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Abstract 

 

Solar power is one of the most prominent renewable energy technologies vying to replace 

fossil fuels. Traditionally, this field has been dominated by silicon solar cells; recent innovations, 

such as organic photovoltaic devices (OPVs), offer the possibility of lightweight, flexible solar 

power generation with a wide range of applications, from building façades to textiles.  

Unfortunately, organic solar cells suffer from low power conversion efficiencies. To overcome 

this problem, the design of new organic semiconductors has become an area of intense research. 

In engineering these materials, it is essential to develop strong links between molecular structure 

and the optoelectronic properties of the resulting semiconductors, such as optical band gap, 

extinction coefficient, frontier orbital energies, and charge carrier mobility. This thesis explores 

the relationship between structural differences in isoindigo derivatives, such as increasing electron 

deficiency, or increased molecular planarity, and differences in the resulting material’s 

optoelectronic properties. 

The first two sections of this thesis investigate the effects of heteroatom substitution on 

isoindigo-based semiconductors. Four target compounds were synthesized, each containing either 

electron-withdrawing nitrogen atoms, or electron rich alkoxy groups. The semiconductors were 

incorporated into the active layer of organic solar cells. Alkoxy substitution was shown to improve 

device efficiency; conversely, nitrogen substitution led to lowered device efficiency. In a follow-

up study, it was shown that the azaisoindigo groups were capable of coordinating to a Lewis acid; 

this coordination caused a red-shift in the molecule’s S0àS1 transition. The Lewis adduct was 

identified using UV/vis spectroscopy, NMR spectroscopy, and (TD)DFT calculations. It was then 

demonstrated that the coordination reaction could be performed with vapor phase Lewis acids. 
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The third project in this thesis focuses on the synthesis of two isoindigo dimers. The first, 

bisisoindigo, is a ring-fused dimer of isoindigo. This was chosen to study the effects of increased 

planarity and conjugation length on the optoelectronic properties of isoindigo. Initially, both 

bisisoindigo and a donor-acceptor molecular semiconductor based on bisisoindigo were 

synthesized, characterized, and used in OPVs. Poor active layer morphology, due to aggregation 

of the bisisoindigo, led to low efficiencies in the OPVs. 

Following work on the ring-fused isoindigo structure, a second dimer was synthesized in 

which two isoindigo units were joined by a single bond; this design provides free rotation between 

isoindigo units. Both dimers, as well as isoindigo, were used as electron acceptors in a study of the 

effects of acceptor number and planarity in donor-acceptor copolymers. The acceptors were 

copolymerized with thiophene and terthiophene to yield a total of six polymers. Both the 

optoelectronic properties of these polymers, and their performance in OPVs, were compared to 

discover trends in donor-acceptor semiconductor properties with increasing acceptor content.  

Over the course of four major projects it has been demonstrated that altering the structure 

of the conjugated building block isoindigo has major effects on the optical band gap, orbital 

energies, and charge transport characteristics of the resulting organic semiconductors. The final 

chapter of this thesis will serve to link these projects in a general discussion of how the design of 

isoindigo-based organic semiconductors can be used to produce desired optoelectronic properties 

in the resulting materials. The thesis will conclude with a brief look towards the prospects of this 

area of research, including establishing the general applicability of these design strategies to 

organic semiconductors beyond those based on isoindigo. 
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Chapter 1  

Introduction 

 

1.1 Climate change and the case for solar energy 

It is an undeniable fact that global temperatures are rising; the overwhelming consensus 

amongst the scientific community is that this climate change is caused by human action.1 The 

primary driving force for this increase in average temperature is a dramatic rise in greenhouse gas 

levels.1 Since the industrial revolution heralded the mass burning of fossil fuels in the 1800’s, 

atmospheric CO2 levels have risen from 278 ppm to >400 ppm in 2016.2 Today, 85% of energy 

used by humans is still generated by the burning of fossil fuels, and the development of cleaner 

renewable energy technologies is one of humanity’s greatest modern scientific challenges.2 Many 

energy sources are being explored as fossil fuel replacements, and it will require a variety of 

technologies to end humanity’s dependence on fossil fuels.  

One of the fastest growing areas of renewable energy generation is solar energy. For many 

decades solar cells were thought of as an expensive technology, primarily useful for satellites and 

space stations; however, the threat of anthropogenic climate change has accelerated the 

development of solar energy.3 Advances in the production of multicrystalline silicon, as well as 

increases in its production rate, have pushed costs steadily lower. In 2006, the global average cost 

per module for multicrystalline silicon solar cells was US$4 W-1; by 2016, the cost had been driven 

down by an order of magnitude, to US$0.4 W-1.4 This decrease in manufacturing cost has driven a 

massive boom in solar installations, from 7 GW of electrical power capacity worldwide in 2006 to 

~300 GW in 2016.4 With production costs at an all-time low, government agencies have begun to 

set solar energy research and development goals, such as the US Department of Energy’s 
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SunShot2030 program, which aims to lower the levelized cost of solar electricity to US$0.05 kW 

h-1 for residential installation by 2030.2 Such low manufacturing costs mean silicon solar cells will 

likely dominate residential and commercial solar energy for the foreseeable future.2 However, the 

exponential growth of solar energy in the last two decades has made room for emerging 

photovoltaic technologies to have a significant place in the market. Many new solar cell 

technologies promise more versatility than traditional silicon and are quickly becoming used in 

applications such as portable and wearable electronics. 

Organic photovoltaics (OPVs) are an emerging solar cell technology that use organic 

semiconductors to generate photocurrent. OPVs have several advantages which make them more 

useful than traditional silicon solar cells in a variety of applications.5 OPVs are light weight and 

mechanically flexible, allowing them to be incorporated into such technologies as wearable 

electronics without the heavy weight, and rigidity of silicon solar cells. Unlike silicon, organic 

semiconductors have a tuneable band gap, allowing them to be synthesized in a variety of colors; 

this optical band gap can be pushed beyond the visible spectrum, producing transparent devices 

which absorb near-infrared light. These OPVs could be used to generate colorful building facades 

or solar energy harvesting windows.6 As an emerging technology, there is much to be learned 

about organic solar cells; the stability and efficiency of the devices must be improved before they 

can achieve widespread commercial success. It is important to develop a deeper understanding of 

how the structure of new organic solar cell materials affects their optoelectronic properties, and in 

turn, device stability and performance. The focus of this thesis is on the design and synthesis of 

new organic semiconductors for use in OPVs. 
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1.2 Introduction to organic semiconductors 

1.2.1 From molecular orbitals to semiconductor band structure 

Semiconducting behavior in organic molecules and polymers results from the 

delocalization of electrons in structures with extended π conjugation. Figure 1.1 depicts the 

extension of conjugation in the simplest π-bonded system, a linear alkene, as repeat units are added. 

In ethene, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) are the π bonding and π* antibonding orbitals. When a second double bond is 

added in 1,3-butadiene, the p-orbitals of the carbon atoms can be aligned four ways, forming two 

bonding and two antibonding orbitals. Each time the system is extended by another ethene unit, 

two more π electrons and two more orbitals are added. Eventually, as the chain extends to n ethene 

units there are enough π orbitals with very small energy spacing between them that an effective 

continuum of energy states exists. There is now a continuous valence band (π bonding orbitals), 

separated from a continuous conduction band (π* antibonding orbitals) by a discrete band gap, i.e. 

an organic semiconductor.  
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Figure 1.1 Molecular orbital (MO) diagrams of linear alkenes increasing in length, and the band 
diagram of poly(acetylene). 

 

Organic semiconductors are not limited to polymeric materials; in their solid state, 

conjugated small molecules can also function as semiconductors.7 Semiconducting behavior has 

long been known in crystalline solids of linear acenes such as pentacene; Figure 1.2 illustrates the 

extension of conjugation in a series of linear acenes from benzene to pentacene, the longest stable 

linear acene.8-10 Even in pentacene, with five fused benzene rings, the electronic structure of the 

molecule is still best described in discrete molecular orbitals. To generate a band structure in a 

molecular semiconductor, the interactions between molecules in the solid state must be considered. 

The strongest electronic coupling in pentacene comes from the interactions of π orbitals between 

molecules, π-π stacking.10 This electronic coupling causes a small splitting in the energy levels of 

the two stacked molecules (Figure 1.2). When this interaction is expanded to a macroscopic solid 

the number of electronic states is large enough to be best described by a narrow band structure. 

 

n
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Figure 1.2 MO diagrams of a series of linear acenes, and the band structure of pentacene in the 
solid state. 

 

A density of states plot for an organic semiconductor reveals narrow bands of states 

centered around the HOMO and LUMO energies (Figure 1.3); the full width at half maximum of 

these bands is much smaller than what is expected in an inorganic semiconductor. Due to the 

narrow nature of these bands, and the fact that discrete orbitals better describe the electronic 

structure in solution, HOMO and LUMO and often used instead of valence and conduction band 

when describing organic semiconductors.  

 

n
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Figure 1.3 Density of states approximation of an organic semiconductor. Adapted from Ref. 11. 

 

1.2.2 Optoelectronic properties of organic semiconductors  

 The important optoelectronic properties of organic semiconductors are largely the same as 

those of traditional inorganic semiconductors; these properties include the optical band gap (Eg,opt), 

the energy of the HOMO (EHOMO), the energy of the LUMO (ELUMO), and the charge carrier 

mobility (hole mobility µh and electron mobility µe). The optical band gap of a semiconductor is 

defined as the minimum energy required to promote an electron from the HOMO to the LUMO; 

this is analogous to promotion of an electron from the valence to conduction band in an inorganic 

semiconductor. Optical band gaps are typically measured by ultra-violet and visible light (UV/vis) 

absorption spectroscopy.  

While the optical band gap of an organic semiconductor is the energy difference between 

the HOMO and the LUMO, it gives no indication of the absolute energy of these orbitals. Knowing 

the absolute energies of the HOMO and LUMO of a new organic semiconductor is essential when 
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determining its potential use in devices such as OPVs. The EHOMO of a semiconductor is the 

electronic energy of the highest lying occupied orbital. The ionization potential (IP) of an organic 

semiconductor is the minimum energy required to remove an electron (vs. vacuum); this is a useful 

approximation of EHOMO and is often written as (EHOMO elec). The IP is typically measured by either 

cyclic voltammetry (the onset of semiconductor oxidation is equal to the IP), or photoelectron 

spectroscopy. The ELUMO is the energy of the LUMO. The electron affinity (EA) of a 

semiconductor is often used to approximate ELUMO (vs. vacuum); this is the energy released by 

placing an electron from vacuum into the LUMO of a molecule, and is often denoted (ELUMO elec). 

EA is typically determined by measuring the onset of reduction of a semiconductor in a cyclic 

voltammetry experiment, or by adding EHOMO and Eg,opt. Both EHOMO and ELUMO are also frequently 

calculated using density functional theory (DFT).12 

It is important to note that the methods discussed above for determining EHOMO and ELUMO 

are approximations with significant limitations. Calculation of these energy levels by DFT makes 

two assumptions. First, simple DFT calculations do not account for electron-electron interactions; 

this can lead to large discrepancies between calculated and experimental frontier orbital levels. 

Secondly, in DFT calculations, Koopman’s theorem and the frozen orbital approximation are 

assumed to be true; that is, the energies of the orbitals are not affected by removal of an electron 

from the HOMO, or placement of an electron in the LUMO. In reality, the orbital energy can 

change significantly with the removal (or addition) of an electron.12 Similarly, estimations of 

EHOMO and ELUMO from voltammetry also have shortcomings. In a voltammetry experiment the 

semiconductor has time for nuclear reorganization after oxidation or reduction, unlike 

spectroscopic transitions, which are vertical transitions on a timescale too fast for nuclear 

movement (the Born-Oppenheimer approximation). Therefore, there can be large differences in 
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the HOMO-LUMO gap measured by voltammetry and the spectroscopic optical band gap. 

Additionally, equating the EA and ELUMO of a semiconductor assumes that Koopman’s theorem 

holds and that the energy of the orbital does not change when an electron is placed in it; 

experimentally this is not valid, and ELUMO values taken from the EA must be viewed as relatively 

crude approximations.12  

The final optoelectronic property that is evaluated in most novel organic semiconductors 

is charge carrier mobility. The charge carriers in semiconductors are electrons in the conduction 

band/LUMO, and holes in the valence band/HOMO. Holes are quasiparticles used to represent a 

vacancy in the otherwise filled valence band. The mobility of holes (µh) and electrons (µe) is a 

measure of how easily the charge carrier can move through a semiconductor. In an inorganic 

semiconductor charge carrier mobility is a function of its mean scattering time and effective mass, 

as described by the Drude model of drift mobility. Charge carrier mobility in organic 

semiconductors is often more complex, as these materials lack the continuous solid lattice of 

inorganic semiconductors; it is best conceptualized by the hopping of a charge carrier from 

molecule to molecule, or down a polymer chain. Organic semiconductors can be either p-type or 

n-type depending on whether the material conducts holes or electrons more easily. Semiconductors 

with a higher µh are p-type, while those with a higher µe are n-type; organic semiconductors in 

which µh » µe are termed ambipolar. There are a variety of methods for measuring the charge 

carrier mobility of organic semiconductors; in this thesis charge carrier mobilities are primarily 

determined by incorporating the semiconductor into the active layer of an organic field effect 

transistor. By measuring the current density between source and drain electrodes as a function of 

voltage applied between the source electrode and a gate electrode the charge carrier mobilities can 

be calculated.  
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1.2.3 Organic semiconductors with historical relevance to OPVs 

Conducting polymers such as doped poly(acetylene) were discovered by Shirakawa et al. 

in the late 1970s.13 For their work with conductive poly(acetylene), Shirakawa, Heeger, and 

MacDiarmid were awarded the 2000 Nobel prize in chemistry. While poly(acetylene) has not 

found a wide range of utility, the discovery of its electronic properties launched the field of organic 

electronics. Since the work of Heeger, Shirakawa, and MacDiarmid, the field of semiconducting 

polymers has grown exponentially.14-16 Two families of polymers that have been integral to 

progress in OPVs are poly(p-phenylenevinylene) (PPV) derivatives and poly(thiophene)-based 

polymers.  

PPV-based polymers feature repeating phenyl units joined by a vinylene spacer; the 

function of the vinylene unit is to increase the planarity of the polymer by decreasing the steric 

repulsion between hydrogens that would be present if the phenyl rings were directly bonded to one 

another, as in poly(phenylene). The parent polymer PPV has low solubility in common organic 

solvents, and is typically functionalized with solubilizing substituents such as alkoxy groups. Two 

common PPVs featuring alkoxy solubilizing groups are poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene] (MEH-PPV), and poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-

phenylenevinylene] (MDMO-PPV) (Chart 1.1). PPVs were first synthesized in the late 1960s, and 

were a very important class of early semiconducting polymers.17 PPVs were first used as the 

emitting layer in an organic light emitting diode (OLED) in the early 1990s.18,19 The first evidence 

of polymer to fullerene charge transfer, as well as the first polymer-fullerene photodiodes and 

photovoltaics all relied on PPV derivatives.20,21 While PPVs were instrumental in the early days 

of organic semiconductor-based devices, their relatively low µh, and high optical band gap limited 
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their performance in OPVs.22,23 Both drawbacks were improved upon in the next group of 

polymers that were essential in the growth of OPVs, poly(thiophene)s. 

 

 

Chart 1.1 Structures of common PPV and poly(thiophene) polymers. 

 

Poly(thiophene)s are a class of polymers containing the heterocycle thiophene as their 

repeat unit. Poly(thiophene)s have been known since the 1950s, but only came into major research 

focus in the 1980s during the initial boom of conductive polymer synthesis.24 In 1993 McCullough 

et al. developed the first synthesis of regioregular poly(3-hexylthiophene) (P3HT); the 

regioregularity of this polymer made it highly crystalline in the solid state.25 The crystallinity of 

this polymer, as well as its high hole mobility, and lower optical band gap made it a better p-type 

semiconductor for OPV applications. Early OPVs that used P3HT as the primary light absorbing 

semiconductor performed poorly. However, after it was discovered that thermal annealing 

improved the crystallinity and µh of P3HT based devices, the polymer became a mainstay of OPV 

research for almost a decade, and was essential to much of the early success in the field.15,17,22,26 

In the last decade design rules for organic semiconductor synthesis have evolved such that modern 

organic semiconductors far outperform either PPVs or P3HT. The design and synthesis of modern 

organic semiconductors with a focus on OPV applications will be discussed in Section 1.4. 

S

nOR1

R2O n

P3HT
MEH-PPV R1 = R2 = 2-ethylhexyl

MDMO-PPV R1 = Methyl, R2 = 3,7-dimethyloctyl
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1.3 Organic photovoltaic devices 

1.3.1 Photovoltaic devices: the Shockley equation and equivalent circuit models 

Like all photovoltaic devices, OPVs are photodiodes and can be modelled mathematically, 

using a modified version of the Shockley diode equation (Equation 1 and 2), or with a circuit 

diagram, using an equivalent circuit model (Figure 1.5). 3,27 

! " = 	 !%& −	!( exp ,-
./0

− 1     (Eq. 1) 

! " = 	 !%& −	!( exp , -2345
6./0

− 1 −	-2345
457

   (Eq. 2) 

The Shockley equation models the current density (J) in a diode, as a function of voltage (V); to 

modify the equation for a solar cell, the photocurrent (Jph) is added. The photocurrent flows in 

opposition to the diode current. At V = 0, the current flowing is the short circuit current density 

(JSC); according to Equation 1, J(0) = JSC = Jph. The term J0 is the reverse saturation current 

density; in an inorganic semiconductor, this current is very small (e.g., J0 » 10-8 - 10-12 A cm-2 near 

298 K).27 The other terms in Equation 1 are elementary charge (e), Boltzmann’s constant (kb), and 

the temperature (T). By convention, in photovoltaics, the direction of photocurrent flow is taken 

as positive, and the diode current is negative. 3,27 

Figure 1.4 depicts the current-voltage (J-V) characteristics of an ideal solar cell according 

to Equation 1, both in the dark and under illumination. In the absence of light, normal diode 

behavior is observed; current only flows when a positive voltage is applied, in accordance with the 

rectifying properties of a diode. Only the small J0 flows when V < Vturn-on in the absence of light 

(the turn-on voltage (Vturn-on) is the voltage beyond which there is a substantial increase in 

current).27 When the cell is illuminated, the curve is shifted upward by an amount corresponding 

to Jph, as photocurrent flows. As the voltage is increased, the positive current decreases until it 
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reaches zero. The point at which the J(V)= 0 is the open circuit voltage (VOC); at this point, the 

diode current is exactly balanced by the photocurrent. 

 

 

Figure 1.4 The J-V characteristic curve of an ideal photovoltaic device according to the 
Shockley equation, in the dark (black), and under illumination (red). 

 

The equivalent circuit diagram (Figure 1.5) models a solar cell as a constant current 

generator (constant Jph) in parallel with a diode, with the Jph flowing in opposition to the diode 

current. Under short circuit conditions, the positive and negative terminals are shorted together; 

here J = JSC = Jph and the device current is at a maximum, but there is no voltage, and the device 

has zero power output. If a load is placed between the terminals, a potential difference is created 

and the cell is now producing power. VOC is reached when a sufficient load (i.e., an extremely high 

resistance) is placed on the system such that no current is flowing. 
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Figure 1.5 Equivalent circuit models of (a) ideal, and (b) non-ideal photovoltaic devices. 

 

Both Equation 1 and Figure 1.5a depict ideal solar cells. More complex models add 

parasitic resistances to account for non-ideal behavior; these resistances are called the series (RS) 

and shunt resistance (RSh). Series resistance is the resistance to the flow of current through the 

diode in the forward direction.3,28 Series resistance impedes current flow by the desired pathway, 

and an ideal series resistance is 0. Many factors can contribute to a high RS including Ohmic 

resistances between the layers of an OPV and poor charge carrier mobility. The other resistance 

incorporated into the model of a non-ideal solar cell is the shunt resistance. This is the resistance 

to current flowing in the undesired direction. Unlike series resistance, an ideal RSh value is 

infinitely large, forcing the current density to flow along the desired pathway. Problems in a device 

which cause low RSh include leakage current, and non-geminate recombination of charge 

carriers.3,28 Equation 2 and Figure 1.5b expand the Shockley equation and equivalent circuit model 

to incorporate RS and RSh. The n term in the expanded Shockley equation (Equation 2) is an 

empirical ideality factor to account for recombination in the device; n has a value between 1 and 

2, and is a property of the semiconductor in use.27 

To experimentally measure the J-V characteristics of a cell a source-measure unit is used. 

Rather than test the cell with a series of loads, the diode potential is swept linearly and the output 

current is measured. Figure 1.6 is an output J-V curve for a P3HT/PC61BM-based OPV under 1 
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sun illumination. This J-V characteristic curve gives the information necessary to calculate the 

power conversion (PCE) efficiency of an OPV. The maximum power output (Pout) of the cell is 

the point at which the power output, J·V, is highest; the J and V values at max power are referred 

to as Jmax and Vmax respectively. The fill factor (FF), a measure of the ideality of the diode, is 

calculated by dividing the maximum power output (Jmax · Vmax) by the product of the JSC and VOC 

(Equation 3). The PCE is calculated using Equation 4, where the input power density (Pin) is that 

of the illumination source.29  

88 = 39:;<∙-9:;<
3>?∙-@?

                                                 (Eq. 3) 

ABC % = EFGH
EIJ

∙ 100% =	 3>?∙-@?∙LL
EIJ

∙ 100%                            (Eq. 4) 

By approximating the behavior of the device near VOC and JSC as a linear Ohmic resistor, the series 

and shunt resistances of a cell can also be calculated using the J·V curve. The series resistance of 

a cell is the inverse of the slope of this line as it passes through VOC, and the shunt resistance is the 

inverse of the slope at JSC. 
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Figure 1.6 A J-V curve generated by a source-measure unit. 

 

1.3.2 A band diagram approach to organic photovoltaic devices 

 OPVs use an active layer made up of two organic semiconductors (one p-type and one n-

type) sandwiched between two electrodes to harness solar energy to do work. Figure 1.7 features 

an energy level diagram of an OPV consisting of a p-type semiconductor, an n-type semiconductor, 

a metal electrode and a transparent indium doped tin oxide (ITO) electrode (Figure 1.7a).  

 

 

Figure 1.7 Energy level diagram of a simple organic photovoltaic device. 
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When the p-type semiconductor absorbs light an electron is promoted from the HOMO to 

the LUMO, forming a quasiparticle, made up of a bound electron hole pair, called an exciton 

(Figure 1.7b). Once an exciton has been generated, it can migrate to the interface between the p-

type and n-type semiconductors and dissociate into two independent charge carriers, a hole, and 

an electron (Figure 1.7c). Excitons in organic semiconductors have a high binding energy, owing 

to the large coulombic attraction between the hole and the electron and the low dielectric constant 

of organic semiconductors.30 Therefore, it is necessary that the LUMO of the n-type semiconductor 

be lower in energy than that of the p-type semiconductor, as illustrated in Figure 1.7.30 This energy 

difference creates an energetic driving force for charge transfer between the p-type and n-type 

semiconductors; typically, this energy difference must be >300 meV for efficient exciton 

dissociation to occur.31 Once the exciton has dissociated, the hole and electron must move through 

the p-type and n-type semiconductors respectively (Figure 1.7d); the movement of holes and 

electrons is governed by the charge carrier mobilities of the semiconductors. The electric field 

generated by the different work functions of the two electrodes help the hole and electron 

overcome their coulombic attraction and move to the anode and cathode respectively.  

The first two component active layer in an OPV was reported by Tang et al. in 1986; it 

consisted of p-type copper phthalocyanine (CuPC) and n-type perylene diimide (PDI) based 

semiconductors.32 In this device, the active layer consisted of a planar junction between the CuPC 

and PDI; they achieved a maximum PCE of 0.95%. However, these OPVs suffered from low JSC 

(~2 mA cm-2); this was caused by a low driving force for charge separation, poorly absorbing 

active layers, and a high probability of electron-hole recombination. 

The discovery of the carbon allotrope fullerene (C60), and its n-type semiconductor 

properties, led to major advances in OPV research. In 1992, Saricifitci et al. first demonstrated the 
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photoinduced transfer of electrons from the p-type semiconductor MEH-PPV to fullerene.20 In this 

work, it was demonstrated that MEH-PPV luminescence was efficiently quenched by fullerene. In 

addition to this, at low temperature, electron paramagnetic resonance signals for both the radical 

cation of MEH-PPV and the radical anion of C60 were observed.  

Building upon this discovery, a year later Saricifitci et al. demonstrated that a MEH-

PPV:C60 planar heterojunction could function as the active layer in photodiodes, and photovoltaic 

cells.21 These early photovoltaic cells had an architecture consisting of an ITO coated glass 

substrate, onto which was spin cast a 100 nm film of MEH-PPV. Onto this polymer layer 100 nm 

of C60 was deposited by thermal evaporation, followed by a gold electrode. These devices achieved 

a maximum PCE of just 0.04%. Despite the efficient electron transfer between MEH-PPV and 

fullerene, these early OPVs suffered from very poor PCEs, primarily due to low photocurrent 

densities. It was shown that the wavelength of maximum light absorbance in MEH-PPV 

corresponded to a minimum in the amount of photocurrent produced by their OPVs. This was 

attributed to the fact that, due to the thickness of the MEH-PPV layer, insufficient light was 

reaching the heterojunction between MEH-PPV and fullerene at this wavelength. Excitons in 

organic semiconductors have very limited diffusion lengths, on the order of 10 nm; this means that 

only excitons generated within 10 nm of the heterojunction can be effectively dissociated into 

holes and electrons.33 Since the layers of MEH-PPV and C60 in these early devices were ~100 nm 

thick, excitons generated in most of the active layer could not reach the interface and dissociate. 

This is one of the fundamental problems in OPV research, balancing sufficient light absorption 

with efficiently extracting charge. The innovation that most helped to solve this problem was the 

invention of the bulk heterojunction active layer. 
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1.3.3 The bulk heterojunction active layer 

 One of the largest advances in OPV research was the use of the bulk heterojunction active 

layer (BHJ) (Figure 1.8b). Early OPVs relied on a planar heterojunction of two organic 

semiconductors (Figure 1.8a). As seen in Section 1.3.2, excitons generated in these thick planar 

layers cannot be efficiently transported to an interface to be dissociated; however, if the layer 

thickness were on the order of an exciton diffusion length (10 nm), the device would not absorb 

sufficient light to generate an appreciable photocurrent.  

 

 

Figure 1.8 (a) Planar and (b) bulk heterojunction active layers containing p-type and n-type 
semiconductors. 

 

In 1995, Yu et al. introduced the concept of the bulk heterojunction active layer (Figure 

1.8b).34 To overcome the insolubility of C60 and its tendency to overcrystallize in solid state blends, 

a derivatized version of fullerene, phenyl-C61-butyric acid methyl ester (PC61BM), was used. Thin 

films cast from concentrated solutions containing both PC61BM and MEH-PPV spontaneously 

segregated into nanoscale domains, yielding an active layer with a bulk heterojunction 

morphology. These first BHJ devices were two orders of magnitude more efficient than their planar 

heterojunction counterparts, achieving a maximum PCE of 2.9%.  
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 Since exciton diffusion lengths are small in organic semiconductors, the ideal size of p and 

n-type semiconductor domains in a bulk heterojunction is ~10 nm.33 Its characteristic small, 

interpenetrated domains gives the bulk heterojunction a much larger interfacial area than the 

traditional planar heterojunction, making it much more likely that an exciton makes it to an 

interfacial boundary before geminate recombination can occur. Thanks to the mixing of 

components throughout the active layer, the entirety of a BHJ can be used to generate photocurrent. 

Because of this, active layers of BHJ OPVs can be upwards of 100 nm thick without loss of 

efficiency due to poor charge extraction.35 While BHJs offer many advantages over planar 

heterojunctions, their use makes optimizing film morphology an important factor in OPV 

performance. Achieving nanoscale domain separation is crucial for achieving high efficiencies in 

BHJ OPVs. This is often done using processing additives in the active layer solution, or through 

thermal/solvent annealing of the thin films. Thermal or solvent annealing can increase the 

crystalline packing of active layer components, improving charge carrier mobilities; however, 

sometimes this can also lead to domains which are too large for efficient exciton migration.36 

Another strategy for optimizing film morphology is the use of blend additives; these are 

compounds added to the active layer solution, in small amounts, to influence the morphology of 

the active layer blend. Common blend additives include 1,8-octanedithiol, chloronaphthalene, and 

the most common additive, 1,8-diiodooctane (DIO). 16,37,38 Most often, these are high boiling point 

compounds that allow the active layer components to crystallize more slowly than would be 

possible with the casting solvent alone. The optimization of solvent additive use, and annealing 

treatments, can have a dramatic effect on OPV efficiency.26,39,40 Despite the challenges of 

optimizing blend morphology, the bulk heterojunction architecture has largely persisted until 
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today. Although vacuum deposited planar heterojunction OPVs are still an active area of research, 

the work presented in this thesis has been performed using this bulk heterojunction architecture. 

 

1.3.4 Interlayers, electrodes, and inverted vs. normal architecture 

 Early OPVs typically consisted of an active layer simply sandwiched between a transparent 

ITO electrode and a thermally evaporated metal electrode. This basic architecture suffered from 

two principal problems.30 First, the boundary between the active layer and a metal can often create 

a non-Ohmic contact with a large barrier to charge injection due to poor matching of the work 

function of the electrode with either the HOMO or LUMO of the semiconductor. Secondly, most 

common electrode materials, such as ITO or Al, are not selective for a specific charge carrier, and 

recombination at the electrode surface can dramatically decrease an OPV’s shunt resistance. This 

problem is especially apparent in BHJ devices, since both holes and electrons are generated 

uniformly throughout the active layer. To combat these two problems, modern OPVs incorporate 

interlayers between the electrode and active layer.41  

Interlayers are materials which are designed to aid in the collection of the desired charge 

carrier at the appropriate electrode; they are often semiconductors with frontier orbitals tailored to 

permit passage of a single charge carrier.30 Interfacial layers are characterized based on which 

charge carrier they are selective for. Hole transport layers are selective for the transport of holes; 

they typically have a HOMO aligned with the HOMO of the p-type semiconductor in the active 

layer, and a LUMO level that is poorly aligned with that of the n-type semiconductor, preventing 

electron transport. Electron transport layers (ETLs) are selective for the passage of electrons and 

usually have a LUMO level aligned with that of the n-type semiconductor in the active layer, while 

the HOMO is too low in energy to transfer holes from the active layer effectively. In addition to 
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having a properly matched HOMO or LUMO to collect the desired charge carrier, it is important 

that interlayers have a high mobility of the desired charge carrier. Figure 1.9 depicts the band 

structure of a number of common interlayer materials, along with typical electrode work functions, 

and frontier orbital energies of active layer materials.42 The use of interlayers make electrodes far 

more selective for a single charge carrier than would otherwise be the case; for instance, ITO can 

be used to collect either holes, or electrons, depending on whether a HTL or ETL is placed on top 

of it. This increased charge carrier selectivity has given rise to two distinct architectures of OPVs, 

the normal architecture, and the inverted architecture.  

 

 

Figure 1.9 Frontier orbital energies of common interlayer materials with respect to vacuum. 
Reproduced from Ref 42 with permission of the Royal Society of Chemistry. 
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In a normal architecture device (Figure 1.10), the ITO acts as the anode, and collects holes. 

To make the ITO hole selective, a HTL is used. The most common HTL in normal architecture 

OPVs is the p-type organic semiconductor poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) (PEDOT:PSS). This blend is typically used as a dispersion in H2O. The 

active layer is typically cast on top of this PEDOT:PSS layer. To increase the cathode’s selectivity 

for electrons, an ETL is deposited between the active layer and the metal electrode; an example of 

this is a thin layer (<1 nm) of LiF, typically deposited by thermal evaporation. Unlike the 

semiconductor ETLs in Figure 1.9, LiF is an insulator that helps block the passage of holes and 

aid in electron transport by creating a dipole at the active layer/electrode interface. Since LiF is a 

dielectric, it has a poor electron mobility and care must be taken to keep the layer thickness low, 

so electron flow is not impeded. Finally, the cathode is added on top of the hole blocking layer; in 

the case of a normal architecture device, this is a metal with a small work function such as Ca or 

Al.41 

 

 

Figure 1.10 Normal architecture bulk heterojunction OPV. 
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Inverted architecture OPVs use the opposite arrangement of anode and cathode (Figure 

1.11). In this case, the ITO electrode acts as the cathode, and is rendered electron selective using 

an ETL, a common example of which is ZnO. ZnO is often spin coated onto the ITO substrate 

from either a sol-gel precursor solution, or as a colloidal suspension of nanoparticles.43,44 The 

active layer is deposited on top of the ETL. A hole transport layer such as MoO3 is then added on 

top of the active layer, often by thermal evaporation. This is followed by a high work function 

metal, such as Ag, as the anode.41 

 

 

Figure 1.11 Inverted architecture bulk heterojunction OPV. 

 

 Early OPVs were primarily fabricated using the normal architecture; in recent years the 

inverted architecture OPV has increased in popularity due to its increased stability.45 The 

PEDOT:PSS layer common to normal architecture OPVs is highly hygroscopic and very acidic. 

This leads to infiltration of H2O into the device, as well as leaching of indium ions from the ITO 

layer, leading to device degradation.30 Secondly, normal architecture devices use metals such as 

Al and Ca as the top electrode, which are prone to oxidation in ambient atmosphere; inverted 

devices typically use more stable Ag top electrodes as the anode.  

p-type
n-type

ITO metal

Hole	transport	layer
Electron	transport	layer

E
vs.	

Vacuum

ITO

metal



 24 

1.4 The donor-acceptor organic semiconductor 

 The design and synthesis of new semiconductors for use in OPV active layers is one of the 

largest areas of organic solar cells research. In Section 1.2.3, PPV and P3HT were introduced as 

two historically significant organic semiconductors used in OPVs. While P3HT performed better 

in OPVs than PPV-based polymers, it still had two significant drawbacks. P3HT has a relatively 

large optical band gap, making it incapable of efficiently harvesting near-infrared solar energy; 

secondly, OPVs with P3HT:fullerene active layers have relatively low VOC.15,22 To develop 

semiconductors with better OPV performance than P3HT, both properties must be improved. First, 

new materials should have a lower band gap than P3HT, allowing them to harvest the near-infrared 

portion of the solar spectrum.15,22,46 Additionally, new semiconductors require a lower HOMO 

level than P3HT. In OPVs, the VOC of a device is proportional to the energy difference between 

the HOMO of the p-type semiconductor and the LUMO of the n-type one; for a new semiconductor 

to improve on the VOC of P3HT devices, it must have a lower HOMO level to increase this energy 

difference.22 To meet these requirements, many new organic semiconductors have adopted a 

donor-acceptor design.15 

 

 

Chart 1.2 Donor-acceptor polymer and molecular semiconductors.31,47 
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Donor-acceptor, or “push-pull”, semiconductors are composed of alternating electron-rich 

(donor) and electron-deficient (acceptor) sub-units (Chart 1.2).31,48 The HOMO and LUMO of the 

donor group are relatively high energy compared to the low energy frontier orbitals of the acceptor; 

this limits the amount of orbital mixing that occurs when the two units are combined in a donor-

acceptor semiconductor, as seen in a molecular orbital diagram (Figure 1.12).  

 

 

Figure 1.12 Formation of the frontier MOs of a donor-acceptor semiconductor. 

 

The limited orbital mixing leads to a HOMO that primarily resides on the donor, and a LUMO 

mostly isolated on the acceptor. Orbital isolation has several effects on the electronic structure, 

and properties, of the donor-acceptor material. Since the donor unit has a higher HOMO level than 
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of frontier orbital isolation in a donor-acceptor material is that the HOMOàLUMO transition 

takes on a degree of charge transfer character. This partial charge transfer character gives this 

transition a very large dipole moment, leading to a high optical extinction coefficient; however, 

orbital isolation should not be too great, as a lack of wavefunction overlap between the HOMO 

and LUMO can greatly decrease the transition’s extinction coefficient. Additionally, because of 

the orbital isolation the excited electron resides primarily on the acceptor unit; this implies that 

electronic coupling between the acceptor unit and the n-type semiconductor is crucial for efficient 

exciton dissociation in an OPV.49 

Both molecular and polymeric semiconductors can be synthesized with a donor-acceptor 

structure. One strategy, common to both small molecules and polymers, is to synthesize the donor 

and acceptor units separately and couple them at the end of the synthesis. Donor-acceptor polymers 

are often synthesized by Pd catalyzed cross-coupling reactions, such as Stille and Suzuki 

polymerizations.30 These reactions require one monomer to be dihalogenated, and the other to have 

either two organotin reagents for Stille couplings or two organoboron species for Suzuki reactions; 

typically, the acceptor unit is the dihalogenated monomer, and the donor unit is the organotin, or 

boron, containing monomer. Donor-acceptor molecular semiconductors can also be synthesized 

by Pd catalyzed cross couplings; however, they can also be synthesized by other organic synthesis 

techniques, such as aldol condensation reactions.43  

 An early example of donor-acceptor polymers for OPVs is the series of carbazole-based 

polymers first produced by Blouin et al in 2007.50,51 In the first cast case, an electron rich carbazole 

unit was juxtaposed with electron deficient benzothiadiazole, yielding poly[N-9′-heptadecanyl-

2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) (Chart 1.3). Once 

optimized, PCDTBT:phenyl-C71-butyric acid methyl ester (PC71BM) solar cells achieved a PCE 
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of 7.5%.52 The high performance of PCDTBT-based polymers is mostly due to the high VOC (0.88 

V) that results from PCDTBT’s low EHOMO (-5.45 eV). In order to fully understand the relationship 

between the polymer’s structure and its optoelectronic properties, a series of these polymers were 

synthesized that varied the acceptor unit composition including such groups as benzoxadiazole, 

and pyridalthiadiazole.51 While none of these outperformed the parent PCDTBT polymer, the 

frontier orbital energies and Eg,opt could be tuned by changing the nature of the acceptor unit. 

 

 

Chart 1.3 PCDTBT, an early donor-acceptor polymer for high performance OPVs. 

 

Alongside polymers, donor-acceptor molecular semiconductors also became popular in the 

last decade. In 2011, Sun et al. used a donor-acceptor small molecule with a central dithienylsilole 
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obtained with DIO loading are driven primarily by increases in FF, with a small increase in JSC 

offsetting a slight decrease in VOC. 

 

 

Chart 1.4 A molecular semiconductor with a donor-acceptor design DTS(PTTh2)2.53 
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benzothiadiazole, diketopyrrolopyrrole (DPP), and isoindigo.30 Naphthalene and perylene 

diimide-based donor-acceptor semiconductors typically exhibit n-type behavior, while 

benzothiadiazole, DPP, and isoindigo have been combined with a wide variety of donor units to 

create both p-type and n-type semiconductors. Organic semiconductors based on the acceptor unit 

isoindigo are the focus of this thesis. 

 

 

Chart 1.5 Common donor and acceptor units for organic semiconductors. 
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Chart 1.6 Isoindigo and its common derivatives for organic semiconductor synthesis. 

 

 For use in organic semiconductors, isoindigo is typically brominated at the 6 and/or 6¢ 

positions to provide reactivity in Pd catalyzed coupling reactions. Both 6-bromoisoindigo and 6,6¢-

dibromoisoindigo are used in molecular semiconductors, and 6,6¢-dibromoisoindigo has become a 

very common monomer in donor-acceptor polymers. While the 6 and 6¢ positions of isoindigo are 
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composed of isoindigo and bithiophene in an acceptor-donor-acceptor (M1), or donor-acceptor-

donor (M2) arrangement (Chart 1.7). Both molecules had low Eg,opt (Table 1.1), and absorbed light 

into the near-infrared. The low HOMO level of these semiconductors (-5.6 eV) was promising for 

creating high VOC OPVs. M1 and M2 were used in OPVs as the p-type material in the active layer 

blend with PC61BM and achieved PCEs of 0.55%, and 1.76% for M1 and M2 respectively (Table 

1.1, at the end of Section 1.5.1). While both semiconductors absorb light well, poor FF and 

relatively low JSC (Table 1.1) led to the low device efficiencies.  

 

 

Chart 1.7 Isoindigo-based molecular semiconductors M1-M4, R = 2-ethylhexyl. 
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syringes used to process the active layer solution.65 Graham et al. determined that by intentionally 

incorporating PDMS as a blend additive in the active layer, the PCE of the resulting OPVs could 

be increased from 1.25 ± 0.37% with no PDMS to 2.16 ± 0.09% with 0.1 mg/ml PDMS in the 

active layer solution.65 Improving the active layer morphology increased all of the device 

characteristics, but had the most pronounced effect on JSC, which increased from 4.28 mA cm-2 

without PDMS to 6.70 mA cm-2
 with 0.75 mg/ml PDMS in the active layer solution. In addition 

to PDMS, other additives were studied in a follow up paper, leading to a maximum PCE of  3.67 

± 0.12% for OPVs of M2:PC61BM active layers incorporating both PDMS and 

tetraethyleneglycol.66 Following this work on blend additives, Graham et al. studied tailor-made 

additives, derivatives of M2 with either one (M3) or two (M4) tri(isobutyl)silyl groups in place of 

the hexyl chains on the bithiophene (Chart 1.7).67 They showed that the use of M3 as an additive 

(20% w/w) in an M2-based active layer helped control crystallinity and domain size, yielding 

OPVs with a PCE of 2.2%, compared to 1.3% for devices with no M3 in the active layer. 

 In addition to Reynolds and coworkers, by 2013 other research groups began to produce 

isoindigo-based molecular organic semiconductors; a summary of the optoelectronic properties 

and OPV performance of some of these materials is found in Table 1.1. Yassin et al. published the 

synthesis and use of two different isoindigo-based small molecules in OPVs.68 In M5, the isoindigo 

unit is flanked by two electron-rich benzofurans; in M6, the isoindigo is combined with two 

dithienopyrrole units (Chart 1.8). BHJ OPVs with M5:PC61BM active layers exhibited a maximum 

PCE of 0.26%, while those incorporating M6 had a maximum PCE of 0.01% (Table 1.1). 

Additionally, a donor-acceptor-donor semiconductor with two triphenylamine groups on either 

side of isoindigo (M7) (Chart 1.8), reported by Yang et al., was incorporated into OPV active 

layers as a p-type semiconductor achieving a maximum PCE of 0.84%.69 The performance of M5-
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M7 in OPVs was limited by low JSC and very poor fill factors, usually caused by poor BHJ 

morphology (Table 1.1). These materials often exhibited a tendency to self-aggregate and exhibit 

large domains in active layers. It is also possible that these molecular semiconductors had poor 

charge carrier mobilities; however, this was not often measured in these early materials. 

Also in 2013, Elsawy et al. studied the effects of the number of thiophene rings, and donor 

strength, in a series of donor-acceptor-donor isoindigo-based semiconductors.70 The group studied 

thiophene (M8), bithiophene (M9), and terthiophene (M10), as well as two substituted thiophenes, 

3-hexylthiophene (M11), and 3,4-ethylenedioxythiophene (M12) (Chart 1.8). As the number of 

thiophene units in the donor increased, the Eg,opt decreased due to the increasing π-conjugation 

length, and donor strength, of the thiophene oligomer (Table 1.1). OPVs with M8-M12:PC71BM 

active layers were fabricated and the number of thiophene units directly correlated with OPV 

performance; the thiophene, bithiophene, and terthiophene containing semiconductors yielded 

max PCEs of 0.003%, 2.60%, and 3.20% respectively (Table 1.1). Despite a lower Eg,opt due to the 

more electron rich nature of the ethylenedioxythiophene unit, M12 did not perform significantly 

better than M8 (Table 1.1). The poor performance of the semiconductors containing a single 

thiophene unit was ascribed to their poor charge carrier mobilities, which contributed to the low 

JSC.  

Another early isoindigo-based molecular semiconductor was reported by Wang et al.71 In 

this case, the isoindigo unit was paired with an extended thiophene-thienothiophene donor unit in 

a donor-acceptor-donor fashion (M13) (Chart 1.8). The resulting semiconductor had a very low 

optical band gap of ~800 nm (~1.5 eV), and when combined with PC61BM in the active layer of 

an OPV produced a PCE of 1.41% (Table 1.1). The JSC was relatively high owing to the material’s 
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low bad gap; however, the PCE was adversely affected by a poor fill factor, due to poor blend 

morphology. 

 

Chart 1.8 Isoindigo-based molecular semiconductors M5-M13, R = 2-ethylhexyl. 
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The isoindigo based semiconductors discussed so far have had a donor-acceptor-donor or 

acceptor-donor-acceptor structure. The donor-acceptor-donor design has proven more popular due 

to the ease of synthesis of the 6,6¢-dibromoisoindigo unit compared to the reduced yields of 6-

bromoisoindigo. After the initial wave of isoindigo-based molecular semiconductors, researchers 

began exploring a wider variety of molecular architectures and π-conjugated units to combine with 

isoindigo. Additionally, they began to explore using isoindigo-based small molecules as n-type 

semiconductors, replacing fullerene in OPV active layers.  

Areephong et al. created an extended donor-acceptor molecule in which a central 

dithienylsilole unit was flanked by two isoindigos, each of which was bonded to a bithiophene unit 

(M14) (Chart 1.9).72 This molecule’s structure is similar to the benzothiadiazole-based donor-

acceptor molecule, synthesized by Sun et al., discussed in Section 1.3.2.53 Thin films of M14 cast 

from chloroform absorbed light down to 828 nm; this low band gap of 1.5 eV allows the compound 

to usefully harvest light into the near-infrared. When used in OPVs as the p-type semiconductor 

alongside PC61BM, using 5% (v/v) DIO, an average PCE of 3.2 ± 0.2% was achieved. This was 

largely due to a very high JSC (11.32 mA cm-2) (Table 1.1), that resulted from the molecule’s low 

band gap.72
 

A similar extended donor-acceptor motif was used by Tomassetti et al. to study the 

differences between linear (M15) and branched semiconductor structures (M16/M17) (Chart 1.9); 

the branched structure of M16 and M17 leads to a two-dimensional semiconductor.73 The central 

acceptor in both cases is isoindigo, and each molecule contains a thiophene oligomer of either 3 

or 4 thiophene units; the terminal thiophene is bonded to a cyanoacrylate ester. In the case of their 

branched semiconductors, the penultimate thiophene is bonded to an additional thiophene-

cyanoacrylate group. The Eg,opt of the linear and branched semiconductors were quite similar 
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(Table 1.1); however, owing to its extra thiophene, M17 did have a slightly smaller electronic band 

gap (Eg,elec) of 1.71 eV. OPVs were fabricated using active layers of the isoindigo-based 

semiconductors and PC61BM. To obtain maximum PCEs, solvent annealing treatments were used, 

and the linear molecule containing isoindigo and terthiophene (M15) produced the highest average 

efficiency of 1.6 ± 0.2% (Table 1.1). Atomic force microscopy (AFM) images of all three active 

layer blends revealed that, after solvent annealing treatment, the active layers of the M15-based 

OPVs had much smaller domain sizes than their branched counterparts M16/M17, which led to 

the increased PCE.73 
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Chart 1.9 Isoindigo-based molecular semiconductors M14-M17, R = 2-ethylhexyl. 
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Another example of multi-dimensional organic semiconductors can be found in the work 

of Liu et al, in which they synthesized triangular, isoindigo-based, n-type semiconductors.74 These 

molecules were built around a central phenyl (M18) or triphenylamine (M19) core (Chart 1.10). 

The triphenylamine core of M19 is a more electron-rich donor that the phenyl core of M18; this 

stronger donor-acceptor character makes the Eg,opt of M19 much smaller than M18 (Table 1.1). 

Both M18 and M19 were used as the n-type semiconductor, with P3HT, in OPV active layers. The 

increased light absorption of M19, and better film morphology with P3HT led to higher JSC and 

FF values, producing a maximum PCE 0.81% for M19 as compared to 0.19% for M18. 

Other n-type isoindigo-based molecular semiconductors have been synthesized to replace 

fullerenes in OPV active layers. An in-depth computational study by Rutledge et al. predicted 

donor-acceptor molecules with an isoindigo core to have appropriate energy levels to act as non-

fullerene n-type semiconductors.75 Based on this theoretical study, McAfee et al. synthesized a 

series of n-type molecular semiconductors including M20 and M21 (Chart 1.10).76 

Experimentally, it was found that increasing the steric bulk of the end group, from phthalimide to 

naphthalimide, and adding a chlorine to the isoindigo unit, significantly improved device 

efficiency by improving solid-state packing and enhancing the electron-deficient nature of the 

isoindigo unit. OPVs using M20 and a molecular p-type semiconductor in the active layer achieved 

and average PCE of 1.07% (Table 1.1) compared to 0.93% for M21.76  

Finally, in a break with convention, Jung et al. recently used isoindigo as the donor unit of 

a donor-acceptor molecular semiconductor (M22) paired with the even more electron deficient 

dithienyldiketopyrrolopyrrole (Chart 1.10).77 In this case, the molecule’s HOMO was localized to 

the isoindigo, while the LUMO resided on the diketopyrrolopyrrole units. This yielded a 

semiconductor with a low Eg,opt (850 nm), and low frontier orbital energies; the LUMO energy was 
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-3.82 eV, and the HOMO -5.56 eV as measured by cyclic voltammetry (Table 1.1). These low-

lying orbitals gave devices fabricated with M22:PC71BM active layers a high VOC of 0.86 V (Table 

1.1). After optimizing the devices by solvent annealing, an average PCE of 5.62% was achieved. 

Since its first use in OPVs in 2010, a wide variety of isoindigo-based molecular 

semiconductors have been synthesized and incorporated into OPVs. Molecular semiconductors 

have several advantages over polymer semiconductors. They can be purified using simple 

recrystallization or chromatographic techniques, rather than the time and energy intensive Soxhlet 

extractions used in polymer synthesis. Additionally, polymers suffer from batch to batch variation 

in molecular weight, which can lead to large variations in OPV performance; the synthesis and 

purification of molecular semiconductors is much more repeatable, making their OPV 

performance more consistent.  

However, there are drawbacks in the use of molecular semiconductors in OPVs.  First, 

since these semiconductors are based on flat π-conjugated systems they tend to self-aggregate and 

π-stack, leading to over-crystallization of the active layer blends. This over-crystallization results 

in large domain sizes, causing inefficient exciton dissociation and low device performance. 

Secondly, polymer semiconductors often have higher charge carrier mobilites than molecular 

semiconductors because holes and electrons can pass down the length of a polymer chain via 

intramolecular charge transport, rather than hopping from molecule to molecule via intermolecular 

charge transport; this often leads to higher JSC in polymer-based OPVs than in those using 

molecular organic semiconductors. These drawbacks have led to an intensifying focus on the 

development of polymer semiconductors in the last several years, including many donor-acceptor 

polymers incorporating isoindigo.  
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Chart 1.10 Isoindigo-based molecular semiconductors M18-M22, R = 2-ethylhexyl. 
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Table 1.1 Optoelectronic properties and OPV performance of isoindigo-based molecular semiconductors M1-M22. 

a HOMO/LUMO energies estimated from the onset of oxidation/reduction in voltammetry experiments, Fc/Fc+ used as an internal 
reference. The Fc/Fc+

 redox couple is estimated as -5.1 eV with respect to vacuum. b OPV results from best device, all others are average 
performance. c Fc/Fc+ redox couple estimated as -4.8 eV with respect to vacuum. d Fc/Fc+ redox couple estimated as -4.98 eV with 
respect to vacuum. e EHOMO = -(Eox + 4.54) eV.74 f ELUMO estimated from EHOMO + Eg(opt).  

Molecule HOMOa 

(eV) 
LUMOa 

 (eV) 
Eg,Elec 
(eV) 

Eg,opt 
 (nm) 

µh 
(cm2 V-1s-1) 

VOC 
(V) 

JSC 
(mA cm-2) 

FF 
(%) 

PCE 
(%) 

Ref 

M1 -5.6 -3.8 1.7 655 - 0.74b 6.3b 38b 1.76b 63 
M2 -5.6 -3.9 1.6 688 - 0.66b 2.4b 36b 0.55b 63 
M5 - - - 551 - 0.6b 1b 38b 0.26b 68 
M6 - - - 610 - 0.35b 0.15b 16b 0.01b 68 
M7 -5.30c -3.61c 1.69 734 2.49 ´ 10-4 0.78b 2.94b 36.5b 0.84b 69 
M8 -5.47 -3.60 1.87 685 1.4 ´ 10-2 0.35b 0.003b 25.8b 0.003b 70 
M9 -5.11 -3.57 1.54 729 3.6 ´ 10-2 0.93b 6.58b 42.8b 2.60b 70 
M10 -5.10 -3.63 1.47 775 9.7 ´ 10-4 0.87b 8.21b 43.3b 3.20b 70 
M11 -5.47 -3.61 1.86 689 1.1 ´ 10-3 0.55b 0.21b 20.4b 0.04b 70 
M12 -5.26 -3.62 1.64 700 3.2 ´ 10-5 0.12b 0.002b

 28.0b 0.002b 70 
M13 -5.39c -3.92c 1.47 805 - 0.72b 6.03b 32.5b 1.41b 71 
M14 -5.17c -3.66c 1.51 828 - 0.686 11.3 0.41 3.2 72 
M15 -5.56d -3.59d 1.97 800 3.66 ´ 10-3 0.95b 4.46b 45b 1.92b 73 
M16 -5.52d -3.61d 1.91 765 1.86 ´ 10-5 0.98b 1.60b 50b 0.78b 73 
M17 -5.33d -3.62d 1.71 785 3.44 ´ 10-5 0.83b 3.29b 51b 1.39b 73 
M18 -5.64e -3.79f - 670 - 1.15b 0.45b 36.7b 0.19b 74 
M19 -5.54e -3.77f - 701 - 0.96b 1.91b 43.7b 0.81b 74 
M20 -5.61c -3.73c 1.88 711 - 0.82 2.94 44 1.07 76 
M21 -5.58c -3.67c 1.81 708 - 0.91 2.52 41 0.93 76 
M22 -5.56c -3.82c 1.74 850 - 0.86b 11.75b 58b 5.62 77 
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1.5.2 p-Type isoindigo-based polymer semiconductors 

While the first publication of an isoindigo-based semiconductor was a small molecule, the 

field of isoindigo-based polymer semiconductors grew rapidly following this initial report. This is 

likely because 6,6¢-dibromoisoindigo is an easily accessible, electron-deficient, co-monomer for 

the Pd catalyzed cross-coupling reactions commonly used to make donor-acceptor polymers. The 

first isoindigo-based polymers were reported by Stalder et al. in 2010.78 The group synthesized a 

series of donor-acceptor polymers combining isoindigo with six donor units: thiophene (P1a), 3,4-

dioctylthiophene (P2),  3,4-propylenedioxythiophene (P3), ethene (P4), 9,9-dihexylfluorene 

(P5a), and 1,4-bis(hexyloxy)benzene (P6)  (Chart 1.11).  The semiconductors’ physical and 

optoelectronic properties were characterized, and are summarized in Table 1.2 (entries 1-6). The 

polymers with thiophene (P1a), 3,4-propylenedioxythiophene (P3), and ethene (P4), featured the 

lowest Eg,opt (>700 nm), and Eg,elec <1.9 eV. The HOMO and LUMO energies of the polymers, as 

estimated by voltammetry, made them suitable as p-type semiconductors for OPV active layers. 

 Following this first report, researchers began using p-type isoindigo-based polymers in 

OPVs. In early 2011, three groups independently published the first OPVs incorporating isoindigo-

based polymers in the active layer. Zhang et al. reported copolymers of isoindigo with thiophene 

(P1b), bis(2-ethylhexyloxy)-benzodithiophene (P7), and thienothiophene (P8a/b) donors (Chart 

1.11).79 The frontier orbital energies were similar to those of other isoindigo donor-acceptor 

polymers (Table 1.2, entries 7-9). All three polymers were incorporated into OPV active layers as 

the p-type semiconductor. The devices exhibited modest efficiencies (Table 1.2, entries 7-9), and 

the best performance was seen in devices incorporating P7, with a maximum PCE of 1.91%. At 

the time, the group blamed the modest efficiencies of their photovoltaics to a potential imbalance 

in charge carrier mobilities between the p-type and n-type semiconductors.  
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Chart 1.11 Isoindigo based p-type semiconductors P1-P9. 

 

At nearly the same time, Liu et al. reported copolymers of isoindigo with 9,9-

dioctylfluorene (P5b), bis(2-ethylhexyloxy)-benzodithiophene (P7), and carbazole (P9), and 

incorporated them in OPV active layers with PC61BM (Table 1.2, entries 10-12). Again, the 

efficiency of the solar cells was modest, with a maximum PCE of 0.90% being obtained for 
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P7:PC61BM based devices; the low fill factor (0.41) of the OPVs pointed to poor active layer blend 

morphology as the cause of the low PCEs. In a third, nearly simultaneous, report, Wang et al. 

demonstrated the use of P1c as a p-type material in OPV active layers (Table 1.2, entry 13).80  

However, in this case, the researchers experimented with the use of DIO as an additive in their 

active layer solutions; the addition of DIO was key to successful use of isoindigo-based polymers 

in OPV applications. Wang et al. showed that the PCE of OPVs with a P1c:PC71BM active layer 

nearly doubled, from 1.7% to 3.0% when DIO was added to the active layer solution. The use of 

DIO (2.5 w/v% in o-dichlorobenzene) caused large changes in the active layer blend morphology; 

this improved blend morphology caused an increase in both JSC, from 3.1 to 5.4 mA cm-2, and FF, 

from 0.59 to 0.63. 

Following this, Wang et al. reported the first use of the copolymer of isoindigo and 

terthiophene P10a (Chart 1.12). The optoelectronic properties of P10a were similar to those of 

P1c, though the increased donor strength of terthiophene vs. thiophene results in a slightly smaller 

optical band gap (Table 1.2, entry 14). While the optoelectronic properties of P1c and P10a were 

quite similar, the OPV performance was very different; optimized OPVs reached a PCE of 6.3%, 

twice as high as the PCE of optimized P1c:PC71BM based devices. This high PCE is due to a large 

increase in JSC, from 5.4 mA cm-2 in OPVs using P1c, to 13.1 mA cm-2 for P10a. The fill factor 

also increases slightly, from 0.63 to 0.69, helping to offset the decrease in VOC from 0.89 V to 0.70 

V. As in P1c based devices, the PCE of OPVs with an P10a:PC71BM active layers increased 

dramatically when DIO was used. A PCE of 6.3% represented a major step for isoindigo-based 

polymer semiconductors, and led to a large amount isoindigo-oligothiophene copolymer research. 



 

Table 1.2 Optoelectronic properties and OPV performance of isoindigo-based polymers P1-P10A. 

a HOMO/LUMO energies estimated from the onset of oxidation/reduction in voltammetry experiments, Fc/Fc+ used as an internal 
reference. The Fc/Fc+

 redox couple is estimated as -5.1 eV with respect to vacuum. b Optoelectronic characterization performed with 
P8b, OPVs fabricated with P8a. c The Fc/Fc+

 redox couple is estimated as -4.8 eV with respect to vacuum. d ELUMO = EHOMO + Egap 
(opt). e OPV results from best device, all others are average performance 

Entry Polymer HOMOa  
(eV) 

LUMOa  
(eV) 

Eg,Elec 
(eV) 

Eg,opt 
(nm) 

VOC  
(V) 

JSC  
(mA cm-2) 

FF 
(%) 

PCE 
(%) 

Ref 
 

1 P1a -5.81 -3.95 1.86 775 - - - - 78 
2 P2 -5.74 -3.85 1.89 693 - - - - 78 
3 P3 -5.68 -3.91 1.77 800 - - - - 78 
4 P4 -5.76 -3.93 1.83 747 - - - - 78 
5 P5a -5.83 -3.84 1.99 663 - - - - 78 
6 P6 -5.80 -3.87 1.93 708 - - - - 78 
7 P7 -5.20c -3.66d - 805 0.71e 7.93e 34e 1.91e 79 
8 P1b -5.49c -3.91d - 785 0.87e 1.76e 60e 0.92e 79 
9 P8a/b -5.43c -3.88d - 800 0.84e 3.90e 53e 1.74e 79 
10 P9 -5.23c -3.6c 1.63 743 0.49e 2.98e 25e 0.4e 81 
11 P5b -5.14 -3.51 1.63 693 0.53e 0.13e 26e 0.02e 81 
12 P7 -5.11 -3.66 1.45 806 0.56e 3.81e 41e 0.9e 81 
13 P1c -5.85 -3.88 1.97 775 0.89e 5.4e 63e 3.0e 80 
14 P10a -5.82 -3.83 1.99 826 0.70e 13.1e 69e 6.3e 82 
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Chart 1.12 Isoindigo-oligothiophene p-type donor-acceptor polymers P10a-P14. 
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Table 1.3 Optoelectronic properties and OPV performance of isoindigo-oligothiophene copolymers P1c and P10A-P14. 

a HOMO/LUMO energies estimated from the onset of oxidation/reduction in voltammetry experiments, Fc/Fc+ used as an internal 
reference. The Fc/Fc+

 redox couple is estimated as -5.1 eV with respect to vacuum. b OPV results from best device, all others are average 
performance. c Hole mobilities measured on polymer:acceptor active layers in hole-only devices with a space charge limited current 
model. d Reference value of Fc/Fc+ redox couple unstated. e LUMO energy determined from ELUMO = EHOMO + Eg,opt.  

Entry Polymer HOMOa  
(eV) 

LUMOa 
(eV) 

Eg,opt 
(nm) 

µh  
(cm2 V-1s-1) 

µe  
(cm2 V-1s-1) 

VOC  
(V) 

JSC  
(mA cm-2) 

FF 
(%) 

PCE 
(%) 

Ref 
 

1 P1c -5.78 -3.95 800 1.0 ´ 10-3 8.1 ´ 10-3 0.91b 7.16b 66b 4.30b 83 
2 P10a -5.69 -3.97 827 3.0 ´ 10-2 5.0 ´ 10-3 0.72b 14.63b 66b 6.90b 83 
3 P11 -5.64 -3.94 810 3.6 ´ 10-3 5.3 ´ 10-4 0.69b 11.28b 67b 5.36b 83 
4 P12 -5.47 -3.94 816 7.4 ´ 10-3 2.3 ´ 10-4 0.65b 10.51b 66b 4.65b 83 
5 P10a -5.49 -3.90 780 3.68c ´ 10-5 - 0.73 13.8 63.6 6.4 84 
6 P13 -5.48 -3.90 785 3.17c ´ 10-4 - 0.76 13.5 57.9 5.96 84 
7 P11 -5.44 -3.86 785 2.80c ´ 10-5 - 0.72 8.3 61.8 3.7 84 
8 P12 -5.37 -3.80 790 8.93c ´ 10-5 - 0.71 15.7 63.9 7.10 84 
9 P1 -5.59 -3.90 765 4 ´ 10-2 1 ´ 10-1 0.90 5.8 55 2.9 85 
10 P10b -5.57 -3.93 785 5 ´ 10-2 - 0.70 15.2 62 6.6 85 
11 P14 -5.30d -3.78e 816 3.4c ´10-3 - 0.8 13.3 60.9 6.7 86 
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Isoindigo-oligothiophene polymers with 1-6 thiophenes in the repeat unit (Chart 1.12) have 

since been studied and incorporated into OPVs; their optoelectronic properties, and photovoltaic 

performance are summarized in Table 1.3. In late 2013, and early 2014, a pair of parallel studies 

were performed by Ma et al. and Ho et al. which explored the effects of the number of thiophene 

rings in the donor unit of isoindigo-oligothiophene copolymers.83,84 Ma et al. reported isoindigo-

thiophene polymers with one (P1c), three (P10a), five (P11), and six (P12) thiophenes in the donor 

unit (Table 1.3, entries 1-4). The LUMO levels of all four polymers were nearly identical, owing 

to the common isoindigo acceptor unit; however, the group discovered that the driving force for 

exciton dissociation increased with increasing number of thiophene units, in spite of the nearly 

constant LUMO energy. The hole mobilites of the polymers were also found to improve slightly 

with increasing numbers of thiophene units. Despite this, they found that the OPV efficiency 

peaked for devices fabricated with P10a:PC71BM active layers at 6.90%, and decreased in the 

longer pentathiophene (P11) and sexithiophene (P12) polymers. To assess the morphology of the 

active layer blends, the group performed transmission electron microscopy (TEM) and grazing 

incidence wide angle x-ray scattering (GIWAXS). They showed that P11 and P12 containing 

polymers formed active layer blends with domain sizes too large for efficient exciton migration to 

the p/n interface. These large domain sizes lowered the JSC and FF of the P11 and P12-based 

devices.  

In a similar report, Ho et al. studied the photovoltaic performance of isoindigo-

oligothiophene polymers with three (P10a), four (P13) (Chart 1.12), five (P11), and six (P12) 

thiophenes in the donor unit (Table 1.3, entries 5-8).84 This group also found that OPVs 

incorporating P10a in the active layer performed better than the quarterthiophene (P13) and 

pentathiophene (P11)-based OPVs, owing chiefly to a larger JSC. However, unlike the previous 
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report of P12:PC71BM cells, the group found that they could achieve an optimal active layer 

morphology using chlorobenzene as the solvent with the blend additive chloronaphthalene, rather 

than the dichlorobenzene and DIO used by Ma et al. By switching solvents and blend additives, 

Ho et al. achieved a maximum PCE of 7.25% in their P12:PC71BM OPVs due to a much higher 

JSC than was reported by Ma et al. 

While these studies described trends in photovoltaic performance amongst isoindigo-

oligothiophene copolymers, uncertainty still existed surrounding why isoindigo-terthiophene 

copolymers (P10) performed much better than isoindigo-thiophene copolymers (P1c) in OPVs. 

Both materials are energetically and structurally very similar, yet P10a-based solar cells exhibited 

PCEs three times higher than those of P1c; three publications in 2016 by Reynolds and coworkers 

explored these differences in OPV performance.  

First, Stalder et al. explored charge carrier mobilites and solid state packing in a series of 

isoindigo-thiophene copolymers.87 The report’s key findings centered around using 2D nuclear 

magnetic resonance (NMR) spectroscopy experiments investigating packing motifs in P1c and 

P10b (Chart 1.10) to explain the differences in charger carrier mobility between the two polymers. 

The higher electron mobility of P1c was determined to be due to co-facial stacking of isoindigo 

units between polymer chains, while in P10b isoindigo was arranged slip-stack with the 

terthiophene units of adjacent polymers chains. This result helped to determine the reason for the 

difference in n-type mobility between the two polymers, but left the reason for their dramatically 

different OPV performance unclear.  

Following this work, Lai et al. studied blends of P1c or P10b with PC71BM using transient 

photoluminescence, as well as sub-band gap external quantum efficiency (EQE), and geometric 

capacitance measurements. By transient photoluminescence experiments, they showed that 
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P10b:PC71BM blends exhibited much faster excited state decay than P1c:PC71BM blends, 143 ± 

1 ps for P10b vs. 987 ± 2 ps for P1c. The faster excited state decay is evidence of faster electron 

transfer from the P10b excited state to PC71BM. The photoluminescence results were supported 

by geometric capacitance measurements showing that the dielectric constant of the P10b:PC71BM 

blends (4.76 ± 0.18) was higher than that of the P1c:PC71BM blend (4.22 ± 0.11). The larger 

dielectric constant of the P10b:PC71BM blends is indicative of a stronger electronic coupling 

between PC71BM and P10b than with P1. The strong electronic coupling between P10b and 

PC71BM enhances exciton dissociation and helps explain the difference in JSC values between P1c 

and P10b-based OPVs.  

In the final paper of the series, Grand et al. brought these conclusions together into a 

comprehensive study of structure-property relationships in poly(isoindigo-

oligothiophene):PC71BM bulk heterojunction OPVs (Table 1.3, entries 9 and 10).85 This work 

reviewed previously published isoindigo-oligothiophene copolymers and proceeded to study the 

effects of DIO on active layer morphology in P1c and P10b:PC71BM OPVs, as well as exploring 

the fate of DIO after deposition of the active layer film. Using x-ray photoelectron spectroscopy, 

the group determined that the DIO evaporates when the devices are placed under high vacuum for 

deposition of the top electrode. In addition to the comprehensive study of blend additives, both 

normal and inverted architecture OPVs were optimized and no significant difference in 

performance was found; normal architecture devices achieved average PCEs of 2.9% and 6.6% 

for P1c and P10b-based active layers respectively, while the average PCE in inverted devices was 

2.4% and 6.5% (P1c and P10b respectively). 

Finally, in an attempt to optimize p-type and n-type semiconductor interactions, Hu et al. 

explored the idea of reducing the steric crowding around isoindigo by moving most of the 
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solubilizing steric bulk to the donor unit of their isoindigo-quarterthiophene polymers.86 The 

polymers featured short, linear, octyl chains on the isoindigo unit, and large bulk 2-octyldodecyl 

groups on the quatrithiophene unit. In addition to this, P14 incorporates two fluorines in the central 

bithiophene to promote planarity in the thiophene backbone (Chart 1.12). By increasing backbone 

planarity and improving isoindigo-fullerene interaction the group could increase the PCE of OPVs 

incorporating P14:PC71BM active layers to 6.7% (Table 1.3, entry 11), a significant improvement 

over other isoindigo-quarterthiophene polymers.  

 

1.5.3 n-Type isoindigo-based polymer organic semiconductors 

While most of the isoindigo-based polymers reported to date have been p-type 

semiconductors, a significant number of n-type isoindigo based polymer semiconductors have 

been reported. Soon after the first reports of isoindigo semiconductors, Stalder et al. published 

poly(isoindigo) (P15), as well as a copolymer of isoindigo and benzothiadiazole (P16) (Chart 

1.13).88 The Eg,opt of the polymers were both above 700 nm, and the low LUMO levels (-3.84 eV 

for P15 and -3.90 eV for P16) made them suitable for use as n-type semiconductors in OPV active 

layers with P3HT. However, their performance in OPVs was modest; a maximum PCE of 0.47% 

was achieved with P3HT:P15-based OPVs. Low FF and JSC, likely resulting from poor blend 

morphology, were responsible for the poor performance. 

After this, Grenier et al. produced a series of n-type isoindigo copolymers (Chart 1.13, 

P17-P19); while they were not used in OPVs, their optoelectronic properties and charge carrier 

mobilities in organic field effect transistors (OFETs) are summarized in Table 1.4.89 The 

copolymer of isoindigo and dithienyl diketopyrrolopyrrole (P17) had a low band gap of just 1.35 

eV. The best electron mobility was observed in OFETs fabricated with a copolymer of isoindigo 
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and 5,5¢-dioctyl-1,1¢-4H-bithieno[3,4-c]pyrrole-4,4¢,6,6¢(5H,5¢H)-tetrone (BTD) (P19). The 

higher electron mobility in P19 was credited to its centrosymmetric nature improving the 

molecular packing to aid in charge transport.89 

 

 

Chart 1.13 n-Type isoindigo-based donor-acceptor copolymers P15-P19. 
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Table 1.4 Optoelectronic properties and OPV performance of n-type isoindigo-based polymers P15-P19. 

a HOMO/LUMO energies estimated from the onset of oxidation/reduction in voltammetry experiments, Fc/Fc+ used as an internal 
reference. The Fc/Fc+

 redox couple is estimated as -5.1 eV with respect to vacuum. b EHOMO energy determined from EHOMO = ELUMO + 
Egap (opt). d OPV results from best device. 

Polymer HOMOa  
 (eV) 

LUMOa 
(eV) 

Eg,opt 
(nm) 

µe  
(cm2 V-1s-1) 

VOC  
(V) 

JSC  
(mA cm-2) 

FF 
(%) 

PCE 
(%) 

Ref 
 

P15 -5.54b -3.84 729 3.7 ´ 10-7 0.62c 1.91c 41c 0.47c 88 
P16 -5.67b -3.90 700 - - - - - 88 
P17 -5.3 -4.0 918 2.7 ´ 10-4 - - - - 89 
P18 -6.0 -4.2 721 3.0 ´ 10-4 - - - - 89 
P19 -6.1 -4.2 708 3.5 ´10-3 - - - - 89 
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1.5.4 Modified isoindigo structures in organic semiconductors 

 The works summarized so far use 6-bromoisoindigo or 6,6¢-dibromoisoindigo to build 

donor-acceptor semiconductors, and the majority of isoindigo-based organic semiconductors use 

one of these two building blocks, chiefly due to their ease of synthesis. However, as the popularity 

of isoindigo has grown, reports of modified isoindigo structures have increased in number, and 

modified isoindigos as acceptor units in donor-acceptor organic semiconductors have become 

common. These modified isoindigos fall into three main categories: heteroatom substituted 

isoindigos, thienoisoindigos, and extended isoindigos. The optoelectronic properties and OPV 

performance of a number semiconductors based on modified isoindigo structures are summarized 

in Table 1.5.  

 Heteroatom substituted isoindigos have one or more electronegative heteroatoms 

incorporated into the isoindigo structure; common examples are haloisoindigos and azaisoindigo. 

In haloisoindigos one or more hydrogens are replaced by a halogen (typically Cl or F); in 

azaisoindigo, one or more of the carbon atoms are replaced with nitrogen. Lei et al. first reported 

the synthesis, and use, of 7,7¢-difluoroisoindigo in 2012.90 Difluoroisoindigo was incorporated into 

a donor-acceptor copolymer with bithiophene (P20, Chart 1.14), and its performance in OFETs 

was compared with the analogous non-fluorinated polymer P21 (Table 1.5). It was found that the 

fluorinated polymer exhibited improved charge carrier mobilities over the non-fluorinated 

polymer. In particular, P20 had an electron mobility an order of magnitude higher than the non-

fluorinated analogue. AFM and GIWAXS studies showed that P20 packed in a more crystalline 

manner in the solid state, with different intermolecular interactions than P21, facilitating the higher 

charge carrier mobilities.  
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Chart 1.14 Modified isoindigo-based semiconductors featuring heteroatom substitution P20-P32. 
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Following their work on 7,7¢-difluoroisoindigo, Lei et al. synthesized a 5,5¢-

dichloroisoindigo-bithiophene polymer P22 (Chart 1.14) by direct chlorination of the 6,6¢-

dibromoisoindigo monomer, and subsequent copolymerization with bithiophene.91 Chlorination of 

isoindigo was found to have effects similar to fluorination on the optoelectronic properties of 

isoindigo-based polymers (Table 1.5). However, while the resulting polymer exhibited ambipolar 

charge carrier mobility higher than the non-halogenated derivative, the hole mobility was 

diminished compared to the fluorinated P21.  

After their initial reports of both haloisoindigo derivatives, Zheng et al. performed an in-

depth study of the effects of halogenation on the solid state packing of isoindigo-quarterthiophene 

polymers P23-P25.92 They found that fluorine substitution increased backbone planarity, leading 

to higher charge carrier mobility in OFETs; the same planarization reduced efficiency in OPVs 

because it increased domain sizes in the active layer. Conversely, the large chlorine atoms 

disrupted backbone planarity, reducing charge carrier mobility, but improving OPV performance 

by decreasing domain size in the active layer blend.    

 In addition to halogen substitution, electronegative nitrogen atoms have been incorporated 

into several isoindigo-based semiconductors by the Kelly research group and several others. In 

late 2013, the Kelly group reported the use of 7-azaisoindigo in molecular donor-acceptor 

semiconductors; this research will be discussed in-depth in Chapters 2 and 3.64,93 Following this, 

de Miguel et al. reported the synthesis and characterization of 7,7¢-diazaisoindigo, and two 

separate research groups incorporated 7,7¢-diazaisoindigo into donor-acceptor polymers for 

ambipolar OFETs.94-97 Huang et al. reported a copolymer of diazaisoindigo and bithiophene, P26, 

(Chart 1.14) which exhibited high and balanced hole and electron mobilities (Table 1.5).95 

Following this, the group went on to synthesize a series of diazaisoindigo copolymers with 
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biselenophene (P27), thienothiophene (P28), dithienylethene (P29), and diselenophenylethene 

(P30) donor units (Chart 1.13).96 The optoelectronic properties and OFET performance of these 

polymers are summarized in Table 1.5 (entries 5-8). Yue et al. also synthesized diazaisoindigo 

copolymers with benzothiadiazole (P31) and selenophene (P32) (Chart 1.14).97 These polymers 

were also incorporated into ambipolar and n-type field effect transistors (Table 1.5) with high 

charge carrier mobilities. The promising OFET performance of these azaisoindigo-based polymers 

was caused by the increase in planarity induced by substituting the single N atom for the relatively 

bulkier CH group. However, the increased planarity also likely induces aggregation in active layer 

blends, possibly explaining why these materials have not been successful in OPV applications 

despite promising OFET performance.  

 The second class of modified isoindigo is thienoisoindigo; in this structure, the two 

benzene rings of isoindigo have been replaced with thiophenes fused across the 2 and 3 positions 

to the isoindigo lactams. Thienoisoindigo was first reported as an acceptor unit in 2012 by Ashraf 

et al. with the synthesis and characterization of a thienoisoindigo-benzothiadiazole copolymer P33 

(Chart 1.15).98 The resulting polymer had a very small optical band gap of 0.92 eV (Table 1.5, 

entry 11), absorbing light well into the near-infrared. P33 was incorporated into OFETs and 

exhibited balanced ambipolar charge carrier mobilities, with both µh and µe values of 

approximately 0.1 cm2V-1s-1. The high charge carrier mobility is due to the increased planarity of 

thienoisoindigo. In isoindigo there is steric repulsion between the hydrogen at position 4 and the 

lactam oxygen; in thienoisoindigo this steric repulsion is replaced with a favorable intramolecular 

interaction between the sulfur of the thiophene and the carbonyl oxygen of the lactam. Since this 

first report of thienoisoindigo, many donor-acceptor semiconductors have been synthesized 

incorporating it as the acceptor unit.99-102 Unlike isoindigo containing semiconductors, 
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thienoisoindigo-based polymers have found their primary use as high performance materials for 

OFETs. Of note is the copolymer of thienoisoindigo and naphthalene (P34) reported by Kim et al. 

(Chart 1.15); when this polymer was used as the p-channel material in a top-gate bottom-contact 

OFET a very high µh of 14.4 cm2 V-1s-1
 was achieved (Table 1.5).103 This exceptional hole mobility 

was largely due to the highly planar nature of the polymer repeat unit.  
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Chart 1.15 Thienoisoindigo-containing and expanded isoindigo-based semiconductors P33-P38. 
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 The final category of modified isoindigo structures are expanded isoindigo units. These 

structures take one of two forms; either they have additional aromatic rings fused to the phenyl 

ring of isoindigo, or have additional conjugated units inserted into the exocyclic double bond of 

isoindigo using crossed aldol reactions. In an example of fusing additional aromatic rings to the 

phenyl rings of isoindigo, Yue et al. produced a thieno[2,3-b]benzothiophene-fused isoindigo 

monomer which was copolymerized with thiophene to produce polymer P35 (Chart 1.15).104 The 

low Eg,opt (771 nm, or 1.6 eV) of this polymer, combined with its high µh (0.31 cm2 V-1 s-1), and 

high LUMO level (-3.5 eV) made it an ideal p-type semiconductor for OPV applications. OPVs 

fabricated with P35:PC71BM active layers exhibited a maximum PCE of 9.1% (Table 1.5); this 

high PCE was primarily due to very large JSC of 17.7 mA cm-2. This device represents the most 

efficient OPV fabricated with isoindigo-based materials to date, and is remarkable because it 

performs very well without thermal annealing or solvent additives.  

 The other type of expanded isoindigo structure features conjugated units added between 

the lactam rings of isoindigo, typically synthesized by using double crossed aldol reactions. The 

most popular structure with this motif is benzodifuran-based oligo-p-phenylenevinylene 

(BDOPV), in which a benzodifurandione group is added between the two lactam rings of 

isoindigo. It was first reported by Lei et al. in 2013, in which they synthesized the BDOPV unit 

and polymerized it with bis(tributylstannyl)ethylene to yield the polymer P36 (Chart 1.15).105 They 

compared the structure to PPV, in which two of the three vinyl groups in the polymer repeat unit 

are forced into a planar geometry by the furan and pyrrole rings of the benzofuran and isatin 

groups. The electron-withdrawing nature of the lactam and lactone moieties also helped increase 

the electron mobility of the resulting polymer to 1.1 cm2 V-1 s-1 (Table 1.5, entry 14). Several other 
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copolymers based on BDOPV have been developed, and exhibit similar optoelectronic properties 

and OFET performance.106-109 

 Recently, two research groups reported the tetra-lactam derivative of BDOPV; this 

resembles two isoindigos which share one of their benzene rings.110,111 The central benzene ring 

of this unit is fused to two lactam rings para- to one another. Both groups synthesized copolymers 

of their expanded isoindigo with dithienylethene to yield P37 (Chart 1.15), with He et al. also 

producing a bithiophene-containing polymer, P38 (Chart 1.15). The optoelectronic properties, and 

charge carrier mobilities of both polymers are summarized in Table 1.5. The absorption spectra of 

these polymers extend to almost 1000 nm, making them very effective light absorbers. Both groups 

incorporated their expanded isoindigo-based polymers into the active layers of OFETs; He et al. 

found P38 to have ambipolar charge carrier characteristics, while Cao et al. determined that P37a 

had a very high hole mobility of 1.92 cm2 V-1 s-1. The difference in hole mobilites found by both 

groups for P37 can be attributed to the different alkyl groups used in their expanded isoindigo 

units. By using an alkyl unit branched at the 4-position (P37a), Cao et al. observed an order of 

magnitude higher µh than He et al., who chose a 2-position branched 2-decyltetradecyl alkyl unit 

(P37b). 

 Finally, in 2016 two groups independently reported the synthesis and use of a ring-fused 

isoindigo dimer synthesized using a double crossed aldol reaction. Work on this expanded 

isoindigo derivative is described in Chapters 4 and 5 of this thesis.112,113 Immediately following 

this work, Jiang et al. used a different synthetic route to make their expanded isoindigo unit, and 

incorporated it into donor-acceptor polymers with thiophene (P39), bithiophene (P40), and 

dithienylethene (P41) (Chart 1.16).  The polymers had low frontier orbital energy levels and small 

optical band gaps; P41 exhibited the highest ambipolar charge carrier mobilities of the three 
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polymers (Table 1.5) due to its highly planar dithienylethene donor unit. Modified isoindigos of 

all three varieties offer a fantastic opportunity to study structure-property relationships in organic 

semiconductors, and help develop guidelines to synthesize materials in the future. 

 

 

Chart 1.16 Expanded isoindigo-based semiconductors featuring fused isoindigo units P39-P41. 
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Table 1.5 Optoelectronic properties and OPV performance of modified isoindigo-based semiconductors P20-P41. 

a HOMO/LUMO energies estimated from the onset of oxidation/reduction in voltammetry experiments, Fc/Fc+ used as an internal 
reference. The Fc/Fc+

 redox couple is estimated as -4.8 eV with respect to vacuum. b OPV results from best device. c HOMO/LUMO 
energies calculated using EMO = (Eonset - 4.40 eV).95,96 d EHOMO = IP measured using photoelectron spectroscopy. e ELUMO values are 
electron affinities calculated using EA = IP + Eg,opt. f Maximum charge carrier mobility achieved, all others are average. g energy of 
Fc/Fc+ redox couple vs vacuum unstated. 

Polymer HOMOa  
(eV) 

LUMOa 
(eV) 

Eg,opt 
(nm) 

µh  
(cm2 V-1s-1) 

µe  
(cm2 V-1s-1) 

VOC
b  

(V) 
JSC

b
  

(mA cm-2) 
FFb 

(%) 
PCEb 

(%) 
Ref 

 
P20 -5.60 -3.88 827 1.41 0.38     90 
P21 -5.42 -3.70 790 1.44 0.004     90 
P22 -5.63 -3.86 810 0.51 0.42     90 
P23 -5.51 -3.92 855 0.69 - 0.63 4.26 44 1.19 92 
P24 -5.53 -3.85 827 0.08 - 0.75 10.00 61 4.60 92 
P25 -5.63 -3.63 751 - - 0.76 7.95 57 3.42 92 
P26 -5.67c -3.64c 827 1.89 0.48 - - - - 95 
P27 -5.58c -3.66c 838 2.38 0.32 - - - - 96 
P28 -5.68c -3.70c 810 0.78 1.12 - - - - 96 
P29 -5.56c -3.60c 800 1.59 0.02 - - - - 96 
P30 -5.54c -3.65c 810 0.73 0.14 - - - - 96 
P31 -5.8d -4.1e 729 - 1.0g - - - - 97 
P32 -5.6d -4.0e 775 0.2g 0.5g - - - - 97 
P33 -4.86f -3.73f 1348 0.1 0.14 - - - - 98 
P34 -5.12 -3.49 912 12.0 0.092 - - - - 103 
P35 -5.1d -3.5e 775 0.31g - 0.72 17.7 71 9.1 104 
P36 -6.21 -4.24 873 - 0.84 - - - - 105 
P37a -5.32d -4.05e 976 1.92g - - - - - 114 
P37b -5.71 -3.70 1016 0.10g 0.075g - - - - 111 
P38 -5.60 -3.71 1008 0.19g 0.088g - - - - 111 
P39 -5.16 -3.66 961 3.0 ´ 10-3 3.7 ´ 10-3 - - - - 115 
P40 -5.16 -3.58 946 1.29 0.14 - - - - 115 
P41 -5.24 -3.58 961 1.47 0.11 - - - - 115 
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1.6 Research objectives 

 The goal of this thesis is to explore how differences in the structure of isoindigo-based 

organic semiconductors affect the optoelectronic properties of the resulting materials, typically by 

incorporating them into organic electronic devices such as OPVs and OFETs. As seen in Section 

1.5.4, semiconductors based on modified isoindigos can exhibit very different optoelectronic 

properties than those based on isoindigo. Over the course of four major projects this thesis 

describes the synthesis of three modified isoindigo structures, their incorporation into organic 

semiconductors, and the characterization of their optoelectronic properties and device 

performance. 

 In Chapters 2 and 3, a nitrogen-containing derivative of isoindigo, 7-azaisoindigo, will be 

discussed. In this work, four isoindigo-based molecular semiconductors were synthesized; two of 

these contained 7-azaisoindigo, while the two controls contained isoindigo. The goal of this project 

was to study the effects of the electronegative nitrogen on the frontier molecular orbital energies 

of the resulting semiconductors; it was theorized that by adding electronegative heteroatoms to the 

acceptor unit of the donor-acceptor semiconductors would lower their LUMO energy leading to a 

lower optical band gap. The incorporation of 7-azaisoindigo was found to have a small effect on 

the frontier orbital energies of the semiconductors. However, the presence of the nitrogen 

heteroatom caused a large decrease in OPV efficiency. 

While the incorporation of nitrogen did not have a large effect on the semiconductors’ 

optoelectronic properties, it does offer a lone pair which can act as a Lewis base. In Chapter 3, the 

coordination of this lone pair to the Lewis acids, H+ and BF3, is studied; it was hypothesized that 

the coordination of a Lewis acid would increase the electron withdrawing strength of the 

azaisoindigo unit, leading to materials with a very low optical band gap. It was discovered that the 
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coordination of a Lewis acid caused a large red-shift in the HOMOàLUMO transition of the 

azaisoindigo-based semiconductors. The identity of the Lewis adduct formed was studied using 

UV/vis spectroscopy, time dependent density functional theory (TDDFT) calculations, and 1H 

NMR spectroscopy. After the Lewis adduct had been identified, it was determined that the 

coordination could take place at the solid-vapor interface, allowing for doping of thin-films of the 

azaisoindigo semiconductors using BF3 vapor.  

Chapter 4 introduces a second modified isoindigo structure, bisisoindigo, a dimer fused at 

the 6 and 7 positions of isoindigo. By extending the π-conjugation of the acceptor unit across two 

coplanar isoindigo groups, it was theorized that the LUMO energy of the resulting semiconductors 

would be lower and that their light absorption would extend into the near-infrared. This highly 

planar expanded isoindigo structure was synthesized via a crossed aldol condensation between a 

fused isatin dimer and two equivalents of 6-bromo-2-oxindole. Bisisoindigo, as well as a donor-

acceptor molecular semiconductor incorporating bisisoindigo and two bithiophene units, were 

synthesized, characterized, and incorporated into OPVs. Bisisoindigo had a much lower band gap 

than isoindigo due to its extended conjugation. The donor-acceptor-donor molecule exhibited an 

even lower band gap, and much higher extinction coefficient, consistent with the partial charge-

transfer character of the HOMOà LUMO transition in donor-acceptor materials. While the optical 

band gaps and extinction coefficients of the semiconductors were very good, their performance 

when incorporated into an OPV active layer blend with PC71BM was poor. This low OPV 

efficiency was attributed to poor blend morphology, as it was discovered by AFM that both 

semiconductors tended to over-crystallize in the solid state and form domains much larger than 

desired.  
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 In Chapter 5 another isoindigo dimer is introduced, diisoindigo; this structure consists of 

two isoindigo units joined by a single bond at their 6 positions. Using diisoindigo and bisisoindigo, 

the effect of acceptor unit number and size on the optoelectronic properties of donor-acceptor-

acceptor polymers was studied. A series of six polymers was synthesized and characterized, 

combining the acceptor units isoindigo, bisisoindigo, and diisoindigo with the donor units 

thiophene and terthiophene. It was found that diisoindigo containing polymers had lower frontier 

orbital energies than their isoindigo analogues, as well as lower hole mobilities, and higher electron 

mobilities. Polymers incorporating bisisoindigo had the lowest frontier orbital energies, as well as 

much smaller optical band gaps than the isoindigo and diisoindigo-based polymers, consistent with 

their increased conjugation length. When incorporated into OPVs, the isoindigo-based polymers 

performed better than the diisoindigo analogues, while the bisisoindigo-based polymers performed 

the worst. The lower LUMO energy of the diisoindigo and bisisoindigo polymers reduced the 

energetic driving force for exciton dissociation at the polymer:PC71BM interface, leading to poor 

JSC and PCE values.  

Finally, in Chapter 6, the results of all four projects will be compared and discussed. By 

comparing all three modified isoindigo structures, broader conclusions can be made about the 

effects different structural variations have on the performance of organic semiconductors. While 

these studies were performed on derivatives of isoindigo, some general conclusions can be drawn 

about the effects of the synthetic designs employed, such as extended conjugation or added 

electronegative heteroatoms, on the optoelectronic properties of organic semiconductors as a 

whole. In addition, future directions for these projects, such as new synthetic designs and further 

use of the expanded isoindigos reported in this thesis, will be discussed. 
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Transition 

This chapter focuses on my initial work using 7-azaisoindigo as an electron acceptor 

unit in donor-acceptor organic semiconductors. The purpose of this work was to investigate the 

effects of electronegative heteroatoms on the optoelectronic properties of organic 

semiconductor; in particular, the effects this had on the HOMO and LUMO levels of the 

resulting materials. 

The introduction section of this chapter contains some material that is repetitive from 

Chapter 1 of the thesis including a brief introduction to OPVs and donor-acceptor 

semiconductors, as well as a summary of isoindigo-based semiconductors. However, I feel this 
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repetition is important in that it gives context to the work; this section was current as of 2013 

when this paper was first submitted and gives important information about the state of the field 

of OPV research at that time. For example, the record OPV efficiency discussed in this chapter 

is no longer current, and far more research on isoindigo-based semiconductors, including 

further azaisoindigo-based semiconductors, has since been published, but these details reflect 

the state of the field at the time of writing. 
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2.1 Introduction 

Research in the area of OPVs has recently produced substantial gains in device 

efficiency.1-7 The current record for PCE in an OPV is a tandem, small molecule based cell 

with 12% PCE produced by the German company Heliatek.8 The use of oligomeric materials 

in this record breaking cell is an excellent example of how small molecule dyes can hold several 

advantages over their polymeric counterparts. These include their inherent monodispersity, 

greater reproducibility in their syntheses, and increased crystallinity. Polymeric OPV 

components often suffer from a broad distribution in molecular weights that can negatively 

affect cell performance, whereas small molecules can be readily obtained in extremely high 

purity using conventional synthetic organic techniques. Additionally, the increased 

crystallinity of small molecule chromophores can drive increases in charge carrier mobility, 

which in turn can lead to improvements in device efficiency.9,10 

 Further increases in OPV efficiency will require the design of new dye molecules 

tailored to better overlap with the AM1.5G solar spectrum (which extends well into the near-

infrared).11 In both polymer and small molecule materials the juxtaposition of an electron donor 

with an electron acceptor is a common design strategy used to produce low bandgap 

materials.3,12-16 The HOMOs of these molecules reside largely on the donor component, while 

in turn the LUMO is predominantly localized on the electron acceptor. This increases the 

charge transfer character of the HOMO to LUMO transition, leading to both a substantial red-

shift of the absorption band and an increase in molar extinction coefficient. 

 Electron deficient sub-units bearing amide or imide functionalities, such as DPP3,17-19 

and perylene bisimide,20-23 have been thoroughly explored as the acceptor portion of these 

donor-acceptor (DA) dyes. The electron deficient nature of these molecules lowers their 
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frontier orbital energy levels, producing efficient low bandgap chromophores when coupled to 

appropriate electron donors. In 2010, Mei et al. first reported the use of isoindigo as a new 

electron deficient sub-unit in oligomeric DA chromophores.14 Since then, numerous research 

groups have made use of the isoindigo motif in new conjugated materials.24 These include the 

poly(isoindigo) homopolymer,25 DA oligomers26,27 and copolymers,13,25,28-32 various n-type 

copolymers,25,33 and dyes for metal-free dye sensitized solar cells.34 However, despite the 

extensive amount of research on isoindigo-containing compounds, relatively little work has 

been carried out on variants of the isoindigo core structure. While copolymers containing 

chloro- and fluoro- substituted isoindigo have been studied for their ambipolar charge transport 

characteristics in organic field effect transistors,35,36 and as a component in polymer solar 

cells,37 little other work has been done in this area. 

 Here the use of 7-azaisoindigo as an electron deficient moiety in DA small molecule 

chromophores containing 2,2′-bithiophene donors is reported. The presence of the heteroatom 

in the 7-azaisoindigo structure serves to fine-tune the energy of the LUMO, which is localized 

on the azaisoindigo sub-unit. In order to independently probe the effects of the electron 

withdrawing and donating components, a series of four chromophores were synthesized using 

a modular synthetic approach. Each contained either isoindigo or 7-azaisoindigo as the electron 

deficient sub-unit, and either 2,2′-bithiophene or 3,3′-bis(dodecyloxy)-2,2′-bithiophene as the 

electron donating component. The electronic structure of all four dyes was characterized by 

DFT calculations, cyclic voltammetry, and electronic spectroscopy. Finally, the chromophores 

were combined with PC61BM and tested in prototype BHJ solar cells. 
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2.2 Experimental 

2.2.1 Materials and methods 

Prior to use, dimethylsulfoxide (DMSO), DMF, toluene and tetrahydrofuran (THF) 

were dried over activated 3 Å molecular sieves and stored under N2. Pd(PPh3)4 was stored in 

an inert atmosphere N2 glove box when not in use. All other solvents and reagents were used 

as received. NMR spectra were obtained using a Bruker Avance 500 MHz spectrometer. 

UV/vis spectroscopy measurements were performed in CHCl3 or as thin films on glass 

substrates using a Cary 6000 UV/Visible spectrophotometer. AFM measurements were carried 

out using a Dimensions Hybrid Nanoscope system (Veeco Metrology Group). Mass spectra 

were recorded using a matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) 

mass spectrometer, in positive ion reflectron mode, using a matrix of either α-Cyano-4-

hydroxycinnamic acid/trifluoroacetic acid (compounds 15-17) or 2,5-dihydroxybenzoic acid 

(compound 18). Cyclic voltammetry was carried out in 0.05 mol L-1 tetrabutylammonium 

hexafluorophosphate dissolved in dry, degassed CH2Cl2. The working electrode was glassy 

carbon, the counter electrode was a Pt wire, and the reference electrode was a Ag wire. 

Voltammagrams were referenced to an internal Fc/Fc+ standard. All scans were acquired at a 

scan rate of 20 mV s-1. 

 

 2.2.3 Device fabrication and characterization 

Pre-cleaned ITO coated glass substrates (Delta Technologies) (Rs ≈ 6 Ω/□) were UV-

ozone cleaned for 15 min immediately prior to use. A layer of poly(3,4-

ethylenedioxythiophene:polystyrene sulfonate (Clevios P VP AI 4083) was spin coated onto 

the ITO substrates and annealed at 150 °C before being placed in an N2-atmosphere glove box. 
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The active layer solution (60:40 15-18:PC61BM by mass, total solid concentration of 18 mg/mL 

in chlorobenzene) was then deposited by spin coating. The samples were allowed to dry at 

ambient temperature for 2 hours, and then annealed at 100 °C for 20 min. Donor to acceptor 

ratios, concentrations, and annealing conditions were previously optimized for 15 by Mei et 

al.,14 and were left unchanged for 15–18. LiF (0.8 nm) and Al (100 nm) were then thermally 

evaporated onto the substrates at a base pressure of 10–6 mbar.  

Current-voltage measurements were made inside a N2-atmosphere glove box using a 

Keithley 2400 source-measure unit. The cells were illuminated by a 450 W Class AAA solar 

simulator equipped with an AM1.5G filter (Sol3A, Oriel instruments) at a calibrated intensity 

of 100 mW/cm2, as determined by a standard silicon reference cell (91150V, Oriel 

Instruments). The cell area was defined by a non-reflective anodized aluminium mask to be 

0.07065 cm2. Incident photon to current efficiency (IPCE) measurements were performed on 

the highest efficiency devices under ambient conditions using a QE-PV-SI system (Oriel 

Instruments) consisting of a 300 W Xe arc lamp, monochromator, chopper, lock-in amplifier 

and certified silicon reference cell. Measurements were made using a 30 Hz chop frequency. 

 

2.2.3. Detailed synthetic procedures  

1-(2-Ethylhexyl)-7-azaindole (1)38 

7-Azaindole (355 mg, 3.00 mmol) was dissolved in 10 mL of dimethylacetamide (DMA). NaH 

(98.2 mg, 4.09 mmol) was added and the reaction was stirred for 30 min under N2. 2-Ethyl-1-

hexylbromide (679 mg, 3.51 mmol) was dissolved in 2 mL of DMA and added slowly to the 

reaction mixture via syringe and the reaction mixture was stirred for 18 hours at room 

temperature. The reaction mixture was quenched with H2O and extracted with CH2Cl2; the 
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combined organic phases were washed with deionized water, dried over MgSO4 and 

concentrated under reduced pressure. The crude 1-(2-ethylhexyl)-7-azaindole was purified by 

column chromatography on silica gel (eluent: CH2Cl2) and dried under high vacuum to yield a 

clear colourless viscous liquid (579 mg, 83.7%). 1H NMR (500 MHz, CDCl3 δ, ppm): 8.32 (dd, 

J1 = 1.2 Hz, J2 = 4.6 Hz, 1H), 7.89 (dd, J1 = 1.4 Hz, J2 = 7.8 Hz, 1H), 7.19 (d, J = 3.4 Hz, 1H), 

7.01-7.05 (m, 1H), 6.45 (d, J = 3.4 Hz, 1H), 4.19 (d, J = 7.4 Hz, 2H), 1.92-2.02 (m, 1H), 1.20-

1.35 (m, 9H), 0.82-0.91 (m, 6H). 

 

1-(2-Ethylhexyl)-7-azaisatin (2)38 

1-(2-Ethylhexyl)-7-azaindole (1) (1.02 g, 4.45 mmol) was dissolved in 20 mL of dry DMSO 

under N2. N-bromosuccinimide (1.60g mg, 8.98 mmol) was added to the flask and the reaction 

mixture was stirred at 60 °C while sparging with N2. After 5 hours the temperature was 

increased to 100 °C and the reaction mixture was heated while sparging with N2 for 21 hours. 

The reaction mixture was quenched with 100 mL of H2O and extracted with CH2Cl2. The 

combined organic phases were washed with deionized water, dried over MgSO4 and 

concentrated under reduced pressure. The crude 1-(2-ethylhexyl)-7-azaisatin was purified by 

column chromatography on silica gel (eluent: 1:3 ethyl acetate:hexanes) and dried under high 

vacuum to yield a yellow-orange solid (395 mg, 34%). 1H NMR (500 MHz, CDCl3, δ, ppm): 

8.35 (dd, J1 = 5.2 Hz, J2 =1.6 Hz, 1H), 7.72, (dd, J1 = 7.3 Hz, J2 =1.6 Hz, 1H), 6.96-6.99 (m, 

1H), 3.65 (dd J1 = 7.1 Hz, J2 = 1.3 Hz, 2H), 1.90 (m, 1H), 1.10-1.40 (m, 10H), 0.70-0.90 (m, 

7H). 
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1-(2-Ethylhexyl)-7-aza-6′-bromoisoindigo (3)14 

1-(2-Ethylhexyl)-7-azaisatin (2) (308 mg, 1.45 mmol) and 6-bromo-2-oxindole (369 mg, 1.42 

mmol) were dissolved in 12 mL of glacial acetic acid. Concentrated hydrochloric acid (0.1 mL) 

was added to the flask and the reaction mixture was heated at reflux for 24 hours under N2. The 

reaction mixture was cooled to room temperature and diluted with 5% aqueous NaHCO3 (w/v). 

The product was isolated by suction filtration, washed with NaHCO3(aq) three times, H2O three 

times and 1:1 EtOH:H2O three times and dried under high vacuum to yield 1-(2-ethylhexyl)-

7-aza-6′-bromoisoindigo as a red-black solid (592 mg, 92.3%). 1H NMR (500 MHz, D6-DMF, 

δ, ppm): 11.21 (s, 1H), 9.43 (dd, J = 7.8 Hz, J2 1.4 Hz, 1H), 9.19 (d, J = 8.6 Hz, 1H), 8.32 (dd, 

J1 = 5.0 Hz, J2 = 1.4 Hz, 1H), 7.30 (dd, J1 = 8.7 Hz, J2 = 1.9 Hz, 1H), 7.19 (d, J = 1.9 Hz, 1H), 

7.12-7.15 (m, 1H), 3.82 (d, J = 7.6 Hz, 2H), 2.04 (m, 1H), 1.25-1.45 (m, 9H), 0.84-0.96 (m, 

6H). 

 

1,1′-Bis(2-ethylhexyl)-7-aza-6′-bromoisoindigo (4-6)14 

1-(2-Ethylhexyl)-7-aza-6′-bromoisoindigo (3) (57.4 mg, 0.126 mmol) was dissolved in 2 mL 

of dry DMF under N2. K2CO3 (119 mg, 0.859 mmol) was added and the reaction mixture was 

stirred for 30 min. 2-Ethyl-1-hexylbromide (0.10 mL, 0.56 mmol) was added and the reaction 

was stirred at 100 °C for 20 hours. The reaction mixture was poured over 50 mL of brine and 

extracted with CH2Cl2. The combined organic phases were washed three times with brine, dried 

over MgSO4 and concentrated under reduced pressure. The resulting three products were 

separated by column chromatography on silica gel (eluent: CH2Cl2) and dried under high 

vacuum to yield red-black solids. 
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1,1′-Bis(2-ethylhexyl)-7-aza-6′-bromoisoindigo (4): (13 mg, 17%), 1H NMR (500 MHz, 

CDCl3, δ, ppm): 9.37 (dd, J= 7.9 Hz, J2 = 1.3 Hz, 1H), 9.145 (d, J = 8.6 Hz 1H), 8.21 (dd, J = 

5.1 Hz, J2 = 1.4 Hz, 1H), 7.20 (dd, J = 8.6 Hz, J2 = 1.7 Hz, 1H), 6.96-6.99 (m, 1H), 6.92 (d. J 

= 1.6 Hz, 1H), 3.79-3.82 (m, 2H), 3.60-3.68 (m, 2H), 2.02-2.04 (m, 1H), 1.82-1.85 (m, 1H), 

1.25-1.38 (m, 19H), 0.79-0.95 (m, 15H). 

1,1′-Bis(2-ethylhexyl)-6,6′-dibromoisoindigo (5): (24 mg, 34%), 1H NMR (500 MHz, CDCl3, 

δ, ppm): 9.04 (d, J = 8.6 Hz, 2H), 7.17 (dd, J = 8.6 Hz, J2 = 1.6 Hz, 2H), 6.89 (s, 2H), 3.60-

3.65 (m, 4H), 1.81-1.84 (m, 2H), 1.25-1.40 (m, 27H), 0.82-0.95 (m, 19H) 

1,1′-Bis(2-ethylhexyl)-7,7′-diazaisoindigo (6): (7 mg, 10%), 1H NMR (500MHz, CDCl3, δ, 

ppm): 9.45 (dd, J1 = 4.8 Hz, J2 = 1.3 Hz, 2H), 8.23 (dd, J = 5.06 Hz, J2 = 1.3 Hz, 2H), 6.99-

7.02 (m, 2H), 3.80-3.81 (m, 4H), 2.02-2.05 (m, 2H), 1.25-1.41 (m, 23H), 0.86-0.94 (m, 18H). 

 

6-Bromoisoindigo (7)14 

To a slurry of 6-bromoisatin (131 mg, 0.892 mmol) and 6-bromo-2-oxindole (187 mg, 0.880 

mmol) in 5.6 mL of glacial acetic acid, was added 0.05 mL of concentrated hydrochloric acid. 

The reaction mixture was heated to reflux for 24 hours. The reaction mixture was cooled and 

the product was isolated by suction filtration. The resulting red-black solid was washed with 

H2O three times, ethanol (EtOH) three times, and dried under high vacuum to yield 6-

bromoisoindigo (246 mg, 82.0%). 

 

1,1′-Bis(2-ethylhexyl)-6-bromoisoindigo (8) 

6-Bromoisoindigo (7) (246 mg, 0.721 mmol), and K2CO3 (637 mg, 4.61 mmol) were dissolved 

in 15 mL of dry DMF under N2. 2-Ethyl-1-hexylbromide (0.40 mL, 2.25 mmol) was added via 
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syringe and the reaction mixture was stirred at 100 °C for 18 hours. The reaction mixture was 

poured over 100 mL H2O and extracted with CH2Cl2. The combined organic phases were 

washed with brine, dried over MgSO4, and concentrated under reduced pressure. The crude 

1,1′-bis(2-ethylhexyl)-6-bromoisoindigo was purified by column chromatography on silica gel 

(eluent: 3:2 hexane: CH2Cl2), and dried under high vacuum to yield a red solid (112 mg, 

27.5%). 1H NMR (500MHz, CDCl3, δ ppm): 9.13 (d, J = 7.9 Hz, 1H), 9.05 (d, J = 8.5 Hz, 1H), 

7.35 (t, J = 7.5 Hz, 1H), 7.15 (d, J = 8.4 Hz, 1H), 7.04 (t, J = 7.6 Hz, 1H), 6.88 (s, 1H), 6.76 

(d, J = 7.7 Hz, 1H), 3.56-3.70 (m, 4H), 1.77-1.88 (m, 2H), 1.22-1.45 (m, 18H), 0.82-0.97, (m, 

14H). 

 

2,2′-Bithiophene (9)39 

To Mg turnings (0.9460 g, 0.0201 mol) and trace I2 in 15 mL of dry THF under N2, was added 

0.5 mL of 2-bromothiophene (2.4 mL, 0.025 mol) to initiate an exothermic reaction. Once the 

reaction began, the remaining 2-bromothiophene was added dropwise and the reaction mixture 

was stirred at reflux for 45 min. The solution was cooled to room temperature and added via 

syringe to a solution of Ni(dppp)Cl2 (17 mg, 0.031 mmol) and 2-bromothiophene (1.95 mL, 

0.0120 mol) in 10 mL of dry THF at 0 °C. The mixture was then heated to reflux for 4 hours. 

The resulting mixture was poured over 50 mL H2O and extracted with CH2Cl2. Dilute aqueous 

hydrochloric acid was required to break the resulting emulsion. The organic layers were 

washed with 5% aqueous NaHCO3 (w/v) and brine, dried over MgSO4 and concentrated under 

reduced pressure. The crude 2,2′-bithiophene was purified by column chromatography on silica 

gel (eluent: hexanes) and dried under high vacuum to yield a white solid (2.642 g, 78.9%). 1H 
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NMR (500 MHz, CDCl3, δ ppm): 7.21 (d, J = 5.1 Hz, 1H), 7.18 (d, J = 3.5 Hz, 1H), 7.02 (t, J 

= 3.7 Hz, 1H). 

 

5,5′-Di(tributylstannyl)-2,2′-bithiophene (10)40 

2,2′-Bithiophene (9) (53.1 mg, 0.319 mmol), was dissolved in 3 mL of dry THF under N2. The 

solution was cooled to –78 °C and n-butyllithium (2.5 mol/L in hexanes, 0.29 mL, 0.725 mmol) 

was added to the solution dropwise. A white precipitate formed and the suspension was warmed 

to room temperature and stirred for 1 hour. Tributyltin chloride (0.19 mL, 0.70 mmol) was 

added and the reaction mixture was heated at reflux for 1 hour. The mixture was then cooled 

to room temperature and 7 mL of hexane was added. The organic layer was washed with 5% 

aqueous NaHCO3 (w/v) and water, dried over MgSO4 and concentrated under high vacuum to 

yield 5,5′-di(tributylstannyl)-2,2′-bithiophene as a viscous green liquid (172 mg, 72.6%). 1H 

NMR (500 MHz, CDCl3, δ ppm): 7.29 (d, J = 3.33 Hz 1H), 7.05 (d, J = 3.45 Hz 1H), 1.57 (m 

7H), 1.34 (m 7H), 1.11 (m, 7H), 0.91 (m 11H). 

 

3-Dodecyloxythiophene (11)15 

 3-Methoxythiophene (1.4 mL, 18 mmol) was dissolved in 15 mL of dry toluene. 1-Dodecanol 

(7.8 mL, 35 mmol) was added, followed by p-toluenesulfonic acid (0.33 g, 1.8 mmol). The 

reaction mixture was heated at reflux under N2 overnight. The reaction mixture was diluted 

with 50 mL of CH2Cl2 and washed with water and brine. The organic layer was dried over 

MgSO4 and concentrated to dryness under reduced pressure. The crude 3-dodecyloxythiophene 

was purified by column chromatography on silica gel (eluent: hexanes, gradient to 25% CH2Cl2 

in hexanes) and concentrated under reduced pressure to yield 2.26 g of a colorless oil. This 



 95 

product was dried under high vacuum to a final yield of 1.82 g (38.8%). 1H NMR (500 MHz, 

CDCl3, δ ppm):  7.17 (m, 1H), 6.75 (d, J = 5.18 Hz, 1H), 6.23 (t, J = 1.51 Hz, 1H), 3.94 (t, J = 

6.53 Hz, 2H), 1.74-1.79(m, 2H), 1.41-1.47 (m, 2H), 1.23-1.36 (m, 18H). 

 

2-Bromo-3-dodecyloxythiophene (12)15 

3-Dodecyloxythiophene (11) (1.82 g, 6.78 mmol) was dissolved in 15 mL of dry THF. The 

solution was cooled to 0 °C in an ice bath under N2. N-bromosuccinimide (1.21 g, 6.78 mmol) 

was added. The reaction mixture was warmed slowly to room temperature, and stirred for 20 

hours. The reaction mixture was diluted with 50 mL diethyl ether, washed with water, dried 

over MgSO4, filtered, and concentrated under reduced pressure. The crude 2-bromo-3-

dodecyloxythiophene was purified by column chromatography on silica gel (eluent: hexanes), 

concentrated under reduced pressure and dried under high vacuum to yield an off-white solid 

(1.29 g, 55%). 1H NMR (500 MHz, CDCl3, δ ppm): 7.18 (d, J = 5.95 Hz, 1H), 6.74 (d, J = 5.95 

Hz, 1H), 4.03 (t, J = 6.57 Hz, 2H), 1.72-1.78 (m, 2H), 1.42-1.47 (m, 2H), 1.23-1.37 (m, 17H). 

 

3,3′-Bis(dodecyloxy)-2,2′-bithiophene (13)15 

Bis(cyclooctadienyl)nickel(0) (1.535 g, 5.57 mmol) was dissolved in 15 mL of anhydrous 

DMF. 2,2′-Bipyridine (0.87 g, 5.6 mmol) and cyclooctadiene (0.45 mL, 3.7 mmol) were added 

and the reaction mixture was heated at 80 °C for 1 hour. 2-Bromo-3-dodecyloxythiophene (12) 

(1.29 g, 3.71 mmol) was dissolved in 25 mL of dry toluene and added to the reaction mixture 

dropwise. The reaction mixture was subsequently stirred overnight at 80 °C. The reaction 

mixture was diluted with 100 mL of CH2Cl2 and washed with 10% aqueous hydrochloric acid 

and water, dried over MgSO4 and concentrated to dryness under reduced pressure. The crude 
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3,3′-Bis(dodecyloxy)-2,2′-bithiophene was purified by column chromatography on silica gel 

(eluent: hexanes, gradient to 20% CH2Cl2 in hexanes) and dried under high vacuum to yield a 

pale yellow solid (0.300 g, 30.2%). 1H NMR (500 MHz, CDCl3, δ ppm): 7.07 (d, J = 5.55 Hz, 

2H), 6.83 (d, J = 5.56 Hz, 2H), 4.09 (t, J = 6.52 Hz, 4H), 1.81-1.87 (m 5H), 1.48-1.56 (m, 10H), 

1.22-1.39 (m, 42H). 

 

5,5′-Di(tributylstannyl)-3,3′-bisdodecyloxy-2,2′-bithiophene (14)15 

3,3′-Bis(dodecyloxy)-2,2′-bithiophene (13) (230 mg, 0.43 mmol) was dissolved in 5 mL of dry 

THF and cooled to –78 °C, n-butyllithium (0.38 mL, 0.95 mmol) was added dropwise and the 

reaction mixture was stirred at  –78 °C for 1 hour. It was then warmed to room temperature and 

stirred for an additional 1 hour. The reaction mixture was, again, cooled to –78 °C and 

tributyltin chloride (0.20 mL, 0.95 mmol) was added. The mixture was stirred at –78 °C for 10 

min before being warmed to room temperature and stirred for 2.5 hours. The reaction mixture 

was diluted with 20 mL of ethyl acetate, washed with water and brine, dried over MgSO4, 

filtered, and concentrated under reduced pressure to yield 5,5′-di(tributylstannyl)-3,3′-

bisdodecyloxy-2,2′-bithiophene as a yellow oil (657 mg, 137%). 1H NMR (500 MHz, CDCl3, 

δ ppm): 6.83 (s, 1H), 4.10 (t, J = 6.41 Hz, 1H), 1.82-1.88 (m, 3H), 1.51-1.67 (m 20H), 1.43-

1.50 (m, 2H), 1.22-1.39 (m, 47H), 1.02-1.17 (m, 12H), 0.86-0.94 (m, 32H), 0.78-0.82 (m, 2H). 

 

Compound 1514 

5,5′-di(tributylstannyl)-2,2′-bithiophene (10) (29.2 mg, 0.0392 mmol) was dissolved in 5 mL 

of dry toluene and degassed using three freeze pump thaw cycles. 1,1′-Bis(2-ethylhexyl)-6-

bromoisoindigo (8) (51.4 mg, 0.0909 mmol) and Pd(PPh3)4 (3.6 mg, 0.0031 mmol) were added 
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to the solution and the reaction mixture was stirred at reflux for 45 hours. The solvent was 

removed under reduced pressure; the crude 15 was purified by chromatography on silica gel 

(eluent: 1:1 CH2Cl2:hexanes, gradient to 5:3 CH2Cl2:hexanes) and dried under high vacuum to 

yield a dark purple solid (32 mg, 72%). 1H NMR (500 MHz, CDCl3, δ ppm): 9.20 (d, J = 8.4 

Hz, 2H), 9.15 (d, J = 8.0 Hz, 2H), 7.28-7.38 (m, 6H), 7.05 (t, J = 8.5 Hz, 2H), 6.99 (d, J = 1.5 

Hz, 2H), 6.78 Hz (d, J = 7.8 Hz, 2H), 3.63-3.80 (m, 9H), 1.84-1.94 (m, 5H), 1.28-1.47 (m, 

44H), 0.86-1.00 (m, 31H). MALDI-TOF MS (m/z): (M+H)+ (calc’d): 1135.6, (found): 1135.7. 

 

Compound 16 

5,5′-Di(tributylstannyl)-2,2′-bithiophene (10) (31.7 mg, 0.0426 mmol) was dissolved in 5 mL 

of freshly degassed (using three freeze pump thaw cycles) dry toluene. 1,1′-Bis(2-ethylhexyl)-

7-aza-6′-bromoisoindigo (4) (53.2 mg 0.0939 mmol) and Pd(PPh3)4 (3.2 mg, 0.0028 mmol) 

were added and the reaction mixture was stirred at reflux for 48 hours. The solvent was 

removed under reduced pressure and the crude 16 was purified by column chromatography on 

silica gel (eluent: CH2Cl2) and dried under high vacuum to yield a dark purple solid (34.2 mg, 

70.6%). 1H NMR (500 MHz, CDCl3, δ ppm): 9.36 (dd, J1 = 7.8; J2 = 1.3 Hz, 1H), 9.27 (d, J = 

8.4 Hz, 1H), 8.19 (dd, J1 = 4.9; J2 = 1.2 Hz, 1H), 7.36-7.41 (m, 2H), 7.31 (dd, J1 = 8.4; J2 = 

1.5 Hz, 1H), 6.94-6.99 (m, 2H), 3.50-3.88 (m 7H), 2.01-2.05 (m, 1H), 1.85-1.93 (m, 1H), 1.19-

1.50 (m, 32H), 0.79-1.01 (m, 23H). 13C NMR (500 MHz, CDCl3, δ ppm) 168.6, 168.0, 162.7, 

158.1, 157.9, 157.7, 149.6, 146.2, 143.0, 137.93, 137.88, 136.7, 133.7, 130.9, 130.8, 130.2, 

130.0, 125.5, 125.3, 122.6, 120.8, 119.2, 118.8, 116.9, 116.4, 113.1, 104.8, 104.7, 100.0, 57.8, 

55.4, 44.2, 43.5, 37.8, 37.4, 30.8, 30.5, 28.9, 28.5, 27.89, 27.88, 26.9, 24.3, 24.27, 23.9, 23.1, 
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22.7, 17.5, 14.2, 14.18, 12.1, 13.6, 10.8, 10.6, 1.0. MALDI-TOF MS (m/z): (M+H)+ (calc’d): 

1137.6, (found): 1137.7 . 

 

Compound 17 

5,5′-Di(tributylstannyl)-3,3′-bisdodecyloxy-2,2′-bithiophene (14) (210.7 mg, 0.1893 mmol) 

was dissolved in 13 mL of dry toluene and degassed using three freeze pump thaw cycles. 1,1′-

Bis(2-ethylhexyl)-6-bromoisoindigo (8) (215.0 mg, 0.3801 mmol) and Pd(PPh3)4 (12.9 mg, 

0.0112 mmol) were added and the reaction mixture was stirred at reflux for 20 hours. The 

solvent was removed under reduced pressure; the crude 17 was purified by column 

chromatography on silica gel (eluent: 1:1 CH2Cl2:hexanes, gradient to 3:2 CH2Cl2:hexanes) 

and dried under high vacuum to yield a dark blue solid (147.2 mg, 51.7%). 1H NMR (500 MHz, 

CD2Cl2, δ ppm): 9.20 (d, J = 8.4 Hz, 1H), 9.14 (d, J = 7.9, Hz), 7.35 (t, J = 7.7 Hz, 1H), 7.30 

(d, J = 8.4 Hz, 1H), 7.26 (s, 1H), 7.01-7.04 (m, 2H), 6.82 (d, J = 7.89 Hz, 1H), 4.26 (t, J = 7.44 

Hz, 2H), 3.63-3.78 (m, 4H), 1.84-2.01 (m, 4H), 1.56-1.66 (m, 2H), 1.17-1.50 (m, 35H), 0.80-

1.04 (m, 16H). 13C NMR (500 MHz, CD2Cl2, δ ppm) 168.5, 168.2, 153.4, 146.0, 145.1, 139.0, 

137.9, 132.6, 121.9, 120.9, 115.8, 103.8, 72.3, 44.3, 44.02, 44.01, 44.0, 43.0, 37.8, 37.6, 31.9, 

30.8, 30.7, 29.73, 29.67, 29.5, 29.4, 28.8, 28.7, 27.8, 26.1, 24.2, 24.1, 23.1, 22.7, 19.6, 13.90, 

13.86, 13.8, 10.6, 10.5, 0.8. MALDI-TOF MS (m/z): (M+): (calc’d): 1503.98, (found): 1504.0. 

 

Compound 18 

5,5′-Di(tributylstannyl)-3,3′-bisdodecyloxy-2,2′-bithiophene (14) (106.3 mg, 0.0955 mmol) 

was dissolved in 13 mL of dry toluene and degassed using three freeze pump thaw cycles. 1,1′-

Bis(2-ethylhexyl)-7-aza-6′-bromoisoindigo (4) (115.5 mg 0.2039 mmol) and Pd(PPh3)4 (6.4 
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mg, 0.00554 mmol) were added and the reaction was stirred at reflux for 20 hours. The solvent 

was removed under reduced pressure; the crude 18 was purified by column chromatography 

on silica gel (eluent: CH2Cl2, gradient to 1% methanol in CH2Cl2) and concentrated under high 

vacuum to yield a dark blue solid (125.3 mg, 87%). 1H NMR (500 MHz, CDCl3, δ ppm): 9.36 

(d, J = 7.70 Hz, 1H), 9.25 (d, J = 8.43 Hz, 1H), 8.19 (d, J = 4.93 Hz, 1H), 7.31 (d, J = 8.03 Hz, 

1H), 7.20 (s, 1H), 6.97 (m, 2H), 4.24 (t, J = 6.44 Hz, 2H), 3.83 (d, J = 7.11 Hz, 2H), 3.71-3.76 

(m, 2H), 2.02-2.10 (m, 1H), 1.87-2.00 (m, 3H), 1.54-1.66 (m, 10H), 1.20-1.48 (m, 43H), 0.80-

1.02 (m, 22H). 13C NMR (500 MHz, CDCl3, δ ppm), 168.8, 168.2, 157.6, 153.4, 149.4, 146.2, 

139.1, 138.7, 136.6, 133.8, 130.8, 129.6, 120.5, 118.5, 118.1, 116.6, 116.3, 113.1, 104.0, 72.2, 

44.2, 43.4, 37.8, 37.5, 31.9, 30.9, 30.5, 29.72, 29.69, 29.61, 28.8, 28.5, 26.1, 24.2, 23.9, 23.13, 

23.10, 22.7, 14.1, 10.9, 10.6, 1.04. MALDI-TOF MS: (M+): (calc’d): 1505.97, (found): 1506.0.  

 

2.3 Results and discussion 

2.3.1 Synthesis of donor-acceptor chromophores 

 The synthesis of DA chromophores is often carried out in a modular fashion, 

synthesizing the donor and acceptor sub-units separately and combining them late in the 

synthesis using metal-catalyzed cross-coupling reactions. This modular approach was adopted 

here, enabling the efficient synthesis of four dyes with an acceptor-donor-acceptor structure. 

 7-Azaisoindigo was synthesized in order to provide a more electron deficient analogue 

to isoindigo (Scheme 2.1). While 7-azaisoindigo derivatives have been explored for their use 

in medicinal chemistry,38,41 no work has been done to evaluate their utility in optoelectronic 

applications. The synthesis started from the commercially available 7-azaindole, which was N-

alkylated and then oxidized to the corresponding 1-alkyl-7-azaisatin (2). An aldol condensation 
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with 6-bromo-2-oxindole was then used to form the 7-aza-6′-bromoisoindigo sub-unit (3).14 As 

shown by Mei et al.,14 due to the hydrolysable nature of the exocyclic double bond in the 

isoindigo backbone, upon exposure to base, these molecules undergo a retro-aldol/aldol 

decomposition and reformation process. This same process was found to occur during 

alkylation of 7-aza-6′-bromoisoindigo (4), and produced a mixture of all three possible 

compounds (4-6), which were separated by chromatography.  
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Scheme 2.1 Synthesis of acceptor units 7-aza-6¢-bromoisoindigo (4) and 6-bromoisoindigo (8). 
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 The electron donor groups chosen for this work were 2,2′-bithiophene and 3,3′-

bis(dodecyloxy)-2,2′-bithiophene. 2,2′-Bithiophene was chosen in order to provide a direct 

comparison to previous work.14 It was decided that in addition to using the more electron 

deficient azaisoindigo, an electron rich 3,3′-bis(dodecyloxy)-2,2′-bithiophene would also be 

synthesized. In this manner the relative effects of electron withdrawing and donating groups 

could be tested separately. Both 5,5′-bis(tributylstannyl)-2,2′-bithiophene (10)39,40 and 5,5′-

bis(tributylstannyl)-3,3′-bis(dodecyloxy)-2,2′-bithiophene (14)15 were synthesized using 

previously reported methods (Scheme 2.2). 

 

 

Scheme 2.2 Synthesis of donor units 2,2¢-bithiophene (10) and 3,3′-bis(dodecyloxy)-2,2′-
bithiophene (14). 
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and acceptor sub-units (Scheme 2.3). The effect of coupling the donor and acceptor was 

immediately visible, with the red (aza)isoindigo solutions turning a deep purple when 

combined with 2,2′-bithiophene and dark blue when coupled to 3,3′-bis(dodecyloxy)-2,2′-

bithiophene.  

 

 

Scheme 2.3 Synthesis of compounds 15-18 via the Stille coupling of bithiophene donor units 
(10 and 14) with (aza)isoindigo acceptor units (4 and 8). 
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nitrogen atom affects both the HOMO and LUMO equally. There is no difference in the 

HOMO-LUMO gap between compounds 15 and 16 and only a minor change between 

compounds 17 and 18. The absolute energy of these orbitals, however, is dependent on the 

presence of the nitrogen heteroatom. Comparing 15 to 16 there is a 150 meV shift towards 

lower energies for both the HOMO and the LUMO. The effect on the 3,3′-

bisalkoxybithiophene-based dyes is similar. In comparing 17 and 18, the LUMO level 

decreases by 150 meV while the HOMO energy drops by 120 meV, leading to a 30 meV 

reduction in HOMO-LUMO gap. 

 The effect of alkoxy-substitution on the frontier orbital energy levels and bandgap is 

more pronounced. In the isoindigo-based dyes (15 and 17) the addition of alkoxy groups to the 

bithiophene core increases the HOMO energy by 420 meV, while the LUMO energy is only 

raised by 70 meV, leading to a red-shift in the HOMO/LUMO gap of 350 meV. A similar shift 

is seen in the azaisoindigo-based dyes (16 and 18). The HOMO level increases by 450 meV 

while the LUMO increases by 70 meV, lowering the HOMO-LUMO gap energy by 370 meV. 

 Figure 2.1 depicts the frontier molecular orbitals for 15-18. As expected, the HOMO is 

predominantly localized on the electron-rich bithiophene core, while the LUMO is more 

localized on the (aza)isoindigo sub-units. One notable difference in the structure of the frontier 

orbitals is that they are much more localized in 17 and 18 than in 15 and 16. This is attributed 

to the presence of the dodecyloxy groups in 17 and 18. In these compounds the relative energies 

of the bithiophene π-orbitals are substantially higher than those of the (aza)isoindigo sub-unit, 

limiting the amount of orbital mixing that can occur. This increase in localization agrees well 

with the fact that there was no change in the HOMO-LUMO gap for 15 and 16 but that there 

is a 30 meV difference in the gap energy for 17 and 18. 



 

 

Figure 2.1 Frontier molecular orbitals of 15-18 calculated using the B3LYP exchange-correlation functional with a 6-31G(d,p) 
basis set.105 



 

Table 2.1 Calculated and experimental frontier orbital energy levels and electronic spectroscopy data of compounds 15-18. 

Compound EHOMO 
(Calca)(eV) 

ELUMO 
(Calca)(eV) 

DE 
(Calc)(eV) 

lmax 
(soln)(nm) 

e/104 
(soln)(M-1cm-1) 

Eg,opt
b 

(eV) 
EHOMO

c 

(Elec)(eV) 
ELUMO

c 

(Elec)(eV) 
DE 

(Elec)(eV) 
15 -5.10 -2.85 2.25 571 2.5 1.77 -5.64 -3.86 1.78 
16 -5.25 -3.00 2.25 569 1.6 1.74 -5.68 -3.92 1.76 
17 -4.68 -2.78 1.90 653 5.4 1.50 -5.23 -3.95 1.28 
18 -4.80 -2.93 1.87 663 4.1 1.46 -5.25 -3.92 1.33 

aCarried out using the B3LYP exchange-correlation functional with a 6-31G(d,p) basis set. To reduce the complexity of the calculations 2-

ethylhexyl groups were replaced with ethyl groups, dodecyloxy groups were replaced with methoxy groups and the calculations were 

performed in vacuum. bOptical bandgaps were taken from the absorption edge of thin film spectra. cVoltammagrams were referenced to the 

Fc/Fc+ redox couple and subsequently referenced to vacuum (the Fc/Fc+ redox couple was assumed to be 5.1 eV with respect to vacuum).42 5 

HOMO and LUMO values were taken from the onset of oxidation and reduction respectively

106 
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2.3.3 Cyclic voltammetry  

 The effects of both alkoxy and aza functionalities on the frontier orbital energy levels were 

experimentally studied by cyclic voltammetry (Figure 2.2). Both 15 and 17 show partially 

symmetrical peaks for both oxidation and reduction processes, with > 59 mV separation between 

the corresponding anodic and cathodic peaks. This is consistent with quasi-reversible behaviour. 

In contrast, the aza-substituted dyes have less pronounced features. Both the oxidation and 

reduction processes observed in 16 appear to be largely irreversible, and while 18 undergoes an 

oxidation process consistent with quasi-reversible behaviour, the reversibility of its first reduction 

peak is poor. Since this same reduction process appears to be poorly reversible in both 16 and 18, 

it suggests that the reduced azaisoindigo moiety is chemically reactive. Compound 18 also shows 

an additional reduction process at more negative potential; however, the reversibility of the first 

reduction was not improved by changing sweep direction immediately after the first peak, before 

the second reduction occurred. 

 Analysis of the peak positions reveals a dramatic shift in the potential of the peak anodic 

current when the bithiophene is substituted with alkoxy groups. The oxidation potential is shifted 

to lower potentials by 0.40 V between 15 and 17, and by 0.50 V between 16 and 18. The 

replacement of isoindigo with azaisoindigo, however, has little effect on the position of the 

reduction peak. The differences in reduction potentials between 15 and 16 and between 17 and 18 

are within experimental error. 

 The HOMO and LUMO energies measured using cyclic voltammetry exhibit qualitatively 

the same trends as those determined using DFT.  Placement of alkoxy groups on the bithiophene 

raises the HOMO energy level by 0.4-0.5 eV, while replacing isoindigo with azaisoindigo has only 

a relatively minor effect on the LUMO energy. The differences in ΔE between the voltammetry 
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and DFT results are likely the result of the DFT calculations being carried out in the absence of a 

dielectric continuum or solvent model. 

 

 

Figure 2.2 Cyclic voltammetry of 15-18 performed in 0.05 mol L-1 TBAPF6 in CH2Cl2 and 
referenced to an internal Fc/Fc+ standard. 

 

2.3.4 UV/visible spectroscopy 

 Solution and solid state UV/visible spectroscopy were carried out on all four compounds 

to determine their suitability as OPV dyes (Figure 2.3). Extinction coefficients and λmax values, as 
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frontier orbitals (Figure 2.1). 

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

 

 

Potential vs. Fc/Fc+ (V)

 15
 16
 17
 18

2µA



 109 

 The inclusion of alkoxy substituents also red-shifts the λmax by 82 nm in the isoindigo dyes 

(15 and 17) and by 94 nm in the azaisoindigo dyes (16 and 18). The presence of azaisoindigo has 

a much smaller effect, very slightly blue-shifting the λmax from 571 nm to 569 nm between 15 and 

16 and providing a slight red shift of 10 nm between 17 and 18. The bathochromic shift between 

17 and 18 is further evidence of increased orbital localization in these two dyes (Figure 2.1). 

Localization of the frontier orbitals would increase the inductive effect of the nitrogen on the 

LUMO, while decreasing its effect on the primarily bithiophene-centred HOMO. 

 When the chromophores are spin cast as thin films on glass slides, the features of the 

UV/visible spectra change dramatically (Figure 2.3b). All four dyes develop a shoulder on the low 

energy side of the most prominent absorption band, indicative of intermolecular interactions in the 

solid state. This feature is most prominent in 15. The calculated optical bandgaps for the 

chromophores are summarized in Table 2.1. In all cases the band edge in the solid state occurs at 

lower energy than the solution phase HOMO-LUMO gap. In the case of 16, the λmax value shifts 

to slightly higher energy in the thin film than in solution; however, the growth of a prominent 

shoulder feature nonetheless red-shifts the absorption edge. In the solid state both 17 and 18 absorb 

well into the near- infrared, which is highly promising for their application in bulk heterojunction 

solar cells. 
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Figure 2.3 UV/visible spectra of 15-18: (a) in chloroform solution, and (b) as thin films on glass 
substrates. 

 

2.3.5 Photovoltaic cell performance 
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Table 2.2 Performance of ITO/PEDOT:PSS/8:10 P3HT:15 or 16/LiF/Al BHJ solar cells. 

Compound VOC
a

 
(V) 

JSC
a

 
(mA cm-2) 

Fill Factora 
(%) 

PCEa 
(%) 

Best PCE 
(%) 

15 0.2 ± 0.1 0.15 ± 0.03 27 ± 1 0.008 ± 0.005 0.016 
16 0.25 ± 0.06 0.022 ± 0.005 28 ± 1 0.0015 ± 0.0005 0.002 

aAverages and standard deviations for each data set were determined from measurements on a 
minimum of 6 separate devices 

 

 

Figure 2.4 Current-voltage curves for the most efficient BHJ solar cells based on active layers of 
P3HT:15-16 (10:8 by mass). All devices were based on the ITO/PEDOT:PSS/P3HT:15 or 

16/LiF/Al architecture. 
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Figure 2.5 IPCE spectra of the most efficient BHJ solar cells based on active layers of P3HT:15-
16 (10:8 by mass). All devices were based on the ITO/PEDOT:PSS/P3HT:15 or 16/LiF/Al 

architecture. 
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extends substantially further into the near-infrared. Both spectra match well to the absorption 

spectra of thin films of 15 and 17.  

 

Table 2.3 Performance of ITO/PEDOT:PSS/60:40 15-18:PC61BM/LiF/Al BHJ solar cells. 

Compound VOC
a

 
(V) 

JSC
a

 
(mA cm-2) 

Fill 
Factora 

(%) 

PCEa 
(%) 

Best 
PCE(%) 

15 0.66 ± 0.05 2.7 ± 0.3 31 ± 3 0.6 ± 0.1 0.74 
16 0.28 ± 0.09 0.22 ± 0.04 28 ± 2 0.018 ± 0.006 0.03 
17 0.67 ± 0.01 2.5 ± 0.9 40 ± 3 0.7 ± 0.2 0.93 
18 0.3 ± 0.1 0.6 ± 0.2 22 ± 2 0.04 ± 0.02 0.07 

aAverages and standard deviations for each data set were determined from measurements on a 

minimum of 23 devices. 

 

 The second, and most notable, trend in device performance is that the devices incorporating 

the azaisoindigo-based dyes (16 and 18) performed very poorly when compared to 15 and 17. The 

devices that used the azaisoindigo-based dye 16 were over an order of magnitude less efficient 

than those that used the isoindigo-based analogue 15. Similar results are obtained when the 

performance of devices based on compounds 17 (0.67%) and 18 (0.04%) is compared. The IPCE 

spectra of devices based on 16 and 18 are shown in Figure 2.8, and reflect the poor JSC values of 

both devices. Given the very similar frontier orbital energy levels and solid-state UV/visible 

spectra of compounds 15 and 16, and compounds 17 and 18, these results are somewhat surprising. 
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Figure 2.6 Current-voltage curves for the most efficient BHJ solar cells based on active layers of 
15-18:PC61BM (60:40 by mass). All devices were based on the ITO/PEDOT:PSS/15-

18:PC61BM/LiF/Al architecture. 

 

 

Figure 2.7 IPCE spectra of the most efficient BHJ solar cells based on active layers of 15 or 
17:PC61BM (60:40 by mass). All devices were based on the ITO/PEDOT:PSS/15 or 

17:PC61BM/LiF/Al architecture. 
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difference between the donor HOMO and the LUMO of PC61BM. This suggests that 

recombination within the active layer may be a substantial obstacle to the use of 16 and 18 in OPV 

devices. 18 performed slightly better than 16 in test devices, owing to its more intense and red-

shifted absorption bands (Figure 2.3b), which produced slightly higher values of both IPCE (Figure 

2.8) and JSC. 

 

 

Figure 2.8 IPCE spectra of the most efficient BHJ solar cells based on active layers of 16 or 
18:PC61BM (60:40 by mass). All devices were based on the ITO/PEDOT:PSS/16 or 

18:PC61BM/LiF/Al architecture. 

 

2.3.6 Atomic force microscopy 

 One possible explanation for the poor performance of 16 and 18 is that the presence of the 

nitrogen atom in the isoindigo structure negatively affected the morphology of the bulk 

heterojunction. In order to determine if this was the case, AFM images were recorded of films of 

dyes 15–18 blended with PC61BM. Measurements were conducted on OPV substrates in areas 

lacking the metal cathode, and the height contrasted AFM images for each active layer blend are 

shown in Figure 2.9.  The film morphology of 1 and PC61BM closely resembles that of previous 
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reports.14 The morphologies of the blends containing 16 and 18 were not substantially different 

from those of 15 and 17, and no definite correlations could be drawn between the blend 

morphologies of the azaisoindigo-based dyes and their poor photovoltaic performance. The root-

mean-square roughness (Rq) of all films is similar, again suggesting that the morphology is not 

responsible for the observed decrease in performance. Additionally, since the energy levels of 16 

and 18 are quite similar to those of 15 and 17 (Table 2.1), it is unlikely that a decrease in the 

amount of exciton dissociation is responsible for the lower efficiencies. 

 

 

Figure 2.9 Tapping mode AFM height images of 60:40 blends of: (a) 15:PC61BM, (b) 
16:PC61BM, (c) 17:PC61BM, and (d) 18:PC61BM. Blends were spin coated from chlorobenzene 
onto thin films of PEDOT:PSS and annealed at 100 °C for 20 min. Rq values: (a) 4.6 nm, (b) 1.8 

nm, (c) 3.8 nm, (d) 2.0 nm. All images have dimensions of 1 µm × 1 µm. 

 

 After ruling out morphological effects, it is most likely that the poor performance of the 

OPVs incorporating 16 and 18 is due to a reduced hole mobility in the electron donor. In their 

work on benzothiadiazole-based polymers, Blouin et al. also synthesized a pyridalthiadiazole -
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based system43 and found that the pyridal analogue had a hole mobility two orders of magnitude 

lower than the benzothiadiazole-based parent polymer. Steinberger et al. have also developed 

similar DA oligomers based on pyridalthiadiazole,44 and found that while the compounds worked 

well when incorporated into planar junction solar cells, when incorporated into a BHJ the 

performance dropped dramatically. This is consistent with the findings of Blouin et al., since there 

should be an increased dependence on charge carrier mobility in the BHJ device. These precedents 

lend credence to the hypothesis that a low hole mobility is the driving force behind the relatively 

poor efficiency of 16 and 18 in OPV devices. 

 

2.4 Conclusions 

 In conclusion, the use of azaisoindigo in optoelectronic applications for the first time has 

been presented. Using a modular synthetic strategy, a series of acceptor-donor-acceptor dyes 

incorporating either azaisoindigo or isoindigo as the electron acceptor and either 2,2′-bithiophene 

or 3,3′-bis(dodecyloxy)-2,2′-bithiophene as the electron donor have been synthesized. The 

electronic structure of these dyes was investigated using DFT calculations, cyclic voltammetry and 

electronic spectroscopy. It was discovered that the dyes incorporating 3,3′-bis(dodecyloxy)-2,2′-

bithiophene had large extinction coefficients and also absorbed well into the near-infrared, meeting 

two important criteria for their use in OPV applications. The replacement of isoindigo with 7-

azaisoindigo induced a slight red-shift in the absorption spectrum of dyes bearing the 

bis(alkoxythiophene) donors; however, the effects of aza-substitution of isoindigo were small 

compared with the electron donating effects of the dodecyloxy groups. 

 All four dyes were subsequently used as the electron donor in the active layer of bulk 

heterojunction solar cells. Devices that used the isoindigo/bis(alkoxythiophene) dye (17) 
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performed the best, with PCEs reaching 0.93%. Both compounds based on 7-azaisoindigo 

performed poorly relative to their isoindigo counterparts, likely due to a reduction in hole mobility. 

These results clearly demonstrate a number of important structure-property relationships in the 

design of small molecule chromophores for organic photovoltaic devices. 
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Chapter 3  

Lewis Acid-Base Chemistry of 7-Azaisoindigo-Based Organic Semiconductors 

 

Adapted with permission from  

Randell, N. M.; Fransishyn, K. M.; Kelly, T. L. 

ACS Applied Materials & Interfaces, 2017, 9, 24788–24796. DOI: 10.1021/acsami.7b06335 

Copyright 2017 American Chemical Society. 

 

Consent was obtained from all co-authors to include this manuscript in the thesis. Unless otherwise 

noted, I performed all experimental work and wrote the first draft of the manuscript. K.F. 

Fransishyn performed the titration of 1 with trifluoroacetic acid, as well as titrations of 1 and 2 

with BF3•Et2O. He also completed the 1H NMR spectral titrations, and the thin film-vapor phase 

coordination experiment. These experiments were performed as a part of K.F. Fransishyn’s 

Chemistry 483 project under my supervision. T.L. Kelly directed the study and revised the 

manuscript. 

 

Transition 

This chapter is a direct continuation of the work presented on azaisoindigo-based 

semiconductors in Chapter 2. While attempting to explain the poor OPV performance of the 

azaisoindigo-based semiconductors, I discovered that the pyridinic nitrogen of these molecules 

could be protonated resulting in a distinct colour change. This chapter presents the research on 

semiconductor Lewis acid-base adducts that followed. 
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Except for a brief overview of near-infrared absorbing semiconductors and a short 

overview of isoindigo-based materials, the introduction section of this chapter focuses primarily 

on new information revolving around Lewis acid-base chemistry in organic π-conjugated 

materials. Again, I feel that the repetitive information in the introduction section of this chapter is 

important for establishing the state of the art in organic semiconductor research at the time the 

original manuscript was written.  
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3.1 Introduction 

Low band gap organic semiconductors are of great interest in a number of applications, 

from OPVs to near-infrared photodetectors and OFETs.1-4 One of the most common methods for 

producing narrow band gap semiconductors is by juxtaposing electron-rich and electron-deficient 

aromatic groups. This synthetic design serves to partially isolate the HOMO and LUMO on the 

electron-rich donor and the electron-deficient acceptor, respectively.5 This lowers the molecule’s 

HOMO-LUMO gap and imparts some charge transfer character to the HOMO→LUMO transition, 

increasing its transition dipole moment. These materials are typically referred to as donor-acceptor 

materials. Adding additional electron-donating or electron-withdrawing groups to the donor and 

acceptor acts to further decrease the HOMO-LUMO gap and can shift the electronic absorption 

bands well into the near-infrared. 

In recent years, isoindigo has gained popularity as the electron-deficient component of 

donor-acceptor materials for OPVs and OFETs.6-11 By combining isoindigo with electron-rich 

groups, such as oligothiophenes, very low band gap materials can be synthesized.12-16 While 

isoindigo has already been combined with a wide variety of electron rich groups, fewer alterations 

to the isoindigo core have been made. Adding more electron withdrawing groups to the isoindigo 

skeleton is one way to further red-shift the absorption spectrum of the resulting semiconductor. 

Halogenated derivatives, such as fluoro- and chloro-isoindigo, have been successfully 

incorporated into new organic semiconductors; they show improved ambipolar charge carrier 

mobility over non-halogenated derivatives.17-20 Thienoisoindigo-based materials, which replace 

the benzo-fused pyrrolidone ring with the thieno-fused analogue, show similarly improved 

mobilities.21-24 Ring-fused extensions of isoindigo, including thieno-substituted derivatives and 

dimerized isoindigo structures, also exhibit lower band gaps and higher carrier mobilities.25-27 
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Recently, a series of small-molecule organic semiconductors based on 7-azaisoindigo (1 and 2, 

Scheme 3.1) was reported; a nitrogen heteroatom was added to the isoindigo core with the goal of 

reducing the LUMO energy and increasing the molecule’s electron affinity.28 Shortly afterward, 

7,7ʹ-diazaisoindigo was synthesized by de Miguel et al., and an in-depth study of its photophysical 

properties was carried out.29 More recently, polymers incorporating 7,7ʹ-diazaisoindigo into the 

repeat unit were shown to exhibit good ambipolar charge transport characteristics.30-32  

 

 

Scheme 3.1 Coordination of Lewis acids to compounds 1 and 2. 

 

The addition of nitrogen heteroatoms to the backbone of π-conjugated materials provides 

a unique opportunity to tune optoelectronic properties by the controlled addition of Lewis acids. 

Pioneering work by Bunz and co-workers was performed in this area in the early 2000’s; they 

showed that the UV/vis absorption spectra of cruciform-shaped π-conjugated systems containing 

nitrogen heteroatoms could be tuned by the addition of a Lewis acid such as H+ or Zn2+.33-36 In 

2009, Welch et al. discovered that adding tris(pentafluorophenyl)borane to a solution of a 
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benzothiadiazole-based organic semiconductor induced a 200 nm red-shift in its HOMO to LUMO 

transition.37 Two isosbestic points were observed, corresponding to the coordination of one 

B(C6F5)3 molecule to the most sterically accessible azole nitrogen of each of two 

benzothiadiazoles. Following this work, Welch and Bazan developed a series of 

pyridalthiadiazole-bearing oligomers and polymers.38 Comparative studies with the 

benzothiadiaozle analogues proved that the coordination of the Lewis acid was occurring at the 

more basic pyridine nitrogen, rather than the azole site. The coordination of B(C6F5)3 to the 

pyridalthiadiazole was shown to lower both the HOMO and LUMO energies. The effect on the 

LUMO energy was more pronounced, leading to a decrease in the optical band gap. In 2012 Zalar 

et al. went on to show that the emission spectrum of organic light emitting diodes featuring 

pyridine-bearing conjugated polymers could be tuned by doping with B(C6F5)3.39 Following this, 

Zalar et al. demonstrated that doping the active layer of a hole-only device with 0.02 equivalents 

of B(C6F5)3 increased the hole mobility of the organic layer by two orders of magnitude.40 In 

addition to work with boron-based Lewis acids, Ratcliff et al. studied trap states in OPV active 

layers caused by the protonation of pyridine-containing organic semiconductors by acidic 

interlayers; it was demonstrated that coordination of H+ at the interface had a negative impact on 

the efficiencies of the resulting OPVs.41 In a recent work, Pingel et al. demonstrated that the well-

studied polymer poly(3-hexylthiophene) could be p-doped with tris(pentafluorophenyl)borane, 

resulting in an increase in the hole mobility and conductivity of the polymer in hole-only diodes.42 

Like pyridalthiadiazole, azaisoindigo also contains a pyridinic nitrogen. In a recent report 

on azaisoindigo-bearing organic semiconductors, the addition of an electronegative nitrogen atom 

did not substantially alter the position of the LUMO; however, the previous Lewis acid-base 

chemistry with pyridalthiadiazole semiconductors suggests that Lewis acids could be used to 
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further tune the energies of the frontier molecular orbitals. In this work, it is shown that the 

coordination of two different Lewis acids, trifluoroacetic acid (TFA) and BF3·Et2O, to organic 

semiconductors containing 7-azaisoindigo causes a large red-shift in their optical band gap. Using 

a combination of UV/vis and 1H NMR spectroscopy, in tandem with TDDFT calculations, the 

Lewis adducts that are formed are identified. Finally, it is demonstrated that this Lewis acid-base 

interaction can also occur at the solid/vapor interface, suggesting that the chemistry could be used 

to alter the performance of a variety of organic electronic devices. 

 

3.2 Experimental 

3.2.1 Materials and methods  

All chemicals were purchased from commercial suppliers and used as received. 

Compounds 1 and 2 were synthesized according to a previous literature report.28 UV/vis 

spectroscopy was carried out using a Cary 6000i UV/vis spectrophotometer. NMR spectra were 

recorded using a Bruker Avance 600 MHz NMR spectrometer.  

 

3.2.2 Density functional theory calculations 

  Calculations were carried out using the Gaussian 09 and Gaussview software suites.43 All 

calculations were performed using the B3LYP exchange-correlation functional with the 6-

31G(d,p) basis set. 2-Ethylhexyl and dodecyloxy groups were replaced with ethyl and methoxy 

groups respectively, in order to simplify the calculations. Geometry optimizations were first 

performed on all structures, after which frequency calculations were carried out to ensure that the 

optimization converged to a potential energy minimum. A polarizable continuum model (with a 

dielectric constant equal to that of chloroform) was used for the frequency calculations, from which 
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zero-point vibrational energies and thermal corrections to 298.15 K were determined. Single-point 

energy and TDDFT calculations (using the same basis set and solvent model) were used to 

determine frontier molecular orbital energies and isosurfaces, as well as the predicted electronic 

transitions. The predicted UV/vis spectra were generated using the SWizard program, revision 5.0, 

using the Gaussian/Lorentzian/pseudo-Voigt model.44,45  

 

3.2.3 UV/vis spectroscopic titrations  

Spectroscopic titrations were carried out on chloroform solutions of 1 and 2. 

Concentrations were chosen such that the absorbance of the S0→S1 (HOMO-to-LUMO) transition 

was ca. 1. Actual concentrations were determined using published extinction coefficients.28 For 

titrations with TFA, the titrant was dispensed as a neat liquid via syringe. For titrations with 

BF3·Et2O, a 0.01 mol/L chloroform solution was used initially, and the concentration was gradually 

increased over the course of the titration. After adding each aliquot of titrant, the sample was gently 

shaken and placed in the sample chamber. UV/vis spectra were acquired with a spectral window 

of 450 to 1400 nm, as it was found that the combination of a Lewis acid and UV light induced 

sample decomposition. Plotted titration spectra were corrected for volume change resulting from 

addition of Lewis acid. 

 

3.2.4 1H NMR spectroscopic titrations  

Due to the relatively insoluble nature of the Lewis adducts, the 1H NMR titrations were 

performed in CDCl3 at concentrations close to the detection limit of the spectrometer. Spectra were 

recorded first on the uncoordinated species, followed by the addition of aliquots of a solution of 

BF3·Et2O in CHCl3.  
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3.2.5 Thin film UV/vis spectroscopy 

Glass slides were first cleaned by sonication in acetone and isopropanol for 20 min each, 

oven dried, and cleaned in a UV/ozone cleaner for 15 min before being placed in a N2 atmosphere 

glove box. The substrates were immersed in a solution of trichlorooctadecylsilane (8.4 mmol/L in 

chlorobenzene) at 70 °C for 60 min. After 60 min the substrates were rinsed with chlorobenzene 

and dried at 130 °C for 10 min. Thin films of 1 and 2 were cast from chlorobenzene solutions (2-

10 mg/ml) onto derivatized glass substrates at 1000 rpm. To perform vapor annealing studies, thin 

films of 1 and 2 were placed in a crystallizing dish flushed with argon along with a beaker of 

BF3·Et2O.	A	cover	was	placed	over	the	top. Samples were exposed for 30-120 min (as noted). 

The same procedure was used for the treatment of the 1 + BF3 and 2 + BF3 films with pyridine. 

 

3.3 Results and discussion 

3.3.1 UV/Vis spectroscopy and (TD)DFT results 

In previous work, the synthesis of compounds 1 and 2 was reported and their performance 

as electron donors in bulk heterojunction OPVs was evaluated.28 It was shown that the addition of 

nitrogen heteroatoms to the isoindigo structure had a relatively minor effect on the energy of the 

frontier molecular orbitals; however, the pyridine moieties provide lone pairs to which Lewis acids 

can be coordinated. Therefore, how the coordination of H+ and BF3 affects the optoelectronic 

properties of 1 and 2 became the goal of this study. The simplest of these properties to study is the 

Eg,opt, as determined by UV/vis absorbance spectroscopy. 

Both 1 and 2 absorb light well into the near-infrared, with Eg,opt values of 1.8 and 1.5 eV, 

as determined by solution-phase UV/vis spectroscopy. Addition of a large excess of TFA to 

chloroform solutions of 1 and 2 produced an immediate color change. Upon addition of TFA, 
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solutions of 1 turned from purple to blue, while solutions of 2 turned from blue to green. Addition 

of excess TFA to 1 and 2 produced a ca. 100 nm red-shift of the lowest-energy electronic transition 

(Figure 3.1). After this, the experiment was repeated with a different acid, BF3·Et2O, again adding 

an excess of the acid. Again, the most distinct change in the absorption spectrum was the red-shift 

of the lowest-energy transition by ca. 100 nm. The effect of the two acids is similar; however, 1 

displays a slightly larger (ca. 25 nm) red-shift when coordinated to TFA, while exactly the opposite 

behavior is observed for 2 (a larger red-shift is observed with BF3·Et2O). The reversibility of this 

process was studied by adding pyridine to solutions containing 1 or 2 and an excess of BF3·Et2O 

(Figure 3.2). The adduct formation was fully reversible, with the addition of the stronger Lewis 

base regenerating the original UV/vis spectra. 

 

 

Figure 3.1 UV/vis spectra of chloroform solutions of: (a) 1, and (b) 2. Uncoordinated (black 
line), and with excess TFA (red line) or BF3·Et2O (blue line). 
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Figure 3.2 UV/vis spectra of chloroform solutions of (a) 1, and (b) 2. Uncoordinated (black 
line), with excess BF3·Et2O (red line), with excess BF3·Et2O and excess pyridine(blue line). 
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whether the first coordination event adversely affects the basicity of the second nitrogen atom. In 

order to help identify the species present in solution, TDDFT calculations were used to predict the 

electronic absorption spectra of 1 and 2, both before and after coordination to BF3 (Figure 3.3). 
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the frontier molecular orbitals for 1 and 2 after coordination to zero, one, or two BF3 molecules 
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Figure 3.3 Electronic absorption spectra predicted by TDDFT for: (a) 1 and (b) 2. 
Uncoordinated (black line), coordination to a single BF3 molecule (blue line), coordination to 

two BF3 molecules (red line). 

 

 

Figure 3.4 Frontier molecular orbitals of 1, 1·BF3, and 1·(BF3)2. 
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Figure 3.5 Frontier molecular orbitals of 2, 2·BF3, and 2·(BF3)2. 

 

Based on the TDDFT analysis, in all cases the lowest-energy absorption band was assigned 

to the HOMO to LUMO transition. For both 1 and 2, this transition has a great deal of 

π(bithiophene) to π*(isoindigo) character. The spectrum predicted for 1·BF3 shows a 70 nm red-

shift in the HOMO→LUMO transition relative to 1; addition of a second BF3 red-shifts the 

transition slightly further, from 728 to 738 nm. Coordination of a single BF3 molecule to 2 was 

calculated to induce a similar 76 nm red-shift in the HOMO→LUMO transition. In the case of 2, 

the coordination of a second BF3 has a slightly larger effect, red-shifting the absorption band a 

further 21 nm. The TDDFT-predicted UV/vis absorbance spectrum for 1·BF3 also features a 

shoulder at 605 nm, which is assigned to the HOMO to LUMO+1 transition. The oscillator strength 
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of this transition is two orders of magnitude greater in the spectrum of 1·BF3 than in the spectra of 

either 1 or 1·(BF3)2. The LUMO+1 orbital of 1·BF3 lies primarily on the π* of the uncoordinated 

azaisoindigo moiety (Figure 3.6), while it is spread symmetrically across the molecule in 1 and 

1·(BF3)2. The intensity of the HOMO to LUMO+1 transition in the spectrum of 1·BF3 is likely due 

to the lack of symmetry in the LUMO+1, leading to a large transition dipole moment. The high 

energy transition at 400 nm present in all spectra (Figure 3.3) is attributed primarily to the HOMO 

to LUMO+2 transition. The LUMO+2 orbital is predominantly π*(bithiophene) in character 

(Figure 3.7); thus, this is primarily a localized π→π*(bithiophene) band. The electronic transitions 

predicted by TDDFT for 2, 2·BF3, and 2·(BF3)2 are all qualitatively similar to those for 1, 1·BF3, 

and 1·(BF3)2. The only major difference is that the HOMO→LUMO and HOMO→LUMO+1 

transitions are found further into the near-infrared, owing to the higher-lying HOMO of 2 relative 

to 1. 

 

 

Figure 3.6 Orbital isosurfaces for the LUMO+1 of 1, 1·BF3, 1·(BF3)2, 2, 2·BF3, and 2·(BF3)2. 
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Figure 3.7 Orbital isosurfaces for the LUMO+2 of 1, 1·BF3, 1·(BF3)2, 2, 2·BF3, and 2·(BF3)2. 

 

Coordination of BF3 to 1 and 2 has a substantial impact on the frontier molecular orbitals 

(Figures 3.4 and 3.5). Prior to coordination, the HOMOs of 1 and 2 are primarily bithiophene in 

character, with a smaller contribution from the pendant isoindigo groups; conversely, the LUMOs 

are primarily centered on the peripheral isoindigo units. Coordination of the first BF3 molecule to 

an azaisoindigo group serves to withdraw electron density from the azaisoindigo π-system, which 

lowers the LUMO energy by 0.3 eV. Since the HOMO is primarily bithiophene in character, the 

effect on the HOMO is less pronounced, and only a 0.1 eV shift in energy is calculated. The two 

azaisoindigo groups are now inequivalent, and the LUMO now resides almost exclusively on the 

azaisoindigo group bound to BF3. This has the opposite effect on the HOMO, with the 

uncoordinated azaisoindigo group now making a larger overall contribution to the molecular 

orbital. The coordination of a second molecule of BF3 to the other azaisoindigo group restores the 

original symmetry of the molecule. The frontier orbitals for 1·(BF3)2 and 2·(BF3)2 are very similar 

to those of 1 and 2; however, the HOMO and LUMO energy continue to drop, with both the 

HOMO and LUMO decreasing by a further 0.1 – 0.2 eV relative to 1·BF3 and 2·BF3. 

The calculated electronic absorption spectra and frontier molecular orbitals of 1 and 2, 

before and after protonation, are shown in Figures 3.8-3.11. The trends exhibited in both the 
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molecular orbitals and absorption spectra are similar to those seen for the BF3 adducts. Protonation 

of the azaisoindigo groups lowers the energy of the LUMO, leading to an overall red-shift in the 

energy of the HOMO→LUMO transition. The major difference between the H+ and BF3 adducts 

lies in the strength of the acid-base interaction. Structural optimizations performed on 1·H+ and 

2·H+ in the presence of the trifluoroacetate counter-ion inevitably yielded free 1 and 2 and 

trifluoroacetic acid. This implies that the protonation of 1 and 2 with TFA is an energetically 

unfavorable process, and that an excess of acid is required to drive the equilibrium to the right. As 

a result, the calculations for 1·H+, 1·(H+)2, 2·H+ and 2·(H+)2 were all carried out in the absence of 

an explicit counter-ion. Therefore, while the experimental extinction coefficients of the H+ and 

BF3 adducts were found to be nearly identical, the TDDFT results predict oscillator strengths that 

are an order of magnitude higher for the H+ adducts than the BF3 adducts. The lack of explicit 

solvation of the protonated azaisoindigo group likely causes an overestimation of the transition 

dipole moment, and therefore an overestimation of the extinction coefficient. Similarly, the 

energies of the frontier molecular orbitals of 1·H+, 1·(H+)2, 2·H+ and 2·(H+)2 (Figures 3.10 and 

3.11) are all likely artificially low. 

 

 

Figure 3.8 Electronic absorption spectra predicted by TDDFT for 1, 1·H+, and 1·(H+)2. 
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Figure 3.9 Electronic absorption spectra predicted by TDDFT for 2, 2·H+, and 2·(H+)2. 

 

 

Figure 3.10 Frontier molecular orbitals of 1, 1·H+, and 1·(H+)2. 
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Figure 3.11 Frontier molecular orbitals of 2, 2·H+, and 2·(H+)2. 

 

3.3.2 UV/Vis spectral titrations 

The calculated spectra of the Lewis adducts revealed only a small red-shift between 1·BF3 

and 1·(BF3)2 and between 2·BF3 and 2·(BF3)2. This was insufficient to determine whether the 

spectra in Figure 3.1 correspond to the single or double Lewis adducts. Therefore, UV/vis spectral 

titrations of 1 and 2 were performed. Chloroform solutions of 1 and 2 were each titrated with both 

BF3·Et2O and TFA. Titration of 1 with BF3·Et2O (Figure 3.12a) yielded a gradual red-shift of the 

λmax from 575 to 657 nm. What appears to be a single isosbestic point is observed ca. 605 nm 

(Figure 3.12a); however, the overlap of the spectra is not perfect (Figure 3.13a), suggesting that 

this may not actually be a true isosbestic point and that the reaction may actually yield multiple 

products. Since the spectra of 1·BF3 and 1·(BF3)2 are predicted to be quite similar (Figure 3.2), the 



 142 

lack of a true isosbestic point may suggest an equilibrium between 1, 1·BF3, and 1·(BF3)2, which 

is driven further to the right as an excess of BF3·Et2O is added. The titration of 2 with BF3·Et2O 

yielded similar results (Figure 3.12b). The λmax of the S0→S1 transition red-shifted from 660 to 

795 nm, and again the overlap of the spectra at ca. 710 nm is not perfect (Figure 3.13b). This is 

consistent with an equilibrium between 2, 2·BF3, and 2·(BF3)2 that shifts to the right as the titration 

proceeds. In both cases, a substantial excess of BF3·Et2O is required to drive the reaction to 

completion. 

 

 

Figure 3.12 UV/vis absorbance spectra for the titration of (a) 1 and (b) 2 with BF3·Et2O in 
chloroform. The annotations indicate the number of equivalents of BF3·Et2O used.  
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Figure 3.13	UV/vis absorbance spectra for the titration of (a) 1 and (b) 2 with BF3·Et2O in 
chloroform. Spectra are corrected for sample volume change to titrant addition. 
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required also supports the computational evidence that the trifluoroacetate anion is a stronger base 
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Figure 3.14 UV/vis absorbance spectra for the titration of 1 with TFA in chloroform. The 
annotations indicate the number of equivalents of TFA used.  

 

 

Figure 3.15 UV/vis absorbance spectra for the titration of 2 with TFA in chloroform. The 
annotations indicate the number of equivalents of TFA used. 
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the exact species in solution. Therefore, 1 and 2 were titrated with BF3·Et2O, and the titration 

followed by 1H NMR (Figure 3.16). The greater acidity of BF3·Et2O relative to TFA meant that 

fewer equivalents of the acid were needed to fully convert the molecules to the Lewis adducts; for 

this reason, 1H NMR titrations were only performed with BF3·Et2O. Due to the limited solubility 

of the Lewis acid-base adducts, and the insensitivity of 1H NMR relative to UV/vis spectroscopy 

(especially given the high optical extinction coefficients of 1 and 2), the signal-to-noise ratio of all 

NMR spectra was relatively low. 

 

 

Figure 3.16 1H NMR spectroscopic titration of (a) 1 and (b) 2 with BF3·Et2O. A small impurity 
introduced in the final aliquot of BF3·Et2O is denoted by an asterisk (*). 



 146 

There are two main possibilities when monitoring a dynamic equilibrium process, such as 

that described in Figure 3.16, by 1H NMR: (i) if BF3 exchange is slow on the NMR timescale, then 

two distinct sets of peaks will be observed, one corresponding to the free base, and one 

corresponding to the Lewis adduct; (ii) if, however, BF3 exchange is fast on the NMR timescale, 

then only one set of peaks will be observed, whose position shifts as the titration proceeds. 

Intermediate rates of exchange will yield similar behavior, only with highly broadened peak 

profiles. This behavior is commonly observed in labile complexes such as borane-imine and 

borane-acetonitrile Lewis adducts.46,47 As BF3·Et2O is added to a solution of 1, the peak intensity 

decreases sharply, and the peaks develop a highly broadened profile, indicative of an intermediate 

rate of BF3 exchange. The hydrogen atom para to the pyridinic nitrogen (a) displays a pronounced 

downfield shift (δ > 10 ppm); smaller shifts are observed for the hydrogen atoms in the ortho 

position (c) and on the adjacent oxindole (b). As additional equivalents of BF3·Et2O are added, the 

signals do not shift further, but increase in intensity and sharpness. The data indicate that the rate 

of BF3 exchange is intermediate-to-slow, and since only one set of azaisoindigo signals is 

observed, it suggests that when an excess of BF3 is present, both pyridinic nitrogens are bound to 

BF3. 

The results of the titration of 2 with BF3·Et2O are qualitatively similar. As BF3·Et2O is 

added to a solution of 2, there is a decrease in signal intensity accompanied by substantial peak 

broadening, again indicative of an intermediate rate of BF3 exchange. Critically, the position of 

the peaks does not change, they only become less intense; as more BF3 is added, a new set of peaks 

grows in, corresponding to the 2·(BF3)2 adduct. These new peaks grow in as an excess of BF3 is 

added. Again, these data suggest that the rate of BF3 exchange is intermediate-to-slow, and that 
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ultimately, both pyridinic nitrogens are bound to BF3 molecules. As with the UV/vis titrations, an 

excess of BF3·Et2O is required to form Lewis adducts with both 1 and 2. 

The 1H NMR results suggest that coordination of the first BF3 molecule does not adversely 

affect the basicity of the second nitrogen; however, in order to better quantify this, the DFT results 

were used to calculate ΔG°coord at 298.15 K for the two coordination reactions (Scheme 3.2). 

 

 

Scheme 3.2 Sequential reaction of 1 and 2 with two equivalents of BF3·Et2O. 

 

Based on the calculated thermodynamic parameters, ΔG°coord for the coordination of the 

first BF3 molecule was determined to be –46 kJ mol–1 for compound 1, and –50 kJ mol–1 for 

compound 2. For the addition of a second BF3 molecule, ΔG°coord was calculated to be –47 kJ mol–

1 and –45 kJ mol–1 for 1 and 2, respectively. Although the computed values of ΔG°coord are not 

likely to be quantitatively accurate (given the importance of solvation in correctly modeling this 

type of acid-base chemistry), the ΔG°coord values for the addition of the first and second BF3 groups 

should be directly comparable. In this case, there is little difference in ΔG°coord for the first and 

second reactions: in compound 1, ΔG°coord is more negative by 1 kJ mol–1, and in compound 2, 

ΔG°coord is more positive by 5 kJ mol–1. Ultimately, such small differences are not likely to affect 

the ability of the second nitrogen to coordinate to BF3, and further supports the conclusion that 

1·(BF3)2 and 2·(BF3)2 are formed in the presence of excess BF3·Et2O. 
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3.3.4 Solid-vapor interface Lewis adduct formation 

Although the solution acid-base chemistry of 1 and 2 is of interest, ultimately, these 

materials are of importance for applications in organic electronics. Therefore, the processing of 

the Lewis adducts into thin films was of interest; however, they proved to be too insoluble to spin 

coat from solution. The addition of a droplet of neat BF3·Et2O onto films of 1 and 2 led to 

immediate bleaching of the films; however, it was noted that nearby portions of the film (that were 

not directly exposed to BF3·Et2O) underwent the same color change that was observed in solution. 

The films visibly changed color in the presence of BF3·Et2O vapor alone. Therefore, films of 1 and 

2 were spin coated onto glass slides and placed inside a sealed jar containing an open beaker of 

BF3·Et2O. Films were exposed to the BF3·Et2O vapor for either 30 or 60 min, after which their 

UV/vis spectra were measured (Figure 3.17). The spectra of both 1 and 2 exhibit a large red-shift 

in their absorption edge upon exposure to BF3·Et2O. In the case of 1, the full 60 min is required to 

complete the reaction, whereas with 2 the reaction is complete in < 30 min. As in solution, the 

adduct formation in the solid state is reversible; exposure of the films to pyridine vapor (Figure 

3.18) yields the spectra of uncoordinated 1 and 2. Since boron trihalides such as BF3 are known to 

hydrolyze when exposed to moisture, the stability of the Lewis adducts was evaluated. Under 

ambient conditions, thin films of 1 and 2 revert back to their initial uncoordinated state overnight 

(Figure 3.19).  

The red-shift observed in Figure 3.17 suggests that thin films of 1 and 2 can be converted 

into the corresponding Lewis adducts, thereby altering not just the optical band gap, but other 

optoelectronic properties. For instance, Zalar et al., and more recently Han et al., have shown that 

the charge carrier mobilities of organic semiconductors can be improved by coordination to Lewis 

acids; Lewis acid-base interactions such as these have been exploited in OFET-based sensors. 
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40,48,49 The fact that 1 and 2 can be converted into their Lewis adducts by a vapor-phase reaction 

with BF3·Et2O suggests that it might be used as a way of improving the performance of 

azaisoindigo-based thin film transistors. 

 

 

Figure 3.17 Thin film UV/vis absorbance spectra of (a) 1 and (b) 2, before and after exposure to 
BF3·Et2O vapor for 30 min (red line) or 60 min (blue line). 

 

  

Figure 3.18 Thin film UV/vis spectra of (a) 1 and (b) 2: as-cast (black line), after exposure to 
BF3·Et2O vapor (red line), and after exposure of the resulting Lewis adducts to pyridine vapor 

(blue line). 
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Figure 3.19 Thin film UV/vis spectra of (a) 1 and (b) 2: as-cast (black line), after exposure to 
BF3·Et2O vapor (red line), and after exposure of the resulting Lewis adducts to ambient 

atmosphere overnight (blue line).	

 

3.4 Conclusion 

In summary, it has been shown that Lewis acids induce a major red-shift in 7-azaisoindigo-

based donor-acceptor organic semiconductors. A combination of TDDFT calculations, UV/vis 

spectroscopy, and 1H NMR spectroscopy were used to determine the structure and optical 

properties of the subsequent Lewis adducts. Finally, it has been proven that this same acid-base 

chemistry can be carried out at the solid-gas interface by the reaction of thin films with BF3·Et2O 

vapor. The ability to manipulate the band gap of thin film organic semiconductors through the use 

of Lewis acid-base chemistry at the solid-gas interface is an important first step toward the tailored 

doping of organic semiconductors, with direct application to thin film devices such as OFETs and 

OPVs. 
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Chapter 4  

Bisisoindigo: Using a Ring-Fusion Approach to  

Extend the Conjugation Length of Isoindigo 

 

Reproduced from 

Randell, N. M., Boutin, P. C., & Kelly, T. L. 

J. Mater. Chem. A, 2016, 4, 6940–6945. DOI: 10.1039/c5ta07511d 

with permission of the Royal Society of Chemistry. 

 

Consent was obtained from all co-authors to include this manuscript in the thesis. Unless otherwise 

noted, I performed all experimental work and the writing of the manuscript. P.C. Boutin performed 

the fluorescence quenching experiments. T.L. Kelly directed the study and revised the manuscript. 

 

Transition 

The work described in this chapter marked a significant departure from the study of 

azaisoindigo. Since nitrogen substitution had proved to be ineffective in altering the frontier 

orbitals of isoindigo in Chapter 2, and the Lewis adducts presented in Chapter 3 could not be 

incorporated into OPVs, it was decided that a new direction for studying the optoelectronic 

properties of isoindigo-based semiconductors was required. This chapter introduces a second 

modification of isoindigo, the fusion of two isoindigo units in a coplanar dimer structure. While 

this is markedly different from heteroatom substitution, the goal of studying the effects of this 

structural change on the optoelectronic properties of the resulting semiconductors, particularly 

their frontier orbital energies, remained the same. 
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While there is some overlap in introductory material between this chapter and Chapter 1, 

the introduction here focuses on the use of expanded isoindigo structures as they existed in 2015. 

Particular attention is paid to the, at the time, emerging trend of using expanded isoindigo 

structures with emphasis placed on those synthesized by double cross aldol reactions. 

.  
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4.1 Introduction 

In the last several years, there have been significant advances in the field of organic 

semiconductor design that have produced substantial increases in the efficiency of OPV devices 

and the performance of OFETs. One of the chief reasons behind these advances has been the rise 

of new organic semiconductors characterized by their use of alternating electron donor and 

acceptor units.1 Juxtaposition of these units leads to materials with substantially reduced bandgaps 

and good charge carrier mobilities. Common electron donors are often thiophene based (e.g., 

benzodithiophene,2,3 thieno[3,2-b]thiophene4-6), due to the electron-rich nature of the thiophene 

ring. In contrast, electron-withdrawing imide and amide groups are prevalent in common acceptor 

units such as diketopyrrolopyrrole and isoindigo. 

Isoindigo was first incorporated into organic semiconductors by Mei et al.,7 and has since 

become ubiquitous throughout the field of organic electronics as an electron accepting unit in both 

polymers and small molecules.8-15 Many studies have varied the identity of donor groups and alkyl 

chains, but relatively few variations of isoindigo itself have been reported.16-21 Among the few 

reported modifications to isoindigo are the 7-haloisoindigos (both chloro and fluoro 

derivatives),16,17,22 and thienoisoindigo, where the benzene ring is replaced with thiophene.18-20 In 

recent work, the conjugation length of thienoisoindigo has been extended by the fusion of 

additional aromatic rings to the molecular structure. Both thienothiophene and 

benzothienothiophene have been used in this fashion to extend the planarity and conjugation length 

of isoindigos in organic electronics. 23,24  

More recently, the concept of using crossed aldol reactions to form expanded isoindigo 

units has been reported. The reaction of an isatin with benzodifurandione has been shown to 

produce an expanded, lactone-containing isoindigo system,25,26 and the same type of crossed aldol 
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reaction between benzodifurandione and a thienoisatin yields the thienoisoindigo analogue.27 A 

second example of an expanded isoindigo system is prepared from the condensation of 2,2′-

bithiophene-5,5′-dicarboxyaldehyde with an isatin to form an isoindigo-like motif containing an 

interior bithiophene group.28 Most recently, two groups independently synthesized an expanded 

isoindigo structure in which one phenyl ring bears two lactam moieties oriented para- to one 

another.29,30 this work has been inspired by the idea of exploiting crossed aldol chemistry to expand 

the isoindigo core unit, as well as using ring fusion to further extend the conjugation length of the 

system.  

Herein, the synthesis of bisisoindigo, an expanded isoindigo structure that consists of two 

isoindigo moieties fused across the 6 and 7 positions is reported. The bisisoindigo building block 

features a highly extended conjugation length, having an optical band gap well into the near-

infrared. The dibromobisisoindigo derivative was coupled to a 2,2′-bithiophene moiety to create 

an organic semiconductor with a donor-acceptor motif. Thin films of this material absorb across 

the entire visible region, with an absorption edge of nearly 1000 nm. Both bisisoindigo and the 

donor-acceptor compound were incorporated into the active layers of OPVs. While device 

performance was modest, both bisisoindigo-based compounds were able to function as electron 

donors. Bisisoindigo is an exciting new electron-deficient building block in the synthesis of 

organic semiconductors, and it is anticipated that through judicious choice of both donor sub-unit 

and alkyl chain length, it will lead to a number of new, high-performance organic semiconductors. 
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4.2 Experimental 

4.2.1 Materials and characterization 

Prior to use DMF and toluene were dried over activated 3 Å molecular sieves and stored 

under nitrogen. Pd(PPh3)4 was stored in an inert atmosphere N2 glove box when not in use. All 

other solvents and reagents were used as received. NMR spectra were obtained using a Bruker 

Avance 500 MHz spectrometer. UV/vis spectroscopy measurements were performed in CHCl3 or 

as thin films on glass substrates using a Cary 6000i UV/vis spectrophotometer. AFM 

measurements were performed using a Dimensions Hybrid Nanoscope system (Veeco Metrology 

Group). Cyclic voltammetry was carried out in 0.05 mol L–1 tetrabutylammonium 

hexafluorophosphate dissolved in dry, degassed CH2Cl2. The working electrode was glassy 

carbon, the counter electrode was a Pt wire, and the reference electrode was a Ag wire. 

Voltammograms were referenced to an internal Fc/Fc+ standard. Mass spectra were acquired on a 

JEOL AccuToF 4G GCv mass spectrometer with an EiFi Field desorption ionization source. 

Melting points were measured using a DigiMelt MPA160 (Stanford Research Systems) melting 

point analyser. Elemental analysis was carried out on a 2400 CHN Elemental analyser (Perkin 

Elmer).  

Fluorescence spectra for quenching and quantum yield experiments were measured using 

a Photon Technology International QuantaMaster spectrofluorometer. Data were smoothed by a 

Savitzky-Golay algorithm. Fluorescence-quenching experiments were performed by titrating 

solutions of P3HT or PTB7-Th with either 6 or 8. In all cases the donor concentration was held 

fixed at 45 µg/mL while the acceptor concentration was increased from 0 to ~45 µg/mL. 

Fluorescence quantum yields of P3HT and PTB7-Th in chloroform were calculated via the 

comparative method,31 taking 
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where x is the compound under study, s is the reference standard, and ΦF, A, F(λem), and n are the 

fluorescence quantum yield, absorption, fluorescence spectrum, and solvent refractive index, 

respectively. The sample and reference standard were excited at the same wavelength, far removed 

from any fluorescence features. Fluorescence spectra were corrected for reabsorption. Rhodamine 

6G in chloroform, which has a fluorescence quantum yield of 0.75,32 was used as the reference 

standard for P3HT. Chlorophyll a in methanol (ΦF = 0.15)33 was used as the reference standard for 

PTB7-Th. Stern-Volmer constants (Ksv) for donor-acceptor pairs were determined from the slope 

of the Stern-Volmer plots. DFT and TDDFT calculations were carried out, using the Gaussian 09 

and Gaussview suites of software, at a B3LYP/6-31G(d,p) level of theory using a chloroform 

dielectric continuum model. Alkyl substituents on 6 and 8 were replaced with methyl groups in 

order to simplify the calculations.34 The UV/vis spectra were calculated using the SWizard 

program, revision 5.0, using the (Gaussian/Lorentzian/pseudo-Voigt) model.35,36 

 

4.2.2 OPV fabrication and testing 

ITO-coated glass substrates (Delta Technologies, Rs = 15-25 Ω/□) were cleaned by 

sequential sonication in: Extran detergent (10% v/v in Millipore H2O), Millipore H2O, acetone and 

isopropanol. Cleaned substrates were stored under isopropanol until use. Substrates were blown 

dry with compressed air and UV/ozone cleaned for 15 min immediately prior to use. Poly(3,4-

ethylenedioxythiophene:polystyrene sulfonate (Clevios P VP AI 4083) solutions were mixed with 

0.5% v/v Zonyl F-300 fluoro-surfactant (40% solids in H2O) and filtered through a 0.45 µm syringe 
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filter. The solution was then spin cast onto the ITO substrates and annealed at 125 °C for 10 min 

before being placed in a nitrogen atmosphere glove box. Active layer solutions were prepared at a 

1:1 donor:acceptor ratio (by mass), and were stirred overnight and syringe filtered using a 0.45 µm 

filter before use. DIO was added after filtration. Active layers were spin cast at either 5000 rpm 

(CHCl3) or 1000 rpm (o-dichlorobenzene and chlorobenzene). Residual solvent was allowed to 

evaporate at room temperature for 1 hour before electrode deposition. LiF (0.8 nm) and Al (100 

nm) were then thermally evaporated onto the substrates at a base pressure of 3 × 10–6 mbar. 

Current-voltage measurements were made inside a nitrogen atmosphere glove box using a 

Keithley 2400 source-measure unit. The cells were illuminated by a 450 W Class AAA solar 

simulator equipped with an AM1.5G filter (Sol3A, Oriel instruments) at a calibrated intensity of 

100 mW cm–2, as determined by a standard silicon reference cell (91150V, Oriel Instruments). The 

cell area was defined by a non-reflective anodized aluminium mask to be 0.0708 cm2. Incident 

photon-to-current efficiency (IPCE) measurements were performed on the highest efficiency 

devices in a nitrogen atmosphere using a QE-PV-SI system (Oriel Instruments) consisting of a 300 

W Xe arc lamp, monochromator, chopper, lock-in amplifier, and certified silicon reference cell. 

Measurements were made using a 30 Hz chop frequency. 
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4.2.3 Detailed synthetic procedures 

2-Ethylhexyl iodide and 5-hexyl-5′-tertbutylstannyl-2,2′-bithiophene were synthesized 

according to previously reported methods.37,38 

 

1-(2-Ethylhexyl)isatin39  

Isatin (2.00 g, 13.6 mmol) and K2CO3 (2.25 g, 16.3 mmol) were dissolved in 50 mL of DMF and 

the mixture was heated to 100 °C. 2-Ethylhexyl bromide (3.0 mL, 16.8 mmol) was added via 

syringe and the resulting mixture was stirred at 100 °C for 18 hours. The reaction mixture was 

poured over ice and extracted with CH2Cl2. The combined organic layers were washed with brine, 

dried over MgSO4 and concentrated. The resulting orange solid was heated to 90 °C in vacuo to 

remove excess 2-ethylhexyl bromide, yielding 1-(2-ethylhexyl)isatin as an orange oil (3.11 g, 

88%). 1H NMR (500 MHz, CDCl3, ppm) δ: 7.55-7.62 (m, 2H), 7.11 (t, J = 7.5 Hz, 1H), 6.87 (d, J 

= 7.9 Hz, 1H), 3.56-3.65 (m, 2H), 1.78-1.85 (m, 1H), 1.24-1.42 (m, 8H), 0.94 (t, J = 7.5 Hz, 3H), 

0.89 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ: 183.82, 158.68, 151.69, 138.45, 125.59, 

123.75, 117.83, 110.57, 44.57, 37.54, 30.81, 28.81, 24.16, 23.21, 14.23, 10.76. HRMS (m/z) (M•+): 

Calc (C16H21NO2): 259.15723 Found: 259.15691. Anal. Calcd for C16H21NO2: C, 74.10; H, 8.16; 

N, 5.40; Found: C, 73.86; H, 7.91; N, 5.38. 

 

6-Bromo-1-(2-ethylhexyl)isatin39 

6-Bromoisatin was reacted with 2-ethylhexyl bromide following the same procedure as for the 

synthesis of 1-(2-ethylhexyl)isatin, yielding 6-bromo-1-(2-ethylhexyl)isatin as an orange solid 

(1.38 g, 46%). m.p. 62-64 °C. 1H NMR (500 MHz, CDCl3, ppm) δ: 7.46 (d, J = 8.0 Hz, 1H), 7.27 

(d, 8.0 Hz, 1H), 7.03 (s, 1H), 3.54-3.63 (m, 2H), 1.77-1.82 (m, 1H), 1.29-1.41 (m, 9H), 0.94 (t, J 
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= 7.5 Hz, 3H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ: 182.4, 158.4, 152.4, 133.6, 

126.9, 126.5, 116.4, 114.1, 44.7, 37.3, 30.6, 28.5, 24.0, 23.1, 14.1, 10.6. HRMS (m/z) (M•+): Calc 

(C16H20NO2Br): 337.06774 Found: 337.06652. Anal. Calcd for C16H20NO2Br: C, 56.82; H, 5.96; 

N, 4.14; Found: C, 57.39; H, 5.97; N, 4.23. 

 

Bisisatin (2)  

1,5-Diaminonaphthalene (2.01 g, 12.7 mmol) was dissolved in 20 mL of glacial acetic acid and 

heated to reflux. To the resulting purple solution, was added a solution of diethylketomalonate (8.0 

mL, 52 mmol) in glacial acetic acid (23 mL) dropwise over 0.75 hours. The resulting red-brown 

suspension was heated at reflux for 18 hours. The acetic acid was removed in vacuo and the 

resulting red solid was dissolved in 1 mol L–1 NaOH to a final solution pH of 11-12. The resulting 

dark brown solution was heated at reflux with sparging air for 5 hours. The solution was then 

poured onto ice and acidified to pH 0 with aqueous 6 mol L–1 HCl. The resulting red-purple solid 

was collected by suction filtration, washed with H2O and dried in vacuo to yield the crude product 

as a black-purple solid (3.28 g, 97%). The crude product was determined to be approximately 75% 

pure by 1H NMR spectroscopy; however, due to its extremely low solubility, the product was 

carried forward without further purification. 1H NMR (500 MHz, DMSO-d6, ppm) δ: 11.78 (s, 

2H), 7.79 (d, J = 8.3 Hz, 2H), 7.61 (d, J = 8.3 Hz, 2H). 

 

1,1´-Bis(2-ethylhexyl)bisisatin (3)  

In an oven dried Schlenk flask, crude 2 (2.42 g, 9.08 mmol) and freshly dried K2CO3 (3.16 g, 22.9 

mmol) were dissolved in 50 mL of dry DMF. The reaction mixture was heated to 70 °C, 2-

ethylhexyliodide (8.60 g, 35.8 mmol) was added via syringe, and the temperature was increased 
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to 100 °C for a further 5.5 hours.  The reaction mixture was poured over 200 mL H2O and acidified 

to pH 7 with aqueous 1 mol L–1 HCl. The aqueous layer was extracted with CH2Cl2. The organic 

layers were dried over MgSO4 and concentrated to yield the crude product as a viscous black oil. 

The crude product was purified by column chromatography on silica gel (eluent: 1:3 ethyl acetate 

(EtOAc):hexanes) followed by recrystallization from 1:3 EtOAc:hexanes. The resulting blue solid 

was isolated by suction filtration and dried in vacuo. Total yield 3: 984 mg (30% yield, assuming 

75% pure 1). m.p. 175 °C (decomp.). 1H NMR (500 MHz, CDCl3, ppm) δ: 8.00 (d, J = 8.7 Hz, 

2H), 7.67 (d, J = 8.6 Hz, 2H), 4.11-4.24 (m, 5H), 1.85-1.91 (m, 2H), 1.23-1.45 (m, 16H), 0.93 (t, 

J = 7.5 Hz, 6H), 0.87 (t, J = 6.6 Hz, 6H). 13C NMR (125 MHz, CDCl3) δ: 182.7, 159.3, 152.3, 

127.4, 120.1, 120.0, 116.447.2, 38.7, 30.1, 28.4, 28.3, 23.5, 23.0, 14.0, 10.35, 10.33. HRMS (m/z): 

(M•+) Calc (C30H38N2O4): 490.28316 Found: 490.28261. Anal. Calcd for C30H38N2O4: C, 73.44; 

H, 7.81; N, 5.71; Found: C, 73.43; H, 7.70; N, 5.64.   

 

1-(2-Ethylhexyl)-2-oxindole (4)16,40 

1-(2-ethylhexyl)isatin (3.11 g, 12.0 mmol) was suspended in 20 mL of hydrazine hydrate and the 

reaction mixture was heated at reflux for 4 hours. The reaction mixture was cooled and extracted 

with EtOAc. The combined organic layers were dried over MgSO4 and concentrated to yield a 

yellow solid. Metallic sodium (0.86 g) was dissolved in 40 mL of anhydrous EtOH. The yellow 

solid was transferred into the EtOH/NaOEt solution using anhydrous EtOH and the reaction 

mixture was heated at reflux for 2 hours. The resulting brown solution was poured over ice and 

acidified with aqueous 1 mol L–1 HCl. The suspension was extracted with EtOAc and the combined 

organic layers were washed with brine, dried over MgSO4, and concentrated to yield pure 1-(2-

ethylhexyl)-2-oxindole as a yellow-orange oil (2.51 g, 85%). 1H NMR (500 MHz, CDCl3, ppm) δ: 
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7.22-7.28 (m, 3H), 7.02 (t, J = 7.5 Hz, 1H), 6.81 (t, J = 7.5 Hz, 1H), 3.54-2.64 (m, 2H), 3.53 (s, 

1H), 1.79-1.84 (m, 1H), 1.23-1.40 (m, 13H), 0.92 (t, J = 7.5 Hz, 3H), 0.88 (t, J = 7.0 Hz, 3H). 13C 

NMR (125 MHz, CDCl3) δ:175.4, 145.1, 127.8, 124.7, 124.4, 122.0, 108.6, 44.1, 37.4, 35.8, 30.7, 

28.7, 24.0, 23.1, 14.1, 10.7. HRMS (m/z) (M•+): Calc (C16H23NO): 245.17796 Found: 245.17699. 

Anal. Calcd for C16H23NO: C, 78.32; H, 9.45; N, 5.71; Found: C, 77.98; H, 9.61; N, 5.95. 

 

6-Bromo-1-(2-ethylhexyl)-2-oxindole (5)16,40 

6-bromo-1-(2-ethylhexyl)isatin was reacted with hydrazine hydrate and NaOEt/EtOH following 

the same procedure as 4 to yield an orange-red solid (1.33 g, quantitative yield). m.p. 46-48 °C. 

1H NMR (500 MHz, CDCl3, ppm) δ:7.15 (d, J = 7.80 Hz, 1H), 7.09 (d, J = 7.85 Hz, 1H), 6.93 (s, 

1H), 3.51-3.58 (m, 2H), 3.46 (s, 2H), 1.77-1.82 (m, 1H), 1.24-1.34 (m, 12H), 0.88-0.94 (m, 7H). 

13C NMR (125 MHz, CDCl3) δ: 175.2, 146.5, 125.7, 125.0, 123.5, 121.4, 112.1, 44.4, 37.3, 35.5, 

30.6, 28.7, 24.0, 23.2, 14.2, 10.7. HRMS (m/z) (M•+) Calc (C16H22NOBr): 323.08848, Found: 

323.08762. Anal. Calcd for C16H22NOBr: C, 59.27; H, 6.84; N, 4.32; Found: C, 59.45; H, 6.81; N, 

5.19.  

 

Bisisoindigo (6) 

 Compounds 3 (399 mg, 0.812 mmol) and 4 (478 mg, 1.95 mmol) were dissolved in 15 mL of 

glacial acetic acid. Concentrated HCl (100 µL) was added and the reaction mixture was heated at 

reflux for 14 hours. After 14 hours, the reaction mixture was poured over a mixture of ice and 

brine, and extracted with CH2Cl2. The combined organic layers were washed with brine, dried over 

MgSO4, and concentrated to yield the crude product as a black solid. The crude product was 

purified by column chromatography (silica gel, eluent: 3:2 CH2Cl2:hexanes) and concentrated in 
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vacuo to yield a dark brown-black solid (347 mg, 45%). m.p. 250-252 °C. 1H NMR (500 MHz, 

CD2Cl2, ppm) δ: 9.06 (d, J = 7.9 Hz, 2H), 9.00 (d, J = 9.3 Hz, 2H), 7.87 (d, J = 9.36, 2H), 7.37 (t, 

J= 8.2, 2H), 7.03 (t, J = 7.4 Hz, 2H), 6.82 (d, J = 7.8 Hz, 2H), 4.20-4.35 (m, 4H), 3.62-3.73 (m, 

4H), 1.98-2.07 (m, 2H), 1.84-1.92 (m, 2H), 1.22-1.48 (m, 37 H), 0.84-0.99 (m, 26H). 13C NMR 

(125 MHz, CDCl3) δ:169.9, 168.1, 145.4, 143.2, 134.0, 132.9, 132.4, 129.2, 124.3, 123.4, 122.3, 

122.1, 120.1, 117.2, 108.4, 47.0, 44.3, 38.5, 37.7, 30.8, 30.2, 28.8, 28.3, 24.1, 23.5, 23.1, 14.1, 

14.0, 10.7, 10.5. HRMS. (m/z): (M•+) Calc (C62H80N4O4): 944.61795 Found: 944.62061. Anal. 

Calcd for C62H80N4O4: C, 78.77; H, 8.53; N, 5.93; Found: C, 77.79; H, 8.60; N, 5.78. 

 

Dibromo-bisisoindigo (7) 

 Compounds 3 (462.6 mg, 0.9433 mmol) and 5 (827.6 mg, 2.55 mmol) were dissolved in 20 mL 

of glacial acetic acid. Concentrated HCl (100 µL) was added and the reaction mixture was heated 

at reflux for 18 hours. The reaction mixture was poured over H2O and extracted with CH2Cl2. The 

combined organic layers were washed with brine, dried over MgSO4, and concentrated to yield the 

crude product. The crude product was purified by column chromatography (silica gel, eluent: 7:3 

CH2Cl2:hexanes, gradient to 10:1 CH2Cl2:MeOH). The combined fractions were concentrated in 

vacuo to yield a brown-black solid; the solid was washed with acetone and dried on high vacuum 

to yield the pure product as a black/brown solid (235 mg, 23%). m.p. 237-252 °C (decomp.). 1H 

NMR (500 MHz, CDCl3, ppm) δ: 8.95 (dd, J1 = 2.4 Hz, J2 = 9.0 Hz, 4H), 7.84 (d, J = 9.4 Hz, 2H), 

7.17 (d, J = 8.6 Hz, 2H), 6.90 (s, 2H), 4.18-4.30 (m, 4H), 3.58-3.71 (m, 4H), 1.95-2.04 (m, 2H), 

1.80-1.90 (m, 2H), 1.21-1.47 (m, 34 H), 0.83-0.98 (m, 25H).13C NMR (125 MHz, CDCl3) δ: 169.9, 

168.0, 143.4, 132.6, 132.6, 130.3, 126.9, 125.2, 120.8, 117.3, 111.7, 47.0, 44.4, 38.5, 37.5, 30.6, 

30.2, 28.6, 28.3, 24.0, 23.5, 23.1, 14.1, 14.0, 10.7, 10.5, 7.8. HRMS (m/z) (M•+) Calc 
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(C62H78Br2N2O4): 1102.43693 Found: 1102.43715. Anal. Calcd for C62H78Br2N2O4: C, 67.51; H, 

7.13; N, 5.08; Found: C, 67.15; H, 7.45; N, 5.91. 

 

Bis-bithiophene-bisisoindigo (8) 

Compound 7 (145 mg, 0.132 mmol), Pd(PPh3)4 (11.1 mg, 9.6 µmol), and 5´-hexyl-5-

tributylstannyl-2,2´-bithiophene (315 mg, 0.584 mmol) were added sequentially to 15 mL dry, 

degassed toluene. The reaction mixture was heated to reflux for 15 hours. The reaction mixture 

was concentrated in vacuo, purified by column chromatography (silica gel, eluent 70:30 

toluene:hexanes, gradient to 3% methanol in toluene). The combined fractions were concentrated 

in vacuo; the resulting solid was recrystallized from CH2Cl2/acetone, filters, and dried on high 

vacuum to yield a blue-black solid (151 mg, 80%). m.p. 237-245 °C. 1H NMR (500 MHz, CD2Cl2, 

ppm) δ: 9.02 (d, J = 8.4 Hz, 2H), 8.90 (d, J = 9.2 Hz, 2H), 7.78 (d, J = 9.6 Hz, 2H), 7.31 (d, J = 

3.8 Hz, 2H), 7.21 (d, J = 8.7 Hz, 2H) 7.05 (q, J = 5.8 Hz, 4H), 6.71 (d, J = 3.6 Hz), 4.19-4.34 (m, 

5H), 3.60-3.78 (m 5H), 2.80 (t, J = 7.6 Hz, 3H), 1.97-2.04 (m, 3H), 1.82-1.91 (m, 2H), 1.65-1.73 

(m, 4H), 1.53-1.63 (m, 6H), 1.21-1.49 (m, 39H), 0.82-1.00 (m, 24H). 13C NMR 125 MHz, CDCl3) 

δ: 169.8, 168.3, 146.2, 145.8, 142.6, 141.8, 138.9, 137.8, 134.5, 132.5, 130.6, 129.9, 125.2, 125.0, 

124.1, 124.0, 123.8, 122.9, 121.1, 119.9, 118.5, 117.0, 104.5, 46.9, 44.0, 38.5, 37.8, 31.6, 31.56, 

30.9, 30.3, 30.2, 29.7, 28.0, 28.8, 28.8, 28.4, 28.3, 24.2, 23.5, 23.2, 23.2, 23.1, 22.6, 14.2, 14.1, 

10.9, 10.6, 10.6, 10.5. HRMS (m/z) (M•+) Calc (C90H112N4O4S4): 1440.75664 Found: 1440.75420. 

Anal. Calcd for C90H112N4O4S4: C, 74.96; H, 7.83; N, 3.88; Found: C, 74.78; H, 8.49; N, 3.29. 
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4.3 Results and discussion 

4.3.1 Synthesis of bisisoindigo (6) and donor-acceptor molecular semiconductor (8) 

The preparation of bisisoindigo presented several distinct synthetic challenges. Isatins are 

often synthesized by the Sandmeyer isatin synthesis.41 Attempts to perform the Sandmeyer isatin 

synthesis using 1,5-diaminonaphthalene (1) as described by Kossmehl and Manecke42 yielded the 

desired bisisatin (2) as a minor product and aminobenzoisatin as the major product (Scheme 4.1). 

The ring-closing step of the Sandmeyer isatin synthesis requires the electrophillic aromatic 

substitution of a hydroxyimine group onto a benzene ring.43 When attempting to perform this 

reaction twice on a single ring system, the formation of the first isatin withdraws much of the 

electron density from the ring, preventing the second ring closure. Therefore, in order to synthesize 

bisisatin (2), the Martinet isatin synthesis (Scheme 4.1) was employed.44 In this reaction, the ring 

closing step produces a 3-hydroxy-2-oxindole intermediate. This group is much less electron 

withdrawing than an isatin, and therefore the aromatic ring is not deactivated towards the second 

ring closure. Bubbling air is sufficient to oxidize both 3-hydroxy-2-oxindole groups to the 

corresponding isatins, producing bisisatin as the major product. 
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Scheme 4.1 Sandmeyer and Martinet isatin syntheses. (a) C(OH)2CCl3, NH3OHCl, (b) H2SO4, 
(c) diethylketomalonate, glacial acetic acid, (d) NaOH, H2O, (e) sparging air. 

 

The synthesis of compounds 6 and 8 using this Martinet isatin synthesis is shown in 

Scheme 4.2. The electron deficient nature of 2 stabilizes the anion formed by deprotonation of the 

amide, making it a poor nucleophile, and alkyl iodides were required to alkylate the heterocyclic 

N-atom to form 3. An acid-catalysed double crossed aldol reaction of 3 and the appropriate 2-

oxindole derivatives (4 or 5) was then used to complete the synthesis of 6 and 7. The dibrominated 

derivative was subsequently used in a Stille cross-coupling reaction with 5-tributylstannyl-5'-

hexyl-2,2'-bithiophene to form a donor-acceptor-donor molecule, 8. Significant colour changes 

were noted with each subsequent extension of the conjugation; 3 is a blue solid, 6 is a brown-black 

solid, and 8 is a dark blue-black solid. 
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Scheme 4.2 Synthesis of bisisoindigo (6) and bis(5′-hexyl-2,2′-bithienyl)-bisisoindigo (8). 

 

4.3.2 Frontier orbital energies and absorption spectroscopy 

Solution and solid-state UV/vis spectroscopy was performed on 6 and 8 (Figure 4.1a,b). 

Using TDDFT calculations (Figure 4.2 and 4.1c), the lowest energy peak in the spectra of both 6 

and 8 can be assigned to the HOMO to LUMO transition; the additional peak at 625 nm in the 

spectrum of 8 is assigned to a transition from a bithiophene-based π-orbital to the LUMO. As a 

result of the extended conjugation in bisisoindigo, both molecules absorb well into the near-

infrared. The effect of the donor bithiophene group is immediately apparent when the spectra of 6 

and 8 are compared. While the HOMO to LUMO transition in 6 has a relatively low oscillator 

strength, the HOMO to LUMO transition in 8 is much more intense. This increase in oscillator 

strength is also predicted by the TDDFT calculations. Calculation of the frontier orbital geometries 

of both 6 and 8 (Figure 4.2) reveals a higher degree of orbital localization in the LUMO of the 



 175 

donor-acceptor compound. While both the HOMO and LUMO of 6 are delocalized across the 

entire molecule, the LUMO of 8 is isolated almost entirely on the bisisoindigo core. This 

localization leads to an increase in the transition dipole moment of the HOMO to LUMO transition, 

greatly increasing its extinction coefficient. The large extinction coefficient and small band gap 

(Table 4.1) of 8 are ideal characteristics for application in organic photovoltaic devices.  

 

 

 

Figure 4.1 UV/vis absorption spectra of 6 and 8 in (a) CHCl3 and (b) as a thin film on glass. (c) 
Theoretical UV/vis spectra of 6 and 8. (d) Cyclic voltammagrams of 6 and 8. 
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Figure 4.2 Frontier molecular orbitals of 6 and 8. 

 

Cyclic voltammetry (Figure 4.1d) was used to determine the absolute energy levels of 6 

and 8 (Table 4.1). Consistent with the addition of electron donating bithiophene groups, the 

HOMO of 8 lies 0.2 eV higher in energy than that of 6; however, the energy of the LUMO is 

unchanged, providing further evidence that the bithiophene groups do not appreciably contribute 

to the LUMO. Compound 6 exhibits a quasi-reversible oxidation wave, as well as two independent 

quasi-reversible reduction peaks. Conversely, neither the oxidation nor reduction of 8 was 

reversible. Upon oxidation and reduction, a solid film was noted on the surface of the glassy carbon 

electrode. The onset of oxidation and reduction were used to estimate the HOMO and LUMO 

levels of 6 and 8, and are listed in Table 4.1.  

 

Table 4.1 Calculated and experimental frontier orbital energy levels and band gaps of 6 and 8. 

Compound EHOMO
a 

(eV) 
ELUMO

a 

(eV) 
Eg,elec

 

(eV) 
Eg,calc

 

(eV) 
Eg,opt

 

(eV) 
6 5.8 4.2 1.6 1.55 1.44 
8 5.6 4.2 1.4 1.42 1.27 

aVoltammagrams were referenced to the Fc/Fc+ redox couple (5.1 eV vs. vacuum) and 

subsequently referenced to vacuum. HOMO and LUMO values were taken from the onset of 

oxidation and reduction respectively. 
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4.3.3 Organic solar cell performance of compounds 6 and 8 

The cyclic voltammetry results indicated that the frontier orbital energies of both 6 and 8 lay in 

between those of OPV donor materials such as PTB7-Th,3 and fullerene-based acceptors such as 

PC71BM. This suggested that 6 and 8 could be used as either the electron donor or the electron 

acceptor in an OPV device. Therefore, 6 and 8 were tested in both roles: as the electron acceptor 

(blended with PTB7-Th), and as the electron donor (blended with PC71BM).  

 

 

Figure 4.3 Current-voltage curves of the best devices fabricated with PTB7-Th:6 and PTB7-
Th:8 active layers. 
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Figure 4.4 IPCE spectrum of a representative OPV device fabricated with a PTB7-Th:6 active 
layer. 

 

Table 4.2 Champion photovoltaic device performance of ITO/PEDOT:PSS/Active layer/LiF/Al 
bulk heterojunction solar cells. 

Active Layer VOC 
(V) 

JSC 
(mA·cm–2) 

Fill Factor 
(%) 

Efficiency 
(%) 

PTB7-Th:6 1.0 0.33 31 0.10 
6:PC71BM 0.68 0.92 45 0.28 
PTB7-Th:8 0.60 0.030 27 0.0048 
8:PC71BM 0.59 1.28 30 0.23 

 

OPVs were first fabricated using an active layer blend of PTB7-Th:6 (Table 4.2, Figure 

4.3-4.4 ). Device performance was modest, but improved greatly with the addition of DIO. AFM 

images of PTB7-Th:6 blends (Figure 4.5) suggests that the addition of DIO decreases the domain 

size from ~1 µm to <100 nm. Unfortunately, even upon addition of DIO, some large crystallites 

were still visible. However, although the overall efficiency was low, the devices did nonetheless 

display very high VOC values (up to 1.0 V). OPVs fabricated with PTB7-Th:8 active layers also 

performed relatively poorly. This is likely because 8 was insufficiently soluble in chlorobenzene 

and o-dichlorobenzene, the ideal solvents for processing PTB7-Th. The films cast from chloroform 
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exhibited poor film morphologies and large domain sizes, which greatly reduced device 

performance (Figure 4.3 and Figure 4.6). 

 

 

Figure 4.5 AFM images of PTB7-Th:6 active layer blends cast from 20 mg/mL solutions 
containing: (a) 0%, (b,e) 1% , (c,f) 2%, (d,g) 3% DIO.  

Images (a-d) are 10 µm × 10 µm, images (e-g) are 1 µm × 1 µm. 
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Figure 4.6 AFM images of PTB7-Th:8 active layer blends cast from 20 mg/mL solutions 
containing:(a,c) 0%, (b,d) 1% DIO.  

Images (a-b) are 10 µm × 10 µm, images (c-d) are 1 µm × 1 µm. 

 

Although poor film morphology is likely the cause of the poor photovoltaic performance, 

one alternative is a lack of energetic driving force for electron transfer at the donor/acceptor 

interface. Electron transfer between the donor (PTB7-Th) and acceptor (6/8) was therefore 

evaluated using solution phase fluorescence spectroscopy (Figure 4.7-4.8); a decrease in donor 

fluorescence in the presence of 6 or 8 is indicative of electron transfer. The fluorescence quantum 

yield of P3HT in chloroform was measured as 0.22, which is comparable to the previously reported 

value of 0.33 ± 0.07 in chlorobenzene.45 The fluorescence quantum yield of PTB7-Th in 

chloroform was measured as 0.042, which is comparable to the previously recorded value of 0.02 

for PTB7 in chlorobenzene.46 In order to extract quantitative information regarding fluorescence 

quenching, a Stern-Volmer  analysis was performed (Figure 4.9). The fluorescence quenching of 

PTB7-Th yielded Stern-Volmer constants of (1.5 ± 0.4) × 104 mol-1 L when quenched by 6, and 
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(4.8 ± 0.8) × 104 mol-1 L when quenched by 8.  These values are similar to the Stern-Volmer 

quenching constant obtained when P3HT emission is quenched by PC61BM (1.6 × 104 mol-1 L).47 

This suggests that there is a sufficiently large energy level offset to split the exciton at the 

donor/acceptor interface, and that either the morphology or the electron mobility limit the 

performance of these devices. 

 

 

Figure 4.7 Emission spectra of PTB7-Th at various concentrations of 6. 

 

 

Figure 4.8 Emission spectra of PTB7-Th at various concentrations of 8. 
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Figure 4.9 Stern-Volmer plot of PTB7-Th fluorescence quenching as a function of acceptor 
concentration. 

 

Both 6 and 8 were then evaluated as electron donors alongside PC71BM (Table 4.2, Figure 

4.10). DIO loadings between 0% and 3% were investigated and the champion device using 

6:PC71BM and 1% DIO produced an efficiency of 0.28%. The current densities produced by these 

cells were 3× greater than those of the PTB7-Th containing cells. Similarly, devices with an active 

layer of 8:PC71BM performed much better than the analogous PTB7-Th:8 devices. However, these 

devices suffered from a much lower fill factor than those using 6:PC71BM active layers (Figure 

4.10a). This is likely due to the poor blend morphology, which again results from the use of 

chloroform as the casting solvent. Optical microscopy revealed cracks in the 8:PC71BM films, 

which would be expected to lead to microshorts and carrier recombination, decreasing the fill 

factor. The larger extinction coefficient of 8 relative to 6 is reflected in a higher incident photon-

to-current efficiency (IPCE) (Figure 4.10b). 
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Figure 4.10 (a) J–V curves for champion devices, and (b) IPCE spectra for devices based on 
active layers of 6 or 8 and PC71BM. 
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increased the device performance, while a 3% loading led to domains that were too large, leading 

to a decrease in device efficiency. 
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Figure 4.11 10 × 10 µm AFM images of active layer blends cast from 20 mg/mL solutions;  
(a-c) 6:PC71BM active layers with (a) 0%, (b) 1%, (c) 3% DIO (v/v) 
 (d-f) 8:PC71BM active layers with (d) 0%, (e) 1%, (f) 3% DIO (v/v). 

 

4.4 Conclusions 

In conclusion, the synthesis of a unique electron acceptor sub-unit incorporating two 

isoindigo units fused along the 6 and 7 positions (6) has been reported. This acceptor sub-unit was 

then coupled to 2,2′-bithiophene donor groups to form a donor-acceptor compound (8). Both 6 and 

8 absorb light well into the near-infrared, with 8 exhibiting a large extinction coefficient due to a 

higher degree of intramolecular charge transfer character in the HOMO to LUMO transition. 6 and 

8 were incorporated into OPV active layers (paired with either PTB7-Th or PC71BM). Although 

the PCEs were modest, bisisoindigo (6) features the deep energy levels desired in an electron 

acceptor, and 8 absorbs strongly throughout the visible and into the near-infrared, demonstrating 

the utility of the bisisoindigo building block. The incorporation of 6 into new donor-acceptor 

compounds (both polymers and small molecules) may therefore yield a variety of new, high-

performance organic semiconductors. 
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Chapter 5  

Effect of Acceptor Unit Length and Planarity on the  

Optoelectronic Properties of Isoindigo-Thiophene Donor-Acceptor Polymers 

 

This chapter is based on the manuscript 

Randell, N.M.; Radford, C.L.; Yang, J.; Quinn, J.; Hou, D.; Li, Y.; Kelly, T.L. 

2017, in preparation 

 

Consent was obtained from all co-authors to include this manuscript in the thesis. Unless otherwise 

noted, I performed all experimental work and wrote the first draft of the manuscript. During the 

project, C.L. Radford developed the new synthesis of bisisatin (8). J. Yang performed the initial 

solar cell fabrication using the isoindigo/diisoindigo polymers and helped to optimize fabrication 

conditions. J. Quinn, and D. Hou fabricated and tested the thin film transistors, processed the 

results, and calculated the charge carrier mobilities. Prof. Y. Li directed the fabrication, testing, 

and reporting of the transistor results. T.L. Kelly directed the study and revised the manuscript. 

 

Transition 

The content of this chapter is very much a successor to the bisisoindigo work presented in 

Chapter 4. While performing the experiments in Chapter 4, I discovered the propensity for the flat 

bisisoindigo-based molecular semiconductors to aggregate and crystallize in the solid state. This, 

combined with an overall shift in the field of organic semiconductors, inspired the move to 

polymeric semiconductors in this project. Additionally, the synthetic strategy developed in Chapter 

4, in which I synthesized the isoindigo dimer by first making an isatin dimer structure, was key in 

the successful synthesis of the freely rotating diisoindigo dimer presented in this chapter. Finally, 
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the bisisoindigo unit developed in Chapter 4 was used to make two of the six polymers presented 

herein and allowed me to study the effects of enforced planarity vs. free rotation in the acceptor 

dimers. 

Naturally, there is some overlap between the material discussed in the introduction of this 

Chapter and Chapter 1. Where the two diverge is that there is a focus on the study of donor length 

in isoindigo-based semiconductors in the introductory section of this chapter that is not present in 

Chapter 1. Additionally, the material presented here includes studies of extending donor number 

in donor-acceptor polymers with acceptor units other than isoindigo, which were not discussed in 

Chapter 1.  



 195 

5.1 Introduction  

Organic electronic devices, such as OPVs and organic thin film transistors (OTFTs), have 

made great strides in performance over the last two decades due to advances in the design and 

synthesis of donor-acceptor semiconductors.1-3 DA semiconductors are composed of alternating 

electron-rich (donor) and electron-poor (acceptor) units.4 This results in the partial isolation of the 

frontier molecular orbitals; the HOMO typically resembles that of the donor material, while the 

LUMO is largely isolated on the acceptor unit, resulting in low band gap, near-infrared absorbing 

materials.5 Common donor units include oligothiophenes, thienothiophenes, and 

benzodithiophene; typical acceptor units incorporate electron withdrawing functional groups (e.g. 

amides and imides) or electronegative halogen atoms.6-11  

Conventional DA polymers have a repeat unit consisting of a donor and acceptor pair. 

Recently, multiple research groups have investigated the effects of increasing the number of donor 

units in DA copolymers, often by varying the number of thiophenes in an oligothiophene donor. 

Zhou et al. investigated the effects of thiophene donor number in a series of DA polymers with 

two acceptor units, thieno[3,4-c]pyrrole-4,6-dione (TPD) and bithiopheneimide (BTI).12 Using 

Raman spectroscopy, they discovered that for one to three thiophene units, the conjugation length 

of the polymers was proportional to the number of thiophenes; however, a fourth thiophene did 

not increase the conjugation length. They also found that increasing the length of the 

oligothiophene increased the polymers’ HOMO energy. Both the TPD and BTI-based polymers 

were used in OPVs, and the maximum PCE was achieved with the terthiophene containing 

polymers.  

The effects of increasing donor number have also been studied in DA polymers using the 

acceptor unit isoindigo.13,14 Ma et al. synthesized isoindigo-oligothiophene polymers containing 
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one, three, five and six thiophenes in the repeat unit.13 The LUMO level was constant for all four 

polymers, while the HOMO energy increased with increasing number of thiophene rings. The 

isoindigo-terthiophene copolymer had the lowest Eg,opt, and longer donor units did not red shift the 

absorbance further; this implies that the effective conjugation length stops increasing after three 

thiophene units. The highest OPV efficiency was also achieved with the isoindigo-terthiophene 

polymer. TEM and GIWAXS measurements showed that donor units larger than terthiophene 

caused aggregation in the OPV active layer, leading to decreased efficiencies. Following this, 

Reynolds and coworkers investigated the disparate OPV performance of isoindigo-thiophene (iI-

T) and isoindigo-terthiophene (iI-3T) polymers.15-17 Despite similar optoelectronic properties, 

OPVs fabricated with iI-3T were more than twice as efficient as OPVs fabricated with iI-T. They 

discovered that the dielectric constant of an iI-3T:PC71BM blend was greater than that of iI-

T:PC71BM; this implies better electronic coupling between iI-3T and PC71BM. The improved 

electronic coupling between iI-3T and PC71BM promoted faster exciton dissociation, leading to 

the increase in PCE.16  

A significant amount of research has now been performed that examined how increasing 

donor number affects the optoelectronic properties of DA polymers; conversely, relatively little 

research has been performed on increasing the number of acceptors. This lack of study is likely 

because the synthesis of acceptor oligomers is significantly more difficult than the synthesis of 

donor oligomers. One potential acceptor unit for studying increased acceptor number in DA 

semiconductors is isoindigo. Isoindigo (iI) (Chart 5.1) was first used as the acceptor unit in DA 

semiconductors in 2010 by Mei et al., and has since become a common acceptor unit in organic 

semiconductors.18-27 Modified isoindigo structures, such as thienoisoindigo and various extended 

isoindigos, have recently became a popular motif in new DA semiconductors.28-35 The electron-
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poor nature of these semiconductors has made them useful components in OTFTs with high n-type 

or ambipolar charge carrier mobility. 

 

 

Chart 5.1 Isoindigo (iI) and isoindigo dimers, diisoindigo (di-iI) and bisisoindigo (bis-iI). 

 

One particularly useful variant of isoindigo is thienoisoindigo, which replaces the benzene 

rings of isoindigo with thiophenes. Thienoisoindigo and its derivatives can be brominated, making 

the synthesis of acceptor unit dimers simple.28,29,36 James et al. used this approach to synthesize a 
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which displayed high hole mobility (1.1 cm2 V-1 s-1) and ambipolar charge transport behavior (µe 

= 6.6 ´10-3 cm2 V-1 s-1).37 In 2016, a molecular semiconductor using bisisoindigo (bis-iI) (Chart 

R
N O

N
RO

R
N O

N
RO

R
N O

N
RO

N
RO

R
N O

N
RO

R
N O

iI

bis-iI

di-iI



 198 

5.1), an isoindigo dimer in which the two monomer units were ring-fused at the 6 and 7 positions, 

was reported.38 This planarity lowered the frontier orbital energies and reduced the Eg,opt relative 

to isoindigo. Following this, Jiang et al. incorporated bis-iI into a series of DAA polymers which 

exhibited similar optoelectronic properties to the bis-iI molecular semiconductor, and had 

balanced charge carrier mobilities (µh = 1.79 cm2 V-1 s-1, µe = 0.087 cm2 V-1 s-1).39  

Herein, the synthesis of a second isoindigo dimer, diisoindigo (di-iI) (Chart 5.1) is 

described; in this case, two isoindigos are joined by a single bond at the 6-position, allowing free 

rotation between the acceptor units. Using iI, di-iI, and bis-iI four DAA copolymers and two DA 

copolymers featuring either a thiophene or terthiophene donor unit have been synthesized. The 

objective of this work is to compare the optoelectronic properties of conventional DA copolymers 

with DAA copolymers that feature an additional acceptor in their structural repeat unit. Using the 

four DAA copolymers, the effects of increasing the number and planarity of acceptor units on the 

optoelectronic properties, and device performance, of organic semiconductors are determined. By 

comparing the iI and di-iI-based polymers, the effects of adding a second acceptor monomer to 

the repeat unit of a DA copolymer were studied. Additionally, comparison of the di-iI and bis-iI 

polymers allowed us to explore the effect of planarizing the two acceptor units. It is demonstrated 

that increasing the number of acceptor units in a DA copolymer lowers the energy of the frontier 

molecular orbitals and increases the electron mobility.  
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Chart 5.2 Structures of DAA copolymers using di-iI, and bis-iI, and DA copolymers using iI. 
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5.2 Experimental 

5.2.1 Materials 

Solvents were dried over activated 3Å molecular sieves and stored under argon. All 

reactions were performed under argon, unless otherwise noted. Pd2(dba)3 and P(o-tolyl)3 were 

purchased from Strem Chemicals Inc., and stored in a nitrogen atmosphere glove box when not in 

use. p-Toluenesulfonic acid monohydrate was purchased from Millipore Sigma, and dried under 

high vacuum at 50 °C. All other reagents were used as received.  

 

5.2.2 Characterization 

NMR spectra were obtained using a Bruker Avance 500 or 600 MHz spectrometer. UV/vis 

spectroscopy measurements were performed on polymer thin films on ZnO coated glass substrates 

using a Cary 6000i UV/vis spectrophotometer. AFM measurements were performed using a 

Dimensions Hybrid Nanoscope system (Veeco Metrology Group). Cyclic voltammetry was 

carried out in 0.05 mol L-1 tetrabutylammonium hexafluorophosphate dissolved in dry, degassed 

acetonitrile. The working electrode was glassy carbon, the counter electrode was a Pt wire, and the 

reference electrode was a Ag wire; polymer films were drop cast from chloroform solutions onto 

the working electrode. Voltammograms were referenced to a Fc/Fc+, which was estimated to be 

5.1 V vs. vacuum.15 Mass spectra were acquired on a JEOL AccuToF 4G GCv mass spectrometer 

with an EiFi Field desorption ionization source. Size exclusion chromatography (SEC) was 

performed with 1,3,5-trichlorobenzene (TCB) at an elution rate of 1.0 mL min-1 (injection volume: 

200 µL) through a PL gel MIXED-B column (10µm) (+PL gel guard), at 130 °C. The SEC system 

consisted of an Alliance 2000 separation module equipped with RI detector. The apparent 

molecular weights and dispersities (Đ) (Mw/Mn) were determined with a calibration based on linear 
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polystyrene (PS) standards. The polymers were dissolved in hot TCB (100 °C) and filtered hot 

using Millex – SV (5 µm) filters before the injection.  

DFT Calculations were performed using the Gaussian 09/Gaussview suite of software.40 

All calculations were performed using the B3LYP exchange-correlation functional with the 6-

31G(d,p) basis set. 2-Hexyldecyl, and n-hexyl groups were replaced with methyl groups to 

simplify the calculations. Geometry optimizations were first performed on all structures and 

frequency analyses were performed to ensure that the optimizations had converged to a potential 

energy minimum. Single point energy calculations were performed using a solvent continuum 

model with a dielectric constant equal to that of chloroform. From the single point energy 

calculations, frontier orbital energies and orbital isosurfaces were obtained.  

GIWAXS measurements on thin films were performed at the Hard X-ray Microanalysis 

(HXMA) beamline of the Canadian Light Source (CLS). A photon energy of 12.658 keV was 

selected using a Si monochromator. GIWAXS patterns were collected on a SX165 CCD camera 

(Rayonix), with a sample to detector distance of 159 mm (determined using a silver behenate thin 

film standard), and a lead beam stop was used to block the direct path of the beam. Polymer thin 

films were cast from 8 mg mL-1 solutions in either dichlorobenzene (iI-T, iI-3T) or chlorobenzene 

(di-iI-T, di-iI-3T, bis-iI-T, and bis-iI-3T) onto ZnO coated glass substrates prepared via the same 

method as the ZnO layer used in OPV fabrication. Polymer:fullerene blend films were prepared 

using the same methodology as in OPV fabrication, on ZnO coated glass substrates.   
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5.2.3 OTFT fabrication and testing 

The bottom-contact bottom-gate configuration was used for all OTFT devices. The 

preparation procedure of the substrate and devices are as follows. A heavily n++-doped SiO2/Si 

wafer with ~300 nm-thick SiO2 was patterned with gold source and drain pairs by conventional 

photolithography, and thermal deposition. The substrate was treated with air plasma, followed by 

cleaning with acetone and isopropanol in an ultra-sonication bath. Subsequently, the substrate was 

placed in a solution of dodecyltrichlorosilane (3% in toluene) at room temperature for 20 min, 

washed with toluene, and dried under a nitrogen flow. Then a polymer solution in chloroform (5 

mg mL-1) was spin-coated onto the substrate at 3000 rpm for 60 s to give the polymer film, which 

was further subject to thermal annealing at different temperatures for 20 min in a glove box. All 

the OTFT devices had a channel length (L) of 30 µm and a channel width (W) of 1000 µm, and 

were characterized in the same glove box using an Agilent B2912A Precision Source/Measure 

Unit. 

 

5.2.4 OPV fabrication 

ITO coated glass substrates with (20 W/□ sheet resistance, Xin Yan Technology Ltd.) were 

cleaned by sequential sonication in Extran detergent (10% v/v in Millipore H2O), Millipore H2O, 

acetone, and isopropanol for 20 min each, and stored under fresh isopropanol. Prior to use, 

substrates were blown dry with filtered nitrogen (0.45 µm poly(trifluoroethylene) (PTFE) syringe 

filter) and UV/ozone cleaned for 15 min. ZnO sol-gel precursor solution was prepared by 

dissolving ZnOAc·2H2O (0.108 g) and ethanolamine (30 µL) in methoxyethanol (1.0 mL) 

overnight with vigorous stirring.41,42 The ZnO precursor solution was filtered through a 0.45 µm 

PTFE syringe filter and spin cast onto the cleaned ITO/glass substrates and annealed at 180 °C for 
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15 min; the substrates were placed into a nitrogen atmosphere glove box while still hot. 

Polymer:PC71BM active layer solutions (1:1.5 polymer:PC71BM by weight) were prepared by 

dissolving the polymer and PC71BM in either dichlorobenzene (iI-T, iI-3T) or chlorobenzene (di-

iI-T, di-iI-3T, bis-iI-T, and bis-iI-3T) to a total solid concentration of 20 mg mL-1, and 

diiodooctane (DIO) was added to a concentration of 2.5% v/v. The active layer solution was stirred 

overnight at 60 °C, cooled, and filtered through a 0.45 µm PTFE syringe filter prior to deposition. 

Active layers were spin cast at 1000 rpm for either 60 s (chlorobenzene solutions) or 120 s 

(dichlorobenzene solutions). After active layer deposition, MoOx (5 nm, 0.1 Å s-1) and Ag (70 nm, 

0.1-0.3 Å s-1) were thermally evaporated at a base pressure of 3 ´ 10-6 mbar. 

 

5.2.5 OPV characterization 

 Current voltage measurements were performed inside a nitrogen atmosphere glove box 

using a Keithley 2400 source-measure unit. The cells were illuminated by a 450 W Class AAA 

solar simulator equipped with an AM1.5G filter (Sol3A, Oriel instruments) at a calibrated intensity 

of 100 mW cm–2, as determined by a standard silicon reference cell (91150V, Oriel Instruments). 

The cell area was defined as 0.0708 cm2 by a non-reflective anodized aluminium mask. Incident 

photon to current (IPCE) measurements were performed in air on the best-performing devices 

using a QE-PV-SI system (Oriel Instruments) consisting of a 300 W Xe arc lamp, monochromator, 

chopper, lock-in amplifier, and certified silicon reference cell, operating at a 30 Hz beam-chopping 

frequency. 
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5.2.6 Detailed synthetic procedures for di-iI-T and di-iI-3T 

2-Hexyldecylbromide (1)45 

2-Hexyldecanol (20.0 mL, 69.0 mmol) and CBr4 (23.0 g, 69.4 mmol) were dissolved in dry CH2Cl2 

(100 mL) and degassed with sparging argon for 20 min. The solution was cooled to 0 °C and PPh3 

(18.6 g, 70.9 mmol) was added slowly over 20 min. The solution was warmed to room temperature 

and stirred overnight. The reaction mixture was concentrated under vacuum and poured over 

hexanes (300 mL). The resulting precipitate was removed by suction filtration and the crude 

product was filtered through a silica gel plug. The product was concentrated on high vacuum to 

yield a clear colorless liquid (19.8 g, 95.3%). 1H NMR (500 MHz, CDCl3, ppm) δ: 3.45 (d, J = 4.8 

Hz, 2H), 1.56-1.63 (m, 1H) 1.19-1.43 (m, 24H) 0.88 (t, J = 3.5 H, 6H). 

 

N-(2-hexyldecyl)-6-bromoisatin (2) 

6-Bromoisatin (10.0 g, 44.2 mmol) and dry K2CO3 (7.41 g, 53.6 mmol) were dissolved in dry DMF 

(150 mL) and stirred at room temperature for 0.5 h. KI (1.52 g, 9.16 mmol) and 2-

hexyldecylbromide (1) (16.2 g, 53.1 mmol) were added and the reaction mixture was stirred at 80 

°C for 18 h. The reaction mixture was poured over H2O, acidified with a small amount of dilute 

HCl (aq) (~1-5 mL, 1 mol L-1), and extracted with ethyl acetate. The combined organic layers were 

washed with H2O and brine, dried over Na2SO4, and concentrated to yield the crude product as a 

dark red/orange oil. The crude product was recrystallized from hexanes/isopropanol at -20 °C. The 

resulting orange solid was collected by suction filtration and dried on high vacuum to yield the 

desired product as a bright orange solid (6.83 g, 34.3%). 1H NMR (500 MHz, CDCl3, ppm) δ: 7.46 

(d, J = 8.0 Hz, 1H), 7.27 (d, J = 8.0 Hz, 1H), 7.02 (s, 1H), 3.57 (d, J = 3.57, 2H), 1.80-1.88 (m, 

1H), 1.52-1.61 (m, 1H), 1.20-1.40 (m, 25H), 0.87 (t, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) 
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δ: 182.47, 158.46, 152.46, 133.63, 126.92, 126.47, 116.42, 114.14, 45.06, 36.11, 32.00, 31.91, 

31.57, 30.07, 29.74, 29.66, 29.41, 26.43, 26.39, 22.81, 22.78, 14.25, 14.22. HRMS (m/z) (M•+): 

calc (C24H36BrNO2): 449.19294 found: 449.19246. 

 

N-(2-hexyldecyl)-6-bromo-2-oxindole (3)38 

N-(2-hexyldecyl)-6-bromoisatin (2) (2.51 g, 5.57 mmol) was suspended in hydrazine monohydrate 

(20 mL, 0.41 mol) and stirred at reflux for 18 h. The reaction mixture was poured over H2O and 

extracted with ethyl acetate. The combined organic layers were washed with H2O and brine, dried 

over MgSO4, and concentrated to yield the desired product as a viscous red oil in quantitative yield 

(2.09 g). 1H NMR (500 MHz, CDCl3, ppm) δ: 7.15 (d, J = 7.8 Hz, 1H), 7.09 (d, J = 7.8 Hz, 1H), 

6.92 (s, 1H), 3.55 (d, J = 7.5 Hz, 2H), 3.46 (s, 2H), 1.80-1.88 (m, 1H), 1.20-1.44 (m, 34H), 0.88 

(t, J = 7.2 Hz, 8H). 13C NMR (126 MHz, CDCl3) δ: 175.19, 171.31, 146.62, 125.71, 124.93, 

123.53, 121.43, 112.43, 65.91, 60.54, 44.78, 40.69, 36.03, 35.46, 32.02, 31.94, 31.09, 30.12, 29.79, 

29.67, 29.43, 26.51, 26.47, 14.25. HRMS (m/z) (M•+): calc (C24H38BrNO): 435.21368 found: 

435.21485. 

 

N-(2-hexyldecyl)-6-boroisatin pinacolate ester (4) 

N-(2-hexyldecyl)-6-bromoisatin (2) (1.99 g, 4.44 mmol), bispinacolatodiboron (B2Pin2) (1.35 g, 

5.32 mmol) and potassium acetate (1.34 g, 13.6 mmol) were suspended in 1,4-dioxane (4 mL) and 

degassed for 15 min with sparging argon. [Pd(dppf)Cl2] • CH2Cl2 (0.243 g, 0.271 mmol) was added 

and the reaction mixture was stirred at 80 ºC for 4 h. The reaction mixture was poured over H2O 

and extracted with ethyl acetate. The combined organic layers were washed with H2O and brine, 

dried over MgSO4, and concentrated to yield the crude product as a red oil. The crude product was 
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dissolved in CH2Cl2 and filtered through a short silica plug. The CH2Cl2 was removed under 

reduced pressure and the pure product was dried on high vacuum to yield an orange solid (1.60 g, 

72.8%). 1H NMR (500 MHz, CDCl3, ppm) δ: 7.55 (q, J = 6.7 Hz, 2H), 7.24 (s, 1H), 3.61 (d, J = 

7.4 Hz, 2H), 1.85-1.93 (m, 1H), 1.56-1.60 (m, 1H), 1.18-1.43 (m, 40H), 0.87 (t, J = 6.8Hz, 8H). 

13C NMR (126 MHz, CDCl3) δ: 184.36, 158.54, 150.59, 130.15, 124.20, 119.47, 115.72, 84.76, 

83.60, 44.75, 36.01, 31.99, 31.90, 31.64, 31.62, 30.03, 24.98, 14.20. HRMS (m/z) (M•+): calc 

(C30H48BNO4): 497.36764 found: 497.36780. 

 

N,N´-bis(2-hexyldecyl)-6,6´-disisatin (5) 

N-(2-Hexyldecyl)-6-bromoisatin (2) (775 mg, 1.72 mmol) and N-(2-hexyldecyl)-6-boroisatin 

pinacolate ester (4) (968 mg, 1.95 mmol) were dissolved in acetonitrile (40 mL). K2CO3 (555 mg, 

4.01 mmol) was dissolved in a minimum of H2O and added to the reaction mixture; the suspension 

was degassed with argon for 0.5 h. [Pd(dppf)Cl2] • CH2Cl2 (0.085 g, 0.10 mmol) was added and 

the reaction mixture was heated to reflux for 1 h. The mixture was diluted with ethyl acetate and 

washed with H2O and brine. The organic layers were dried over Na2SO4 and concentrated to yield 

the crude product. The crude product was purified by column chromatography (silica gel, 4:1 ethyl 

acetate:hexanes); the combined fractions were concentrated under reduced pressure and dried on 

high vacuum to yield the desired product as a bright red solid (913 mg, 71.5%). 1H NMR (500 

MHz, CDCl3, ppm) δ: 7.72 (d, J = 7.7 Hz, 2H,), 7.30 (d, J = 7.7 Hz, 2H), 7.00 (s, 2H), 3.66 (d, J 

= 7.4 Hz, 4H), 1.84-1.93 (m, 2H), 1.18-1.42 (m, 57 H), 0.81-0.90, (m, 14 H). 13C NMR (126 MHz, 

CDCl3) δ: 182.93, 158.59, 152.22, 149.65, 126.09, 122.78, 117.68, 109.20, 77.42, 77.16, 76.91, 

44.90, 36.34, 31.96, 31.89, 31.87, 31.63, 30.10, 29.76, 29.66, 29.41, 26.55, 26.51, 22.80, 22.75, 

22.72, 14.21, 14.18. HRMS (m/z) (M•+): calc (C48H72N2O4): 740.54921 found: 740.55050. 
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Dibromodiisoindigo Br2-di-iI 

N-(2-hexyldecyl)-6-bromo-2-oxindole (3) (0.984 g, 2.25 mmol), N,N´-bis(2-hexyldecyl)-6,6´-

diisatin (5) (661 mg, 0.892 mmol) and p-TsOH (62 mg, 0.36 mmol) were dissolved in glacial acetic 

acid (25 mL) and the solution was stirred at 80 ºC for 18 h. The reaction mixture was poured over 

100 mL of ice water and collected by suction filtration. The crude product was purified by 

trituration in acetone three times to yield pure Br2-di-iI as a red-black solid (0.810 g, 57.6%). 1H 

NMR (500 MHz, CDCl3, ppm) δ: 9.26 (d, J = 8.4 Hz, 2H), 9.10 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 

8.4 Hz, 2H), 7.18 (d, J = 8.6 Hz, 2H), 7.00 (s, 2H), 6.92 (s, 2H) 3.73 (d, J = 7.5 Hz, 4H), 3.65 (d, 

J = 7.5 Hz, 4H), 1.86-2.00 (m, 2H), 1.18-1.43 (m, 49H), 0.80-0.89 (m, 12H). 13C NMR (126 MHz, 

CDCl3) δ: 168.65, 168.32, 146.38, 146.20, 144.63, 133.27, 132.33, 131.16, 130.52, 126.63, 125.18, 

121.78, 120.99, 120.70, 111.66, 106.67, 44.89, 36.59, 36.29, 32.01, 31.96, 31.82, 31.70, 30.21, 

30.13, 298.88, 29.81, 29.71, 29.69, 29.46, 29.43, 26.66, 26.56, 26.51, 22.80, 14.23. HRMS (m/z) 

(M•+): calc (C96H144Br2N4O4): 1574.95543 found: 1574.96001. 

 

2-Trimethylstannyl-4-hexylthiophene (14)22 

3-Hexylthiophene (3.20 g, 0.0190 mol) was dissolved in dry THF (50 mL) and cooled to -78 °C. 

n-BuLi (2.5 mol L-1 in hexanes) (8.0 mL, 0.020 mol) was added and the reaction mixture was 

stirred at -78 °C for 0.5 h before being warmed to room temperature and stirred for a further 1 h. 

The mixture was cooled to -78 °C and trimethyltin chloride (1.0 mol L-1 in hexanes) (21 mL 0.021 

mol) was added. The reaction mixture was warmed to room temperature and stirred for 4 h. The 

reaction mixture was poured over H2O and extracted with Et2O. The combined organic layers were 

washed with H2O and brine, dried over Na2SO4, concentrated under reduced pressure and dried on 

high vacuum to yield the desired product as a clear colorless oil (6.02 g, 95.9%). 1H NMR (500 



 208 

MHz, CDCl3, ppm) δ: 7.22 (s, 1H), 7.04 (s, 1H), 2.63-2.71 (m, 2H), 1.62-1.69 (m, 2H), 1.30-1.42 

(m, 8H), 0.92 (t, J = 6.6 Hz, 4H), 0.77, (s, 11H). 

 

Ditheinyldiisoindigo T2-di-iI 

Br2-di-iI (1.21 g, 0.767 mmol) and 2-trimethylstannyl-4-hexylthiophene (14) (0.714 g, 2.16 

mmol) were dissolved in dry THF (20 mL) in a flame dried two-neck flask and degassed for 0.5 h 

with sparging argon. Pd2(dba)3 (11 mg, 0.012 mmol) and P(o-tolyl)3 (15 mg, 0.049 mmol) were 

added and the reaction mixture was stirred at 75 °C for 18 h. The reaction mixture was poured over 

H2O, and extracted with Et2O. The organic phase was washed with H2O, dried over Na2SO4, and 

concentrated to yield the crude product. The crude product was purified by column 

chromatography (silica gel, 2:3 CH2Cl2:hexanes gradient to 3:2 CH2Cl2:hexanes). The collected 

fractions were concentrated under reduced pressure, and dried on high vacuum to yield the desired 

product as a black solid (0.924 g, 68.7%). 1H NMR (500 MHz, CDCl3, ppm) δ: 9.25 (d, J = 8.4 

Hz, 2H), 9.19 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 7.30, (s, 2H), 7.27 (d, J = 8.4 Hz, 2H), 

7.06 (s, 2H), 7.00 (s, 2H), 6.98 (s, 2H), 3.76 (d, J = 7.45 Hz, 4H), 3.72 (d, J = 7.25 Hz, 4H), 2.63 

(t, J = 7.7 Hz, 4H), 1.92-2.04 (m, 4H), 1.66 (quint, J = 7.5 Hz, 2H), 1.18-1.48 (m, 113H), 0.91 (t, 

J = 7.0 Hz, 6H), 0.81-0.88 (m, 24H). 13C NMR (126 MHz, CD2Cl2) δ: 169.02, 146.59, 146.35, 

145.46, 144.26, 144.00, 138.71, 133.14, 132.19, 130.88, 130.58, 126.30, 122.39, 121.58, 121.47, 

120.79, 119.18, 106.86, 105.36, 45.08, 44.93, 37.02, 36.97, 32.47, 32.45, 32.37, 32.30, 32.27, 

31.11, 31.01, 30.69, 30.59, 30.36, 30.28, 30.17, 29.93, 29.89, 29.61, 27.20, 27.17, 27.10, 23.30, 

23.25, 14.44. HRMS (m/z) (M•+): calc (C116H174N4O4S2): 1751.29765 found: 1751.29073. 
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Dibromodithineyldiisoindigo Br2-T2-di-iI 

T2-di-iI (201 mg, 0.114 mmol) was dissolved in chloroform (13 mL) and acetic acid (5 mL). N-

bromosuccinimide (NBS) (45 mg, 0.25 mmol) was added portion-wise and the reaction mixture 

was heated to reflux for 5 h. The solution was cooled to room temperature and concentrated undr 

reduced pressure to yield the crude product. The crude product was dissolved in Et2O, washed with 

5% v/v NaHCO3 (aq) and H2O, dried over Na2SO4, and concentrated on high vacuum to yield the 

desired product as a black solid (187 mg, 85.7%). 1H NMR (500 MHz, CDCl3, ppm) δ: 9.22 (d, J 

= 8.4 Hz, 2H), 9.27 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 8.3 Hz, 2H), 7.09 (s, 

2H), 7.00 (s, 2H), 6.86 (s, 2H), 3.75 (d, J = 7.5 Hz, 4H), 3.71 (d, J = 7.3 Hz, 4H), 2.57 (t, J = 7.7 

Hz, 4H), 1.88-2.02 (m, 4H), 1.62 (quint, J = 7.5 Hz, 4H), 1.19-1.50 (m, 101 H), 0.91 (t, J = 6.9 

HZ, 6H), 0.82-0.88 (m, 22H). 13C NMR (126 MHz, CDCl3) δ: 168.55, 168.50, 145.92, 145.72, 

143.95, 143.61, 143.25, 137.22, 132.48, 130.44, 130.13, 125.03, 121.77, 121.17, 120.51, 118.62, 

109.97, 106.40, 104.58, 44.67, 44.53, 36.49, 36.43, 31.90, 31.86, 31.82, 31.71, 31.64, 30.12, 30.03, 

29.79, 29.72, 29.63, 29.60, 29.35, 29.33, 28.97, 26.69, 26.66, 26.55, 22.68, 22.63, 14.1. HRMS 

(m/z) (M•+): calc (C116H172Br2N4O4S2): 1907.11868 found: 1907.11699. 

 

2,5-Bis(trimethylstannyl)thiophene (11)15 

2,5-Dibromothiophene (2.0 mL, 0.018 mol) was dissolved in dry THF (180 mL) and cooled to -

85 °C. n-BuLi (2.5 mol L-1 in hexanes) (15.0 mL, 0.0375 mol) was added and the reaction mixture 

was stirred at -85 °C for 1 h. Trimethyltin chloride (1 mol L-1 in hexanes) (40 mL, 0.04 mol) was 

added and the reaction mixture was brought to room temperature and stirred for 18 h. The reaction 

mixture was poured over 0.5 mol L-1 NH4Cl (aq) and extracted with Et2O. The combined organic 

layers were washed with H2O and brine, dried over Na2SO4, and concentrated to yield the crude 
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product. The crude product was purified by recrystallization, first in hot EtOH, and again in hot 

isopropanol, to yield the pure product as an off-white solid (2.68 g, 36.8%). 1H NMR (500 MHz, 

CDCl3, ppm) δ: 7.37 (s, 2H), 0.36 (s, 17H). 

 

Poly(diisoindigo-thiophene) di-iI-T 

Br2-di-iI (379 mg, 0.240 mmol) and 2,5-bis(trimethylstannyl)thiophene (11) (98 mg, 0.24 mmol) 

were dissolved in dry toluene (40 mL) in a flame dried schlenk flask and the solution was degassed 

with argon for 0.5 h. Pd2(dba)3 (14 mg, 0.015 mmol) and P(o-tolyl)3 (12 mg, 0.039 mmol) were 

added and the reaction mixture was heated to 95 ºC for 48 hours. The reaction mixture was cooled 

to room temperature, a spatula tip of diethyldithiocarbamic acid diethyl ammonium salt was added, 

and the solution was stirred for 3 h. The mixture was poured over methanol and the resulting black 

solid was collected by suction filtration. The crude product was purified by Soxhlet extraction with 

methanol, acetone, hexanes and chloroform for 24 h each. The chloroform fraction was 

concentrated, poured over methanol, and collected by centrifugation to yield a black-green solid 

(264 mg 73.3%). 1H NMR (500 MHz, CDCl3, ppm) δ: 8.75-9.20 (br), 6.50-7.30 (br), 3.60-4.40 

(br), 1.8-2.2 (br), 0.54-1.80 (br). Mw 55.4 kDa, Mn 17.1 kDa, Đ 3.2. 

 

Poly(diisoindigo-terthiophene) di-iI-3T 

Br2-T2-di-iI (180 mg, 0.0941 mmol) and 2,5-bis(trimethylstannyl)thiophene (11) (38 mg, 0.093 

mmol) were dissolved in toluene (10 mL) in a flame dried two-neck flask and degassed with argon 

for 0.5 h. Pd2(dba)3 (7 mg, 0.007 mmol) and P(o-tolyl)3 (9 mg, 0.03 mmol) were added and the 

reaction mixture was stirred at 100 °C for 44 h. The reaction mixture was cooled to room 

temperature and a small amount of diethyldithiocarbamic acid diethylammonium salt was added. 
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The mixture was stirred for 2 h, poured over MeOH, acidified with a small amount of dilute HCl 

(aq) (~5 mL, 1 mol L-1), and suction filtered. The resulting black solid was purified by Soxhlet 

extraction with methanol, acetone, hexanes and chloroform for 24 h each. The chloroform fraction 

was concentrated and poured over methanol, the resulting black solid was collected by 

centrifugation and dried on high vacuum to yield the desired polymer (115 mg, 66.7%). 1H NMR 

(500 MHz, CDCl3, ppm) δ: 8.74-9.28 (br), 6.81-7.36 (br), 6.49-6.72 (br), 3.59-4.27 (br), 2.42-2.93 

(br), 0.64-2.11 (br).  Mw 51.4 kDa, Mn 21.2 kDa, Đ 2.4. 

 

5.2.7 Detailed synthetic procedures for bis-iI-T and bis-iI-3T 

N,N¢-(naphthalene-1,5-diyl)bis(2-hexyldecanamide) (6)39 

In a flame dried, 100 mL 2-neck round bottom flask, 2-hexyldecanoic acid (5.0 mL, 17 mmol) and 

thionyl chloride (15 mL) were stirred at reflux for 2.5 h. The mixture was cooled and the thionyl 

chloride was removed under high vacuum. In a flame dried, 250 mL schlenk flask, 1,5-

diaminonapthalene (1.33 g, 8.44 mmol) and triethylamine (2.59 mL, 18.6 mmol) were suspended 

in dry CH2Cl2 (90 mL) under argon and cooled to 0 °C. A solution of the isolated 2-hexyldecanoyl 

chloride in dry CH2Cl2 (20 mL) was added dropwise to the cooled reaction mixture under argon. 

The mixture was slowly brought to room temperature and stirred for 18 h. The resulting solid was 

isolated by suction filtration, washed with water and minimal ethanol, and dried under high 

vacuum to obtain the desired product as a white powder (5.09 g, 95.0%). 1H NMR (500 MHz, 

CDCl3, ppm) δ: 7.88 (d, J = 6.85 Hz, 2H), 7.68 (s, 2H), 7.57 (d, J = 8.15 Hz, 2H), 7.38 (t, J = 7.60 

Hz, 2H), 2.35-2.45 (m, 2H), 1.74-1.85 (m, 4H), 1.19-1.50 (m, 48H), 0.82-0.93 (m, 12H). 13C NMR 

(126 MHz, CDCl3) δ: 175.22, 132.96, 128.00, 126.04, 121.41, 118.04, 49.18, 33.57, 32.02, 31.93, 
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29.93, 29.69, 29.59, 29.45, 28.03, 28.00, 22.81, 22.78, 14.24. HRMS (m/z): (M•+) calc 

(C42H70N2O2): 634.54373 found: 634.54256.   

 

N,N¢-bis(2-hexyldecyl)naphthalene-1,5-diamine (7)39 

In a flame dried 250 mL 2-neck round bottom flask, N,N¢-(naphthalene-1,5-diyl)bis(2-

hexyldecanamide) (6) (5.00 g, 7.87 mmol) was suspended in dry THF (80 mL). The mixture was 

cooled to 0 °C and lithium aluminum hydride solution (2 mol L-1 in THF) (16.1 mL, 32.3 mmol) 

was added dropwise to the mixture. The mixture was slowly brought to room temperature, and 

stirred at reflux for 90 h. The mixture was then cooled to 0 °C and 0.33 mol L-1 aqueous NaOH 

(50 mL) was added dropwise to the solution. The crude product was collected by suction filtration 

and washed with water. The solid was dissolved in CH2Cl2, washed with 5% HCl, dried over 

MgSO4, and concentrated under reduced pressure to yield the crude product. The crude product 

was purified by chromatography (silica gel, 3:7 ethyl acetate:hexanes). The combined fractions 

were concentrated under reduced pressure and dried on high vacuum to yield the desired product 

as a pale red oil (3.44 g, 5.65 mmol, 72%). 1H NMR (500 MHz, CDCl3, ppm) δ: 7.30 (t, J = 8.0 

Hz, 2H), 7.12 (d, J = 8.4 Hz, 2H), 6.59 (d, J = 7.6 Hz, 2H), 4.39 (br, 2H), 3.16 (d, J = 6.1 Hz, 4H), 

1.77 (sep, J = 6.0 Hz, 2H), 1.39-1.46 (m, 8H), 1.34-1.39 (m, 8H), 1.21-1.33 (m, 32H), 0.85-0.90 

(m, 12H). 13C NMR (126 MHz, CDCl3) δ:144.56, 125.58, 124.09, 108.37, 104.20, 47.90, 37.75, 

32.62, 32.05, 32.02, 30.22, 29.89, 29.75, 29.48, 26.95, 26.93, 22.83, 14.25. HRMS (m/z): (M•+) 

calc (C42H74N2): 606.58520 found: 606.58473. 

 

 

 



 213 

N,N¢-bis(2-hexyldecyl)bisisatin (8) 

In a 2-neck round bottom flask, N,N¢-bis(2-hexyldecyl)naphthalene-1,5-diamine (7) (1.93 g, 3.17 

mmol) was suspended in glacial acetic acid (10 mL), degassed with argon, then heated to reflux. 

To the reaction mixture, a solution of diethylketomalonate (2.18 mL, 14.3 mmol) in acetic acid (7 

mL) was added dropwise under argon. The mixture was stirred at reflux for 18 h. The solvent was 

then removed via rotary evaporation, the mixture was dissolved in ethyl acetate and filtered 

through a silica plug. The filtrate was collected in a round bottom flask and the solvent was 

removed under reduced pressure. 1,4-Dioxane (80 mL) was added to the mixture, and it was stirred 

vigorously in air. To the solution, 1.5 M tetraethylammonium hydroxide solution in methanol (10.6 

mL, 15.9 mmol) was added rapidly and the mixture was quickly placed in an 80 °C oil bath. The 

reaction was monitored by TLC (3:7 ethyl acetate:hexanes) to observe the complete consumption 

of the isolated intermediate (~1 minute), after which time the reaction was quickly quenched with 

cold HCl (10% v/v, 100 mL). The product is not stable in basic conditions, and must not be exposed 

to base longer than necessary. The mixture was then separated with brine and ethyl acetate and the 

combined organic layers were concentrated under reduced pressure. Water was added to the 

concentrated organic layer, and the mixture was stirred for 18 h in air to allow completion of the 

oxidation. The mixture was then separated with brine and ethyl acetate; the combined organic 

layers were dried over MgSO4 and concentrated under reduced pressure. The crude product was 

purified by chromatography (silica gel, 3:7 ethyl acetate:hexanes). The collected fractions were 

concentrated under reduced pressure and dried on high vacuum to yield the desired product as a 

dark blue solid (1.02 g, 45.0%). 1H NMR (500 MHz, CDCl3, ppm) δ: 7.99 (d, J = 8.66 Hz, 2H), 

7.66 (d, J = 8.66 Hz, 2H), 4.16 (d, J = 7.40 Hz, 4H), 1.87-1.94 (m, 2H), 1.31-142 (m, 8H), 1.16-

1.31 (m, 40H), 0.80-0.92 (m, 12H). 13C NMR (126 MHz, CDCl3) δ: 182.89, 159.41, 152.50, 
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127.55, 120.22, 120.10, 116.45, 47.70, 37.68, 31.98, 31.84, 31.17, 30.09, 29.85, 29.75, 29.61, 

29.39, 26.31, 26.26, 22.80, 22.74, 14.26, 14.21. HRMS (m/z): (M•+) calc (C46H70N2O4): 714.53356 

found: 714.53246. 

 

Dibromobisisoindigo (Br2-bis-iI) 

In a two-neck round bottom flask, N-(2-hexyldecyl)-6-bromo-2-oxindole (3) (1.37 g, 3.14 mmol) 

was dissolved in glacial acetic acid (35 mL) and degassed with argon. N,N´-bis(2-

hexyldecyl)bisisatin (8) (1.02 g, 1.43 mmol) and p-toluenesulfonic acid monohydrate (0.0679 g, 

0.357 mmol) were added to the mixture and heated to 80 ᵒC for 18 h. The mixture was cooled and 

poured into water (100 mL). The resulting solid was collected by suction filtration, washed with 

water and acetone, and dried on high vacuum to yield the desired product as a brown waxy solid 

(0.91 g, 41%). 1H NMR (500 MHz, CDCl3, ppm) δ: 8.94-9.01 (m, 4H) 7.84 (d, J = 9.3 Hz, 2H), 

7.17 (d, J = 8.5 Hz, 2H), 6.91 (s, 2H), 4.23 (d, J = 7.20 Hz, 4H), 3.65 (d, J = 7.40 Hz, 4H), 1.99-

2.09 (m, 2H), 1.86-1.96 (m, 2H), 1.08-1.45 (m, 96H), 0.77-0.93 (m, 24H). 13C NMR (126 MHz, 

CDCl3) δ: 170.03, 168.06, 146.47, 143.53, 132.73, 132.70, 130.50, 127.03, 125.23, 124.51, 123.51, 

120.97, 120.24, 117.41, 111.80, 47.47, 44.93, 37.50, 36.29, 32.02, 31.95, 31.90, 31.70, 31.19, 

30.22, 30.14, 29.86, 29.80, 29.70, 29.65, 29.43, 26.59, 26.53, 26.24, 22.81, 22.78, 22.74, 14.23. 

HRMS (m/z): (M•+) calc (C94H142Br2N4O4): 1548.93978 found: 1548.94600.  

 

Dithienylbisisoindigo T2-bis-iI 

Br2-bis-iI (221 mg, 0.143 mmol) and 2-trimethylstannyl-4-hexylthiophene (14) (141 mg, 0.426 

mmol) were dissolved in dry THF (5 mL) in a flame dried two-neck flask and degassed with argon 

for 30 min. Pd2(dba)3 (4.7 mg, 0.0051 mmol) and P(o-tolyl)3 (4.5 mg, 0.015 mmol) were added 
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and the reaction mixture was heated to 75 °C for 18 h. The reaction mixture was poured over H2O 

and extracted with Et2O. The combined organic layers were washed with H2O, dried over Na2SO4 

and concentrated to yield the crude product as a black solid. The crude product was purified by 

column chromatography (silica gel, 1:1 CH2Cl2:hexanes); the combined fractions were 

concentrated under reduced pressure, and the solid was dried high vacuum to yield the desired 

product as a black solid (225 mg, 90.5%). 1H NMR (500 MHz, CD2Cl2, ppm) δ: 9.06 ( d, J = 6.4 

Hz, 2H), 8.96 (d, J = 9.3 Hz, 2H), 7.80 (d, J = 9.1 Hz, 2H), 7.29 (s, 2H), 7.26 (d, J = 8.4 Hz, 2H), 

6.99 (s, 2H), 6.93 (s, 2H), 4.25 (d, J = 6.8 Hz, 4H), 3.66 (d, J = 7.3 Hz, 4H), 2.64 (t, J = 7.7 Hz, 

4H), 2.01-2.11 (m, 2H), 1.87-1.97 (m, 2H), 1.67 (quint, J = 7.5 Hz, 2H), 1.32-1.45 (m, 43H), 1.16-

1.31 (m, 75 H), 0.91 (q, J = 4.6 Hz, 6H), 0.82-0.87 (m, 25H). 13C NMR (126 MHz, CD2Cl2) δ: 

170.43, 168.70, 146.71, 145.50, 144.03, 143.40, 139.03, 133.48, 131.48, 130.43, 126.39, 124.90, 

123.48, 121.76, 120.62, 119.13, 117.41, 105.36, 47.73, 44.94, 37.97, 36.97, 32.48, 32.44, 32.38, 

31.65, 31.13, 31.03, 30.68, 30.59, 30.32, 30.26, 30.18, 30.11, 29.90, 29.63, 27.24, 27.19, 26.68, 

23.26, 23.23, 23.20, 14.46, 14.44. HRMS (m/z) (M•+): calc (C114H172N4O4S2): 1725.28200 found: 

1725.28903. 

 

Dibromodithienylbisisoindigo Br2-T2-bis-iI 

T2-bis-iI (190 mg, 0.110 mmol) was dissolved in dry THF (5 mL), cooled to -80 °C, and 

dibromantin (37.8 mg, 0.132 mmol) was added. The reaction mixture was stirred at -80 °C for 0.5 

h before being brought to room temperature and stirred for a further 2 h. The mixture was diluted 

with Et2O and washed with H2O (50 mL). The organic layer was dried over MgSO4 and 

concentrated to yield the crude product. To remove excess grease, the crude product was dissolved 

in hexanes and loaded onto a short silica plug. The column was washed with hexanes and the 
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product was removed from the silica with CH2Cl2. The CH2Cl2 was removed under reduced 

pressure and the pure product was dried on high vacuum to yield a black solid (193 mg, 93.1%). 

1H NMR (500 MHz, CDCl3, ppm) δ: 9.05 (d, J = 8.4 Hz, 2H), 8.94 (d, J =  9.4 Hz, 2H), 7.80 (d, J 

= 9.5 Hz, 2H), 7.16 (d, J = 8.5 Hz, 2H) 7.09 (s, 2H), 6.81 (s, 2H), 4.24 (d, J = 7.3 Hz, 4H), 3.67 

(d, J = 7.3 Hz, 4H) 2.58 (t, J = 7.8 Hz, 4H), 2.0-2.09 (m, 2H), 1.86-1.94 (m, 2H), 1.63 (quint, J = 

7.5 Hz, 2H), 0.91 (t, J = 7.0 Hz, 7H), 1.31-1.45 (m, 42H), 1.17-1.31 (m, 74H), 0.78-0.89 (m, 26H). 

13C NMR (126 MHz, CDCl3) δ: 170.04, 168.40, 146.15, 143.79, 143.36, 143.14, 137.66, 132.90, 

131.51, 129.99, 125.22, 124.40, 123.25, 121.60, 120.25, 118.73, 117.23, 110.31, 104.73, 47.41, 

44.67, 37.51, 36.53, 32.02, 31.91, 31.76, 31.18, 30.24, 30.14, 29.85, 29.81, 29.75, 29.67, 29.45, 

29.43, 29.10, 26.84, 26.79, 26.24, 22.80, 22.75, 14.22. HRMS (m/z) (M•+): calc 

(C114H170Br2N4O4S2): 1881.10303 found: 1881.09955. 

 

Poly(bisisoindigo-thiophene) Bis-iI-T39 

Br2-bis-iI (201 mg, 0.130 mmol) and 2,5-bis(trimethylstannyl)thiophene (11) (54 mg, 0.13 mmol) 

were dissolved in dry toluene (15 mL) in a flame dried two-neck flask and degassed for 0.5 h with 

sparging argon. Pd2(dba)3 (15 mg, 0.016 mmol) and P(o-tolyl)3 (6 mg, 0.02 mmol) were added and 

the reaction mixture was stirred at 100 °C for 24 h. The reaction mixture was cooled to room 

temperature, a spatula tip of diethyldithiocarbamic acid diethylammonium salt was added, and the 

mixture was stirred for 0.5 h. The mixture was poured over methanol (acidified with ~5 mL 1 mol 

L-1 HCl (aq)) and the crude product was collected by suction filtration. The crude product was 

purified by Soxhlet extraction using methanol, acetone, hexanes and chloroform for 24 h each. The 

chloroform fraction was concentrated under reduced pressure and poured over methanol. The 

resulting precipitate was collected by centrifugation and dried on high vacuum to yield the desired 



 217 

polymer as a black solid (102 mg, 53.2%). 1H NMR (600 MHz, CDCl3, ppm) δ: 8.80-9.20 (br), 

7.54-7.83 (br), 6.89-7.16 (br), 6.54-6.86 (br), 3.15-4.71 (br), 1.79-2.17 (br), 0.62-1.76 (br). Mw 

51.9 kDa, Mn 19.9 kDa, Đ 2.6.  

 

Poly(bisisoindigo-terthiophene) Bis-iI-3T 

Br2-T2-bis-iI (120 mg, 0.0638 mmol) and 2,5-bis(trimethylstannyl)thiophene (11) (26 mg, 0.064 

mmol) were dissolved in dry toluene (10 mL) in a flame dried two-neck flask and degassed for 0.5 

h with sparging argon. Pd2(dba)3 (6.0 mg, 0.0066 mmol) and P(o-tolyl)3 (6.6 mg, 0.022 mmol) 

were added and the reaction mixture was stirred at 100 °C for 18 h. The reaction mixture was 

cooled to room temperature, a spatula tip of diethyldithiocarbamic acid diethylammonium salt was 

added, and the mixture was stirred for 0.5 h. The mixture was poured over methanol and the crude 

product was collected by suction filtration. The crude product was purified by Soxhlet extraction 

using methanol, acetone, hexanes and chloroform for 24 h each. The chloroform fraction was 

concentrated under reduced pressure and poured over methanol. The resulting precipitate was 

collected by suction filtration and dried on high vacuum to yield the desired polymer as a black 

solid (84 mg, 73%). 1H NMR (500 MHz, CDCl3, ppm) δ: 8.42-9.17 (br), 6.87-7.78 (br), 6.38-6.77 

(br), 3.83-4.72 (br), 2.45-3.18 (br), 0.61-2.15 (br). Mw 69.2 kDa, Mn 25.1 kDa, Đ 2.8. 

 

5.2.8 Detailed synthetic procedures for iI-T and iI-3T 

6-Bromo-2-oxindole (9)43,44 

6-Bromoisatin (2.50 g, 11.0 mmol) was dissolved in methanol (20 mL). Hydrazine monohydrate 

(1.5 mL, 31 mmol) was added and the reaction mixture was stirred at reflux for 1 h. The reaction 

mixture was cooled to 0 °C and suction filtered, to yield a bright yellow solid. The yellow solid 
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was added to a solution of EtONa in EtOH (sodium metal (0.97 g, 42 mmol) dissolved in absolute 

ethanol (25 mL)). The reaction mixture was stirred at reflux in air for 0.5 h. The reaction mixture 

was poured over ice and acidified to pH 1 with dilute HCl (aq). The resulting solid was collected 

by suction filtration and dried under high vacuum to yield 6-bromo-2-oxindole as a beige solid 

(1.84 g, 78.4%). 1H NMR (500 MHz, D6-DMSO, ppm) δ: 10.48 (s, 1H), 7.15 (d, J = 7.9 Hz, 1H), 

7.10 (d, 7.9 Hz, 1H), 6.94 (s, 1H), 3.44 (s, 2H). 

 

6,6¢-Dibromoisoindigo (10)18 

6-Bromoisatin (1.23 g, 5.44 mmol) and 6-bromo-2-oxindole (9) (1.16 g, 5.47 mmol) were 

suspended in glacial acetic acid (35 mL); concentrated HCl (0.25 mL) was added, and the reaction 

mixture was stirred at reflux for 18 h. The reaction mixture was cooled to room temperature and 

suction filtered. The solid was washed with H2O, EtOH, and ethyl acetate, and dried on high 

vacuum to yield a black/red solid (1.98 g, 86.7%) 1H NMR (500 MHz, D6-DMSO, ppm) δ: 11.11, 

(s, 2H), 8.99 (d, J = 8.6 Hz, 2H), 7.19 (d, J = 8.6 Hz, 2H), 7.00 (s, 2H). 

 

N,N¢-(2-hexyldecyl),6,6¢-dibromoisoindigo (Br2-iI)25 

6,6¢-Dibromoisoindigo (10) (2.10 g, 5.00 mmol) and K2CO3 (6.91 g, 52.2 mmol) were suspended 

in dry DMF (100 mL). 2-Hexyldecylbromide (1) (3.34 g, 10.9 mmol) was added and the reaction 

mixture was stirred at 100 °C for 20 h. The reaction mixture was poured over ice and extracted 

with Et2O. The combined organic layers were washed with H2O and brine, dried over Na2SO4 and 

concentrated under reduced pressure to yield the crude product. The crude product was purified 

by column chromatography (silica gel, 3:5 CH2Cl2:hexanes); the combined fractions were 

concentrated under reduced pressure, and the solid was dried on high vacuum to yield the desired 
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product as a red solid (1.37 g, 31.3%). 1H NMR (500 MHz, CDCl3, ppm) δ: 9.06 (d, J = 8.6 Hz, 

2H), 7.16 (d, J = 8.7 Hz, 2H), 6.90 (s, 1H), 3.62 (d, J = 7.5 Hz, 4H), 1.84-1.92 (m, 2H), 1.17-1.42 

(m, 46 H), 0.85 (t, J = 3.6 Hz, 12H). 

 

3,3´´-Dihexyl-2,2´:5´,2´´-terthiophene (12)46 

To a suspension of Mg turnings (380 mg, 15.6 mmol) and a small amount of I2 in dry THF, 2-

bromo-3-hexylthiophene (2.20 mL, 11.3 mmol) was added slowly. The exothermic reaction was 

stirred at reflux for 1 h. The reaction mixture was cooled to room temperature and added slowly 

to a solution of Ni(dppp)Cl2 (0.128 g, 0.236 mmol) and 2,5-dibromothiophene (0.50 mL, 4.5 

mmol) in THF. The reaction mixture was heated to reflux for 18 h. The reaction mixture was 

poured over ice, and extracted with ethyl acetate. The combined organic layers were washed with 

H2O and brine, dried over Na2SO4, and concentrated under reduced pressure to yield the crude 

product. The crude product was purified by column chromatography (silica gel, hexanes). The 

combined fractions were concentrated under reduced pressure, and the product was dried on high 

vacuum to yield a yellow oil (739 mg, 40%). 1H NMR (500 MHz, CDCl3, ppm) δ: 7.18 (d, J = 5.2 

Hz, 2H), 7.05 (s, 2H), 6.94 (d, J = 5.3 Hz, 2H) 2.78 (t, J = 7.9 Hz, 4H), 1.60-1.69 (m, 4.5H), 1.25-

1.42 (m, 14 H), 0.86-0.90 (m, 7H). 

 

2,5-Bis(trimethylstannyl)-3,3´´-dihexyl-2,2´:5´,2´´-terthiophene (13)15 

3,3´´-Dihexyl-2,2´:5´,2´´-terthiophene (12) (687 mg, 1.65 mmol) was dissolved in dry Et2O (16 

mL) and cooled to 0 °C. n-BuLi (2.5 mol L-1 in hexanes) (0.70 mL, 1.8 mmol) was added and the 

reaction mixture was warmed to room temperature for 1 h. After 1 h the reaction mixture was 

cooled to 0 °C and n-BuLi (2.5 mol L-1 in hexanes) (0.75 mL, 1.9 mmol) was added. The mixture 
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was stirred at 0 °C for 0.5 h and room temperature for 0.5 h. The mixture was cooled to 0 °C and 

trimethyltin chloride (1 mol L-1 in hexanes) (4.0 mL, 4.0 mmol) was added. The mixture was 

warmed to room temperature and stirred for 18 h. The reaction mixture was poured over H2O and 

extracted with Et2O. The combined organic layers were washed with brine, dried over Na2SO4, 

and concentrated under reduced pressure. The product was dissolved in ethyl acetate, and washed 

with 1 mol L-1 NaOH (aq) and brine to remove excess trimethyltin chloride. The resulting organic 

layer was dried over Na2SO4, concentrated under reduced pressure, and dried on high vacuum to 

yield a pale orange oil (1.21 g, 92%). 1H NMR (500 MHz, CDCl3, ppm) δ: 7.04 (s, 2H), 7.00 (s, 

2H), 2.79 (t, J = 7.98 Hz, 4H), 1.66 (quint, J = 7.72 Hz, 5H), 1.35-1.44 (m, 5H), 1.25-1.35 (m, 

11H), 0.86-0.92 (m, 7H), 0.38 (s, 19H). 

 

Poly(isoindigo-thiophene) iI-T15 

Br2-iI (435 mg, 0.501 mmol) and 2,5-bis(trimethylstannyl)thiophene (11) (205 mg, 0.501 mmol) 

were dissolved in dry toluene (100 mL) in a flame dried schlenk flask and the solution was 

degassed with argon for 0.5 h. Pd2(dba)3 (16 mg, 0.018 mmol) and P(o-tolyl)3 (10 mg, 0.033 mmol) 

were added and the reaction mixture was heated to 95 °C for 18 h. The reaction mixture was poured 

over methanol and acidified with HCl (aq) (~5 mL, 1 mol L-1). The crude product was collected 

by suction filtration and purified by Soxhlet extraction in methanol, acetone, hexanes, and 

chloroform for 24 h each. The chloroform fraction was concentrated and poured over methanol; 

the resulting black solid was collected by suction filtration, and dried on high vacuum to yield the 

pure product (334 mg, 84.4%). 1H NMR (500 MHz, CDCl3, ppm) δ: 8.81-9.27 (br), 6.87-7.50 (br), 

6.38-6.85 (br), 3.20-4.22 (br), 0.52-2.18 (br). Mw 93.2 kDa, Mn 36.7 kDa, Đ 2.5.  
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Poly(isoindigo-terthiophene) iI-3T15 

Br2-iI (255 mg, 0.294 mmol) and 3,3´´-dihexyl-2,2´:5´,2´´-terthiophene (13) (242 mg, 0.327 

mmol) were placed in a flame dried 3-neck round bottom flask. The flask was evacuated, and filled 

with argon three times; toluene (15 mL) was added and the solution was degassed with argon for 

0.5 h. Pd2(dba)3 (10.4 mg, 0.0114 mmol) and P(o-tolyl)3 (7.8 mg, 0.026 mmol) were added and 

the reaction mixture was heated to 95 °C for 44 h. The reaction mixture was cooled to room 

temperature and a small amount of diethyldithiocarbamic acid diethylammonium salt was added. 

The mixture was stirred for 2 h, poured over methanol, and acidified with a small amount of dilute 

HCl (aq) (~5 mL, 1 mol L-1). The crude product was collected by suction filtration and purified by 

Soxhlet extraction in methanol, acetone, hexanes and chloroform for 24 hours each. The 

chloroform fraction was concentrated and poured over methanol; the resulting black solid was 

collected by suction filtration and dried on high vacuum to yield the desired polymer (299 mg, 

87.2%). 1H NMR (500 MHz, CDCl3, ppm) δ: 8.92-9.22 (br), 6.91-7.34 (br), 6.49-6.71 (br), 3.31-

3.78 (br), 2.67-2.99 (br), 1.63-1.96 (br), 1.03-1.63 (br), 0.72-1.03 (br). Mw 79.5 kDa, Mn 26.6 kDa, 

Đ 3.0. 
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5.3 Results and discussion  

5.3.1 Synthesis of DAA polymers 

 The synthesis of both bis-iI and di-iI involves first synthesizing a dimer of isatin, followed 

by two concurrent crossed aldol condensations with 6-bromo-2-oxindole to form the desired 

dihalogenated isoindigo dimer; the synthesis of the dibrominated monomer Br2-di-iI is shown in 

Scheme 5.1. First, the 6-bromoisatin is alkylated (2), and then a Miayura coupling is used to 

generate the boronic ester-functionalized isatin (4). The 6-isatinboronate ester and an equivalent 

of the 6-bromoisatin are combined in a Suzuki coupling to form the 6,6¢-diisatin (5) dimer in 

moderate yield. Finally, the dihalogenated Br2-di-iI dimer (Scheme 5.1) is synthesized by a double 

cross aldol reaction.  

In the previous report of bis-iI, the central ring-fused isatin dimer was first synthesized by 

the Martinet isatin synthesis and subsequently alkylated using 2-ethylhexyl iodide, to produce a 

soluble product.38 However, in this work, longer 2-hexyldecyl alkyl groups were required to 

solubilize the DAA polymers. It was found that the size of these bulkier alkyl chains prevented the 

alkylation of the lactam nitrogens; therefore, a new synthetic method to produce the dibrominated 

monomer Br2-bis-iI (Scheme 5.2) was employed. In this synthesis, 1,5-diaminonaphthalene is first 

alkylated before being subjected to the Martinet isatin synthesis and subsequent aldol 

condensations, producing Br2-bis-iI.39 
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Scheme 5.1 Synthesis of dibromodiisoindigo (Br2-di-iI). 
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Scheme 5.2 Synthesis of dibromobisisoindigo (Br2-bis-iI). 
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extended isoindigo (Br2-di-iI or Br2-bis-iI) was coupled to two equivalents of 2-trimethylstannyl-

4-hexylthiophene (T2-di-iI or T2-bis-iI); the product was dibrominated (T2-Br2-di-iI or T2-Br2-

bis-iI), and a Stille polycondensation with 2,5-bis(trimethylstannyl)thiophene was used to produce 

polymers di-iI-3T and bis-iI-3T (Scheme 5.3 and 5.4). All six polymers had weight average 

molecular weights (Mw) between 51 and 93 kDa, and number average molecular weights (Mn) 

between 17 kDa and 37 kDa (Table 5.1) as determined by size exclusion chromatography. The Mn 

values of the DAA polymers are all lower than their DA counterparts, possibly due to lower 

solubility. The molecular weights of iI-T and iI-3T are lower than those reported by Stalder et 

al.17 The dispersity (Đ) of all of the polymers synthesized is between 2.4 and 3.2; Đ ≥ 2 is expected 

for step growth polymerizations. 
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Scheme 5.3 Synthesis of iI-T and iI-3T. 
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Scheme 5.4 Synthesis of di-iI-T and bis-iI-T. 
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Scheme 5.6 Synthesis of bis-iI-3T. 

 

Table 5.1 Molecular weight, dispersity, and optoelectronic properties of iI, di-iI and bis-iI 
polymers. 
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5.3.2 UV/vis spectroscopy, DFT calculations, and voltammetry 

 Increasing the number of acceptors in the polymer repeat unit was expected to lower the 

LUMO energy of the resulting semiconductors; this lower LUMO energy should result in a lower 

Eg,opt for di-iI and bis-iI-based polymers than for their iI counterparts. However, the UV/vis 

spectra of thin films of the polymers (Figure 5.1) show that the iI and di-iI polymers have similar 

Eg,opt, while only the bis-iI polymers exhibit the expected red shift in absorbance (Table 5.1). 

 

 

Figure 5.1 Thin film UV/vis spectra of (a) iI-T, di-iI-T, and bis-iI-T and (b) iI-3T, di-iI-3T, and 
bis-iI-3T. 
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relative to iI-T. While the red shift is slightly more pronounced between iI-3T and di-iI-3T, the 

Eg,opt of di-iI-3T is still much larger than that of the more coplanar bis-iI-3T. 

 

 

Figure 5.2 DFT optimized geometries of di-iI and bis-iI. 

 

DFT calculations were performed on di-iI and bis-iI to determine optimized geometries, 

frontier MO isosurfaces, and orbital energies. The optimized geometry of di-iI exhibits the 

expected large dihedral angle (34°) between the isoindigo groups (Figure 5.2). This supports the 

theory that backbone twisting was responsible for the relatively small change in Eg,opt of the di-iI 

polymers compared to the iI analogues; the enforced planarity in bis-iI results in a flatter structure 

(Figure 5.2). Additionally, optimized geometries, frontier MO isosurfaces, and orbital energies of 

oligomers of iI, di-iI and bis-iI with thiophene and terthiophene were calculated to approximate 

the results expected in the longer repeating polymers. In all three thiophene copolymers the frontier 

molecular orbitals are delocalized across the entire repeat unit (Figure 5.3-5.5); however, the 

effects of increasing acceptor length can be seen more clearly in the frontier orbitals of 

terthiophene copolymers (Figure 5.6-5.8). In the LUMO of iI-3T, there is still significant electron 

density on the central terthiophene; in the LUMOs of di-iI-3T and bis-iI-3T, there is almost no 
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electron density remaining on the terthiophene unit, as the increased acceptor strength of the di-iI 

and bis-iI units results in less orbital mixing.  

 

 

Figure 5.3 HOMO and LUMO isosurfaces and calculated orbital energies of iI-T. 
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Figure 5.4 HOMO and LUMO isosurfaces and calculated orbital energies of di-iI-T. 

 

 

Figure 5.5 HOMO and LUMO isosurfaces and calculated orbital energies of bis-iI-T. 
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Figure 5.6 HOMO and LUMO isosurfaces and calculated orbital energies of iI-3T. 

 

 

Figure 5.7 HOMO and LUMO isosurfaces and calculated orbital energies of di-iI-3T. 
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Figure 5.8 HOMO and LUMO isosurfaces and calculated orbital energies of bis-iI-3T. 
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while in iI-3T it is much broader and irreversible. The DAA polymers have more complex 

reduction behavior; di-iI-T exhibits one quasi-reversible reduction, followed by two irreversible 

reductions at lower potentials, while di-iI-3T can be quasi-reversibly reduced twice. Both bis-iI 
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polymers show two peaks at negative potentials; however, only in bis-iI-3T were both reductions 

quasi-reversible. 

 

 

Figure 5.9 Cyclic voltammograms of iI-T, di-iI-T, and bis-iI-T at (a) negative potentials, and 
(b) positive potentials. 
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Figure 5.10 Cyclic voltammograms of iI-3T, di-iI-3T, and bis-iI-3T copolymers at (a) negative 
potentials, and (b) positive potentials. 
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coplanar bis-iI is the strongest acceptor unit of the three; this lowers the LUMO energy of bis-iI-

T and bis-iI-3T below that of either the iI or di-iI polymers. These low LUMO levels contribute 

to the low Eg,opt of the bis-iI polymers, which is important in creating OPVs that efficiently harvest 

near-infrared light.  

 

 

Figure 5.11 HOMO and LUMO energies of polymers vs. vacuum as estimated from the onset of 
oxidation and reduction in cyclic voltammetry; Fc/Fc+ was estimated at -5.1 eV vs. vacuum. 

 

The difference between the Eg,elec and the Eg,opt is an estimate of the exciton binding energy 

(Ebind); this is the energy required to split an exciton into free charge carriers.47 Polymers with a 

high Ebind require a larger LUMO-LUMO offset between p-type and n-type semiconductors to 

facilitate efficient exciton splitting. The Ebind of the DA polymers iI-T and iI-3T is approximately 

the same (0.4 eV); conversely, the DAA polymers di-iI-3T (0.3 eV) and bis-iI-3T (0.4 eV) have 

lower Ebind than di-iI-T (0.5 eV) and bis-iI-T (0.6 eV). The difference between the Ebind in the 

thiophene and terthiophene DAA copolymers may be due to their greater degree of orbital 

localization compared to the DA copolymers. Of note, bis-iI-T has an Ebind of 0.6 eV; the low 

LUMO energy and large Ebind of this polymer suggest that a n-type semiconductor with a very low 

LUMO energy would be required for efficient exciton dissociation. 
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5.3.3 OTFT performance and charge carrier mobilities 

To test the effect of the additional acceptor units on the charge carrier mobilities of the 

DAA semiconductors, the polymers were used as the active material in bottom-gate bottom-

contact OTFTs; Figure 5.12 compares the average charge carrier mobilities of the six polymers. 

With the exception of iI-3T (which is already known to be a p-type semiconductor),15 the polymers 

demonstrated ambipolar charge transport behavior (Table 5.1). In all cases the DAA polymers 

exhibited improved electron mobilities over the DA analogues. This result demonstrates that the 

µe of a DA polymer can be systematically tuned by inserting additional acceptor units into the 

polymer repeat unit. In addition to improved electron transport, both di-iI-T and bis-iI-T also 

exhibited better hole mobility than iI-T; this improvement may be due to changes in the polymer 

packing induced by the presence of the extended isoindigo units. Of all six polymers, iI-3T showed 

the highest hole mobility (4.1 ± 0.4 ´ 10-3 cm2 V-1 s-1); this is unsurprising given that it also has 

the highest HOMO level of all six polymers. The charge carrier mobility of bis-iI-T is similar to 

that reported by Jiang et al.; the small difference is likely due to changes in interchain packing 

resulting from the different alkyl substituent used. The polymer with the highest electron mobility 

(2.3 ± 0.3 ´ 10-3 cm2 V-1 s-1) was di-iI-3T; the output and transfer curves of OTFTs fabricated 

using all six polymers are shown in Figures 5.13-5.18.  
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Figure 5.12 Average charge carrier mobilities of the polymers as measured using bottom-gate 
bottom-contact OTFTs. Error bars = ± 1σ. 
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Figure 5.14 (a) Output and (b) transfer curves of bottom-gate bottom-contact OTFTs using iI-T, 
annealed at 100 °C. 

 

 

Figure 5.15 (a) Output and (b) transfer curves of bottom-gate bottom-contact OTFTs using iI-
3T, annealed at 50 °C. 
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Figure 5.16 (a) Output and (b) transfer curves of bottom-gate bottom-contact OTFTs using di-iI-
T, annealed at 50 °C. 

 

 

Figure 5.17 (a) Output and (b) transfer curves of bottom-gate bottom-contact OTFTs using bis-
iI-T, annealed at 50 °C. 

 

 

Figure 5.18 (a) Output and (b) transfer curves of bottom-gate bottom-contact OTFTs using bis-
iI-3T, annealed at 50 °C. 
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5.3.4 OPV performance of DA and DAA copolymers 

The solar cell performance of the polymers was evaluated by incorporating them into OPVs 

as the p-type semiconductor in a BHJ active layer with PC71BM. The results are summarized in 

Table 5.2, and J-V curves of the best devices for each polymer are shown in Figure 5.19. Both iI-

T and iI-3T have been used in OPVs before and are well studied. The performance of the iI-

T:PC71BM OPVs is consistent with published results; however, the average PCE of the iI-

3T:PC71BM based devices reported here (4.2 ± 0.3%) is slightly lower than that reported by others 

(6.5 ± 0.2%).17 This is likely due to the relatively low molecular weight of the iI-3T used in this 

work (Mn 27 kDa); previous studies by Ma et al. found an improvement from 6.3%-6.9% in 

maximum PCE of iI-3T-based OPVs when Mn improved from 43 kDa to 100 kDa.13 The molecular 

weight dependence of the PCE may be amplified for the lower molecular weight polymers. 

Di-iI and bis-iI-based polymers have not been previously used in OPVs; in this work, they 

have been used as the p-type semiconductor in OPV active layers with PC71BM, and compared the 

results to those of iI polymers. The VOC and FF are similar for all polymers that have the same 

donor unit. In all cases the VOC decreases when the donor unit changes from thiophene to 

terthiophene, due to the increased HOMO energy; this decrease in VOC is offset by an increase in 

the FF and JSC. The largest difference in performance between the iI-based DA polymers and the 

di-iI and bis-iI DAA polymers is a decrease in JSC. Both di-iI-T and di-iI-3T have lower PCEs 

than the isoindigo analogues, owing chiefly to lower JSC; the bis-iI polymers had the lowest PCE 

due to very low JSC.  
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Table 5.2 Performance of BHJ OPVs with ITO/ZnO/Polymer:PC71BM/MoOx/Ag architecture. 
Numbers in brackets represent the best performing device. Average calculated using a minimum 
of 17 devices. 

Polymer VOC  
(V) 

JSC  
(mA cm-2) 

Fill Factor  
(%) 

PCE 
(%) 

JSC a  
(mA cm-2) 

iI-T 0.85 ± 0.02 
(0.87) 

6.3 ± 0.2 
(6.51) 

58 ± 1 
(58) 

3.1 ± 0.1 
(3.28) 

6.10 

iI-3T 0.72 ± 0.01 
(0.72) 

8.7 ± 0.5 
(9.78) 

66.8 ± 0.6 
(67) 

4.2 ± 0.3 
(4.73) 

9.47 

di-iI-T 0.86 ± 0.03 
(0.91) 

4.2 ± 0.1 
(4.55) 

50 ± 3 
(51) 

1.8 ± 0.2 
(2.12) 

4.68 

di-iI-3T 0.77 ± 0.01 
(0.79) 

5.9 ± 0.3 
(6.54) 

61 ± 2 
(58) 

2.8 ± 0.1 
(3.04) 

6.58 

bis-iI-T 0.8 ± 0.1 
(0.78) 

0.8 ± 0.1 
(0.89) 

54 ± 8 
(59) 

0.3 ± 0.1 
(0.42) 

0.82 

bis-iI-3T 0.66 ± 0.01 
(0.66) 

2.4 ± 0.2 
(2.61) 

58 ± 4 
(62) 

0.9 ±0.1 
(1.07) 

2.29 

a JSC calculated from the IPCE spectrum of the best device.  
 

 

Figure 5.19 J-V curves of highest performing BHJ OPVs with 
ITO/ZnO/polymer:PC71BM/MoOx/Ag architecture. (a) iI-T, di-iI-T, and bis-iI-T and (b) iI-3T, 

di-iI-3T, and bis-iI-3T. 
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Two factors could cause the lower JSC in the di-iI and bis-iI-based polymers relative to 

their iI counterparts: low charge carrier mobility, or inefficient exciton dissociation. The difference 

between the hole mobilites of di-iI-3T and bis-iI-3T compared to iI-3T is relatively small and 

unlikely to account for the difference in JSC. In fact, the hole mobilities of di-iI-T and bis-iI-T 

were slightly higher than iI-T, but their OPV performance was worse. This makes it likely that 

poor charge carrier mobility is not the reason for the diminished performance of the DAA 

polymers.  

The other possibility is that inefficient exciton dissociation in the OPV active layer resulted 

in a lack of free charge carriers, causing a low JSC. This can be caused either by poor exciton 

diffusion to the p/n semiconductor junction, or by poor rates of dissociation once the exciton has 

reached this interface. Exciton diffusion length in organic semiconductors is  typically ~10 nm; 

therefore, the domain size in a BHJ must be on a similar length scale for efficient exciton 

seperation.48 Changes in active layer morphology caused by the di-iI and bis-iI units could cause 

decreases in JSC. 

AFM and GIWAXS were used to assess the morphology and crystallinity of the OPV 

active layers. AFM was used to investigate the morphology of the polymer:PC71BM OPV active 

layers; 1 µm ´ 1 µm height images were recorded of the active layer, and the Rq was calculated 

(Figure 5.20). The morphologies of the iI-T:PC71BM and iI-3T:PC71BM active layers were similar 

to those reported by others.17 With the exception of bis-iI-T (Figure 5.20c), all of the active layers 

had roughness values between 3 and 9 nm, and featured similar domain sizes. The Rq of the bis-

iI-T:PC71BM active layer (23 nm) is much higher than the others; this is a possible explanation as 

to why these devices performed worse than those fabricated with the other polymers. However, 

while both bis-iI-T and bis-iI-3T exhibited poor photovoltaic performance, only bis-iI-T had any 
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noticeable difference in film morphology. Additionally, the domain sizes of the di-iI polymers 

were similar to those of the iI polymers, while their OPV performance was worse. Therefore, it is 

unlikely that changes in active layer morphology between the DA and DAA polymers are the sole 

cause of the decrease in OPV efficiency. 

 

 

Figure 5.20 1 ´ 1 µm AFM height images of polymer:PC71BM OPV active layer blends. (a) iI-
T, (b) di-iI-T, (c) bis-iI-T, (d) iI-3T, (e) di-iI-3T, and (f) bis-iI-3T. 

 

The crystallinity of the polymers in pristine thin films as well as in thin film blends with 

PC71BM was evaluated by GIWAXS (Figure 5.21-5.23). GIWAXS patterns of iI-T and iI-3T have 

previously been reported by Grand et al.; the principal peaks at 0.3 Å-1 and 1.6 Å-1 were assigned 

to the (100) and (010) reflections respectively.15,17 The (100) and (010) planes represent the 

interchain lamellar packing, and π stacking interactions. The GIWAXS patterns of all six polymers 

in this study were found to be similar to those previously reported for iI-T and iI-3T. With the 

exception of iI-3T, the polymers show preferential face-on orientation to the surface (in both the 

as-cast (Figure 5.21) and annealed (Figure 5.22) films), as evidenced by the greater intensity of 

the (010) peak along the qz axis and the (100) peak along the qr axis. Conversely, iI-3T appears to 
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exhibit edge-on orientation with a (100) maximum along the qz axis; unfortunately, the (010) signal 

along the qr axis was obscured by shadowing from the sample stage. The d-spacing of the (100) 

and (010) planes has been reported to be approximately 20-22 Å for the lamellar packing (100) 

and 3.7-3.8 Å for the π stacking (010) in iI-T and iI-3T;17 this is similar to the d-spacing distance 

found for di-iI-3T and bis-iI-3T (Table 5.3). However, di-iI-T and bis-iI-T both had a π-stacking 

distance of 4.0 Å, 0.2 Å longer than iI-T. The increased π-π distance for di-iI-T and bis-iI-T may 

be due to the difference in the relative size of the donor and acceptor units. The GIWAXS patterns 

of the OPV active layer blends are shown in Figure 5.23; in addition to the (100) plane for each 

polymer, an isotropic peak attributed to PC71BM is seen at ~1.3 Å-1.49 The similarity of the patterns 

for all six blends suggests that there are no drastic differences in the crystallinity of the films which 

can account for the variation in OPV performance. 
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Figure 5.21 GIWAXS patterns of as-cast polymer thin films on ZnO/glass substrates. 
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Figure 5.22 GIWAXS patterns of polymer films on ZnO/glass substrates, annealed at 200 °C for 
30 min. 
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Figure 5.23 GIWAXS patterns of as-cast polymer:PC71BM blends (with 2.5% (v/v) DIO). 

 

Table 5.3 d-Spacing of (100) (lamellar stacking) and (010) (π-π stacking) planes determined by 
GIWAXS on polymer thin films, annealed at 200 ºC for approximately 0.5 h. 

Polymer	 Lamellar	distance	(Å)	 π-π	distance	(Å)	
iI-T	 20	 3.8	
iI-3T	 20	 3.8	
di-iI-T	 21	 4.0	
di-iI-3T	 20	 3.8	
bis-iI-T	 21	 4.0	
bis-iI-3T	 20	 3.8	
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Since the crystallinity and active layer morphology of the polymers are largely similar it is 

most likely that poor active layer morphology is not the cause of the poor OPV performance of the 

di-iI and bis-iI polymers. Another possible cause of the low JSC is a low energetic driving force 

for exciton dissociation. Because excitons in organic semiconductors are relatively tightly bound, 

an energetic driving force must be present to promote electron transfer from the LUMO of the p-

type semiconductor to that of the n-type semiconductor. From Figure 5.11, it is obvious that the 

polymer LUMO energies decrease from iI, to di-iI, to bis-iI-based polymers; this decrease in 

LUMO energy correlates very well with the decreasing JSC of the OPVs. When designing p-type 

semiconductors for OPVs, the LUMO level must remain above that of the n-type semiconductor 

to provide an energetic driving force for electron transfer between the two. The LUMO level of 

PC71BM has been measured to be between -4.0 and -4.2 eV vs. vacuum.12,50 A minimum LUMO-

LUMO offset of 0.1-0.5 eV is often used as an estimate of whether efficient electron transfer will 

occur between two organic semiconductors.1 Since the LUMO levels of bis-iI-T and bis-iI-3T 

approach -4.0 eV vs. vacuum, inefficient exciton dissociation is a likely cause of the low JSC.  

The incident photon to current efficiency (IPCE) spectra (Figure 5.24a-b) support this 

possibility, especially for bis-iI-T and bis-iI-3T. The IPCE spectra of OPVs based on the iI and 

di-iI polymers closely match the UV/vis spectra of the polymer films, and the onset of photocurrent 

production is at the Eg,opt of the polymer. The IPCE spectra of OPVs made using bis-iI-T and bis-

iI-3T are distinctly different; despite the Eg,opt of these polymers being 950 nm, negligible 

photocurrent is produced beyond 700 nm. While these IPCE spectra do not match the UV/vis 

absorbance of the polymers, Figure 5.24c overlays the normalized IPCE spectrum of a bis-iI-

3T:PC71BM-based OPV with the normalized thin film absorbance spectrum of PC71BM. These 

spectra match very well, and the onset of photocurrent production is at the HOMO-LUMO gap of 
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the fullerene. This implies that excitons generated in the bis-iI polymers are not dissociating and 

that the majority of photocurrent in these OPVs is generated by fullerene-based excitons. In this 

case, the driving force for exciton dissociation is governed not by the LUMO-LUMO offset, but 

by the offset of the HOMO levels of the two semiconductors. The HOMO level of PC71BM is 

approximately -6.10 eV vs. vacuum;12 this is a substantial enough HOMO-HOMO offset with bis-

iI-3T (-5.67 eV vs. vacuum) to provide the energetic driving force for exciton dissociation. The 

IPCE spectra combined with the measurements of LUMO level demonstrate that as the acceptor 

strength of the polymers is increased, the energetic driving force for exciton dissociation decreases. 

As this process becomes less energetically favorable, the JSC decreases. In the extreme case of the 

bis-iI polymers, there is no longer sufficient driving force for electron transfer between the p- and 

n-type semiconductors, and the efficiency of the OPV decreases dramatically. 

 

 

Figure 5.24 IPCE spectra of best performing polymer:PC71BM active layer OPVs (a) iI-T, di-iI-
T, and bis-iI-T and (b) iI-3T, di-iI-3T, and bis-iI-3T. (c) Normalized IPCE spectrum of the best 

performing bis-iI-3T:PC71BM OPV and the normalized thin film absorbance spectrum of 
PC71BM. 
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5.4 Conclusion 

 In conclusion, a series of four DAA copolymers using thiophene donor units and isoindigo 

dimers as the acceptor units: one with free rotation, and one with enforced planarity have been 

synthesized. The optoelectronic properties of these four polymers were compared to analogous, 

well studied, DA copolymers of isoindigo. It was found that increasing the number of acceptors in 

the polymer repeat unit lowered the LUMO energy of the polymer, and increased the electron 

mobility; this effect was amplified when the two acceptor units were fused together in a coplanar 

fashion. These changes can have a pronounced effect on the performance of optoelectronic 

devices, as illustrated here with OPVs. It is believed that increasing the number of acceptors in the 

polymer repeat unit is a general strategy that could be used to fine-tune the properties of donor-

acceptor systems, leading to better materials with precisely-tailored frontier orbital energies or 

more balanced charge carrier mobilities. 
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Chapter 6  

Conclusion and outlook 

 

6.1 Summary and conclusions 

 The overarching goal of this thesis was to provide insight into the relationship between 

changes in the molecular structure of isoindigo-based organic semiconductors and the 

optoelectronic properties of the resulting materials. This was accomplished by synthesizing several 

modified versions of the π-conjugated building block isoindigo and incorporating these modified 

isoindigo structures into a variety of donor-acceptor organic semiconductors. The optoelectronic 

properties of the resulting materials, as well as their performance in organic electronic devices, 

was studied and compared to analogous isoindigo semiconductors in order to assess the effects of 

the structural modifications. In the four main projects detailed in Chapters 2-5 the effects of 

structural changes such as the inclusion of electronegative heteroatoms, the planarization of 

multiple isoindigo units, and of altering the repeating structure in donor-acceptor polymers were 

studied. 

The first two projects in this thesis examined the effects of incorporating electronegative 

nitrogen atoms into the backbone of isoindigo-based donor acceptor semiconductors. It was 

hypothesized that by incorporating additional electronegative atoms into the isoindigo acceptor 

unit, the LUMO energy of the resulting semiconductors would be lowered, resulting in low band 

gap, near-infrared absorbing materials. However, it was discovered that the use of azaisoindigo 

did not substantially affect the semiconductor’s frontier orbital energy levels, and it had a negative 

impact on the material’s performance in solar cells. 



 263 

While this result limited its utility in OPVs, the pyridine nitrogen in azaisoindigo did 

present an opportunity to study interesting Lewis acid-base interactions between the 

semiconductors and common Lewis acids. It was discovered that coordination of a Lewis acid to 

the pyridinic nitrogen of azaisoindigo greatly decreased the LUMO energy of the semiconductor, 

causing a large red-shift in the molecule’s HOMO-LUMO transition. This result demonstrated that 

while electronegative heteroatoms may not have the desired effect on the electronic structure of 

the molecule, they do provide the opportunity for other interesting chemistry as a site for further 

tuning of its optoelectronic properties. 

 In order to produce low band gap semiconductors based on modified isoindigos, another 

design strategy was required. The third major project in this thesis focused on extending 

conjugation in isoindigo-based semiconductors by fusing together two isoindigo units in a coplanar 

dimer. Here it was theorized that extending the conjugation between two electron-withdrawing 

acceptor units would lower the energy of the LUMO, producing low optical band gap materials 

for use in OPVs. While isoindigo itself is not typically used as an organic semiconductor, it was 

hypothesized that the large dimer, bisisoindigo, could be used as a component in OPV active layers 

without necessarily extending the conjugation further. To test this, both bisisoindigo and a donor-

acceptor molecule based on bisisoindigo and bithiophene were synthesized, characterized and 

incorporated into solar cells. 

 Unlike the previous azaisoindigo-based materials, the bisisoindigo semiconductors did 

have the desired optical band gap, much lower than that of isoindigo. Both bisisoindigo and the 

donor-acceptor molecule had frontier orbital energy levels intermediate between those of typical 

p and n-type materials, but performed better in OPVs as the p-type material. Unfortunately, the 

device performance was modest; examination of the active layer morphology showed that the 
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semiconductor domain size was much too large for efficient exciton diffusion to the 

heterojunction. At the time, the poor performance of these OPVs was attributed to this over-

crystallization in the active layer. In response to the tendency of these highly planar molecular to 

aggregate and crystallize, further research in modified isoindigo structures focused on the synthesis 

and characterization of polymer organic semiconductors. 

 Having already studied a ring-fused dimer of isoindigo, the natural progression was to 

compare it to a dimer in which the isoindigo units were joined by a single bond. At the time, a 

number of groups had published research on extending the number and size of donor units in 

donor-acceptor polymer semiconductors, but similar research on extending acceptor units was 

limited. Using the two isoindigo dimers, the final project in this thesis focused on the study of 

acceptor unit number and planarity in the repeat structure of donor-acceptor copolymers. To 

accomplish this, six copolymers were synthesized, combining the donor monomers thiophene and 

terthiophene with the acceptor monomers isoindigo, bisisoindigo (a planar dimer), and diisoindigo 

(a dimer with free rotation about a single bond).  

Extending the number of isoindigo units in the repeat structure led to the predicted lowering 

of the frontier molecular orbital energies; this effect was greatest when the two isoindigo units 

were locked in a coplanar geometry. It was also discovered that increasing the number of acceptor 

units improved electron mobility in the resulting polymers. OPVs mere made using all six 

polymers, and the device performance correlated directly with the LUMO energy of the resulting 

polymers. The highest LUMO energy polymers based on isoindigo performed the best; the 

semiconductors featuring the freely rotating isoindigo dimers performed slightly worse than the 

isoindigo analogues, while the low LUMO energy bisisoindigo polymers performed very poorly. 

It was determined that lowering the LUMO energies of the polymers decreased the energetic 
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driving force for exciton dissociation. This was an important lesson in semiconductor design as 

the drive to produce low band gap materials often leads to semiconductors with low LUMO energy. 

Care must be taken to avoid lowering this energy to such an extent that there is no longer 

energetically favorable exciton dissociation with common n-type semiconductors such as 

PC71BM. The OPV performance of the bisisoindigo-based polymers in this chapter prompted re-

examining of the previous bisisoindigo-based molecular semiconductors. In hindsight, it is likely 

that the problem of insufficient driving force for exciton dissociation was also present in these 

systems. 

 All three modifications of isoindigo chiefly manipulated the LUMO energy of the resulting 

semiconductor, with wide ranging consequences. On its own, heteroatom substitution was shown 

not to have a significant effect on LUMO energy, but opened the possibility of Lewis acid 

coordination which could dramatically alter the semiconductor’s optical band gap. By dimerizing 

isoindigo in a ring-fused fashion, the LUMO energy of the resulting donor-acceptor semiconductor 

was significantly lowered, and incorporating extended isoindigo units into donor-acceptor 

polymers allowed for incremental tuning of the frontier orbital levels. Band gap engineering such 

as this is an essential tool in semiconductor design; it allows researchers to control important 

device performance parameters such as solar cell voltage, and photocurrent, as well as aesthetic 

qualities such as device color and transparency.  
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6.2 Outlook and future work 

 While band gap engineering is an important facet of semiconductor design, there are many 

other optoelectronic properties that can be tuned by the rational design of molecular structure. In 

particular, designing materials that optimize the interactions between p-type and n-type 

semiconductors is important to improving OPV performance, and is an area that is relatively poorly 

understood. The electronic coupling between the p and n-type semiconductors at the interface of a 

bulk heterojunction is crucial to photovoltaic performance. This has been shown for isoindigo-

oligothiophene copolymers, in which increased electronic coupling between the polymer and 

PC71BM led to a two-fold increase in device efficiency for an isoindigo-terthiophene polymer 

compared to the isoindigo-thiophene copolymer.1 It has also been shown that moving the steric 

bulk of solubilizing alkyl chains from the acceptor unit to the donor unit, in order to promote 

acceptor-fullerene interactions, also dramatically improves device performance.2 

 With the goal of studying polymer-fullerene interactions, a series of modified isoindigo 

structures are proposed for future study; the proposed expanded isoindigo units incorporate large 

planar aromatic structures to promote polymer-fullerene π-π interactions. Chart 6.1 depicts two 

proposed polymers featuring polycyclic aromatic cores in expanded isoindigo units. Each polymer 

contains a common polycyclic aromatic hydrocarbon, either anthracene or pyrene; the same 

methodology used to produce bisisoindigo in Chapter 5 could be employed to produce the 

expanded isatin units from 1,5-diaminoanthracene and 1,7-diaminopyrene. Two concurrent aldol 

reactions with 6-bromo-2-oxindole would then be used to yield the dihalogenated monomers ant-

iI and pyr-iI. It is possible that these extended isoindigo units may suffer from the low LUMO 

levels that impaired the performance of bisisoindigo. However, synthetic methodology exists to 

install electron-donating alkoxy groups on the pyrene and anthracene units if required.  
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Chart 6.1 Expanded isoindigo units ant-iI and pyr-iI. 

Alternatively, the planar nature of these extended isoindigo units would likely make them very 

useful in n-type polymers for OFETs. In Chart 6.1 the core lactam units fused directly to the 

polycyclic aromatic structure have linear octyl chains to reduce steric bulk and promote fullerene 

docking; the peripheral isatin units have larger branched alkyl substituents to promote solubility 

and prevent aggregation in solution. The expanded isoindigo units are depicted as copolymers with 

terthiophene as the analogous isoindigo-terthiophene copolymer is well known and exhibits good 

electronic coupling with fullerene. 
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Chart 6.2 Structures of proposed isoindigo-inspired polymers ant-iI-3T, and pyr-iI-3T. 

  

 While OPV performance would be an important parameter for these semiconductors, 

several characterization methods not used in this thesis could be used to study the electronic 

coupling between the polymers and fullerene. Transient photoluminescence quenching as well as 

photoluminescence decay can determine how fast the polymer excited state is quenched by 

electron transfer to fullerene.1,3,4 Electroluminescence spectroscopy and Fourier transform 

photocurrent spectroscopy could measure the energy of the charge transfer state between the 

polymer and fullerene, further elucidating the electronic coupling between the two 

semiconductors.1,5 Shedding light on the importance of electronic coupling between 

semiconductors in a bulk heterojunction would influence future iterations of material design. 
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Fullerene derivatives have been the dominant n-type semiconductor in BHJ OPVs since 

the field’s beginnings. Recently n-type molecular semiconductors combining central 

indacenodithieno[3,2-b]thiophene (IT) cores with a variety of peripheral electron acceptors, such 

as  ITIC (Chart 6.2), have produced high efficiencies when used in OPVs. 6-10 Here again, the 

possibility exists to improve electronic coupling at the BHJ interface by synthesizing molecules 

designed to promote intermolecular interactions between the p and n-type semiconductor. 

Inclusion of an isoindigo-based unit as the peripheral electron acceptor group in such a non-

fullerene electron acceptor could promote such interactions. The proposed structure, iI-ITIC 

(Chart 6.2), features the isoindigo dimer bisisoindigo discussed in this thesis; in this case it has 

been condensed onto the thiophene-carboxyaldehyde group of the ITIC core. Hypothetically, this 

structure would have a very low energy LUMO which would likely reside primarily on the 

peripheral isoindigo moieties. In OPVs, iI-ITIC would be combined with p-type isoindigo-based 

polymers on the theory that the similar acceptor units would promote favorable interactions 

between the semiconductors; this strong electronic coupling between the two would promote 

exciton dissociation and lead to devices with high JSC. The same optoelectronic characterization 

proposed for the study of polymer-fullerene interactions would be performed to quantify the degree 

of electronic coupling seen here. By providing insight into the electronic interactions between this 

new generation of n-type semiconductors and p-type polymers, device performance can be 

improved through enhanced electronic coupling leading to higher JSC. 
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Chart 6.3 Non-fullerene n-type semiconductor ITIC and proposed iI-ITIC structure. 

 

 In summary, the work in this thesis focused primarily on using modifications of isoindigo 

to manipulate frontier orbital energy levels and study the effect on the optoelectronic properties 

and device performance of organic semiconductors. Moving forward, it is hoped that the same 

rational design approach that motivated this thesis can be applied to the electronic coupling 

between semiconductors in OPVs; this is an area in which increased knowledge could dramatically 

improve the ability of researchers to design future generations of organic semiconductors.  
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