the title 
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product (4.36 g, 99%) as a brown oil. The crude product was used in the next step without 

further purification. 1H NMR (400 MHz, chloroform-d) δ 8.16 (d, J = 3.0 Hz, 1H), 7.53 (d, J = 

3.0 Hz, 1H), 1.62 – 1.54 (m, 6H), 1.36 – 1.31 (m, 6H), 1.25 – 1.18 (m, 6H), 0.88 (t, J = 7.3 Hz, 

9H). 13C NMR (100 MHz, chloroform-d) δ 174.5, 145.6, 120.2, 29.2, 27.5, 14.0, 11.4. 

4,7-Di(thiazol-2-yl)benzo[c][1,2,5]thiadiazole (4.6)195  

 

 

Tetrakis(triphenylphosphine)palladium (0) (159 mg, 0.14 mmol, 0.05 equiv) was added to a 

solution of 4,7-dibromo-2,1,3-benzothiadiazole (0.81 g, 2.76 mmol, 1 equiv)  and  4.5 (2.27 g, 

6.07 mmol, 2.2 equiv) in degassed toluene (70 mL) under reverse flux of nitrogen. The reaction 

mixture was heated to 120 oC overnight. The resulting yellow solution was concentrated in 

vacuo and the crude product was recrystallised from methanol to afford the title product (0.69 

g, 83%) as a crystalline orange solid. 1H NMR (400 MHz, chloroform-d) δ 8.74 (s, 2H), 8.06 

(d, J = 3.2 Hz, 2H), 7.63 (d, J = 3.2 Hz, 2H). 13C NMR (100 MHz, chloroform-d) δ 162.3, 

152.3, 143.7, 129.2, 126.1, 123.2. HRMS (ES-ToF): 302.9837 [M+H+] (calc. 302.9833). 

4,7-Bis[5-(trimethylstannyl)-1,3-thiazol-2-yl]-2,1,3-benzothiadiazole (4.7) 

 

Lithium diisopropylamide (2 M in THF, 0.8 mL, 1.60 mmol, 2.4 equiv) was added dropwise 

to a solution of 4.6 (200 mg, 0.66 mmol, 1 equiv) in anhydrous THF (60 mL) at ‒78 °C. The 

resulting red solution was stirred for 2 h at ‒78 °C. Trimethyltin chloride (1 M in THF, 1.60 

mL, 1.60 mmol, 2.4 equiv) was added dropwise at ‒78 °C and the mixture was allowed to reach 

room temperature with stirring. The reaction mixture was quenched with distilled water (10 
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mL) and extracted with diethyl ether (3 × 100 mL). The combined organic layers were washed 

with distilled water (3 × 100 mL), dried over anhydrous MgSO4 and concentrated in vacuo. 

Recrystallisation from methanol, followed by gel permeation chromatography in THF gave the 

desired product (0.27 g, 46%) as an orange solid. 1H NMR (400 MHz, acetone-d6) δ 8.84 (s, 

2H), 8.12 (s, 2H), 0.55 (s, 18H). HRMS (ES-ToF): 628.9121 [M+H+] (calc. 628.9117). 

5.3.2 Synthesis of the polymers 

General procedure for the Stille polymerisation reaction. A mixture of the appropriate 

(aza)isoindigo monomer (1.0 equiv),  appropriate bis(trimethylstannyl) monomer (1.0 equiv), 

Pd2(dba)3 (0.02 equiv) and P(o-tol)3 (0.08 equiv) in anhydrous, degassed chlorobenzene ( 30 

mL/ mmol) was degassed for 10 min and heated to 135 °C overnight. 0.1 mL of a solution of 

2-(tributylstannyl)thiophene (0.1 mL) and Pd2(dba)3 (1.00 mg, 1.09 µmol)  in anhydrous, 

degassed chlorobenzene (0.5 mL)  were added and the resulting mixture was stirred for 1 h at 

135 °C. 0.1 mL of a solution of 2-bromothiophene (0.1 mL) in anhydrous, degassed 

chlorobenzene (0.5 mL) were subsequently added and stirring at 135 °C was maintained for a 

further 1 h.  The reaction mixture was cooled to room temperature and precipitated in ethyl 

acetate, followed by the addition of hexane. The solid was collected in a thimble and Soxhlet 

extraction was carried out with hexane, methanol, ethyl acetate, acetone and chloroform. The 

polymer was dissolved in hot chloroform and re-precipitated in ethyl acetate, followed by the 

addition of hexane.  
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p(gII-T2) 

 

Using the general polymerisation procedure with 4.2 (70.14 mg, 65.87 µmol) and 5,5'-

bis(trimethylstannyl)-2,2'-bithiophene (32.40 mg, 65.87 µmol), the title polymer (65 mg, 87%) 

was obtained as a metallic blue solid. 1H NMR (500 MHz, 313 K, chloroform-d) δ 9.10 ‒ 8.20 

(br s), 7.51 ‒ 6.45 (br s), 4.30 ‒ 3.13 (m). GPC (chloroform, 40 °C): Mn = 10.7 kDa, Mw = 79.2 

kDa.  

p(gII-T2FBT) 

 

Using the general polymerisation procedure with 4.2 (72.54 mg, 68.12 µmol) and 4.4 (45.10 

mg, 68.12 µmol), the title polymer (39 mg, 46%) was obtained as a metallic blue solid. 1H 

NMR (500 MHz, 313 K, chloroform-d) δ 9.03 ‒ 8.06 (br s), 7.50 ‒ 6.49 (br s),  4.32 ‒ 3.13 (m). 

GPC (chloroform, 40 °C): Mn = 5.9 kDa, Mw = 15.4 kDa. 
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p(gII-TzBT) 

 

Using the general polymerisation procedure with 4.2 (32.86 mg, 30.86 µmol) and  4.7 (19.38 

mg, 30.86 µmol), the title polymer (21 mg, 56%) was obtained as a dark blue solid. 1H NMR 

(400 MHz, chloroform-d) δ 8.95 ‒ 7.58 (br s), 7.23 ‒ 6.44 (br s), 4.36 ‒ 3.18 (m).  GPC 

(chloroform, 40 °C): Mn = 27.7 kDa, Mw = 36.2 kDa.  

p(gAII-T2) 

 

Using the general polymerisation procedure with 4.8 (71.08 mg, 66.63 µmol) and 5,5'-

bis(trimethylstannyl)-2,2'-bithiophene (32.77 mg, 66.63 µmol), the title polymer (42 mg, 59%) 

was obtained as a dark blue solid. 1H NMR (400 MHz, chloroform-d) δ 9.35 ‒ 8.80 (br s), 4.13 

‒ 3.24 (m).  GPC (chloroform, 40 °C): Mn = 18.3 kDa, Mw = 36.4 kDa.  
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p(gAII-T2FBT) 

 

Using the general polymerisation procedure with 4.8 (65.43 mg, 61.33 µmol) and 4.4 (40.60 

mg, 61.33 µmol), the title polymer (34 mg, 45%) was obtained as a dark blue solid. 1H NMR 

(500 MHz, 313 K, chloroform-d) δ 9.18 ‒ 8.22 (br s), 7.37 ‒ 6.24 (br s),  4.32 ‒ 3.10 (m). GPC 

(chloroform, 40 °C): Mn = 6.24 kDa, Mw = 21.7 kDa. 

p(gAII-TzBT) 

 

Using the general polymerisation procedure with 4.8 (57.13 mg, 53.55 µmol) and 4.7 (33.63 

mg, 53.55 µmol), the title polymer (31 mg, 48%) was obtained as a dark blue solid. 1H NMR 

(500 MHz, 313 K, chloroform-d) δ 9.15 ‒ 8.23 (br s), 7.20 ‒ 6.11 (br s),  4.38 ‒ 3.11 (m).   GPC 

(chloroform, 40 °C): Mn = 22.4 kDa, Mw = 28. 2 kDa. 
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5.3.3 Synthesis of acceptor-acceptor polymers 

5,6-Difluoro-4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,1,3-benzothiadiazole 

(4.9) 

 

Potassium acetate (0.74 g, 7.54 mmol, 5 equiv) was dried under vacuum at 80 oC for 2 h with 

vigorous stirring. 4,7-Dibromo-5,6-difluoro-2,1,3-benzothiadiazole (0.5 g, 1.52 mmol, 1 

equiv), bis(pinacolato)diboron (0.96 g, 3.78 mmol, 2.5 equiv) and anhydrous 1,4-dioxane (25 

mL) were added and the reaction mixture was degassed for 1 h. [1,1′-

Bis(diphenylphosphino)ferrocene] dichloropalladium(II) (110 mg, 0.15 mmol, 0.1 equiv) was 

added under reverse flow of nitrogen and the mixture was heated to 80 oC for 24 h. After 

removing the solvent in vacuo, the crude residue was suspended in hot hexane and filtered 

through a celite pad, washing thoroughly with hot hexane. Removal of solvent under reduced 

pressure and recrystallisation from hexane afforded the title product (315 mg, 49%) as a white 

crystalline solid. 1H NMR (400 MHz, chloroform-d) δ 1.46 (s, 24 H). 13C NMR (100 MHz, 

chloroform-d) δ 158.2 (dd, 1JC-F = 264.4 Hz, 2JC-F = 21.1 Hz), 153.4 (t, 2JC-F = 21.1 Hz), 110.8, 

85.3, 25.2. 19F NMR (377 MHz, chloroform-d) δ ‒117.0 (s, 2F). HRMS (ES-ToF): 425.1682 

[M+H+] (calc. 425.1684). 
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p(gAII-BT) 

 

A mixture of 4.8 (54.70 mg, 51.27 µmol, 1.0 equiv), 4.9 (19.90 mg, 51.27 µmol, 1.0 equiv) 

Pd2(dba)3 (0.94 mg, 1.02 µmol, 0.02 equiv), XPhos (1.46 mg, 3.06 µmol, 0.06 equiv) and 

AQ336 (2 drops) were flushed with nitrogen and suspended in anhydrous, degassed toluene (1 

mL).  Tetrabutylammonium fluoride ( 75 wt. % in H2O, 0.3 mL), followed by an aqueous NaBr 

solution (2 M, 0.2 mL), were added to the reaction mixture and the resulting suspension was 

degassed for 5 min. The mixture was heated to 90 °C for 2 days. After cooling to room 

temperature, the mixture was precipitated in hexane: ethyl acetate (6:1, v/v) and the solid was 

collected in a thimble. Soxhlet extraction was carried out with hexane, methanol and 

chloroform. The polymer was dissolved in hot chloroform and re-precipitated in hexane: ethyl 

acetate (6:1, v/v). Polymer p(gAII-BT) was obtained as a dark blue solid in a yield of 21%. 

(11.21 mg, 10.77 µmol). 1H NMR (400 MHz, chloroform-d) δ 9.37 ‒ 8.66 (br s), 4.21 ‒ 3.19 

(m). GPC (chloroform, 40 °C): Mn = 24.6 kDa, Mw = 60.1 kDa. 
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Conclusions and Outlook 

Three polymer series based on n-type backbone motifs were developed to establish general 

structure-property relationships for mixed ionic and electronic transport in aqueous media. 

Investigations of their electrochemical activity, swelling behaviour and performance in organic 

electrochemical transistors (OECTs) provided further insight into the complex interactions 

between conjugated polymers, water and dopant ions.  

The effect of segregating the polymer backbone from the ethylene-glycol (EG) side chain by 

an alkyl spacer was investigated as a strategy to improve the charge carrier mobility and OECT 

figures of merit. Naphthalene diimide-bithiophene (NDI-T2) copolymers bearing alkyl spacers 

showed improved OECT electron mobility and device performance when compared with the 

first known example of an n-type OECT material, p(gNDI-gT2). The polymer functionalised 

with an extended C6-alkyl spacer also achieved remarkable stability and showed no fluctuations 

in the drain current for over 2 h of operation in OECTs, making it a promising candidate for 

long-term recordings in biological environments. The improved OECT mobility and stability 

imparted by the C6-alkyl spacer were correlated with a lower extent of swelling and less 

detrimental changes in the crystallite lattice spacings upon electrolyte exposure and 

electrochemical doping. The results demonstrate that introduction of alkyl spacers and tuning 

of their length is an effective strategy to balance the electronic and ionic conduction and 

achieve high stability in aqueous-based electrochemical devices.  

To improve further the electron mobility of NDI-T2 copolymers, the polymer backbone was 

structurally modified to enhance its rigidity and allow stronger interactions between 

neighbouring polymer chains. A thiophene-annulated derivative, the naphthodithiophene 

diimide (NDTI) unit, was chosen as the key acceptor unit due to its ability to planarise the 

backbone and minimise torsional disorder, as demonstrated by DFT calculations. It was found 
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that branched side chains containing tetraethylene glycol units provided sufficient solubility to 

achieve high molecular weights. As a result of its enhanced backbone coplanarity, P4gNDTI 

displayed a tighter π- π stacking of the polymer chains, a narrower band gap (~ 1.30 eV) and a 

higher electron affinity (~ 4.2 eV) compared to its NDI analogue, making it a good candidate 

for stable electron transport in ambient conditions. Indeed, P4gNDTI displayed improved 

stability during extended electrochemical cycling and less degradation of the drain current at 

gate biases > 0.45 V when operated as an n-type channel material in OECTs relative to the NDI 

derivatives. Although the effect of enhanced backbone planarity on the OECT figures of merit 

has not been elucidated yet, these results demonstrate the higher stability of P4gNDTI when 

electrochemically reduced in aqueous media. Ongoing investigations include OECT analysis 

of P4gNDTI of a higher molecular weight, as well as its NDI analogue, P4gNDI.  

Given the promising results shown by the NDTI copolymers, a logical next step would be to 

modify the side chains and maximise the mixed conduction properties. The rigid NDTI-T2 

backbone required a relatively long side chain to enhance its solubility, which in this case was 

based entirely on ethylene glycol units. Based on the findings of the first study, introduction of 

alkyl spacers before the branching point could be used to tune the ratio of hydrophilic and 

hydrophobic components and therefore modulate the swelling, while maintaining the overall 

length of the side chain.  

Beyond applications in organic bioelectronics, polymers with high backbone planarity and 

polar side chains such as P4gNDTI are also desired in other fields such as thermoelectrics. 

Previous reports have demonstrated that ethylene glycol-based side chains enhance the 

miscibility of the n-type polymer with the dopant and improve the electrical conductivity at 

low doping concentrations.142 In addition, the planar structure conferred by the NDTI unit could 

increase the polaron delocalisation length and consequently the electrical conductivity.218 
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The final study explored strategies to increase the electron affinity of isoindigo-based 

polymers, which had been previously employed only as p-type channel materials in OECTs. 

Systematic tuning of the energy levels by incorporation of electron deficient units and pyridinic 

nitrogen atoms led to a series of six copolymers with operation ranging from unipolar p-type 

to unipolar n-type in aqueous electrolytes. The p-type material p(gII-T2) achieved a thickness-

normalised gm of 60.10 S/cm (VG = ‒0.8 V), which is ~ 5 times higher than the values recorded 

for other isoindigo-based copolymers for OECT applications.116 Although its performance does 

not rival state-of-the-art p-type channel materials such as PEDOT:PSS or p(gT2-TT), a 

notable advantage of p(gII-T2) is its higher ionisation potential, which disfavours the 

competing oxygen reduction reaction and leads to low OFF currents in ambient conditions.  

At the opposite end of the series, the unipolar n-type material p(gAII-T2FBT) demonstrated a 

thickness-normalised gm of 0.148 S/cm (VG = 0.7 V) and µC* of 0.106 + 0.012  F V‒1 cm‒1 s‒1, 

which are in the range of the highest reported values for n-type OECT polymers based on 

donor-acceptor motifs. A limitation of p(gAII-T2FBT) is its large threshold voltage and 

operation at higher biases than the NDI or NDTI-based polymers. Although the threshold 

voltage was reduced by replacing the T2BT monomer with TzBT units, this led to disruption 

of the structural order, high levels of swelling upon doping and decreased performance in 

OECTs. A future strategy to shift the operation window of p(gAII-T2BT) to lower potentials 

could be replacement of the fluorine substituents of the T2BT unit with cyano groups, which 

have been shown to increase the electron affinity of the polymer.209  

The structure-property relationships derived from this work could also be applied to tailor 

conjugated small molecules for n-type operation in OECTs, which would greatly simplify the 

synthetic routes and avoid the need for extensive optimisation of polymerisation conditions. 

Although recently introduced as accumulation mode p-type channel materials,219 small 
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molecules suffer from low performance and no attempts have been yet made to tailor for n-

type OECT applications.  

Beyond polymers and small molecules, future directions in material design and optimisation 

for n-type OECTs could extend to two-dimensional or three-dimensional structures such as 

covalent organic frameworks (COFs).220 COFs include ordered π-conjugated skeletons for 

efficient charge transport and open pores for ion transport, rendering them highly attractive for 

mixed conduction. Synthetic efforts could be centred around improving their solubility for 

solution processability221 and tuning of the pore size for accommodating various analytes. The 

opportunities for material design to drive forward organic bioelectronics applications based on 

n-type materials are therefore vast.   
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 APPENDIX A. Supplementary figures for Chapter 2  

 

 

 

 

 

 

 

 

 

 

Figure A1.  MALDI-ToF spectra of (a) p(C3-gNDI-gT2) and (b) p(C6-gNDI-gT2). 

 

 

 

 

 

 

Figure A2.  Thermogravimetric analysis of p(gNDI-gT2), p(C3-gNDI-gT2) and p(C6-gNDI-

gT2). Polymers were heated under inert conditions (nitrogen flow) under the following 

conditions: [1] 30.0 to 105.0 °C, 34.99 K/min, N2 50.0 ml/min, [2] 105.0 °C, 10.00 min, N2 

50.0 ml/min [3] 105.0 to 800.0 °C, 10.00 K/min, N2 50.0 mL/min. 
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Figure A3.  Cyclic voltammetry of (a) p(gNDI-gT2) (b) p(C3-gNDI-gT2) and (c) p(C6-

gNDI-gT2) on ITO coated glass substrates in acetonitrile using TBAPF6 as the supporting 

electrolyte (0.1 M) at 100 mV/s (2nd, 3rd and 4th cycles). 

 

 

 

 

 

Figure A4.  Frequency changes (Df) and the corresponding calculated thicknesses of (left) 

p(gNDI-gT2) (middle) p(C3-gNDI-gT2) and (right) (C6-gNDI-gT2) films in air and in a 0.1 

M NaCl aqueous solution using QCM measurements (7th overtone shown for Df). 
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Figure A5.  Ex situ GIWAXS: qr-qz plots of p(gNDI-gT2), p(C3-gNDI-gT2) and p(C6-gNDI-

gT2) neat (as cast), after ex situ electrolyte exposure and ex situ electrochemical reduction (n-

type doping).  

 

 

 

Figure A6.  Transfer curves of (a) p(gNDI-gT2) (b) p(C3-gNDI-gT2) and (c) p(C6-gNDI-

gT2) in OFETs with bottom-gate (Si) bottom-contact (Ti/Au) architecture, using silicon 

dioxide as the dielectric. 
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APPENDIX B. Supplementary figures for Chapter 3 

 

 

 

 

Figure B1.  Thermogravimetric analysis of P3gNDI, P4gNDI, P3gNDTI and P4gNDTI. 

Polymers were heated under inert conditions (nitrogen flow) under the following conditions: 

[1] 30.0 to 105.0 °C, 34.99 K/min, N2 50.0 ml/min, [2] 105.0 °C, 10.00 min, N2 50.0 ml/min 

[3] 105.0 to 800.0 °C, 10.00 K/min, N2 50.0 mL/min.  

  

 

 

Figure B2.  Cyclic voltammetry of (a) P3gNDI (b) P4gNDI (c) P3gNDTI  and (d) P4gNDTI 

on glassy carbon electrodes in acetonitrile using TBAPF6 as the supporting electrolyte (0.1 M) 

at 100 mV/s (2nd, 3rd and 4th cycles shown, except for P4gNDI where only one cycle is shown 

as the polymer film is not stable in contact with acetonitrile). 
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Figure B3.  QCM-D measurements of (a) P4gNDI and (b) P4gNDTI showing calculated 

thicknesses and passive swelling of the polymer films in air and a 0.1 NaCl aqueous solution. 

 

 

 

 

 

Figure B4.  Performance of the P3gNDI OECT devices (W = 100 µm, L = 10 µm, d = 138 nm, 

200 mV/s) in a 0.1 M NaCl aqueous solution in ambient conditions showing (a) output curve 

for 0.2 < VG < 0.5 V with DVG = 0.05 V (b) transfer curve at VD = 0.5 V and the corresponding 

transconductance.  
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Figure B5.  EIS measurements of P3gNDI in a 0.1 M NaCl aqueous solution in ambient 

conditions showing (a) impedance magnitude and phase and (b) impedance magnitude and 

phase at an offset bias of V = ‒0.4 V with the fits to a Randles circuit (dashed lines) versus 

frequency. The films were coated on a gold electrode with L = W = 600 μm, d = 2.88 μm.  

 

 

 

 

 

Figure B6.  Performance of the P4gNDTI OECT devices (W = 100 µm, L = 10 µm, d = 122 

nm, 200 mV/s) in a 0.1 M NaCl aqueous solution in ambient conditions showing (a) output 

curve for 0.2 < VG < 0.5 V with DVG = 0.05 V (b) transfer curve at VD = 0.5 V and the 

corresponding transconductance.  
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APPENDIX C. Supplementary figures for Chapter 4 

 

 

 

 

 

 

 

 

Figure C1.  Thermogravimetric analysis of (a) isoindigo-based and (b) azaisoindigo-based 

polymers. Polymers were heated under inert conditions (nitrogen flow) under the following 

conditions: [1] 30.0 to 105.0 °C, 34.99 K/min, N2 50.0 mL/min, [2] 105.0 °C, 10.00 min, N2 

50.0 ml/min [3] 105.0 to 800.0 °C, 10.00 K/min, N2 50.0 mL/min. 

 

 

 

 

 

 

 

Figure C2.  Cyclic voltammetry of (aza)isoindigo-based polymer films on glassy carbon 

electrodes in degassed 0.1 M TBAPF6  solution in acetonitrile with a scan rate of 100 mV s‒1 

and a Ag/AgCl reference electrode (2nd, 3rd and 4th cycles). 
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Figure C3.  QCM-D measurements showing calculated thicknesses and passive swelling of 

(aza)isoindigo-based polymer films in air and a 0.1 NaCl aqueous solution. 

 

 

 

 

 

 

 

0

20

40

60

80

100

 in air
 in NaCl 0.1M

Th
ic

kn
es

s 
(n

m
)

p(gII-T2FBT)

 Au

Swelling = 25.3 %

97.6 nm

77.9 nm

0

50

100

150

 in air
 in NaCl 0.1M

Th
ic

kn
es

s 
(n

m
)

p(gAII-T2)

 Au

122.6 nm

92.7 nm
Swelling = 32.3%

0

50

100

150

 in air
 in NaCl 0.1M

Th
ic

kn
es

s 
(n

m
)

 p(gII-T2)

 Au

130.1 nm

91 nm
Swelling = 43 %

0

50

100

150

200

 in air
 in NaCl 0.1M

Th
ic

kn
es

s 
(n

m
)

p(gII-TzBT)

 Au

Swelling = 48.4 %

163 nm

109.8 nm

-20

0

20

40

60

80

100

120

140

 in air
 in NaCl 0.1M

Th
ic

kn
es

s 
(n

m
)

p(gAII-TzBT)

 Au

Swelling = 74.2 %

75 nm

130.6 nm

0

50

100

150

 in air
 in NaCl 0.1M

Th
ic

kn
es

s 
(n

m
)

p(gAII-T2FBT)

 Au

96 nm

143 nm

Swelling = 49 %



217  
 

 

 

 

 

 

 

 

 

Figure C4.  N-type performance of the p(gAII-T2FBT) (d = 82.3 nm) OECT devices (W = 

100 µm, L = 10 µm, 200 mV/s) in a 0.1 M NaCl aqueous solution in ambient conditions 

showing (a) output curve for 0.3 < VG  < 0.7 V with DVG = 0.05 V (b) transfer curve at VD  = 

0.7 V on a linear and logarithmic scale (dashed lines), showing hysteresis with direction 

indicated with arrows.  
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APPENDIX D. K+ ion sensors for plant monitoring 

D1.  Introduction  

Potassium (K+) is an essential macronutrient for plant growth and function, with crucial roles 

in nutrient transport, photosynthesis and stomata regulation.1–3 Monitoring the distribution of 

K+ ions in plants can advance the current understanding of how plants function and how their 

processes can be optimised. Stavrinidou and co-workers recently forged new directions in plant 

monitoring by manufacturing an organic electrochemical transistor (OECT) using plant tissue 

as the gating medium.4 Remarkably, the plant was able to take up an aqueous solution of 

PEDOT-S:H and form conductive polymer wires embedded into its xylem, which served as the 

transistor channel, source and drain. This demonstration of employing organic electronic 

materials to introduce electronic functionality into plants inspired the search for more tailored 

π-conjugated systems that can act as K+ ion sensors when interfaced with the plant.  

Sensing of alkali metal cations in solution is often achieved using optical probes which undergo 

a change in absorbance or fluorescence properties upon analyte binding. These optical sensors 

typically consist of a chromophore that is covalently attached to an ion-binding macrocycle 

such as a crown ether,5–7 cryptand8 or calixarene.9 An attractive detector unit that has been 

incorporated into conjugated polymers with high selectivity towards K+ ions is the crown ether-

functionalised bithiophene unit, (20-crown-6)T2, illustrated in Scheme S1.5  

 

Scheme S1.  Formation of complex and backbone twist upon binding of K+ to (20-crown-6)T2 

(adapted from literature).5  
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Developed by Swager and co-workers,6 the (20-crown-6)T2 unit undergoes a reversible 

conformational twist upon complexation of K+ ions, with an increase in the dihedral angle 

across the thiophene-thiophene bond from ~ 14.0° to 84.6° (Scheme S1).5 When incorporated 

into conjugated polymers, the backbone twist of (20-crown-6)T2 upon ion binding breaks the 

π-conjugation of the system and shifts its absorption maximum to shorter wavelengths, giving 

rise to a ratiometric colour change.5 Despite their high selectivity and sensitivity for K+ ions, 

these polymer sensors are not compatible with applications in plants as they can only be 

dissolved and probed in cytotoxic organic solvents such as acetonitrile and tetrahydrofuran.  

To tailor for ion sensing applications in plants, (20-crown-6)T2 was incorporated into a donor-

acceptor template by coupling with electron deficient benzothiadiazole (BT) units as illustrated 

in Figure S1. The role of the flanking BT units is to decrease the band gap of the conjugated 

system and shift the absorption maximum of the detector unit after K+ complexation (λmax ~ 

290 nm) to a wavelength range with lower interference from the absorption of chlorophyll 

pigments abundant in the plant (λmax ~ 520‒620 nm).10 To ensure solubility in aqueous media, 

the small molecule was functionalised with polar imidazolium end groups attached via vinyl 

linkages. This section presents the synthetic routes towards (20-crown6)T2BTI and an 

investigation of its optical response upon binding of K+ ions in organic and aqueous solutions.  

 

 

 

 

 

Figure S1.  Design strategy of the small molecule ion sensor (20-crown-6)T2BTI.  
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D2.  Synthesis of the small molecule  

The synthetic route towards the detector unit (20-crown-6)T2 was designed according to 

literature and commenced with preparation of the thiophene-flanked ethylene glycol derivative 

S3 (Scheme S2).5 Following hydrolysis of the ester at the thiophene 2-position, the resulting 

carboxylic acid S4 was subjected to a protodecarboxylation reaction to generate S5. The 

protodecarboxylation reaction was modified to decrease the reaction time and increase the yield 

(76% versus 64% lit.)5 by using a Ag2CO3/AcOH catalytic system.11 A copper(II)-catalysed 

oxidative coupling was next employed to form the (20-crown-6)T2 unit. To generate the 

donor-acceptor sensor, (20-crown-6) T2 was brominated with NBS at ‒20 °C and subjected to 

a Suzuki cross coupling reaction with the boronic ester S6. Under Suzuki conditions, (20-

crown-6)T2BT was obtained as a mixture containing unreacted starting material and mono-

coupled product, which resulted in a low isolated yield of 21%.  

Having successfully incorporated the detector unit into a donor-acceptor template, the next 

planned steps were attachment of end groups with a pendant chloride group and conversion 

into an imidazolium salt as shown in Scheme S2. Following a protocol by Zhou et al.,12 

Knoevenagel condensation of (20-crown-6)T2BT with bis(3-chloropropyl) malonate (S7) was 

attempted in the presence of catalytic amounts of piperidine. However, the starting materials 

were collected unreacted and these conditions failed to provide any of the desired product S8. 

Therefore, a screening of several conditions for the Knoevenagel condensation with the 

malonic ester S7 was performed using 7-bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde (S9) 

as a model system. A summary of the results is presented in Table S1. Remarkably, a 

combination of catalytic amounts of  InCl3 as a Lewis acid and acetic anhydride13 led to full 

conversion of the starting material into the Knoevenagel product S10 and an isolated yield of 

81%. 



221  
 

 

Scheme S2.  Attempted route towards the synthesis of the small molecule ion sensor.  

With S10 in hand, it was reasoned that the synthetic route towards the small molecule ion 

sensor (20-crown-6)T2BTI could be greatly simplified by using C-H heteroarylation to couple 

S10 with the detector unit (20-crown-6)T2.14 As shown in Scheme S3, the product of the 

Knoevenagel condensation S10 was subjected to a direct C-H heteroarylation using a 

Pd(OAc)2/ P(o-anysyl)3 catalyst system, which proceeded cleanly and afforded the product S8 

in a yield of 51%. Notably, this approach did not require bromination of the detector unit or 

synthesis of the boronic ester S6 and resulted in a higher yield than the previous Suzuki 
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coupling. Adapting a protocol by Campisciano et al.,15 S8 was treated with 1-butylimidazole 

in DMF and heated to 60 °C for 2 days to afford the target small molecule ion sensor (20-

crown-6)T2BTI in almost quantitative yields.  

Table S1.  Screening of reaction conditions for the Knoevenagel condensation.  

 
Entry Reaction conditions % Producta 

1 Piperidine, t-BuOH, 85 °C, 16 h 88% 

2 Pyridine, t-BuOH, 85 °C, 16 h ‒ 

3 Basic Al2O3, toluene, 70 °C, 16 h 5% 

4 InCl3, Ac2O, toluene, 70 °C, 16 h 100% 
                      a Conversion of starting material to product was estimated by 1H NMR analysis. 

 

Scheme S3.  Optimised synthetic route towards the small molecule ion sensor. 

Formation of the imidazolium salt was confirmed by NMR analysis, where (20-crown-

6)T2BTI showed the expected 1-butylimidazole signals15 and integration corresponding to 
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complete conversion into four charged end groups (Figure E21, Appendix E). Notably, the 

presence of the polar end groups endowed the small molecule with good solubility in water and 

methanol at room temperature. 

D3.  Optical response upon ion complexation 

The ability of the detector unit to bind K+ ions when incorporated into a donor-acceptor 

template was first investigated by titrations of its precursor (20-crown-6)T2BT. UV-Vis 

spectroscopy was used to monitor the optical changes of a solution of the sensor in acetonitrile 

upon successive additions of a solution of KClO4, as illustrated in Figure S2.  

 

 

 

 

 

 

 

 

Figure S2.  Evolution of the UV-Vis spectrum of (20-crown-6)T2BT upon titration with 

KClO4 in acetonitrile (10 µM). The inset shows the colour change of the sensor solution before 

and after the titration.  

In the unbound form, (20-crown-6)T2BT shows a dual-band absorption profile with an 

absorption maximum (λmax) of 598 nm and appears blue in solution. Upon K+ ion binding, the 

dominant absorption band is gradually quenched and a new feature emerges with a λmax of 476 

nm. The presence of three clear isosbestic points at ~344 nm, 400 nm and 520 nm indicates 

conversion of the small molecule into the K+ complex with no competing side reactions. The 

formation of the complex in the presence of K+ ions can be also detected visually, with a colour 
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change from blue to purple in the acetonitrile solution. The observed blue shift in λmax is 

consistent with twisting of the bithiophene backbone upon K+ complexation,5 which disrupts 

the π-conjugation and increases the band gap of the small molecule. When 18-crown-6 is added 

to the solution after the complexation reaction, the initial spectrum is completely recovered, 

indicating that the backbone twisting upon ion binding is reversible.  

Similar characterisation by UV-Vis spectroscopy was carried out for the small molecule ion 

sensor, (20-crown-6)T2BTI, by titrating in turn solutions of methanol and water with KCl 

(Figure S3a). In methanol, (20-crown-6)T2BTI shows the expected ratiometric response, with 

a blue-shift of the absorption maximum by ~125 nm, appearance of three isosbestic points at 

351, 390 and 523 nm, as well as a colour change from blue to purple. The observed spectral 

changes are reversible and occur at low concentrations of K+ between 0 to 133 mM, which 

matches the typical concentration range of K+ ions in plants.2 In sharp contrast, treatment of 

(20-crown-6)T2BTI as an aqueous solution with KCl only showed quenching of the 

absorption bands, with no indication of formation of a twisted complex. In addition, the features 

of the initial spectrum could not be recovered upon the addition of 18-crown-6, indicating that 

the quenching process is irreversible (Figure S3b).  

 

 

 

 

 

 

 

 

Figure S3.  Evolution of the UV-Vis spectrum of (20-crown-6)T2BTI upon titration with 

KCl in (a) methanol (40 mM) and (b) in water (40 mM).  
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The optical responses of (20-crown-6)T2BTI indicate that despite its good sensing ability in 

organic solvents, the detector unit is not capable of binding aqueous cations at the investigated 

concentration ranges. Previous reports have suggested that crown ethers have weak ion binding 

properties in aqueous solutions, with a complex dissociation constant that can be up to three 

orders of magnitude higher in water versus organic solvents.16,17 While a higher concentration 

might give the expected response, this would exceed the concentration range of K+ ions 

relevant for plants.  

D4.  Conclusions and outlook 

The ion selective unit (20-crown-6) was incorporated into a water soluble small molecule 

designed for K+ ion sensing in plants by developing a modular synthetic route consisting of 

three steps. (20-crown-6)T2BTI shows ratiometric response upon binding of K+ ions at 

concentrations on the order of mM in methanol solutions. However, the small molecule did not 

show any evidence of backbone twist and binding of ions when analysed in aqueous media. 

The lack of binding of aqueous ions precludes its use for biological applications, where organic 

solvents such as methanol would be toxic to living plant cells. Although not applicable to 

sensing applications in aqueous media, the design concept and synthetic protocols employed 

for (20-crown-6)T2BTI contributed to the development of a series of small molecule-based 

ion sensors with tuned absorption across the entire visible range.18 

Alternative K+ detector units based on phenyl aza-[18]-crown-6 moieties19 with proven 

ratiometric response in aqueous media are currently being investigated (Figure S4). A 

challenge that remains unaddressed is tuning the band gap of the sensor such that the absorption 

of the complex has minimal overlap with chlorophyll pigments. To achieve this,  functional 

groups with varying electron deficient character are currently being screened for 

functionalising the hemicyanine unit and tuning the strength of intramolecular charge transfer.  
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Figure S4.  Proposed structure for alternative K+ ion selective small molecule for plant 

monitoring.  

D5.  Experimental procedures 

Pentaethylene glycol di(p-toluenesulfonate) (S2)20 

 

Adapting the procedure of Tanaka et al.,21 a solution of pentaethylene glycol (6.0 mL, 28.4 

mmol) in THF (30 mL) was added dropwise to a solution of KOH (6.27 g, 117.4 mmol) in 

distilled water (15 mL) at 0 °C. A solution of p-toluenesulfonyl chloride (11.46 g, 60.1 mmol) 

in THF (30 mL) was added to the mixture over 30 min at 0 °C and the resulting suspension 

was stirred overnight at room temperature. The mixture was poured over an ice-water mixture 

and extracted thoroughly with dichloromethane (3 × 200 mL). The organic fractions were 

washed with distilled water (3 × 100 mL) and dried over anhydrous MgSO4. Removal of the 

solvent under reduced pressure afforded the product (15.2 g, 98%) as a pale-yellow oil. The 

crude product was used in the next step without further purification. 1H NMR (400 MHz, 

chloroform-d) δ 7.80 (d, J = 8.3 Hz, 4H), 7.36 (d, J = 8.3 Hz, 4H), 4.22 – 4.12 (m, 4H), 3.70 – 

3.59 (m, 16H), 2.46 (s, 6H). 13C NMR (100 MHz, chloroform-d) δ 145.1, 133.3, 130.6, 128.33, 

71.1, 71.0, 70.9, 69.6, 69.1, 22.0. 
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Dimethyl-3,3'-((3,6,9,12-tetraoxatetradecane-1,14-diyl)bis(oxy))bis(thiophene-2-carboxylate) 

(S3)5 

 

Following the procedure of Giovannitti et al.,5 S2 (7.68 g, 14.05 mmol) was added dropwise to 

a solution of methyl 3-hydroxythiophene-2-carboxylate (4.44 g, 28.1 mmol) and potassium 

carbonate (3.88 g, 28.1 mmol) in anhydrous DMF (30 mL) at room temperature. The mixture 

was heated to 100 °C for 16 h. After cooling to room temperature, distilled water (50 mL) was 

added and the reaction mixture was extracted with diethyl ether (3 × 200 mL). The combined 

organic fractions were washed with distilled water (3 × 200 mL), dried over anhydrous MgSO4 

and concentrated in vacuo to give the title product (5.52 g, 76%) as a light brown oil. The crude 

product was used in the next step without further purification. 1H NMR (400 MHz, chloroform-

d) δ 7.38 (d, J = 5.5 Hz, 2H), 6.86 (d, J = 5.5 Hz, 2H), 4.30 – 4.25 (m, 4H), 3.90 – 3.86 (m, 

4H), 3.82 (s, 6H), 3.77 – 3.73 (m, 4H), 3.65 (m, 8H). 13C NMR (100 MHz, chloroform-d) δ 

162.4, 161.5, 130.3, 117.8, 109.2, 72.0, 71.4, 71.0, 70.9, 70.0, 51.9. 

3,3'-((3,6,9,12-Tetraoxatetradecane-1,14-diyl)bis(oxy))bis(thiophene-2-carboxylic acid) (S4)5  

 

Following the procedure of Giovannitti et al.,5 potassium hydroxide (3.43 g, 61.1 mmol) was 

added in small portions to a suspension of S3 (7.92 g, 15.3 mmol) in a mixture of EtOH: H2O 

(1:4 v/v, 40 mL) at 0 °C. The resulting mixture was heated to 100 °C for 16 h. The solvent was 

removed under reduced pressure and an aqueous 2 M HCl solution was added until pH=1.0 

was reached. The mixture was diluted with dichloromethane (100 mL) and the aqueous phase 
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was separated and extracted with dicholoromethane (3 ×100 mL). The combined organic 

fractions were washed with distilled water (3 × 100 mL) and dried over anhydrous MgSO4. 

Removal of the solvent under reduced pressure afforded the title product (7.26 g, 97%) as a 

light brown oil, which was used in the next step without further purification. 1H NMR (400 

MHz, chloroform-d) δ 7.50 (d, J = 5.5 Hz, 2H), 6.86 (d, J = 5.5 Hz, 2H), 4.36 – 4.31 (m, 4H), 

3.90 (m, 4H), 3.77 (m, 4H), 3.70 (m, 8H). 13C NMR (100 MHz, chloroform-d) δ 164.2, 160.2, 

132.6, 117.0, 112.5, 72.4, 71.4, 71.0, 70.9, 69.4. 

1,14-Bis(thiophen-3-yloxy)-3,6,9,12-tetraoxatetradecane (S5)5   

 

Adapting the method of Frontana et al.,11 S4 (2.06 g, 4.20 mmol) was added to a suspension of 

silver carbonate (0.46 g, 1.68 mmol) in degassed anhydrous DMSO (50 mL). Glacial acetic 

acid (13 mL) was added and the mixture was heated to 150 °C for 2 h 30 min. After cooling to 

0 °C, the reaction mixture was quenched with an aqueous HCl solution (5 M, 10 mL) and the 

black precipitate was removed by filtration. The filtrate was extracted with ethyl acetate (3 × 

50 mL), dried over anhydrous MgSO4 and concentrated under reduced pressure. The crude 

residue was purified using column chromatography (toluene: ethyl acetate, 3:2) to afford the 

title product (1.28 g, 76%) as a yellow solid. 1H NMR (400 MHz, chloroform-d) δ 7.16 (dd, J 

= 5.3, 3.1 Hz, 2H), 6.77 (dd, J = 5.3, 1.6 Hz, 2H), 6.25 (dd, J = 3.1, 1.6 Hz, 2H), 4.14 – 4.07 

(m, 4H), 3.86 – 3.81 (m, 4H), 3.73 – 3.64 (m, 12H). 13C NMR (100 MHz, chloroform-d)  δ  

157.9, 125.0, 119.9, 97.8, 71.1, 71.0, 70.0, 69.9. 

 

 



229  
 

(20-Crown-6)T25  

 

Following the method of Giovannitti et al.,5 n-BuLi (2.5 M in hexane, 1.97 mL, 4.92 mmol) 

was added over 30 min to a solution of S5 (0.9 g, 2.24 mmol) in anhydrous degassed DME  (10 

mL) at ‒20 oC. The brown suspension was stirred for 30 min at ‒20 oC and then allowed to 

reach 0 oC. The lithiated mixture was cannulated into a suspension of CuCl2 (0.6 g, 4.46 mmol) 

in anhydrous degassed DME (10 mL) at 0 °C. The resulting green suspension was allowed to 

reach room temperature and stirred overnight. After quenching with distilled water (10 mL), 

the precipitate was filtered and washed with diethyl ether. The filtrate was extracted with 

diethyl ether (3 × 50 mL) and the combined organic fractions were washed with distilled water 

(3 × 50 mL), dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude 

residue was filtered through a silica plug (ethyl acetate: hexane, 50:50 to ethyl acetate) and 

recrystallised from diethyl ether to give the title product (0.30 g, 33%) as a pale yellow solid. 

1H NMR (400 MHz, acetone-d6) δ 7.29 (d, J = 5.6 Hz, 2H), 7.02 (d, J = 5.6 Hz, 2H), 4.38 – 

4.31 (m, 4H), 3.83 – 3.76 (m, 4H), 3.58 – 3.51 (m, 4H), 3.48 – 3.41 (m, 4H), 3.35 (s, 4H). 13C 

NMR (100 MHz, acetone-d6) δ 152.6, 122.3, 117.2, 113.5, 71.1, 70.9, 70.3, 70.2, 70.0. 
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 (20-Crown-6)T2-Br2
5  

 

Following the procedure of Giovannitti et al.,5 NBS (0.17 g, 0.95 mmol) was added in two 

portions to a solution of (20-crown-6)T2 (0.19 g, 0.46 mmol) in degassed anhydrous 

chloroform (12 mL) at  ‒20 °C in the dark. The reaction mixture was stirred for 5 min at ‒20 

°C, quenched with an aqueous NaHCO3 solution (1 M, 10 mL) and diluted with chloroform 

(10 mL). The organic layer was separated, washed with distilled water (3 × 10 mL), dried over 

anhydrous Na2SO4 and concentrated under reduced pressure. The crude residue was purified 

by column chromatography (toluene: ethyl acetate, 1:1 with 3% triethylamine) and 

recrystallisation from a mixture of diethyl ether: THF (3:1) to afford the desired product (0.15 

g, 58%) as yellow crystals. 1H NMR (400 MHz, chloroform-d) δ 6.85 (s, 2H), 4.33 – 4.25 (m, 

4H), 3.81 – 3.74 (m, 4H), 3.59 – 3.52 (m, 8H), 3.41 (s, 4H). 

7-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2,1,3-benzothiadiazole-4-carboxaldehyde 

(S6) 

 

A mixture of 7-bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde (1.00 g, 4.11 mmol), 

bis(pinacolato)diboron (2.40 g, 9.46 mmol), potassium acetate (2.42 g, 24.66 mmol) and 

bis[(diphenylphosphino)ferrocene] dichloropalladium(II) (0.15 g, 0.21 mmol) was dried under 

vacuum for 2 h with vigorous stirring. Degassed anhydrous 1,4-dioxane (15 mL) was added 

and the reaction mixture was heated to 80 °C overnight. The reaction mixture was quenched 

with distilled water (5 mL) and extracted with ethyl acetate (3 × 50 mL). The combined organic 
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fractions were washed with saturated brine solution (3 × 50 mL), dried over anhydrous MgSO4 

and concentrated under reduced pressure. The crude residue was suspended in hot heptane and 

filtered through a celite pad, washing thoroughly with hot hexane. Removal of solvent under 

reduced pressure and recrystallisation from heptane afforded the title product (0.25 g, 21%) as 

a white solid. 1H NMR (400 MHz, chloroform-d) δ 10.82 (s, 1H), 8.32 (d, J = 6.8 Hz, 1H), 

8.19 (d, J = 6.8 Hz, 1H), 1.45 (s, 12H). 13C NMR (400 MHz, chloroform-d) δ 189.8, 158.4, 

152.9, 137.9, 130.9, 129.7, 85.2, 25.2. HRMS (ES-ToF): 291.0957 [M+H+] (calc. 291.0957). 

(20-Crown-6)T2BT 

 

Degassed tetrahydrofuran (8 mL) was added to a mixture of (20-crown-6)T2-Br2 (68.3 mg, 

0.12 mmol, 1 equiv), S6 (82.0 mg, 0.28 mmol, 2.3 equiv) and tetrakis(triphenylphosphine) 

palladium (0) (8.5 mg, 7.4 µmol, 0.06 equiv) and the resulting mixture was flushed with 

nitrogen for 15 min. A degassed aqueous K2CO3 solution (1 M, 5 mL) was added and the 

resulting blue solution was stirred at 80 °C overnight. After allowing to reach room 

temperature, the mixture was extracted with DCM (3 × 50 mL). The combined organic 

fractions were washed with distilled water (3 × 50 mL), dried over anhydrous MgSO4 and the 

solvent was removed in vacuo. The crude solid was purified by column chromatography (ethyl 

acetate:hexane, 1:1, then ethyl acetate)  to give the title product (18.3 mg, 21%) as a dark blue 

solid. 1H NMR (400 MHz, chloroform-d) δ 10.72 (s, 2H), 8.33 (s, 2H), 8.22 (d, J = 7.6 Hz, 

2H), 7.99 (d, J = 7.6 Hz, 2H), 4.67 – 4.60 (m, 4H), 3.98 – 3.92 (m, 4H), 3.64 – 3.58 (m, 4H), 

3.49– 3.43 (m, 4H), 3.25 (s, 4H). 13C NMR (100 MHz, chloroform-d) δ 188.8, 154.9, 154.4, 

152.7, 135.0, 133.3, 133.0, 125.5, 123.1, 120.0, 119.7, 72.3, 71.8, 71.1, 70.8, 70.5. HRMS (ES-

ToF): 747.0709 [M+Na+] (calc. 747.0688). 
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Bis(3-chloropropyl) malonate (S7)15  

 

Modifying the procedure of Campisciano et al.,16 malonyl dichloride (1.04 mL, 10.64 mmol) 

was added dropwise to a solution of 3-chloro-1-propanol (1.78 mL, 21.28 mmol) and pyridine 

(1.72 mL, 21.28 mmol) in anhydrous DCM (65 mL) at 0 °C.  After stirring for a further 1 h at 

0 °C, the mixture was allowed to reach room temperature overnight with stirring. The reaction 

mixture was diluted with DCM (60 mL) and the organic fractions were washed with aqueous  

HCl solution (2 M, 3 × 60 mL), aqueous saturated NaHCO3 (3 × 60 mL), distilled water (3 × 

50 mL) and dried over anhydrous Na2SO4. The solvent was removed under reduced pressure 

and the crude residue was purified by column chromatography (DCM: petroleum ether, 3:2) to 

give the title product (1.73 g, 63%) as a light-yellow oil. 1H NMR (400 MHz, chloroform-d) δ 

4.32 (t, J = 6.2 Hz, 4H), 3.62 (t, J = 6.2 Hz, 4H), 3.40 (s, 2H), 2.12 (p, J = 6.2 Hz, 4H). 13C 

NMR (100 MHz, chloroform-d) δ 166.6, 66.2, 43.7, 41.3, 31.7. HRMS (ES-ToF): 257.0343 

[M+H+] (calc. 257.0342). 

Bis(3-chloropropyl)2-((7-bromobenzo[c][1,2,5]thiadiazol-4-yl)methylene)malonate (S10) 

 

Adapting the method of Ogiwara et al.,13 7-bromobenzo[c][1,2,5]thiadiazole-4-carbaldehyde 

(400 mg, 1.56 mmol, 1 equiv) and indium (III) chloride (34.4 mg, 0.156 mmol, 0.1 equiv) were 

suspended in anhydrous toluene (10 mL). S7 (564.5 mg, 2.33 mmol, 1.5 equiv) and acetic 

anhydride (158.24 mg, 1.56 mmol, 1 equiv) were added to the reaction mixture and the 

resulting suspension was heated to 70 °C overnight. After cooling to room temperature, the 

brown solution was extracted with ethyl acetate (3 × 50 mL). The combined organic fractions 
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were washed with saturated aqueous NaHCO3 (3 × 50 mL), distilled water (3 × 50 mL), dried 

over anhydrous MgSO4 and concentrated under reduced pressure. Recrystallisation from 

hexane: ethyl acetate (95:5) afforded the title product (590 mg, 78%)  as a yellow solid. 1H 

NMR (400 MHz, chloroform-d) δ 8.38 (s, 1H), 7.88 (d, J = 7.6 Hz, 1H), 7.64 (dd, J = 7.6, 0.9 

Hz, 1H), 4.47 (t, J = 6.1 Hz, 2H), 4.41 (t, J = 6.1 Hz, 2H), 3.66 (t, J = 6.2 Hz, 2H), 3.52 (t, J = 

6.2 Hz, 2H), 2.22 (p, J = 6.2 Hz, 2H), 2.11 (p, J = 6.1 Hz, 2H). 13C NMR (100 MHz, 

chloroform-d) δ 165.7, 163.4, 153.3, 153.1, 136.8, 132.0, 129.6, 128.4, 125.8, 117.3, 62.7, 62.4, 

41.0, 40.8, 31.5, 31.1. HRMS (ES-ToF): 481.9297 (calc. 481.9292). 

Tetrakis(3-chloropropyl) 2,2'-(((5,6,8,9,11,12,14,15,17,18-decahydrodithieno[3,2-q:2',3'-s] 

[1,4,7,10,13,16]hexaoxacycloicosine-2,21-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-

diyl))bis(methaneylylidene))dimalonate (S8) 

 

Anhydrous degassed toluene (5 mL) was added to a mixture of (20-crown-6)T2 (54.18 mg, 

0.14 mmol,), S10 (143.50 mg, 0.30 mmol, 2.2 equiv) palladium (II) acetate (0.63 mg, 2.80 

µmol, 0.02 equiv), tris(o-methoxyphenyl)phosphine (1.76 mg, 5.60 µmol, 0.04 equiv), pivalic 

acid (14.30 mg, 0.14 mmol, 1 equiv) and cesium carbonate (136.84 mg, 0.42 mmol, 3.0 equiv) 

under nitrogen and the resulting blue solution was stirred overnight at 110 °C. After allowing 

to reach room temperature, the mixture was extracted with DCM (3 × 30 mL). The combined 

organic fractions were washed with distilled water (3 × 30 mL), dried over anhydrous MgSO4 

and the solvent was removed in vacuo. The crude solid was dissolved in dichloromethane and 

precipitated into methanol to give the title product (86 mg, 51%) as a dark blue solid.  1H NMR 

(400 MHz, chloroform-d) δ 8.50 (s, 2H), 8.23 (s, 2H), 7.86 (d, J = 7.7 Hz, 2H), 7.79 (d, J = 7.7 

Hz, 2H), 4.61-4.55 (m, 4H), 4.50-4.46 (m, 8H), 3.97-3.90 (m, 4H), 3.68 (t, J = 6.2 Hz, 4H), 
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3.65 – 3.60 (m, 4H), 3.56 (t, J = 6.1 Hz, 4H), 3.52 – 3.42 (m, 4H), 3.28 (s, 4H), 2.23 (p, 6.2 

Hz, 4H), 2.15 (p, 6.1 Hz, 4H). 13C NMR (100 MHz, chloroform-d) δ 166.7, 164.2, 154.9, 154.4, 

152.1, 137.6, 135.1, 130.2, 130.0, 126.7, 124.1, 123.8, 119.1,118,5, 72.3, 71.8, 71.0, 70.7, 70.5, 

62.8, 62.7, 41.4, 41.3, 31.9, 31.5.HRMS (ES-ToF): 1202.1135 (calc. 1202.0355). 

(20-Crown-6)T2BTI 

 

1-butylimidazole (1 mL) was added to a solution of S8 (20.6 mg, 0.017 mmol) in anhydrous 

DMF (1 mL) and the resulting mixture was heated to 60 °C for 2 days. After allowing to cool 

to room temperature, the solvent was removed under reduced pressure. The crude product was 

suspended in distilled water (10 mL) and washed with dichloromethane (3 × 20 mL) and hexane 

(3 × 20 mL). The aqueous fraction was concentrated under reduced pressure to give the title 

product (26.0 mg, 98%) as a blue waxy solid. 1H NMR (400 MHz, methanol-d) δ 8.40 (m, 2H), 

8.28 (m, 2H), 8.10 ‒ 7.61 (m, 12H), 4.63 (m, 4H), 4.55 – 4.16 (m, 20H), 3.97 (m, 4H), 3.62 

(m, 4H), 3.43 (m, 4H), 2.48 (m, 4H), 2.31 (m, 4H), 1.90 (m, 8H), 1.38 (m, 4H), 0.99 (m, 12H). 
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APPENDIX E. NMR Spectra 

 

 

 

Figure E1.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 2.2 in CDCl3. 
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Figure E2.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 2.3 in CDCl3. 
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Figure E3.  1H NMR (400 MHz) spectrum of p(C3-gNDI-gT2) in CDCl3. 

 

 

 

Figure E4.  1H NMR (400 MHz) spectrum of p(C6-gNDI-gT2) in CDCl3. 
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Figure E5.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 3.21 in CDCl3. 
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Figure E6.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 3.28 in CDCl3. 
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Figure E7.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 3.33 in CDCl3. 
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Figure E8.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 3.34 in CDCl3. 
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Figure E9.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 3.35 in CDCl3. 
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Figure E10.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 3.36 in CDCl3. 
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Figure E11.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 3.37 in CDCl3. 
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Figure E12.  1H NMR (500 MHz) spectrum of P3gNDTI in CDCl3 at 328 K.  

 

 

 

Figure E13.  1H NMR (400 MHz) spectrum of P4gNDTI in CDCl3.   
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Figure E14.  1H NMR (400 MHz) spectrum of P3gNDI in CDCl3.   

 

 

Figure E15.  1H NMR (400 MHz) spectrum of P4gNDI in CDCl3.   
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Figure E16.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of 4.2 in acetone-d6. 
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Figure E17.  1H NMR spectrum of (aza)isoindigo copolymers in CDCl3.  
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Figure E18.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of (20-crown-6)T2BT 

in CDCl3. 
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Figure E19.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of S10 in CDCl3. 
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Figure E20.  1H NMR (400 MHz) and 13C NMR (100 MHz) spectra of S8 in CDCl3. 
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Figure E21.  1H NMR (400 MHz) spectrum of (20-crown-6)T2BTI in methanol-d.  

 

 

 

 

 

 

 

 

 

 


