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AN ABSTRACT OF THE THESIS OF 
 

 

 

Christa Abdullah Sharabati     for     Master of Science 

                                                           Major: Chemistry 

 

Title: Isoindigo and NDI derivatives: Promising building blocks for organic electronics. 

 

We report the synthesis and characterization of a series of isoindigo-based and naphtalene 
diimide (NDI)-based organic materials as promising building blocks for different fields of 
organic electronics including organic photovoltaics (OPVs) and organic field effect 
transistors (OFETs). The synthesis of these compounds was carried out through three steps 
via condensation, nucleophilic aromatic substitution and Suzuki coupling reactions. 
 
In Chapter 2, we present the synthesis of six new isoindigo-based small molecules as 
potential molecules for OPVs and OFETs. We report the effect of altering the substituent on 
the photophysical and thermal properties. 
 
In Chapter 3, we report DFT calculations and electrochemistry of isoindigo-based molecules 
in effort to provide a better understanding of the substituent effects on the energy levels. This 
chapter was done in collaboration with Prof. Brigitte Wex from the Lebanese American 
University and aims to offer better insight to the design of small molecules for electronic 
applications.  
 
In Chapter 4, we report the synthesis of two new isoindigo-based small molecules as 
precursors for covalent organic framework (COF) materials. The synthesis of isoindigo 
dialdehydes were prepared in our laboratory whereas the COF materials were done by the 
work of Prof. Ali Trabolsi from the New York University in Abu Dhabi. 
 
Finally, Chapter 5 discusses the synthesis of three NDI-based molecules for electronic 
applications. It provides understanding of the effect of the substituent through photophysical, 
thermal and computational studies.  
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CHAPTER 1 

INTRODUCTION 

 

1.1. Organic Electronics 

With today’s rapidly advancing technology and rising global environmental issues, 

scientists are challenged to find greener, better performing, and more cost-effective devices. 

To meet this need, organic electronics has been an emerging field in the recent years.1,2 Great 

effort has been made to develop new organic materials for their advantageous characteristics 

such as light-weight, low-cost, large scale fabrication, flexibility, and tunability.1,3,4 Such 

materials have been studied extensively in many applications such as organic light emitting 

diodes (OLEDs),5 organic photovoltaics (OPVs),6 Organic Field-Effect Transistors (OFETs),7 

organic sensors,8 organic optical data storage,9 organic switches10 and others. Generally, 

organic semiconductors offer key device performance features since the charge transport 

efficiency between their layers is crucial for better performance.11 Therefore, it is important 

to understand the structure-property relationship of organic semiconductors to tailor specific 

outcomes for any desired application.12 

 

1.1.1 Organic semiconductors 

The introduction of organic semiconductors was a great revolution in the last 

century.13 After the recent advances in manufacturing techniques such as thin film drop 

casting, spin coating, and inkjet printing, organic semiconductors were seen as good 

candidates to replace conventional silicon-based semiconductors which require high heat and 

expensive processing.14 Chemically, organic semiconductors consist of conjugated organic 
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small molecules or polymers that possess an electronic conductivity between that of isolators 

and metals. Organic small molecules have many advantages to be used in organic electronics. 

To list few: 1. they can be easily synthesized on a large scale, purified, and isolated. 2. They 

have no batch-to-batch variation compared to polymers.15 3. The energies of their Highest 

Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) 

can be tuned.16 4. They can be easily processed under room temperature whether under dry or 

wet conditions.17 5. Their structural flexibility make them suitable for use in flexible display 

technology.18 

 The most important characteristic of semiconductors is charge transport, i.e. their 

ability to transport electrons (n-type) or holes (p-type) from one molecule to another through 

π orbitals upon photoexcitation (solar cell) or an applied voltage to an active layer between 

two electrodes (field-effect transistor).19 Efficient charge-carrier transport is crucial in order 

to achieve high device performance.19 This is measured by the mobility (𝜇) which is 

calculated from the following equation: 

 𝜈𝑑 =  𝜇 𝐸 

where vd is the drift velocity in m/s, E is the applied electric filed in V/m and μ is the mobility 

in m2/V.s. Furthermore, the structural packing of the material has shown dependence on the 

charge-transport.11 The level of solid state chain ordering and amount of chemical and 

structural defects can also play important roles.20 For instance, one way to achieve high 

mobility is through discotic liquid crystals (DLCs),21 a class of liquid crystals (LCs), that 

have the properties of both solid crystals and liquids. Their solid crystal character allows 

them to achieve high molecular order through self-assembly. Whereas, their liquid-like 

dynamics allows them to self-heal structural defects.22 Yet, achieving high mobilities 

comparable to those of conventional silicone semiconductors in order to make their use 
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sufficiently profitable for market remains a challenge. Moreover, attaining thermal and 

mechanical stability accompanied with high levels of purity is still difficult.23 Therefore, 

there is a need to further improve and investigate new organic semiconductor structures and 

to tailor them to each desired application. To that end, scientist have explored many 

promising building blocks for efficient conjugated small molecules and polymer organic 

semiconductors such as diketopyrrolopyrrole (DPP),24 benzodipyrrolidone (BDP),25 perylene 

diimides (PDI),26 naphtalene diimides (NDI),27 and Isoindigo (Ii). 

 

Figure 1.1. The chemical structures of some explored organic building blocks. 

Isoindigo, a naturally occurring dye, is an electron-deficient core that gained 

significant attention in the recent years. Owing to its delocalized aromatic π-system as well as 

to its remarkable absorption properties, isoindigo was introduced to develop low band gap 

polymers and small molecules solar cells28. Furthermore, it has been introduced in organic 

field effect transistors,29 and other applications. The electronic properties of isoindigo can be 

readily tuned by extension of conjugation.  
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Naphthalenetetracarboxylic diimde (NDI) is another important class of organic 

species. NDI is characterized by a large, robust, planar, electron deficient aromatic core. 

Studies showed that core substituted NDIs (cNDIs) can manifest a great variety of optical 

properties and colors30, as well as diverse ranges of frontiers molecular orbital levels.31 

Therefore, core substituted NDIs have become very attractive and have rapidly emerged in 

the areas of solar cells, artificial photosynthesis, and supramolecular chemistry.32,33 

Furthermore, core substituting NDI at carbons 2,3,6,7 allows extended conjugation  to their 

planar aromatic core, this permits π - π stacking, which makes them perfect candidates for 

achieving high electron mobility, ambient stable n-channel organic thin film 

transistorsOTFTs34  and organic field effect transistors OFETs.35  

1.1.2 Organic Photovoltaics (OPVs) 

The importance of finding clean and renewable energy necessitates the development 

of organic photovoltaics. The gain in OPVs power-conversion efficiencies from about 1% to 

over 8%36 over the past decade offers great hope for their use in this capacity. However, most 

OPVs have not achieved the efficiency of 10-15% needed for commercialization compared to 

silicon-based solar cells that have already have efficiencies of 45%. Many scientists pursue 

the development of novel materials, device architectures, and fabrication technologies to 

shorten this difference.36 

Donor (p-type semiconductors) and acceptor (n-type semiconductors) make up the 

active layers of many organic semiconductors. Donor to acceptor photoinduced charge 

transfer, at the donor–acceptor (D–A) interface leads to a useful current, so it is crucial to 

have high absorption coefficient and a suitable band gap for optimal absorption of the solar 

spectrum.14 To accomplish this, investigators use one of two D-A interface architecture 

formation strategies, either depositing donors and acceptors to form two successively layers, 

making a planar heterojunction (PHJ) or forming a bulk heterojunction (BHJ) through co-
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deposition, forming a blended D–A film structure with a much higher internal interface due 

to the larger p/n interfaces, a higher chance of exciton formation and separation is acheived.36 

Two organic solar cell (OSC) processing techniques were established to produce more 

efficient materials. Researchers thermally evaporate excess materials to form either planar 

heterojunction (PHJ) or bulk heterojunction (BHJ) solar cells in dry processing, or use a 

process involving spin coating, inkjet printing, dip coating, and spraying in solution 

processing which can only form BHJ-type solar cells.36 Multilayer device structures can only 

be formed through vacuum evaporation, whereas solution processing offers more expedient 

processing at a lower cost. 36 

Many advances have been done on polymer solar cells.37 However, organic small 

molecules,  having monodisperse nature, offer geometrically infinite structural possibilities 

which may possibly ameliorate molecular functionality, rigidity, stacking, strong 

intermolecular (π–π) interactions, and most importantly well-defined structure, high purity, 

among other properties.36  

1.1.3 Organic Field-Effect Transistors (OFETs) 

In recent years, Organic Field-Effect Transistors (OFETs) have rapidly emerged to 

develop low-cost, flexible and efficient electronic devices.38 They are highly attractive 

because they can be incorporated in many applications such as chemical and biological 

sensors,39,40 simple circuits and e-paper displays.41 In principle, Field-Effect Transistors 

(FETs), introduced in 1930,42 are electronic devices where the current direction is altered as a 

voltage is applied. It consists of three electrodes; the gate, the source, and the drain.43 Once a 

voltage is applied to the gate, charge carriers (electrons or holes) flow from the source to the 

drain.44 The charge carriers flow through the active layer which is composed of either a p-

type or an n-type semiconductor.45 Generally, three main material characteristics play a major 

role in the performance of OFETs. First is the field effect mobility (𝜇) which expresses ease 
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of charge carrier movement through the active layer. This measurement, used in the field to 

communicate the quality of a material ranges from >1–10 cm 2 V–1 s–1 in older discoveries to 

(0.5–1 cm2 V–1 s–1) which exceeds those of amorphous thin-film silicon devices.38 Second is 

the on/off ratio (Ion/Ioff) calculated as the ratio of the current from source to drain when the 

device is on to when it is off. 46 Third is the threshold voltage (Ut,) the extrapolated voltage 

that switches the device on.46  

Another attractive and promising research area for next generation optoelectronic 

devices is multifunctional OFETs.47 One interesting example is the integration of OFETs 

with OLEDs. Initial research suggests that OLETs may have superior mechanical qualities to 

those of silicon or oxide based TFTs. Nonetheless, many researchers deem it doubtful that 

OFETs will achieve the uniformity, performance, and operational stability needed to create a 

backplane matching an oxide or poly-Si TFT display in durability and reliability.38 While 

modern silicone-based FET have been used widely with high efficiencies, they are processed 

under very harsh conditions with temperatures above 350 ℃, that OFET manufacture does 

not require48 which makes them promising for further development. 

 

1.2 Aims and Objectives 

The exciting field of organic electronics and the need to further enhance our daily use 

of technological devices has motivated our research group to invest in the synthesis and 

characterization of potential isoindigo and NDI small molecules for different electronic 

applications, mainly OFETs and OPVs. In this thesis work, we describe the synthesis, 

purification, and characterization (NMR, elemental analysis, UV-vis, TGA and DSC) of 

novel conjugated small molecules. Computational modeling and electrochemistry were 

attained in collaboration with Prof. Brigitte Wex from the Lebanese American University.  
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In Chapter 2, we report the synthesis and characterization of a series of isoindigo 

derivative materials as potential building blocks for OFETs and OPVs. Suzuki coupling of 

arylbromides with specific boronic acids was carried out in the presence of a palladium 

catalyst Pd(PPh3)4.49 The effect of coupling with an electron-withdrawing group (EWG) or 

electrondonating group (EDG) has been studied by comparing the absorption and thermal 

properties of compounds 2.4-2.9, Figure 1.2. 

 

 

Figure 1.2. Synthesized isoindigo-based molecules. 

 

In Chapter 3, we investigate isoindigo derivatives modulated on positions 6 and 6’ 

with electron density-modulating groups for their electronic properties as explored by 

differential pulse voltammetry along with a comprehensive computational study of the 

ground and excited states by utilizing density functional theory both in gas phase and 

solution. This work was achieved by our collaborator Prof. Brigitte Wex and her student 

Peter Nasr from the Lebanese American University (LAU). The compounds included in this 

study are shown in Figure 2.3. 
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Figure 1.3. Isoindigo-based molecules used for computational modeling. 

 

Chapter 4 includes the synthesis of two isoindigo dialdehydes derivatives as building 

blocks for COFs. The two compounds (4.1-4.2) were synthesized through Suzuki coupling 

reactions, purified and characterized by 1H and 13C NMR and elemental analysis. Our 

collaborator Prof. Ali Trabolsi from the New York University in Abu Dhabi is currently 

exploring these two isoindigo dialdehydes for the synthesis various COF materials. The 

condensation reaction of isoindigo dialdehydes (4.1- 4.2) and 1,3,5-tris(4-

aminophenyl)benzene (TAPB) (4.3) successfully led to the formation of COF 4.10 and COF 

4.11. The properties of these two COFs are currently under investigation. The synthesis of 

other COFs using 4.7 and 4.8 is also ongoing. 
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Figure 1.4. Synthesized isoindigo aldehydes and COF materials. 

 

In Chapter 5, we report three core substituted NDI derivatives through a three-step 

synthetic pathway. The aim of the synthesis was to first add an alkyl group at the imide 

nitrogen atoms to enhance its solubility and stacking, and second, to core-functionalize it 

with three different aromatic substituents through Suzuki coupling in order to study and 

better understand the subsequent effect of different electron donating and withdrawing groups 

on the energy levels, photophysical properties, charge-carrier mobilities, stacking, and overall 

performance as potential materials for organic field effect transistors. 
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Figure 1.5. Synthesized NDI-based molecules. 
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CHAPTER 2 

ISOINDIGO DERIVATIVES FOR ELECTRONIC APPLICATIONS 

 

2.1 Introduction 

In the scope of finding greener, recyclable and more efficient devices, and inspired 

form nature, significant focus has been directed towards bio-integration and bio-functionality 

of organic semiconducting materials intended for biomedical and electronic applications.50 

Many biocompatible organic electronic devices have aroused based on naturally derived dyes 

and pigments, Figure 2.1.51 

 

Figure 2.1. The chemical structures of some naturally-derived dyes and pigments.51 
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Generally, synthetic chemists have sought organic molecules with large fused 

aromatic rings to allow maximum π -conjugation when designing organic materials. 

However, the aggregation of small natural pigments is accompanied with large bathochromic 

shifts which suggests substantial electronic coupling. For instance, studies of the crystal 

structures of indigo dye show co-facial π-π stacking that favors charge transport.51  

Indigo and tyran purple, are well-known ancient dyes throughout history.52 Recently, 

they were reported to show potential in the field of organic electronics in the growing 

perspective of finding cheaper, more eco-friendly and nature-inspired semiconductors.51 

However, the excited state of H-bonded indigo molecules undergoes very rapid internal 

conversion, which suggests difficulty to generate reasonable efficiency of photocurrent.51 

On the other hand, isoindigo, a structural isomer of indigo, has proven to be very 

successful in many fields. It was naturally found as a minor isomer of indigo in the plant 

Isatis tinctoria.53 In 1988, the first synthesis of isoindigo was reported.54  Pharmaceuticals 

and medicinal chemists developed different synthetic pathways to obtain isoindigo 

derivatives, mostly for their biological activity.55-57 A well-known example is 1-

methylisoindigo, which was proved to have cancer-reducing activity and was used in the 

treatment of leukemia.58,59  

Isoindigo was first introduced to the organic electronics field in 2010 by Reynolds et 

al. as a promising conjugated building block for solar cells.60 Soon afterwards, isoindigo 

gained significant popularity from researchers owing mainly to its ease of synthesis, 

availability, and suitability for large scale fabrication as well as the ability of fine tuning its 

properties for targeted electronic devices giving “state-of -the art” performances.28  

The chemical structure of isoindigo is depicted in Figure 2.2. It is composed of two 

oxindole rings fused through a double bond in a trans configuration. The fully conjugated 
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system bearing the two electron-withdrawing lactam functions makes isoindigo an electron 

deficient molecule. 

 

  

 

Figure 2.2. The chemical structure of isoindigo. 

Isoindigo can exhibit π-π staking through hydrogen bonding on the hydrogen atoms of 

the lactam nitrogens. This makes the core almost insoluble in common organic solvents. In 

order to increase the solubility, different alkyl chains can be introduced. This is done by 

linking alkyl chains to the lactam nitrogens with considerably high yields.60 

To incorporate isoindigo in polymers and small molecules for electronic applications, 

scientists have extended the core mainly through the well-known reactions: Suzuki coupling, 

Stille coupling, and direct arylation. These extensions can be done through two possible 

linkages: the 5,5’ linkage and the 6,6’ linkage as shown in Figure 2.3.  

 

Figure 2.3. 6,6’ and 5-5’ linked isoindigo compounds. 

Linking on the 6,6’ positions is advantageous due to its ability to form the quinoid 

form allowing further extension of the conjugation of the different substituents compared to 
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the 5,5’ linkage. Therefore, researchers have focused on developing new structures based on 

the 6,6’ linkage where the molecules are fully conjugated.28  

To better understand the electronic structure and optical properties of isoindigo, 

theoretical and experimental studies were exploited.61 Reynolds et al. provided insightful 

understanding of the matter in conjugated systems, through the study of factionalized 

isoindigo with altered electronic nature substituents.62 Through their combined theoretical 

and experimental studies, they arrived at the following conclusions about the effect of 

substituents on the frontier molecular orbitals: the HOMO is mainly affected by electron 

donating substituents whereas the LUMO is mainly governed by the isoindigo core and 

slightly affected by electron withdrawing groups. Concerning the pattern of substitution (5,5’ 

vs. 6,6’), it was concluded that the pattern of substitution does not play a significant role in 

the electronic structure of isoindigo and that the substituent itself plays a bigger role. Yet, the 

significance of the patters comes into play when discussing oscillator strength, where it was 

found that 5,5’ derivatives exhibited lower molar absorptivies in the visible spectrum. This 

gave researchers more interest in the 6,6’ derivatives that are fully conjugated and provide 

higher molar absorptivities in the visible spectrum. 

 

Figure 2.4. The structures of different isoindigo small molecules. 
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In the following sections of this chapter, we report the synthesis and characterization 

of a series of isoindigo derivative materials as potential building blocks for OFETs and 

OPVs. Suzuki coupling of arylbromides with specific boronic acids was carried out in the 

presence of a palladium catalyst such as Pd(PPh3)4.49 The effect of coupling with an electron-

withdrawing group (EWG) or electrondonating group (EDG) has been studied by comparing 

the absorption and thermal properties of compounds 2.4-2.9, Figure 2.5. 

 

 

Figure 2.5. The structures of the synthesized isoindigo derivatives. 

 

2.2. Results and Discussion 

2.2.1. Synthesis 

Six novel isoindigo derivatives were synthesized through a three-step synthesis. The 

synthesis is depicted in Scheme 2.1. The first step was done through the condensation of 

commercially available oxindole 2.10-2.11 and isatin 2.12-2.13 according to a modified 

procedure.60 The reagents were refluxed in acetic acid with catalytic amounts of hydrochloric 

acid for 24 hours. The corresponding isoindigo compounds (2.14-2.15) were obtained in high 

yields (89%). Since isoindigos (2.14-2.15) are not soluble in most common organic solvents, 
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it is necessary to increase their solubility by N,N’-dialkylation.60 Therefore, in the following 

step, compounds (2.14-2.15) were reacted with 1-hexylbromide or 2-ethylhexylbromide in 

DMF in the presence of dry potassium carbonate at 100 ᴼC for 16 hours under argon. In the 

third step, compounds (2.18-2.19) were reacted with three different boronic acids via Suzuki 

coupling reaction according to a modified literature procedure.63 Many trials were carried out 

to obtain the products in good yields. Toluene turned out to be a better solvent than THF. All 

reactions were refluxed in toluene for 2 days to ensure the formation of the disubstituted 

coupling product. Traces of the mono-substituted product were obtained for the products 

bearing the tert-butyl (2.6-2.67) and the trimetoxy (2.8-2.9) substituents, whereas more of the 

mono substituted was formed when using the electron withdrawing bistrifluoromethyl 

substituent in compounds (2.4-2.5). Importantly, palladium zero catalyst Pd(PPh3)4 was 

synthesized and freshly used with a short period of storage (a week) in the dark under inert 

atmosphere due its instability and high sensitivity to oxygen, heat, and light.49 
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Scheme 2.1. Synthesis of isoindigo derivatives 2.4-2.9. 
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2.2.2. Molecular Photophysics: Absorption 

Figures 2.6-2.7 present the UV-vis absorption spectra of isoindigo compounds 2.4-2.9 

and 2.17-2.18 in chloroform. The absorption spectra did not change while varying the alkyl 

chain from hexyl to 2-ethylhexyl since alkyl chains do not play a role in electronic 

transitions. Two main absorption bands were observed for all compounds, the higher energy 

band around 400 nm, and the lower energy band ranged around 500 nm. These two 

absorption bands were assigned to the π-π* transition and the intramolecular charge transfer 

(ICT), respectively.64 It is noticeable that the absorption spectrum red-shifts going from 

unsubstituted isoindigo to substituted isoindigo. This is explained by the extended 

conjugation at the 6,6’ position which promotes electron coupling, giving higher 

absorptivity.61 Moreover, the absorption spectrum gradually red-shifts going from the most 

electron withdrawing substituent in compounds 2.4-2.5 to the most electron donating 

substituent in compounds 2.8-2.9. This is mostly visualized at the higher energy band located 

at around 420 nm. The obtained trend is attributed to the enhancement of the ICT as the 

substituent group becomes more electron donating through the formation of an electron 

donor-acceptor-donor D-A-D system.61 Compounds 2.8-2.9 bearing the electron donating 

group showed the highest molar absorptivity. The results of the absorption spectra for 

compounds 2.4-2.9 are summarized in Table 2.1. 
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Figure 2.6. Normalized absorption of compounds 2.4, 2.6, 2.8 and 2.16 with (hexyl) in 

chloroform. 

 

Figure 2.7. Normalized absorption of compounds 2.5, 2.7, 2.9 and 2.17 with (2-ethylhexyl) 

in chloroform. 
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Table 2.1. The absorption results of compounds 2.4-2.9 and 2.16-2.17 in chloroform. 

Compound 𝝀max1  

(nm) 
ε  

(L.mol-1.cm-1) 
𝝀max2  

(nm) 
ε  

(L.mol-1.cm-1) 
𝝀max3  

(nm) 
ε  

(L.mol-1.cm-1) 

2.16 278 31865 396 12888 519 3406.2 

2.17 361 9643.8 395 11354 496 3075 

2.4 293 39451 411 25952 522 9495.7 

2.5 295 37853 412 25665 516 9538.5 

2.6 295 38006 420 25642 522 13114 

2.7 296 37860 422 25673 530 13342 

2.8 293 38168 426 25845 522 15250 

2.9 294 39506 429 27767 532 16771 
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2.2.3. Thermal Analysis 

Thermal methods of analysis have been used in a wide range of applications. These 

are generally used to characterize a system in order to provide insightful physical and 

chemical properties.65 In this work, thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) are used to characterize and compare the synthesized isoindigo 

derivatives. 

Thermogravimetric Analysis (TGA) is a technique that measures the change of weight 

as a function of temperature using a furnace and a high precision balance.66 This method can 

give information on many physical and chemical phenomena such as thermal decomposition 

and gas reactions (i.e. oxidation and reduction).66 Nevertheless, in the field of organic 

electronics, it is mainly used to investigate the thermal stability, where the decomposition 

temperature can be evaluated.67 TGA experiments were performed on compounds 2.4-2.9 and 

2.16-2.17 using a Bruker TGA-IR Tensor 27 at a scanning rate of 10 ℃ min-1 under nitrogen 

atmosphere. The decomposition temperature was determined from the first derivative of the 

TGA curve. The results showed increased thermal stability for all six compounds as 

compared to unsubstituted isoindigo 2.16-2.17. In general, substituted compounds with 

branched alkyl chain (2.5, 2.7, 2.9, 2.17) have higher decomposition temperatures than those 

of substituted compounds with hexyl alkyl chain (2.4, 2.6, 2.8, 2.16). This could be due to 

branching. However, among substituted isoindigo compounds, fluorinated compounds 2.4-

2.5 exhibited the lowest decomposition temperate even though they had the highest molecular 

weight.  
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Table 2.2. Decomposition temperatures of compounds 2.4-2.9 and 2.16-2.17. 

       

Compound Empirical Formula Molecular weight 
(g.mol-1) Td (℃ ) 

    
2.16 C28H34N2O2 430.26 379 

2.17 C32H42N2O2 486.7 337.3 

2.4 C44H38F12N2O2 854.77 388 

2.5 C48H46F12N2O2 910.87 393.1 

2.6 C48H58N2O2 694.99 393.5 

2.7 C52H66N2O2 751.09 402.4 

2.8 C46H54N2O8 762.93 393.1 

2.9 C50H62N2O8 819.04 393.9 

 

  

Figure 2.8. TGA results showing the thermal decomposition process of the hexyl-substituted 

series. 
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Figure 2.9. TGA results showing the thermal decomposition process of the 2-ethylhexyl-

substituted series. 

The phase transition of a compound can be detected by either differential thermal 

analysis (DTA) which measures the change of temperature as a function of time or 

temperature of by differential Scanning calorimetry (DSC). Nevertheless, DSC has been 

widely more used. DSC can be advantageous since it can study different types of reactions 

such as oxidation, and it can determine the glass transition temperature of amorphous 

solids.68 Generally, DSC measures the change of the heat flow (energy) as a function of time 

or temperature, where the sample and the reference are maintained at the same temperature. 

Depending on the type of the phase transition (exothermic or endothermic), more or less heat 

flow is required to compensate the temperature of the sample to be equal to the reference. For 

instance, a crystallization is exothermic, thus it will give energy to the system and it requires 

less heat flow to have the same temperature of the empty reference. Such phase transitions 

are detected form the DSC curve. The integration of a peak on the curve corresponding to a 

certain transition can give the enthalpy of that transition according to the equation: ∆𝐻 = 𝐾𝐴 
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where ∆𝐻 is the enthalpy of the transition, 𝐾 is the calorimetric constant (instrument 

dependent), and 𝐴 is the area under the curve.68 

DSC experiments were performed on compounds (2.4-2.9; 2.16-2.17) using TA 

instrument. Heat/cool/heat cycles were carried out while maintaining a heating/cooling rate of 

10 ℃ min-1 under nitrogen atmosphere. Heating cycles were set around 90 degrees below the 

corresponding decomposition temperatures determined by TGA. Figures 2.10-2.15 show the 

collected DSC curves of the 2nd heating and the 1st cooling cycles of the compounds (2.4-2.9). 

Noting that the 1st heating cycle was carried out to remove the thermal history of the 

compounds. Higher melting points were obtained for trifluoromethyl containing compounds 

2.4-2.5. All branched compounds exhibited a lower melting point than their unbranched 

derivatives except for compounds 2.8-2.9. Moreover, only trifluoromethyl containing 

compounds 2.4-2.5 showed a crystallization temperature compared to the rest of the isoindigo 

derivatives. The results are summarized in Table 2.3. 
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Table 2.3. DSC results for compounds 2.4-2.9. 

 Mol wt, 
(g.mol-1) Transition Onset temp 

(oC) 
Maximum 
temp (oC) Area (J.g-1) 

Molar 
enthalpy 
(kJ.mol-1) 

2.4 854.77 
crystallization 227.02 235.68 8.30 7.09 

melting 230.33 244.91 11.15 9.53 

2.5 910.87 
crystallization 129.58 141.92 8.59 7.83 

melting 167.42 179.75 8.67 7.90 

2.6 694.99 
crystallization -- -- -- -- 

melting 198.92 232.04 22.39 15.56 

2.7 751.09 
crystallization -- -- -- -- 

melting 142.02 172.34 20.36 15.29 

2.8 762.93 
crystallization -- -- -- -- 

melting 142.01 153.50 1.43 1.09 

2.9 819.04 
crystallization -- -- -- -- 

melting 160.49 173.00 8.60 7.05 

 

Figure 2.10. DSC analysis for compound 2.4. 
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Figure 2.11. DSC analysis for compound 2.5. 

 

Figure 2.12. DSC analysis for compound 2.6. 
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Figure 2.13. DSC analysis for compound 2.7. 

 

Figure 2.14. DSC analysis for compound 2.8. 
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Figure 2.15. DSC analysis for compound 2.9. 

2.3. Experimental 

2.3.1. Synthesis 

All reactions were run using clean and oven dried glassware. Decomposition 

temperatures (Td) were determined using a NETZSCH thermogravimetric analyzer and were 

defined to be as a loss of 5% of the initial sample mass upon heating at a 20 ᴼC/min rate; 

under continuous flow of nitrogen gas in order to ensure a completely inert atmosphere inside 

the heating chamber during measurements. Melting temperatures were determined using a 

TA Instruments, Q2000 differential scanning calorimeter. NMR spectra were acquired using 

a 500 MHz Bruker NMR machine. Elemental analyses were performed at Atlantic Microlab, 

Inc., Norcross, USA.  

(E)-[3,3'-biindolinylidene]-2,2'-dione (2.14) 

The title compound was synthesized according to a literature procedure.28 Compounds 

2.10 (11.05 g, 75.10 mmol) and 2.12 (10.00 g, 75.10 mmol) were dissolved in 225 mL acetic 
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acid. 3 mL of concentrated HCl was then added, and the mixture was refluxed for 24 hours. 

The mixture was then cooled to room temperature and collected by vacuum filtration. The 

obtained dark brown solid was then washed with water, and methanol. Compound 2.14 

(16.27 g, 83%) was obtained as a dark brown solid. 1H NMR (500 MHz, DMSO-d6): δ 10.91 

(s, 2H), 9.05 (d, J = 7.5 Hz, 2H), 7.34 (dd, J1 = 8 Hz, J2 = 1.0 Hz, 2H), 6.98 (dd, J1 = 8 Hz, J2 

= 1.0 Hz, 2H), 6.85 (dd, J = 7.5 Hz, J = 0.5 Hz, 2H). 13C NMR (125 MHz, CDCl3): δ 169.45, 

144.54, 133.81, 133.11, 129.77, 122.15, 121.63, 110.01. 

 

6,6'-Dibromo-[3,3'-biindolinylidene]-2,2'-dione (2.15) 

The title compound was synthesized according to a modified literature procedure.28 

Compounds 2.11 (2.66 g, 11.79 mmol) and 2.13 (2.50 g, 11.79 mmol) were dissolved in 150 

mL acetic acid. 1 mL of concentrated HCl was then added, and the mixture was stirred in a 

pressure vessel at 115 oC for 48 hours. The mixture was then cooled to room temperature and 

collected by vacuum filtration. The obtained dark brown solid was then washed with acetic 

acid, water (520 mL) and methanol, and then recrystallized from 1,2-dichlorobenzene. 

Compound 2.15 (4.20 g, 88%) was obtained as a dark brown solid. 1H NMR (500 MHz, 

DMSO-d6): δ 11.10 (s, 2H), 8.99 (d, J = 9.5 Hz, 2H), 7.19 (dd, J1 = 10.5 Hz, J2 = 7.0 Hz, 

2H), 6.99 (d, J = 2.0 Hz, 2H). 13C NMR (125 MHz, CDCl3): δ 167.77, 145.80, 132.69, 

131.20, 126.76, 125.16, 120.44, 111.34, 40.30, 31.46, 27.37, 26.67, 22.55, 14.02. 
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(E)-1,1'-dihexyl-[3,3'-biindolinylidene]-2,2'-dione (2.16) 

The title compound was synthesized according to a modified literature procedure.29 In 

a three-neck round bottom flask, compound 2.14 (1.0 g, 3.81 mmol) and potassium carbonate 

(2.63 g, 19.07 mmol, 5 eqv) were dissolved in 25 mL of DMF. The reaction mixture was then 

purged with argon for 30 minutes at room temperature. 1-Bromohexane (1.00 g, 6.04 mmol, 

4 eqv) was added to the mixture drop wise, and without the interruption of the argon gas 

flow. The reaction mixture was then stirred at 200 oC, and refluxed for 1 hour. The reaction 

was cooled down to room temperature then filtered. The obtained red solid was washed with 

water and methanol and then purified by column chromatography over silica gel using 

hexane:dichlomethane (6:4) as eluent. Compound 2.16 (0.35 g, 22%) was obtained as a dark 

red solid. 1H NMR (500 MHz, CDCl3): δ 9.16 (dd, J1= 8.0 Hz, J2= 0.5 Hz, 2H), 7.34 (dt, J1= 

7.5 Hz, J2= 1.0 Hz, 2H), 7.04 (dt, J1= 8.0 Hz, J2= 1.5 Hz, 2H), 6.78 (dd, J1 = 8.0 Hz, J2= 0.5 

Hz, 2H), 3.76 (t, J = 7.5 Hz, 4H), 1.70 (p, J = 7.0 Hz, 4H), 1.37-1.29 (m overlapping, 12H), 

0.87 (t, J = 7.0 Hz, 6H). 13C NMR (125 MHz, CDCl3): δ 167.87, 144.75, 133.58, 132.31, 

129.93, 122.15, 121.73, 107.88, 40.11, 31.54, 27.46, 26.73, 22.54, 14.02. 
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(E)-1,1'-bis(2-ethylhexyl)-[3,3'-biindolinylidene]-2,2'-dione (2.17) 

The title compound was synthesized according to a modified literature procedure.29 In 

a three-neck round bottom flask, compound 2.14 (2.00 g, 7.63 mmol) and potassium 

carbonate (5.27 g, 30.50 mmol, 5 eqv) were dissolved in 30 mL of DMF. The reaction 

mixture was then purged with argon for 30 minutes at room temperature. 2-

Ethylhexylbromide (5.83 g, 30.50 mmol, 4 eqv) was added to the mixture drop wise, and 

without the interruption of the argon gas flow.  The reaction mixture was then stirred at 200 

oC and refluxed for 1 hour.  The reaction was cooled down to room temperature then poured 

into water. The mixture was extracted with dichloromethane. The organic layer was dried 

over MgSO4 then filtered. The solvent was removed under reduced pressure. The obtained 

residue was washed with methanol, filtered and purified by column chromatography over 

silica gel using hexane: dichloromethane (9:1) as eluent to afford a dark purple red solid 2.17 

(0.70 g, 43%). 1H NMR (500 MHz, CDCl3): δ 9.13 (d, J = 8.0 Hz, 2H), 7.31 (dt, J = 8.5 Hz, 

J2 = 1.0 Hz, 2H), 7.03 (dt, J = 8.5 Hz, J2 = 1.0 Hz, 2H), 6.75 (d, J = 8.0 Hz, 2H), 3.64 (m, 

4H), 1.85 (p, J = 6.0 Hz, 2H), 1.36-1.28 (m overlapping, 14H), 0.90-0.86 (m overlapping, 

12H). 13C NMR (125 MHz, CDCl3): δ 168.29, 145.13, 133.57, 132.32, 129.70, 122.17, 

121.69, 108.18, 77.32, 77.06, 76.81, 44.21, 37.57, 30.72, 28.79, 24.07, 23.11, 14.14, 10.75. 

Anal. Calcd for C32H42N2O2: C, 78.97; H, 8.70; N, 5.76. Found: C, 79.18; H, 8.89; N, 5.51. 

 

6,6'-Dibromo-1,1'-dihexyl-[3,3'-biindolinylidene]-2,2'-dione (2.18) 

The title compound was synthesized according to a modified literature procedure. 29 

In a three-neck round bottom flask, compound 2.15 (1.00 g, 2.30 mmol) and potassium 

bromide (1.60 g, 11.90 mmol, 5 eqv) were dissolved in 30 mL of DMF.  The reaction mixture 
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was then purged with argon for 30 minutes at room temperature. 1-Bromohexane (1.59 g, 

9.50 mmol, 4 eqv) was added to the mixture drop wise, and without the interruption of the 

argon gas flow.  The reaction mixture was then stirred at 200 oC, and refluxed for 1 hour.  

The reaction was cooled down to room temperature and filtered. Compound 2.18 (1.06 g, 76 

%) was obtained as a bright red solid and washed with minimal amount of DMF, (3  25 mL) 

water and (2  25 mL) methanol. 1H NMR (500 MHz, CDCl3): δ 9.08 (d, J = 8.5 Hz, 2H), 

7.18 (dd, J1 = 8.5 Hz, J2 = 2.0 Hz, 2H), 6.93 (d, J = 2.0 Hz, 2H), 3.75 (t, J = 7.5 Hz, 4H), 1.71 

(p, J = 7.5 Hz, 4H), 1.42-1.23 (m overlapping, 18H), 0.90 (t, J = 7 Hz, 7H).  13C NMR (125 

MHz, CDCl3): δ 167.74, 145.77, 132.67, 131.17, 126.74, 125.14, 120.40, 111.32, 40.27, 

31.45, 27.36, 26.66, 22.55, 14.03. 

 

(E)-6,6'-dibromo-1,1'-bis(2-ethylhexa-3,5-diyn-1-yl)-[3,3'-biindolinylidene]-2,2'-dione 

compound with dihydrogen (1:6) (2.19) 

The title compound was synthesized according to a modified literature procedure.29 In 

a three-neck round bottom flask, compound 2.15 (2.00 g, 4.80 mmol) and potassium 

carbonate (3.30 g, 23.80 mmol, 5 eqv) were dissolved in 30 mL of DMF. The reaction 

mixture was then purged with argon for 30 minutes at room temperature. 2-

Ethylhexylbromide (3.64 g, 19.10 mmol, 4 eqv) was added to the mixture drop wise, and 

without the interruption of the argon gas flow.  The reaction mixture was then stirred at 200 

oC, and refluxed for 1 hour.  The reaction was cooled down to room temperature and filtered. 

The brown solid was washed with minimal amount of DMF, (325 mL) water and (225 mL) 
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methanol, then purified by column chromatography on silica gel with 

hexane:dichloromethane (6:4) as eluent. Compound 2.19 (1.5 g, 50 %) was obtained as a 

brown solid.1H NMR (500 MHz, CDCl3): δ 8.98 (d, J = 8.5 Hz, 2H), 7.12 (dd, J1 = 8.5 Hz, J2 

= 2.0 Hz, 2H), 6.82 (d, J = 1.5 Hz, 2H), 3.54 (m, 4H), 1.77 (t, J = 2.0 Hz, 2H), 1.32-1.127 (m 

overlapping, 14H), 0.88 (m overlapping, 12H).13C NMR (125 MHz, CDCl3): δ 168.02, 

146.10, 130.99, 126.69, 125.10, 120.32, 111.51, 44.33, 37.41, 30.56, 28.58, 23.10, 14.13, 

10.67. 

 

Tetrakis(triphenylphosphine)palladium(0)  

The title compound was synthesized according to a literature procedure.49 To a stirred 

solution of palladium(II) chloride (0.50 g, 2.82 mmol) in 30 mL DMSO, triphenylphosphine 

(3.70 g, 14.10 mmols, 5 eqv) was added. The mixture was purged with argon for 20 minutes, 

and stirred at 165 oC for 30 minutes under argon atmosphere. The reaction mixture turns from 

turbid to clear orange solution. Hydrazine monohydrate (550 μL) was then added dropwise, 

and the reaction was allowed to cool down gradually to room temperature over one hour 

under argon atmosphere and in the dark. Vacuum filtration was performed, a shiny yellow 

solid was obtained. The solid was washed with ethanol (3 x 10 mL), then with diethyl ether 

(3 x 10 mL), and dried under reduced pressure, in the dark, for 48 hrs. 

Tetrakis(triphenylphosphine)palladium(0) (3.00 g, 2.60 mmols, 92%) was immediately used 

for the next step without any further purification.  
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(E)-6,6'-bis(3,5-bis(trifluoromethyl)phenyl)-1,1'-dihexyl-[3,3'-biindolinylidene]-2,2'-

dione (2.4) 

The title compound was synthesized according to a modified literature procedure.63 

Compound 2.18 (0.30 g, 0.51 mmol), 3,5-bis(trifluoromethyl)phenylboronic acid (0.39 g, 

1.53 mmol, 3 eqv), potassium carbonate 2M solution (3mL), and tetrabutylammonium 

bromide (10 mg) were added to 30 mL toluene. The mixture was purged with argon gas for 

30 minutes. Freshly synthesized tetrakis(triphenylphosphine)palladium (0) (50 mg) was then 

added, and the reaction was refluxed at 110 oC for 48 hours under argon and in the dark. The 

reaction was then quenched with water and extracted with dichloromethane. The combined 

organic layer was dried over MgSO4 and solvent was removed under reduced pressure. A 

dark brown residue was purified by silica gel column chromatography using hexane: 

dichloromethane (3:2) as mobile phase. The separated target compound was recrystallized 

from toluene-hexane. Compound 2.4 (0.36 g, 52%) was obtained as red purple small needles. 

1H NMR (500 MHz, CDCl3): δ 9.34 (d, J = 8.5 Hz, 2H), 8.02 (s, 4H), 7.89 (s, 2H), 7.26 (dd, 

J1 = 8.5 Hz, J2 = 1.5 Hz, 2H), 6.93 (s, 2H), 3.87 (t, J = 7 Hz, 4H), 1.77 (p, J = 7 Hz, 4H), 

1.43-1.23 (m overlapping, 12H), 0.87 (t, J = 7.0 Hz, 6H). 13C NMR (125 MHz, CDCl3): δ 

167.91, 145.84, 142.69, 142.15, 133.12, 132.50, 132.233, 130.94, 127.17, 124.36, 122.15, 

121.23, 106.35, 40.23, 31.46, 29.71, 29.37, 27.50, 26.70, 22.70, 22.53, 14.12, 13.97. Anal. 

Calcd for C44H38F12N2O2: C, 61.83; H, 4.48; N, 3.28. Found: C, 61.94; H, 4.33; N, 3.27. 
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6,6'-Bis(4-(tert-butyl)phenyl)-1,1'-dihexyl-[3,3'-biindolinylidene]-2,2'-dione (2.6) 

The title compound was synthesized according to a modified literature procedure.63 

Compound 2.18 (0.25 g, 0.42 mmol), 4-tert-butylphenylboronic acid (0.23 g, 1.27 mmol, 3 

eqv), potassium carbonate 2M solution (3mL), and tetrabutylammonium bromide (10 mg) 

were added to 30 mL toluene. The mixture was purged with argon gas for 30 minutes. 

Freshly synthesized tetrakis(triphenylphosphine)palladium (0) (50 mg) was then added, and 

the reaction was refluxed at 110 oC for 48 hours under argon and in the dark. The reaction 

was then quenched with distilled water, then extracted with dichloromethane. The combined 

organic layer was dried over MgSO4 and solvent was removed under reduced pressure. The 

dark red brownish residue was obtained and purified by silica gel column chromatography 

using hexane: dichloromethane (1:1) as mobile phase. 2.6 (0.20 g, 67%) was isolated as a 

dark red brownish solid. 1H NMR (500 MHz, CDCl3): δ 9.26 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 

8.5 Hz, 4H), 7.54 (d, J = 8.5 Hz, 4H), 7.31 (dd, J1 = 8.5 Hz, J2 = 1.5 Hz, 2H), 7.01 (d, J = 1.5 

Hz, 2H), 3.87 (t, J = 7.5 Hz, 4 H), 1.77(p, J = 7.5 Hz, 4H), 1.46 (p, J = 6.75 Hz, 4H), 1.40 (s, 

18H), 1.37-1.27 (m overlapping, 8H),  0.92 (t, J = 7 Hz, 6H). 13C NMR (125 MHz, CDCl3): δ 

168.30, 151.41, 145.26, 144.95, 137.73, 132.47, 130.23, 126.79, 125.88, 120.74, 106.28, 

40.11, 34.67, 31.56, 31.33, 27.58, 26.78, 22.71, 22.58, 14.06. Anal. Calcd for C48H58N2O2: C, 

82.95; H, 8.41; N, 4.03. Found: C, 82.66; H, 8.56; N, 3.88. 
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(E)-1,1'-dihexyl-6,6'-bis(3,4,5-trimethoxyphenyl)-[3,3'-biindolinylidene]-2,2'-dione (2.8) 

The title compound was synthesized according to a modified literature procedure.63  

Compound 2.18 (0.35 g, 0.59 mmol), 3,4,5-trimetoxyphenylboronic acid (0.38 g, 1.78 mmol, 

3 eqv), potassium carbonate 2M solution (3mL), and tetrabutylammonium bromide (10 mg) 

were added to 30 mL toluene. The mixture was purged with argon gas for 30 minutes. 

Freshly synthesized tetrakis(triphenylphosphine)palladium (0) (50 mg) was then added, and 

the reaction was refluxed at 110 oC for 48 hours under argon and in the dark. The reaction 

was then quenched with distilled water, then extracted with dichloromethane. The combined 

organic layer was dried over Na2SO4 and solvent was removed under reduced pressure. The 

dark red brownish residue was obtained and purified by silica gel column chromatography 

using hexane:dichloromethane (1:9) as mobile phase. Compound 2.8 (0.36 g, 80%) was 

isolated as a dark maroon solid. 1H NMR (500 MHz, CDCl3): δ 9.25 (d, J = 8.0 Hz, 2H), 7.24 

(dd, , J1 = 8.5 Hz, J2 = 1.5 Hz, 2H), 6.92 (d, J = 1.5 Hz, 2H), 6.82 (s, 4H), 3.96 (s, 12H), 3.91 

(s, 6H), 3.87 (t, J = 7.5 Hz, 4 H), 1.78 (p, J = 7.5 Hz, 4H), 1.45 (p, J = 7 Hz, 4H), 1.40 (m, 

8H), 0.89 (t, J = 7 Hz, 6H). 13C NMR (125 MHz, CDCl3): δ 168.29, 153.59, 145.41, 145.32, 

138.59, 136.67, 132.54, 130.27, 120.95, 120.91, 106.40, 104.66, 61.03, 56.36, 40.13, 31.52, 

27.57, 26.75, 22.55, 14.03. Anal. Calcld for C46H54N2O8: C, 72.42; H, 7.13; N, 3.67. Found: 

C, 72.71; H, 7.41; N, 3.49. 
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(E)-6,6'-bis(3,5-bis(trifluoromethyl)phenyl)-1,1'-bis(2-ethylhexyl)-[3,3'-

biindolinylidene]-2,2'-dione (2.5) 

The title compound was synthesized according to a modified literature procedure.63 

Compound 2.19 (0.35 g, 0.54 mmol), 3,5-bis(trifluoromethyl)phenylboronic acid (0.42 g, 

1.63 mmol, 3 eqv), potassium carbonate 2M solution (3.3 mL), and tetrabutylammonium 

bromide (10 mg) were added to 33 mL toluene. The mixture was purged with argon gas for 

30 minutes. Freshly synthesized tetrakis(triphenylphosphine)palladium (0) (50 mg) was then 

added, and the reaction was refluxed at 110 oC for 48 hours under argon and in the dark. The 

reaction was then quenched with distilled water, then extracted with dichloromethane. The 

combined organic layer was dried over Na2SO4 and solvent was removed under reduced 

pressure. The dark red brownish crude was purified by column chromatography using 

hexane:dichloromethane (7:3) as mobile phase and recrystallized from ethanol-hexane. 

Compound 2.5 (0.24 g, 70%) was isolated as a dark brown purple solid. 1H NMR (500 MHz, 

CDCl3): δ 9.34 (d, J = 8.5 Hz, 2H), 8.04 (s, 4H), 7.91 (s, 2H), 7.31 (dd, J1 = 8.5 Hz, J2 = 1.5 

Hz, 2H), 6.97 (d, J = 1.5 Hz, 2H), 3.80 (m, 4 H), 1.91 (p, J = 3 Hz, 2H), 1.23-1.25 (m 

overlapping, 16H), 0.98 (t, J = 7 Hz, 6H), 0.91 (t, J = 7 Hz, 6H). 13C NMR (125 MHz, 

CDCl3): δ 168.29, 146.23, 142.58, 141.94, 133.10, 132.53, 132.26, 130.80, 127.06, 124.36, 

122.18, 122.12, 121.74, 121.11, 106.60, 44.23, 37.79, 30.82, 29.72, 28.91, 24.27, 23.04, 

14.00, 10.73. Anal. Calcd for C48H46F12N2O2: C, 63.29; H, 5.09; N, 3.08. Found: C, 63.54; H, 

5.12; N, 3.03. 
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(E)-6,6'-bis(4-(tert-butyl)phenyl)-1,1'-bis(2-ethylhexyl)-[3,3'-biindolinylidene]-2,2'-dione 

(2.7) 

The title compound was synthesized according to a modified literature procedure.63 

Compound 2.19 (0.35 g, 0.54 mmol), 4-tert-butylphenylboronic acid (0.29 g, 1.63 mmol, 3 

eqv), potassium carbonate 2M solution (3 mL), and tetrabutylammonium bromide (10 mg) 

were added to 30 mL toluene. The mixture was purged with argon gas for 30 minutes. 

Freshly synthesized tetrakis(triphenylphosphine)palladium (0) (50 mg) was then added, and 

the reaction was refluxed at 110 oC for 48 hours under argon and in the dark. The reaction 

was then quenched with distilled water, then extracted with chloroform. The combined 

organic layer was dried over Na2SO4 and solvent was removed under reduced pressure. The 

dark red brownish residue was obtained and purified by column chromatography using 

hexane:chloroform (7:3) as mobile phase. Compound 2.7 (0.35 g, 86%) was isolated as a dark 

maroon solid. 1H NMR (500 MHz, CDCl3): δ 9.23 (dd, J1 = 8.5 Hz, J2 = 8.0 Hz, 2H), 7.61 

(dd, J1 = 8.0 Hz, J2 = 5.5 Hz, 4H), 7.53 (dd, J1 = 8.0 Hz, J2 = 5.5 Hz, 4H), 7.31 (m, 2H), 7.00 

(d, J = 4.0 Hz, 2H), 3.79 (m, 4 H), 1.93 (m,  2H), 1.39 (m overlapping, 16H), 1.34 (m 

overlapping, 12H), 0.97 (dd, J1 = 6.0 Hz, J2 = 12.0 Hz, 8H), 0.92 (dd, J1 = 6.0 Hz, J2 = 12.0 

Hz, 8H). 13C NMR (125 MHz, CDCl3): δ 168.75, 151.42, 145.70, 144.82, 137.70, 132.46, 

130.04, 126.69, 125.91, 120.68, 106.50, 44.24, 37.70, 34.67, 31.33, 30.78, 28.81, 24.15, 
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23.10, 14.09, 10.79. Anal. Calcd for C52H66N2O2: C, 83.15; H, 8.86; N, 3.73. Found: C, 

83.28; H, 9.01; N, 3.60. 

 

(E)-1,1'-bis(2-ethylhexyl)-6,6'-bis(3,4,5-trimethoxyphenyl)-[3,3'-biindolinylidene]-2,2'-

dione (2.9) 

The title compound was synthesized according to a modified literature procedure.63  

Compound 2.19 (0.30 g, 0.47 mmol), 3,4,5-trimetoxyphenylboronic acid (0.30 g, 1.40 mmol, 

3 eqv), potassium carbonate 2M solution (3 mL), and tetrabutylammonium bromide (10 mg) 

were added to 30 mL toluene. The mixture was purged with argon gas for 30 minutes. 

Freshly synthesized tetrakis(triphenylphosphine)-palladium (0) (50 mg) was then added, and 

the reaction was refluxed at 110 oC for 48 hours under argon and in the dark. The reaction 

was then quenched with distilled water, then extracted with dichloromethane. The combined 

organic layer was dried over Na2SO4 and solvent was removed under reduced pressure. The 

dark red brownish residue was purified by silica gel column chromatography using 

hexane:ethyl acetate (9:1) as mobile phase. The isolated product was recrystallized from 

toluene-hexane 2.9 (0.34 g, 89%) was isolated as a dark brown solid. 1H NMR (500 MHz, 

CDCl3): δ 9.24 (d, J = 8.5 Hz, 2H), 7.24 (d, J = 1.5 Hz, 2H), 6.95 (d, J = 1.5 Hz, 2H), 6.83 (s, 

4H), 3.95 (d, J = 17 Hz, 18H), 3.81 (m, 4 H), 1.93 (p, J = 6.5 Hz, 2H), 1.42-1.25 (m 

overlapping, 18H),  0.98 (t, J = 7 Hz, 6H), 0.97 (t, J = 7 Hz, 6H). 13C NMR (125 MHz, 

CDCl3): δ 168.69, 153.59, 145.71, 145.12, 138.54, 136.51, 132.49, 130.11, 120.94, 120.74, 
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106.59, 104.42, 61.02, 56.27, 44.13, 37.88, 30.95, 29.70, 28.98, 24.24, 23.08, 22.70, 14.08, 

10.83. Anal. Calcd for C50H62N2O8: C, 73.32; H, 7.63; N, 3.42. Found: C, 73.28; H, 7.68; N, 

3.45. 

 

2.3.2. Photophysical Studies  

Absorption spectra were measured using a Thermo scientific Genesys 10S UV-Vis 

spectrophotometer. Slit widths were fixed at 5 nm. A blank measurement with no sample in 

the sample holder was subtracted from all actual spectra to account for any error possible. 

UV-transparent quartz cuvette 136 (1 x 1 cm) was used for all experiments. 

Stock solutions of concentration 1 mM of each compound were prepared in 

chloroform.  UV-vis measurements were performed on 60 μM solutions. Molar absorptivity 

was determined using calibration curve technique for a set of 5 different concentrations (1 

μM, 10 μM, 20 μM, 40 μM and 60 μM) for each compound. Stock solutions and all prepared 

concentrations were kept in the freezer and used the next day.  
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CHAPTER 3 

COMPUTATIONAL MODELING AND 

ELCTROCHEMISTRY OF 6,6’-DIARYLSUBSTITUTED 

ISOINDIGO COMPOUNDS 

 

3.1 Introduction 

3.1.1 Computational Chemistry 

Computational chemistry is a powerful tool since it can contribute to solving chemical 

problems through computer simulations.69 It allows to calculate the structure and properties 

of molecules based on theoretical chemistry.69,70 For example, it can estimate molecular 

geometry, energies of molecules, transition states, chemical reactivity and spectroscopy.70 

Therefore, computational chemistry quickly became a highly attractive and reliable tool in all 

fields of chemistry especially in molecular design71,72 and interpretation of material 

chemistry.73 

Generally, computational chemistry uses different methods depending on the type and 

accuracy of calculations desired.74 For instance, molecular mechanics can predict and 

visualize the geometry of a molecule using geometry optimization in order to find the 

geometry with the lowest energy possible.75 Moreover, molecular dynamics calculations can 

study the motion of molecules such as protein binding.76 These methods are fast and are 

usually used for large molecules, such as DNA, proteins and enzymes. Whereas, other 

methods that rely on quantum mechanics77 take longer times. Such methods, i.e. quantum 

mechanics methods,78 are based on the fundamental equation of modern physics, the 

Schrödinger equation.79 Since this equation cannot be solved exactly for molecules bearing 
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more than one electron, approximations are followed. For instance, in the pioneering work of 

Hartree and Fock, electron correlations were neglected.80 Both ab initio and semiempirical 

calculations use the Schrödinger equation, however, ab initio calculations consider less 

approximations and thus take longer times.70 Density functional theory (DFT)81 is another 

method that relies on the Schrödinger equation. While both ab initio and semiempirical 

calculations solve the wavefunction, DFT derives directly the electron density function (i.e. 

the electron distribution).70 In the recent years, DFT became one of the most reliable and 

popular methods in the prediction and interpretation of compounds used in materials 

science.82 Hence, it works hand in hand with experimental methods, to confirm, to 

complement, to further predict trends in geometric, electronic, and spectroscopic properties 

and to offer some explanation and understanding to observed experimental results.82 

3.1.2 Electrochemistry 

Voltammetry is a known branch of electrochemistry that developed initially from the 

noble prized discovery of polarography in 1959.83 Even though early techniques of 

voltammetry were quite difficult for routine analytical use, many remarkable advances were 

achieved in the recent years. The inexpensive instrumentation in addition to the enhanced 

sensitivity of measurements rendered voltammetry techniques reliable in numerous 

applications in organic and inorganic chemistry such as speciation, solution thermodynamics, 

determining oxidation parameters, studying surface absorption, electron transfer kinetics, 

reaction mechanisms, and transport processes.84 Voltammetric techniques offer amenability 

to many solvents and electrolytes, at many temperatures. These techniques provide flexibility 

with rapid analysis times (on the order of one second), simultaneous determination of several 

analytes and kinetic and mechanistic parameters, well-understood physics that permits 

reasonable estimation of values of unknown parameters, and ease of determination of 

potential waveforms and using small currents.84 
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Generally, voltammetric methods measure the resulting current (i) of an 

electrochemical cell as a certain potential (E) is applied to an electrode.84 The applied 

potential (E) can be varied white the current (i) is measured over time (t). Workers construct 

an electrochemical cell with two or three electrodes: a working electrode, a reference 

electrode, and possibly a counter electrode.84 

Among the most important and widely used methods of voltammetry are cyclic 

voltammetry85 and pulse voltammetry86 methods. Learning about redox processes, identifying 

reaction intermediates, and studying reaction product stability are all applications of cyclic 

voltammetry (CV). This technique (at a known current) consistently varies the applied 

potential at the working electrode with current going in both direction between electrodes. 

This technique is amenable to full, partial, and multiple cycles.85 

Pulse voltammetry methods were developed in order to enhance speed and sensitivity, 

such as normal pulse voltammetry (NPV), differential pulse voltammetry (DPV)87,88 and 

square-wave voltammetry (SWV).89 Normal pulse voltammetry (NPV) pulses the potential 

serially over increasing amplitudes. To avoid measurement of the charging current, current is 

measured at the end of each pulse.84 Differential pulse voltammetry (DPV) follows the same 

procedure as normal pulse voltammetry while potential is also scanned over a series of 

pulses.84 NPV differs further as each potential pulse has fixed small amplitude at around (10 

to 100 mV).84 Thus, in DPV, the resulting current resulting from a series of larger potential 

pulses is compared with the current at a constant baseline voltage.84.  

 

3.1.3 Aims and Objectives 

As discussed in Chapter 2, isoindigo has emerged as an important building block for 

optoelectronic device applications mostly in organic photovoltaics and organic field-effect 

transistors.90-94 Attempts to describe the absorption behavior and thus expected spectroscopic 



44 
 

properties of indigo and isoindigo compounds were covered by extensive benchmark studies 

involving density functional theory (DFT) and time-dependent (TD) DFT.95-100 When 

considering oligomers, only a few studies have thus far been reported utilizing isoindigo for 

organic field-effect transistor applications.101-111 

In this chapter, we investigate isoindigo derivatives modulated on positions 6 and 6’ 

with electron density-modulating groups for their electronic properties as explored by 

differential pulse voltammetry along with a comprehensive computational study of the 

ground and excited states by utilizing density functional theory both in gas phase and 

solution. This work was achieved by our collaborator Prof. Brigitte Wex and her student 

Peter Nasr from the Lebanese American University (LAU). The compounds included in this 

study are shown in Figure 3.1. 
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Figure 3.1. Chemical structures of the isoindigo derivatives. 

  



46 
 

3.2 Results and Discussion 

The singlet ground state geometries were optimized using density functional theory at 

the B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) level of theory. All alkyl chains were truncated 

to methyl groups (3.1-3.5). X-ray diffraction of N,N’-dimethylisoindigo revealed a twist of 

22 between the oxindoles.112 Estrada et al. determined the molecular geometries and packing 

behavior of N,N-dihexyl-6,6-diphenylisoindigo using X-ray diffraction.113 The dihedral 

angles observed for the phenyl group with the oxindole group in 3.5 is reported as 39.2, 

Figure 3.2. The resulting geometries were printed in Table 3.1 along with the dihedral angles 

between the oxindoles of the isoindigo core, which ranged from 12.2 to 13.2 and the 

dihedral angles phenyl-oxindole ranged from 34.6 to 36.3. Using DFT calculations, Estrada 

et al.113 showed that among the two local minima (planar system and a structure with a slight 

twist of 15° between the oxindoles) that the twisted system represents the global minimum 

with an energy difference of 0.33 kcal/mol at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d), 

which is in line with our results, Table 3.1. 

 

 

Figure 3.2. Definition of dihedral angles along the two oxindole groups and phenyl-

oxindole group. 
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Table 3.1. Optimized geometries, dihedral angle along the two oxindole groups and phenyl-
oxindole group of 3.2-3.4 at the B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) level of theory. 

Compound Optimized geometry 1 

Dihedral 

angle 

(oxindole) 

Dihedral 

angle 

(Aryl vs 

oxindole) 

3.2 

 

 

12.9° 36.3° 

3.3 

 

 

13.2° 35.3° 

3.4 

 

 

 

 

13.1° 

 

 

34.6° 
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Table 3.2. Frontier molecular orbital energies of 3.1-3.5 as obtained at the B3LYP/6-
311G(2d,p)//B3LYP/6-31G(d) level of theory. 

Compound 
HOMO 

(eV) 

LUMO 

(eV) 

3.1 -5.9125 -3.0625 

3.2 -5.59 -2.98 

3.3 -6.29 -3.58 

3.4 -5.63 -3.02 

3.5 −5.7125 −3.0625 

 

At the B3LYP/6-311G+(2d,p)//B3LYP/6-31G(d) level of theory, isoindigo 3.1 exhibits 

HOMO and LUMO energy levels of -5.91 eV and -3.06 eV, respectively.113 The HOMO and 

LUMO energy level of 6,6-diphenyl substituted isoindigo 3.5 were computed to be -5.71 eV 

and -3.06 eV at the same level of theory.113 The electron-donating effects of t-butyl groups on 

3.3 and trimethoxy groups on 3.4 as well as the electron-withdrawing effect of the 

trifluoromethyl groups on 3.2 are well reflected on HOMO and LUMO energy levels in 

comparison to the unsubstituted 6,6-diphenylisoindigo 3.5, Table 3.2 and Table 3.3. 
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Table 3.3. Computed frontier molecular orbital maps of 3.2-3.4 at B3LYP/6-

311G(2d,p)//B3LYP/6-31G(d) level of theory were printed at an isodensity value of 0.02 

e/bohr3. 

 HOMO LUMO 

3.2 

  

3.3 
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Figure 3.3. Differential pulse voltammograms of 2.4-2.8 determined in TBAP versus 

ferrocene. 

Table 3.4. Average peak potentials of compounds 2.1-2.16 determined by differential pulse 
voltammetry versus ferrocene internal standard. 

For spectroscopic and electrochemical data compounds 2.1-2.16 were utilized. Differential 
pulse voltammetry was determined in 0.1 TBAP in DCM using ferrocene as internal 
standard. For computational data, compounds 3.1-3.5 were utilized. a Peak potential value for 
the first oxidation peak in volts against Fc/Fc+. b Peak potential value for the first/second 
reduction peak in volts against Fc/Fc+. c HOMO calculated using Eox1 vs Fc/Fc+ in DCM, 
which is set at −5.1 eV vs vacuum; d LUMO calculated using Ered1 vs Fc/Fc+ in DCM, which 
is set at −5.1 eV vs vacuum. 
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Eox(peak) 

(V)a 

Ered1(peak) 

(V)b 

Ered2(peak) 

(V)b 

HOMO 

(eV)c 

LUMO 

(eV)d 

2.16 -- -1.4025 -1.8825 -- -3.7025 

2.4 1.17 -1.17 -1.49 -6.27 -3.93 

2.6 0.85 -1.30 -1.62 -5.95 -3.80 

2.8 0.81/0.89 -1.29 -1.58 -5.91 -3.81 

2.1 -- -1.4125 -1.8325 -- -3.6925 
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Figure 3.4. UV-Vis of 2.5, 2.7, 2.9 and 2.17 in CHCl3. 

Table 3.5. The absorption results of compounds 2.4-2.9 and 2.16-2.17 in chloroform. 

Compound 
𝝀max1 

(nm) 

ε 

(L.mol-1.cm-1) 

𝝀max2 

(nm) 

ε 

(L.mol-1.cm-1) 

2.16 396 12,900 519 3400 

2.17 395 11,400 496 3075 

2.4 411 26,000 522 9495.7 

2.5 412 25,700 516 9538.5 

2.6 420 25,600 522 13114 

2.7 422 25,700 530 13342 

2.8 426 25,800 522 15250 

2.9 429 27,800 532 16771 
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In an effort to understand the absorption spectra, TD-DFT calculations were carried 

out for compounds 3.2-3.4 using B3LYP/6-311+G(2d,p)// B3LYP/6-31G(d,p) level of 

theory. Results are presented in Tables 3.6-3.8. In all cases, the lowest energy transition is 

composed of HOMO -> LUMO (>88%) with a minor component HOMO-2->LUMO 

(<12%). As shown below in Figures 3.5-3.7, the lowest energy transition is governed by shift 

of electron density attributed to a π-π* transition based on the orbitals involved. 

Table 3.6. Optical properties of 3.2-3.5 in solution compared with the values for isolated 
molecules computed at the using TD-B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) level of 
theory. 

 

 

(π−π*)max  

(nm) 

ε  

(×10−3 

cm−1 M−1) 

 

(π−π*)max 

TDDFT 

 (nm) 

ΔEopt 

(eV) 

ΔEth 

(eV) 

TD-DFT 

f exp 
f 

TD-DFT 

μge  

exp (D) 

μge 

TD-DFT 

(D) 

3.1 49425 3.6925 52725 2.5125 2.3525 0.0725 0.0825 2.8825 3.2125 

3.2 526 7.54 550 2.36 2.25 0.128 0.323 2.94 5.84 

3.3 548 10.83 559 2.26 2.22 0.152 0.504 2.95 9.28 

3.4 544 12.58 559 2.28 2.22 0.187 0.495 3.61 9.12 

3.511

3 
517a,b 10.7a 553a 2.4a,b 2.24a 0.2a 0.38a 4.9a 6.67a 

 
Legend:  max wavelength of longest wavelength absorption from deconvoluted spectrum (see 
Materials and Methods); ε molar decade extinction coefficient; ΔEopt optical gap calculated 
from the lowest energy band in the UV−vis absorption spectrum; ΔEth; f Oscillator strength, 
fexp calculated through eq 1; μge Transition dipole moment in Debyes; μge expt calculated 
through eq. 2. Parameters listed with TDDFT were obtained by TDDFT calculations; a Value 
not deconvoluted, values taken from maximum of lowest energy UV-vis absorption band; b 
DCM else CHCl3. 
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Table 3.7. Characteristics for the Sn  S0 vertical transitions of 3.3 as computed via TD-
B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d). 
n Energy (eV)  ( Sn  S0 ) (nm) f µ

1 2.22 559 0.5039 9.2769 HOMO-2 -> LUMO 6
HOMO -> LUMO 94

2 2.41 516 0.0000 0.0006 HOMO-3 -> LUMO 2
HOMO-1 -> LUMO 98

3 2.86 434 0.6919 9.8795 HOMO-2 -> LUMO 94
HOMO -> LUMO 6

4 3.20 388 0.0042 0.0539 HOMO-3 -> LUMO 100
5 3.28 378 0.0648 0.8073 HOMO-7 -> LUMO 69

HOMO-6 -> LUMO 5
HOMO-4 -> LUMO 26  

 

Table 3.8. Characteristics for the Sn  S0 vertical transitions of 3.2 as computed via TD-
B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d). 
n Energy (eV)  ( Sn  S0 ) (nm) f µ

1 2.25 550 0.3227 5.8413 HOMO-2 -> LUMO 6
HOMO -> LUMO 94

2 2.39 518 0.0001 0.0015 HOMO-1 -> LUMO 100
3 2.96 420 0.6459 8.9199 HOMO-4 -> LUMO 8

HOMO-2 -> LUMO 87
HOMO -> LUMO 5

4 3.26 381 0.2332 2.9206 HOMO-4 -> LUMO 93
HOMO-2 -> LUMO 7

5 3.50 354 0.0009 0.0100 HOMO-6 -> LUMO 13
HOMO-5 -> LUMO 41
HOMO-3 -> LUMO 43
HOMO -> LUMO+1 3  

Table 3.9. Characteristics for the Sn  S0 vertical transitions of 3.4 as computed via TD-
B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d). 
n Energy (eV)  ( Sn  S0 ) (nm) f µ

1 2.22 559 0.4951 9.1173 HOMO-2 -> LUMO 6
HOMO -> LUMO 94

2 2.40 516 0.0000 0.0006 HOMO-3 -> LUMO 3
HOMO-1 -> LUMO 97

3 2.84 436 0.6685 9.6006 HOMO-2 -> LUMO 94
HOMO -> LUMO 6

4 3.13 396 0.0022 0.0286 HOMO-3 -> LUMO 97
HOMO-1 -> LUMO 3

5 not converged  
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HOMO-2    HOMO    LUMO 

Figure 3.5. Wave function maps of orbitals in the main vertical transitions of 3.2 at 

B3LYP/6-311G(2d,p) level of theory and plotted at isodensity 0.03 e/bohr3. 

 

HOMO-2   HOMO    LUMO 

Figure 3.6. Wave function maps of orbitals in the main vertical transitions of 3.3 at 

B3LYP/6-311G(2d,p) level of theory and plotted at isodensity 0.03 e/bohr3. 

 

HOMO-2    HOMO    LUMO 

Figure 3.7. Wave function maps of orbitals in the main vertical transitions of 3.4 at B3LYP 

/6-311G(2d,p) level of theory and plotted at isodensity 0.03 e/bohr3. 
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3.3 Materials and Methods 

3.3.1 Computations 

Gaussian09 (rev.E.01) was used to perform all computations.114 The starting geometry 

was based on (E)-1,1'-dimethyl-[3,3'-biindolinylidene]-2,2'-dione (iI-Me2) as reported by 

Estrada et al. and modified for the corresponding substitution pattern on positions 6 and 6’ 

with 3,5-trifluoromethylphenyl (3.2), 4-tert-butylphenyl (3.3), and 3,4,5-trimethoxyphenyl 

(3.4) using GaussView 5.0.9. The substituted phenyl groups were arranged at a starting 

dihedral angle of 90° and the alkyl groups were replaced with methyl groups to keep 

computational cost at a minimum. Density functional theory was utilized to carry out 

unrestricted gas-phase geometry optimization with the hybrid functional B3LYP115-117 and the 

modest basis set 6-31G(d)118. Minima were verified by the absence of imaginary frequencies 

at the same level of theory. The basis set was extended to 6-311+G(2d,p)119,120 for single 

energy point calculations, thus B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) level of theory was 

applied. Computed frontier molecular orbital maps of B3LYP/6-311+G(2d,p)//B3LYP/6-

31G(d) level of theory were printed at an isodensity value of 0.02 e/bohr3. Experimental 

absorption spectra were deconvoluted using Peak analysis tool using a Gaussian fit model in 

Origin 2015, R2 and Anova analysis. Oscillator strengths (f) and transition dipole moments 

(𝜇𝑔𝑒) were calculated using the following two equations (Eq. 1 and Eq. 2) relating theoretical 

data computed by TD-DFT to experimental absorption data for the lowest energy transition 

(S1 ← S0).121 In Eqs 1 and 2, εmax is the molar absorptivity at the maximum of that transition, 

Δν1/2 is the full width at half-maximum (in cm−1), and ν is the peak maximum wavenumber 

(in cm−1). 

𝑓 = 𝜀𝑚𝑎𝑥Δ𝑣1/2

2.5𝑥108      Eq. 1 
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𝜇𝑔𝑒 = √
𝑒2𝜀𝑚𝑎𝑥Δ𝑣1/2

2.5𝑥1019𝑣1/2

2    Eq. 2 

 

3.3.2 Electrochemistry 

Tetrabutylammonium hexafluorophosphate (TBAP, 1.937g) was dissolved in dry 

dichloromethane (DCM) in a 50 mL volumetric flask. A three-electrode setup consistent of 

Ag/AgCl reference electrode, glassy carbon or platinum working electrode, and platinum 

wire as counter electrode was utilized. Ferrocene was utilized as internal standard. The 

solution was stirred via a magnetic stirrer and purged with Argon bubbling for 10 min. The 

scan range was set approximately from -1.6V to 1.6V, with a sampling width of 0.1s, and a 

sensitivity of 10-5 A/V. Three independent differential pulse voltammetry scans were 

performed. The ferrocene standard potential is -5.1 eV vs. vaccum.113 Recorded reduction and 

oxidation potentials are averaged peak potentials across recoded scans. 
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CHAPTER 4 

ISOINDIGO ALDEHYDES: POTENTIAL BUILDING 

BLOCKS FOR COVALENT ORGANIC FRAMEWORKS (COFS) 

4.1 Introduction  

Covalent Organic Frameworks (COFs) are relatively new emerging field of organic 

porous materials, that form crystalline structures through strong covalent bonds between 

organic building blocks.122,123 The most noticeable innovation in this field was introduced by 

Yaghi et al. in 2005, with the construction of an organic crystalline porous polymer, the first 

2D COF material.124 Later, in 2007, Yaghi et al. synthesized the first 3D COF materials, 

Figure 4.1.125 In light of the pioneering work of Yaghi and co-workers, dramatic progress in 

the synthesis and applications of these organic porous materials has taken place in recent 

years.123 Interest in developing new COFs emerged because of the several advantages they 

have over other types of porous materials such as larger surface area, lower density, 

controlled tailoring to different structures and pore sizes, and choice of composition by 

various available organic building blocks and tunable functionalities of these organic building 

blocks.123 COFs provide the ability to design new porous materials for numerous desired 

applications, including adsorption,126 catalysis,127 optoelectricity,128 and gas storage.129 

 

 

 

Figure 4.1. Examples of organic assemblies to construct chemical architectures.123 
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Although the synthesis and applications of COFs evolved rapidly in the recent years, 

yet there remain challenges in obtaining desired crystalline materials.123 In order to design 

COF materials, there are three major concerns; porosity, structural regularity and 

functionality. Pore size is governed by the length of each building block and structural 

regularity is related to the reversible formation of covalent bonds. To address the design 

requirements, three types of synthesized COFs are developed: boron-containing COFs, 

triazine-based COFs, and imine-based COFs. Boron-containing COFs can be obtained either 

through self-condensation124 or co-condensation.125 They are the most commonly synthesized 

COFs and offer the main advantages of high surface area, low densities and high thermal 

stabilities. However, these COFs are unstable in air130 and water as structures can lose their 

regularity through hydrolysis.131 Triazine-based COFs have good chemical and thermal 

stabilities, but they exhibit lower crystallinity compared to boron-containing COFs with 

potential application in catalysis.132 Most imine-based COFs belong to two types: the 

hydrazone-linked that are synthesized from the co-condensation of aldehydes and 

hydrazides,133 and the Schiff base type that are synthesized from the co-condensation of 

aldehydes and amines, Figure 4.2.134 Imine-based COFs exhibit analogous crystallinity with 

boron-based COFs. Their insensitivity to water and good stability in most common organic 

solvents make them highly advantageous over the other types of COFs.135 However, attaining 

improved crystallinity and surface areas remains desirable. 

 

Figure 4.2. Reactions of the two types of imine-based COF materials.123 
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In 2017, Ditchel and coworkers reported the first synthesis of thienoisoindigo based 

COFs.136 The synthesis was done through a metal triflates catalyzed imine-linked covalent 

bond between thienoisoindigo dialdehyde (4.1) and 1,3,5-tris(4aminophenyl)benzene (TAPB) 

(4.2), Scheme 4.1.136 Their reported COF showed good crystallinity as well as surface area 

compared to reported imine-linked COFs derived from simple aldehyde and aniline 

monomers.135  

 

Scheme 4.1. The condensation of thienoisoindindigo dialdehyde(4.1) with TAPB (4.2).136 
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Soon afterwards, Bein and co-workers reported the first 2D COF-based UV to NIR- 

responsive photodetector, Scheme 4.2.137 Their incorporation of donor-acceptor type 

isoindigo- and thienoisoindigo-based moieties allowed a very high absorption as well as good 

porosity and stability.137 Hence, the remarkable absorbance properties obtained when 

including isoindigo units in donor-acceptor COFs structures is promising for future 

investment in optoelectronic applications. 

 

Scheme 4.2. The condensation of isoindigo dialdehyde (4.2) with 4.3.136 
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In this chapter, we report the synthesis of two isoindigo dialdehydes derivatives as 

building blocks for COFs, Scheme 4.3. The two compounds (4.1-4.2) were synthesized 

through Suzuki coupling reactions, purified and characterized by 1H and 13C NMR and 

elemental analysis. Our collaborator Prof. Ali Trabolsi from the New York University in Abu 

Dhabi is currently exploring these two isoindigo dialdehydes for the synthesis various COF 

materials. The condensation reaction of isoindigo dialdehydes (4.1- 4.2) and 1,3,5-tris(4-

aminophenyl)benzene (TAPB) (4.3) successfully led to the formation of COF 4.10 and COF 

4.11. The properties of these two COFs are currently under investigation. The synthesis of 

other COFs using 4.7 and 4.8 is also ongoing. 

Scheme 4.3. The condensation of isoindindigo dialdehydes (4.7-4.8) with 4.9 to afford COFs (4.10-

4.11). 



62 
 

4.2 Results and Discussion 

4.2.1 Synthesis 

The two isoindigo aldehydes were synthesized through Suzuki coupling reaction 

between alkylated dibromoisoindigo derivatives and 4-formylphenylboronic acid, Scheme 

4.4. After several attempts to optimize the reaction conditions, toluene was found to be a 

better solvent than THF to have higher yields. A competition between the formation of the 

monosubstituted aldehyde and the disubstituted aldehyde was governed by temperature and 

time. Running the reaction between 80-85 C for 24 hours gave monosubstituted aldehyde as 

major product, while running the reaction at 100-110 C for 48 hours resulted with the 

disubstituted aldehyde as major product with traces of the monoaldehyde. However, higher 

temperatures gave an undesired side product very close in polarity to the dialdehyde which 

made the purification process by column chromatography more difficult. Yet, more 

challenging purification payed off with overall higher yields.  

Scheme 4.4. Synthesis of isoindigo aldehydes (4.7-4.8). 
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4.3 Experimental  

4.3.1 Synthesis 

(E)-4,4'-(1,1'-dihexyl-2,2'-dioxo-[3,3'-biindolinylidene]-6,6'-diyl)dibenzaldehyde (4.7) 

The title compound was synthesized according to a modified literature procedure.63 

Compound 2.18 (0.35 g, 0.60 mmol), (4-formylphenyl)boronic acid 4.12 (0.38 g, 2.50 mmol, 

4.2 eqv), potassium carbonate 2M solution (4 mL), and tetrabutylammonium bromide (10 

mg) were added to 40 mL toluene. The mixture was purged with argon gas for 30 minutes. 

Freshly synthesized tetrakis(triphenylphosphine)-palladium (0) (50 mg) was then added, and 

the reaction was refluxed at 100 oC for 48 hours under argon and in the dark. The reaction 

was then quenched with distilled water, then extracted with chloroform. The combined 

organic layer was dried over Na2SO4 and the solvent was removed under reduced pressure. 

The desired compound was separated using silica gel column chromatography with hexane: 

DCM (4:6) as mobile phase and recrystallized from toluene-hexane. 4.7 (0.29 g, 76%) was 

isolated as a shiny purple brown solid. 1H NMR (500 MHz, CDCl3): δ 10.09 (s, 2H), 9.32 (d, 

J=8.5 Hz, 2H), 8.01 (d, J=8.5 Hz, 4H), 7.82 (d, J=8.5 Hz, 4H), 7.34 (dd, J1=8 Hz, J2=1.5 Hz, 

2H), 7.02 (d, J=1.5 Hz, 2H), 3.88 (t, J=7.5 Hz, 4H), 1.79 (p, J=7 Hz, 4H), 1.47 (p, J=7.5 Hz, 

4H), 1.34 (m, 8H), 0.90 (t, J=7 Hz, 6H). 13C NMR (125 MHz, CDCl3): δ 191.69, 168.04, 

146.31, 145.57, 143.65, 135.84, 132.97, 130.62, 130.34, 127.71, 121. 91, 121.31, 106.51, 

40.22, 31.53, 27.56, 26.77, 22.57, 14.03. Anal. Calcd for C42H42N2O4: C, 78.97; H, 6.63; N, 

4.39. Found: C, 78.93; H, 6.55; N, 4.37. 
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(E)-4,4'-(1,1'-bis(2-ethylhexyl)-2,2'-dioxo-[3,3'-biindolinylidene]-6,6'-

diyl)dibenzaldehyde (4.8) 

The title compound was synthesized according to a modified literature procedure.63 

Compound 2.19 (0.30 g, 0.47 mmol), (4-formylphenyl)boronic acid 4.12 (0.29 g, 1.96 mmol, 

4.2 eqv), potassium carbonate 2M solution (3 mL), and tetrabutylammonium bromide (10 

mg) were added to 30 mL toluene. The mixture was purged with argon gas for 30 minutes. 

Freshly synthesized tetrakis(triphenylphosphine)-palladium (0) (50 mg) was then added, and 

the reaction was refluxed at 100 oC for 48 hours under argon and in the dark. The reaction 

was quenched with distilled water and extracted with chloroform. The combined organic 

layer was dried over Na2SO4 and the solvent was removed under reduced pressure. The 

desired compound was separated using silica gel column chromatography with hexane: DCM 

(4:6) as mobile phase and recrystallized from toluene-hexane. Compound 4.8 (0.18 g, 56%) 

was isolated as a shiny purple brown solid. 1H NMR (500 MHz, CDCl3): δ 10.09 (s, 2H), 

9.32 (d, J=8.5 Hz, 2H), 8.01 (d, J=8.5 Hz, 4H), 7.82 (d, J=8.5 Hz, 4H), 7.34 (dd, J1=8 Hz, 

J2=1.5 Hz, 2H), 7.02 (d, J=1.5 Hz, 2H), 3.88 (t, J=7.5 Hz, 4H), 1.79 (p, J=7 Hz, 4H), 1.44 

(m, 4H), 1.34 (m, 8H), 0.90 (t, J=7 Hz, 6H). 13C NMR (125 MHz, CDCl3): 191.64, 168.40, 

146.23, 145.95, 143.45, 135.83, 132.88, 130.45, 130.35, 127.56, 121.87, 121.22, 106.72, 

44.28, 37.74, 30.78, 28.80, 24.20, 23.09, 14.09, 10.79. Anal. Calcd for C46H50N2O4: C, 79.51; 

H, 7.25; N, 4.03. Found: C, 79.36; H, 7.41; N, 4.04. 
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CHAPTER 5 

NAPHTHALENE DIIMIDE (NDI) DERIVATIVES FOR 

ELECTRONIC APPLICATIONS 

5.1. Introduction 

In the scope of designing organic architectures for high performance electronic 

applications, synthetic chemists usually choose conjugated aromatic molecules as building 

blocks since these are well-known for their large planarity, defined spectroscopic and redox 

properties.33 From this class of organic molecules, pyrene138 and rylene diimides (RDIs)139 

are well-explored examples. RDIs are a deficient class of aromatic compounds that have been 

studied for years mainly due to their exceptional fluorescent properties, good charge carrier 

mobility, and high stability,140,141 which makes them suitable candidates for electronic 

applications. The two most studied subclasses of RDIs, are perylene diimides (PDIs)142 and 

naphthalene diimides (NDIs), Figure 5.1.143 

 
Figure 5.1. The structures of some explored aromatic compounds in electronics. 

NDI, the smallest homologue of RDIs, found popularity in the 1930s after the 

pioneering work of Vollman et al.144 However, focused studies on functionalizing NDI with 
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different ways did not evolve until after 2002, where Würthner group showed that core 

substituted NDIs (cNDIs) can manifest a great variety of optical properties and colors,30 as 

well as diverse ranges of frontiers molecular orbital levels.31 Thereafter, core substituted 

NDIs became really attractive and rapidly emerged in the era of solar cells, artificial 

photosynthesis, and supramolecular chemistry.32,33 The structures of cNDIs are shown in 

Figure 5.2. 

 

Figure 5.2. The general structures of cNDIs (i.e. 1,4,5,8-naphththalenediimides with one or 

more substituents in position 2, 3, 6 and 7). 

NDI is characterized by a planar, large, robust, electron deficient core. The 

hydrophilic (four carbonyl groups) and hydrophobic (naphthyl core) functionality on 

naphthalene diimides (NDIs) leave solubility to depend on the substituents on the imide 

groups.33,145 Notably, substituting long and bulky aliphatics on imide nitrogens leads to 

higher solubilities of NDIs both in solution and solid forms.145 Stacking of these compounds 

is stabilized by hydrogen bonds and π-π interactions between aromatic regions.33,146 These 

interactions offer varied challenges and possibilities in the scope of supramolecular 

applications147-149 as they aid the formation of continuous stacks but make solubility more 

challenging.32,33 Yet, such stacking allows electron transport with high charge mobility which 

proved to be promising for air-stable n-semiconductors in OFETs.31,150  
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Hence, diimide substitution is important for stacking and alignment, which favors 

charge transport for electronic applications. On the other hand, core substitution allows to 

fine tune the HOMO and LUMO energy levels depending on the type of substituent. For 

instance, functionalizing the core with electron donating groups forms push-pull systems 

since NDI core is electron deficient, whereas core substitution with electron withdrawing 

groups forms π-acidic systems which are desirable for n-type semiconductors.151 

Furthermore, researchers can investigate orbital gaps near the HOMOs and LUMOs of cNDIs 

with DFT studies, cyclic voltammetry (CV), differential pulse voltammetry, absorption and 

fluorescence spectroscopy.15 

In this Chapter, we report three core substituted NDI derivatives (Figure 5.3) through 

a three-step synthetic pathway. The aim of the synthesis was to first add an alkyl group at the 

imide nitrogen atoms to enhance its solubility and stacking, and second, to core-functionalize 

it with three different aromatic substituents through Suzuki coupling in order to study and 

better understand the subsequent effect of different electron donating and withdrawing groups 

on the energy levels, photophysical properties, charge-carrier mobilities, stacking, and overall 

performance as potential materials for organic field effect transistors. 

 

 

Figure 5.3. The structures of the synthesized NDI derivatives. 
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5.2. Results and Discussion 

5.2.1. Synthesis 

The synthesis of naphtalenetetracarboxylic diimide derivatives 5.1-5.3 starts from the 

bromination of naphtalenetetracarboxylic acid 5.4 according to a modified literature 

procedure,152 by reacting it with dibromoisocyanuric acid in sulfuric acid at 130 C for 15 

hours. Compound 5.5 was washed with water and methanol and obtained with 91% yield 

without further purification. In the second step, compound 5.5 and hexylamine were refluxed 

in acetic acid for 1 hour to afford an oily residue which was purified over silica gel using 

column chromatography to obtain compound 5.6.153 The last step was to couple compound 

5.6 with three different boronic acids via Suzuki coupling reaction.154 The reactants were 

refluxed with potassium carbonate, tetra-n-butylammonium bromide and freshly synthesized 

tetrakis(triphenylphosphine)palladium(0) catalyst in toluene for 48 hours. Compounds 5.1-5.3 

were obtained and were confirmed by 1H,13C NMR and elemental analysis. The synthetic 

pathway to afford NDI derivatives 5.1-5.3 is depicted in Scheme 5.1. 
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Scheme 5.1. Synthetic scheme of NDI derivatives 5.1-5.3. 
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5.2.2. Absorption Properties  

The representative absorption spectra of compounds 5.1-5.3 are depicted in Figure 

5.4. The transition at around 360-380 nm is clearly insensitive to core substitution, since no 

shift is observed when the substituents are varied, which is in line with literature 

observations.155 However, the lower energy band is indeed dependent on the substituent. We 

observe no absorption band for the compound bearing electron withdrawing substituent 5.1 

which is indicative of no charge transfer,155 and a red shifted band going from the compound 

bearing a moderately electron donating group (tert-butyl) 5.2 (𝝀max3 = 445 nm) to the one 

bearing strong electron donating group (trimethoxy) 5.3 (𝝀max3 = 470 nm). This is explained 

by the push–pull character of the cNDIs where the charge transfer band gets more red-shifted 

as the electron donating effect increases. It is worthy to mention that this is reflected through 

the color variation of cNDIs making them desirable candidates for various applications.156 In 

this work, we observed the color change of cNDIs, ranging from pale yellow 5.1, to orange 

5.2, to red 5.3. The results of the absorption spectra are summarized in Table 5.1. 

 

Figure 5.4. Normalized absorption spectrum of compounds 5.1-5.3 in chloroform. 
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Table 5.1. The absorption results of compounds 5.1-5.3 in chloroform. 

Compound 𝝀max1  
(nm) 

ε  
(L.mol-1.cm-1) 

𝝀max2 

 (nm) 
ε  

(L.mol-1.cm-1) 
𝝀max3 

(nm) 
ε  

(L.mol-1.cm-1) 

5.1 360 20702 379 23879  -- --  

5.2 359 18364 379 23202 445 8741.9 

5.3 360 19497 380 23356 470 6237.9 

 

 

5.2.3. DFT Calculations and Electrochemistry 

For computational analysis, alkyl groups were truncated to methyl groups except for 

tert-butyl groups in compound 5.10, as shown in Figure 5.5.  
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Figure 5.5. Chemical Structures of the naphthalenediimide derivatives 5.7-5.11 used for 

computational analysis. 

 

In effort to better understand the effect of the substituents on the frontiers molecular 

orbitals, maps of the HOMOs and LUMOs were computed and represented in Table 5.2 and 

summarized in Table 5.3 and Figure 5.6. 
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Table 5.2. Computed HOMOs and LUMOs at the B3LYP/6-31G(d) level of theory for 
compounds 5.7-5.11. 

  HOMO LUMO 

5.7 

    

5.8 

    

5.9 

   
  

5.10 

    

5.11 
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Table 5.3. Frontier molecular orbitals as calculated at the B3LYP/6-31G(d) level of theory of 
compounds 5.7-5.11. 

Compound HOMO (eV) LUMO (eV) 

5.7157 -7.3157 -4.3157 

5.7 -7.03 -3.41 

5.8 -7.07 -3.61 

5.9 -7.21 -3.8 

5.10 -6.16 -3.2 

5.11 -5.76 -3.19 

 

 

 
Figure 5.6. Graphical presentation of the frontier molecular energy levels as computed at the 

B3LYP/6-31G(d) level of theory for compounds 5.7-5.11. 
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Figure 5.7. Reductive differential pulse voltammograms of compounds 5.1-5.3 in 

CH2Cl2/0.1 M nBu4NPF6 with ferrocene as internal standard (feature at 0 V). 

 

Table 5.4. Reduction potentials of compounds 5.1-5.3 as determined in 0.1 M nBu4NPF6 in 
CH2Cl2 vs. Fc+/Fc.  

Compound Potentials vs. Fc (V) 

  0/- -/- 

5.1 -0.94 -1.37 

5.2 -1.12 -1.49 

5.3 -1.1 -1.51 
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Table 5.5. Characteristics of the transition states of compounds 5.7-5.11 determined at the 

LC-PBE158-160 and cc-pVTZ161 level of theory observed with significant oscillator strengths. 

Compound State Energy 
(eV) 

Wavelength 
(nm) 

Oscillator 
strength 

Dipole 
moment 

(D) 
Contribution 

5.7 S2 3.56 348 0.339 3.8829 HOMO →LUMO 100 

5.8 

S3 3.34 371 0.179 2.1898 
HOMO-3 →LUMO (5) 

HOMO-3 →LUMO+2 (3) 
HOMO →LUMO (91) 

S4 3.69 336 0.232 2.5663 
HOMO-3 →LUMO (87) 

HOMO →LUMO (8) 
HOMO →LUMO+2 (4) 

5.9 

S3 3.29 377 0.126 1.5594 
HOMO-3 →LUMO (22) 
HOMO-2 →LUMO (49) 
HOMO →LUMO (27) 

S4 3.43 362 0.175 2.0882 

HOMO-11 →LUMO (2) 
HOMO-3 →LUMO (69) 
HOMO-2 →LUMO (25) 

HOMO →LUMO (3) 

S8 4 310 0.138 1.4046 

HOMO-9 →LUMO (35) 
HOMO-5 →LUMO (57) 

HOMO-2 →LUMO+2 (3) 
HOMO →LUMO+2 (2) 
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5.10 

S1 2.77 448 0.153 2.2554 

HOMO-5 →LUMO (2) 
HOMO-2 →LUMO (4) 

HOMO-1 →LUMO+1 (2) 
HOMO →LUMO (90) 

S4 3.41 363 0.238 2.8438 

HOMO-5 →LUMO (38) 
HOMO-4 →LUMO (22) 
HOMO-3 →LUMO (10) 
HOMO-2 →LUMO (28) 

5.11 

S1 2.61 475 0.132 2.0686 

HOMO-9 →LUMO (2) 
HOMO-6 →LUMO (2) 
HOMO-5 →LUMO (3) 
HOMO-2 →LUMO (3) 

HOMO-1 →LUMO+1 (2) 
HOMO →LUMO (85) 

S6 3.41 363 0.118 1.4160 

HOMO-9 →LUMO (4) 
HOMO-8 →LUMO (4) 

HOMO-7 →LUMO (23) 
HOMO-6 →LUMO (28) 
HOMO-4 →LUMO (36) 
HOMO-1 →LUMO (2) 

S7 3.42 362 0.137 1.6310 

HOMO-9 →LUMO (5) 
HOMO-8 →LUMO (4) 

HOMO-7 →LUMO (37) 
HOMO-5 →LUMO (8) 

HOMO-4 →LUMO (40) 
HOMO-3 →LUMO (3) 
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5.2.4. Thermal Analysis 

TGA experiments were performed on compounds 5.1-5.3 using a Bruker TGA-IR 

Tensor 27 at a scanning rate of 10 C min-1 under nitrogen atmosphere. The decomposition 

temperature was determined from the first derivative of the TGA curve. The results showed 

that the three compounds exhibit good thermal stability between 399.6 C and 486.1 C. 

Fluorinated compound 5.1 exhibited the lowest decomposition temperate although it had the 

highest molecular weight. The results for the TGA analysis of compounds 5.1-5.3 are 

summarized in Table 5.6 And depicted in Figure 5.8. 

Table 5.6. Decomposition temperatures of compounds 5.1-5.3. 

Compound Empirical Formula Molecular weight, 
(g.mol-1) Td (C) 

5.1 C42H34F12N2O4 858.72 399.6 

5.2 C46H54N2O4 698.95 486.1 

5.3 C44H50N2O10 766.89 465.4 
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Figure 5.8. TGA results showing the thermal decomposition process of compounds 5.1-5.3. 

DSC experiments were performed on compounds 5.1-5.3 using TA instrument. 

Heat/cool/heat cycles were carried out while maintaining a heating/cooling rate of 10 ℃ min-

1 under nitrogen atmosphere. Heating cycles were set around 90 degrees below the 

corresponding decomposition temperatures determined by TGA. Figures 5.9-5.11 show the 

collected DSC curves of the 2nd heating and the 1st cooling cycles of the compounds 5.1-5.3 

Noting that the 1st heating cycle was carried out to remove the thermal history of the 

compounds. The melting point increased as the electron withdrawing effect increased. The 

results of the DSC analysis are summarized in Table 5.7. 
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Table 5.7. DSC results for compounds 5.1-5.3. 

 Mol wt, 
(g.mol-1) Transition Onset temp 

(C) 
Maximum 
temp (C) 

Area, 

 (J.g-1) 

Molar 
enthalpy 
(kJ.mol-1) 

5.1 858.72 
crystallization 153.61 174.14 10.28 8.83 

melting 179.76 184.89 8.74 7.50 

5.2 698.95 
crystallization 157.88 168.30 11.16 7.80 

melting 204.18 226.36 8.82 6.17 

5.3 766.89 
crystallization 245.35 252.48 30.25 23.20 

melting 281.84 294.71 31.81 24.40 

 

 

Figure 5.9. DSC analysis of compound 5.1 
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Figure 5.10. DSC analysis of compound 5.2. 

 

Figure 5.11. DSC analysis of compound 5.3. 
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5.3. Experimental 

5.3.1. Synthesis 

All reactions were run using clean and oven dried glassware. Decomposition 

temperatures (Td) were determined using a NETZSCH thermogravimetric analyzer and were 

defined to be as a loss of 5% of the initial sample mass upon heating at a 20 C/min rate; 

under continuous flow of nitrogen gas in order to ensure a completely inert atmosphere inside 

the heating chamber during measurements. Melting temperatures were determined using a 

TA Instruments, Q2000 differential scanning calorimeter. NMR spectra were acquired using 

a 500 MHz Bruker NMR machine. Elemental analyses were performed at Atlantic Microlab, 

Inc., Norcross, USA.  

2,6-Dibromo-naphthalene-1,4,5,8-tetracarboxylic acid (5.5) 

The title compound was synthesized according to a modified literature procedure.162 

In a round-bottom-flask, 5.4 (1.00 g, 3.73 mmol) was dissolved in 6 mL sulfuric acid. 

Dibromoisocyanuric acid (2.10 g, 7.49 mmol) was dissolved in 6 mL sulfuric acid and then 

added slowly to the reaction mixture. The mixture was stirred at 130 oC for 16 hours. The 

mixture was cooled to room temperature then poured over 100 mL cold distilled water. The 

precipitate was filtered. Compound 5.5 (0.78 g, 91%) was obtained as a yellow olive solid 

and was washed with water followed by methanol. 1H NMR (500 MHz, DMSO-d6): δ 11.18 

(s, 4H), δ 8.71 (s, 2H). 
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4,9-dibromo-2,7-dihexylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (5.6) 

The title compound was synthesized according to a modified literature procedure.162 

In a round-bottom-flask 5.5 (1.00 g, 2.16 mmol) was dissolved in 60 mL acetic acid. 

Hexylamine (2.19 g, 21.64 mmol) was then added. The reaction mixture was refluxed for 1 

hour then cooled to room temperature and filtered. The obtained crude was recrystallized 

from acetic acid. Compound 5.6 (0.30 g, 23%) was obtained as a gold yellow solid. 1H NMR 

(500 MHz, CDCl3): δ 8.97 (s, 2H), 4.18 (t, 4H), 1.71 (p, J=7 Hz, 4H), 1.32 (m, 4H), 1.23 (m, 

8H), 0.89 (t, J=7 Hz, 6H). 

 

4,9-bis(3,5-bis(trifluoromethyl)phenyl)-2,7-dihexylbenzo[lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (5.1) 

The title compound was synthesized according to a modified literature procedure.63 

Compound 5.6 (0.25 g, 0.42 mmol), 3,5-bis(trifluoromethyl)phenylboronic acid (0.33 g, 1.27 

mmol, 3 eqv), potassium carbonate 2M solution (3 mL), and tetrabutylammonium bromide 

(10 mg) were added to 30 mL toluene. The mixture was purged with argon gas for 30 

minutes. Freshly synthesized tetrakis(triphenylphosphine)-palladium (0) (50 mg) was then 

added, and the reaction was refluxed at 110 oC for 48 hours under argon and in the dark. The 

reaction was then quenched with distilled water, then extracted with DCM. The combined 

organic layer was dried over Na2SO4 and the solvent was removed under reduced pressure. 
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The desired compound was separated using silica gel column chromatography with hexane: 

DCM (1:1) as mobile phase and recrystallized from toluene. Compound 5.1 (0.25 g, 69%) 

was isolated as a pale-yellow solid. 1H NMR (500 MHz, CDCl3): δ 8.63 (s, 2H), 8.03 (s, 2H), 

7.86 (s, 4H), 4.09 (t, J=7.5 Hz, 4H), 1.67 (p, J=7.5 Hz, 4H), 1.36 (m, 4H), 1.29 (m, 8H), 0.88 

(t, J=7 Hz, 6H). 13C NMR (125 MHz, CDCl3): 161.87, 144.63, 142.16, 135.12, 132.11, 

131.84, 128.47, 127.58, 126.38, 124.35, 123.60, 122.33, 122.18, 41.29, 31.43, 27.95, 26.65, 

22.46, 13.92. Anal. Calcd for C42H34F12N2O4: C, 58.75; H, 3.99; N, 3.26. Found: C, 58.91; H, 

3.88; N, 3.30. 

 

4,9-bis(4-(tert-butyl)phenyl)-2,7-dihexylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-

tetraone (5.2) 

The title compound was synthesized according to a modified literature procedure.35 

Compound 5.6 (0.28 g, 0.47 mmol), 4-tert-butylphenylboronic acid (0.25 g, 1.42 mmol, 3 

eqv), potassium carbonate 2M solution (3 mL), and tetrabutylammonium bromide (10 mg) 

were added to 30 mL toluene. The mixture was purged with argon gas for 30 minutes. 

Freshly synthesized tetrakis(triphenylphosphine)-palladium (0) (50 mg) was then added, and 

the reaction was refluxed at 110 oC for 48 hours under argon and in the dark. The reaction 

was then quenched with distilled water and extracted with dichloromethane. The combined 

organic layer was dried over MgSO4 and solvent was removed under reduced pressure. The 

dark brownish residue was obtained and purified by silica gel column chromatography using 
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hexane: dichloromethane (3:2) as mobile phase. Compound 5.2 (0.29 g, 88%) was isolated as 

a bright orange solid. 1H NMR (500 MHz, CDCl3): δ 8.66 (s,2H), 7.56 (d, J = 8.5 Hz, 4H), 

7.40 (d, J = 8.5 Hz, 4H), 4.12 (t, J = 7.5 Hz, 4 H), 6.85 (d, J = 1.5 Hz, 2H), 4.12(t, J = 7.5 Hz, 

4H), 1.68 (p, J = 7.5 Hz, 4H), 1.35 (s, 18H), 1.30 (p, 12H), 0.89 (t, J = 7 Hz, 6H). 13C NMR 

(125 MHz, CDCl3): 162.62, 162.46, 151.21, 147.66, 137.55, 136.30, 128.07, 127.20, 125.46, 

125.40, 122.70, 40.93, 34.79, 31.54, 31.39, 28.00, 26.74, 22.60, 14.07. Anal. Calcd for C46H-

54N2O2: C, 79.05; H, 7.79; N,4.01. Found: C, 79.03; H, 8.01; N, 3.91. 

 

2,7-dihexyl-4,9-bis(3,4,5-trimethoxyphenyl)benzo[lmn][3,8]phenanthroline-

1,3,6,8(2H,7H)-tetraone (5.3) 

The title compound was synthesized according to a modified literature procedure.63 

Compound 5.6 (0.32 g, 0.54 mmol), 3,4,5-trimethoxyphenylboronic acid (0.34 g, 1.62 mmol, 

3 eqv), potassium carbonate 2M solution (3 mL), and tetrabutylammonium bromide (10 mg) 

were added to 30 mL toluene. The mixture was purged with argon gas for 30 minutes. 

Freshly synthesized tetrakis(triphenylphosphine)-palladium (0) (50 mg) was then added, and 

the reaction was refluxed at 110 oC for 48 hours under argon and in the dark. The reaction 

was then quenched with distilled water, then extracted with DCM. The combined organic 

layer was dried over Na2SO4 and the solvent was removed under reduced pressure. The 

desired compound was separated using silica gel column chromatography with DCM as 

mobile phase and finally washed with hot hexane. Compound 5.3 (0.283 g, 68%) was isolated 
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as a maroon solid. 1H NMR (500 MHz, CDCl3): δ 8.66 (s, 2H), 6.61 (s, 4H), 4.11 (t, J=7.5 

Hz, 4H), 3.97 (s, 6H), 3.89 (s, 12H), 1.69 (p, J=7.5 Hz, 4H), 1.38 (m, 4H), 1.29 (m, 8H), 0.88 

(t, J=7 Hz, 6H). 13C NMR (125 MHz, CDCl3): δ 162.38, 162. 09, 153.28, 147.53, 138.15, 

135.80, 135.78, 127.10, 125. 30, 122.74, 105.59, 62.03, 56.23, 41.03, 31.52, 31.38, 28.04, 

26.71, 22.53, 14.04. Anal. Calcd for C44H50N2O10: C, 68.91; H, 6.57; N, 3.65. Found: C, 

68.88; H, 6.51; N, 3.62. 

 

5.3.2. Photophysical Studies  

Absorption spectra were measured using a Thermo scientific Genesys 10S UV-Vis 

spectrophotometer. Slit widths were fixed at 5 nm. A blank measurement with no sample in 

the sample holder was subtracted from all actual spectra to account for any error possible. 

UV-transparent quartz cuvette 136 (1 x 1 cm) was used for all experiments. 

Stock solutions of concentration 1 mM of each compound were prepared in 

chloroform.  UV-vis measurements were performed on 60 μM solutions. Molar absorptivity 

was determined using calibration curve technique for a set of 5 different concentrations (1 

μM, 10 μM, 20 μM, 40 μM and 60 μM) for each compound. Stock solutions and all prepared 

concentrations were kept in the freezer and used the next day.  
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5.3.3. Computations  

For compound 5.7, X-ray crystal structure 1029338157 was downloaded from CCDC. 

The cif-file was opened with Mercury (a single molecule was exported as .mol file). The 

chemical structures of compounds 5.7-5.11 were exported from Chemdraw. Quantum 

chemical calculations using density functional theory (DFT) and time-dependent DFT (TD-

DFT) approaches were completed using Gaussian09 Revision D01.163 Geometry 

optimizations were completed at B3LYP/6-31G(d) level of theory.164,165 Analysis of 

frequency calculations verified geometries are minima. A single point calculation was carried 

out at the same level of theory and the Gaussian utility was used to create HOMO-LUMO 

frontier molecular orbitals plots. Then, TD-DFT calculations using Range-separated 

functional LC-PBE/6-31G(d) level of theory were completed.158-160 Omega tuning166-168 was 

completed to achieve omega values of compound 5.7 (w=0.2221), compound 5.8 

(w=0.2221), compound 5.9 (w=0.1761), compound 5.10 (w=0.1727), and compound 5.11 

(w=0.1757).  

5.3.4 Electrochemistry  

TBAP (1.937g) was dissolved in dichloromethane (DCM) in a 50 mL volumetric 

flask. A three-electrode setup consistent of Ag/AgCl reference electrode, glassy carbon 

working electrode, and platinum wire as counter electrode was utilized. A capillary tube’s 

worth of compound was added to the solution along with a capillary tube’s worth of 

ferrocene. The solution was stirred via a magnetic stirrer and purged with Argon bubbling for 

10 min. The scan range was set from -1.6V to 1.6V, with a sampling width of 0.1s, and a 

sensitivity of 10-5A/V. Three independent differential pulse voltammetry scans were 

performed. 
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CHAPTER 6 

 

SUPPORTING DATA 
 

 

 

In this Chapter, we include the spectral data (1H and 13C NMR) of the compounds 

reported throughout this thesis, as well the elemental analysis thereof. Appendix A contains 

1H NMR, Appendix B contains 13C NMR, and Appendix C contains elemental analysis 

results. 
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APPENDIX A 

 

PROTON NMR SPECTRA 
 

 

 

Figure 6.1. 1H NMR of 2.4 in CDCl3 at 500 MHz. 
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Figure 6.2. 1H NMR of 2.5 in CDCl3 at 500 MHz. 
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Figure 6.3. 1H NMR of 2.6 in CDCl3 at 500 MHz. 
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Figure 6.4. 1H NMR of 2.7 in CDCl3 at 500 MHz. 
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Figure 6.5. 1H NMR of 2.8 in CDCl3 at 500 MHz. 
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Figure 6.6. 1H NMR of 2.9 in CDCl3 at 500 MHz. 
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Figure 6.7. 1H NMR of 2.14 in DMSO-d6 at 500 MHz. 
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Figure 6.8. 1H NMR of 2.15 in DMSO-d6 at 500 MHz. 
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 Figure 6.9. 1H NMR of 2.16 in CDCl3 at 500 MHz. 
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Figure 6.10. 1H NMR of 2.17 in CDCl3 at 500 MHz. 
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Figure 6.11. 1H NMR of 2.18 in CDCl3 at 500 MHz. 
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Figure 6.12. 1H NMR of 2.19 in CDCl3 at 500 MHz. 
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Figure 6.13. 1H NMR of 4.7 in CDCl3 at 500 MHz. 
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Figure 6.14. 1H NMR of 4.8 in CDCl3 at 500 MHz. 
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 Figure 6.15. 1H NMR of 5.1 in CDCl3 at 500 MHz. 
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Figure 6.16. 1H NMR of 5.2 in CDCl3 at 500 MHz. 
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Figure 6.17. 1H NMR of 5.3 in CDCl3 at 500 MHz. 
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Figure 6.18. 1H NMR of 5.5 in DMSO-d6 at 500 MHz. 
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Figure 6.19. 1H NMR of 5.6 in CDCl3 at 500 MHz. 
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APPENDIX B 

 

CARBON-13 NMR SPECTRA 
 

 

 
 

 
Figure 6.20. 13C NMR of 2.4 in CDCl3 at 125 MHz. 
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Figure 6.21. 13C NMR of 2.5 in CDCl3 at 125 MHz. 
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Figure 6.22. 13C NMR of 2.6 in CDCl3 at 125 MHz. 
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Figure 6.23. 13C NMR of 2.7 in CDCl3 at 125 MHz. 
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Figure 6.24. 13C NMR of 2.8 in CDCl3 at 125MHz. 
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Figure 6.25. 13C NMR of 2.9 in CDCl3 at 125MHz. 
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Figure 6.26. 13C NMR of 2.14 in DMSO-d6 at 125MHz. 
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Figure 6.27. 13C NMR of 2.16 in CDCl3 at 125MHz. 
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Figure 6.28. 13C NMR of 2.17 in CDCl3 at 125MHz. 
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Figure 6.29. 13C NMR of 2.18 in CDCl3 at 125MHz. 
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Figure 6.30. 13C NMR of 2.19 in CDCl3 at 125MHz. 
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Figure 6.31. 13C NMR of 4.7 in CDCl3 at 125MHz. 
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Figure 6.32. 13C NMR of 4.8 in CDCl3 at 125MHz. 
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Figure 6.33. 13C NMR of 5.1 in CDCl3 at 125MHz. 
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Figure 6.34. 13C NMR of 5.2 in CDCl3 at 125MHz. 
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Figure 6.35. 13C NMR of 5.3 in CDCl3 at 125MHz. 
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APPENDIX C 

 

ELEMENTAL ANALYSIS RESULTS 
 

 
 

 
Figure 6.36. Elemental analysis of compound 2.4. 
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Figure 6.37. Elemental analysis of compound 2.5. 
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Figure 6.38. Elemental analysis of compound 2.6. 
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Figure 6.39. Elemental analysis of compound 2.7. 
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Figure 6.40. Elemental analysis of compound 2.8. 
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Figure 6.41. Elemental analysis of compound 2.9. 
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Figure 6.42. Elemental analysis of compound 2.17. 
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Figure 6.43. Elemental analysis of compound 4.7. 
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Figure 6.44. Elemental analysis of compound 4.8. 
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Figure 6.45. Elemental analysis of compound 5.1. 
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Figure 6.46. Elemental analysis of compound 5.2. 
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Figure 6.47. Elemental analysis of compound 5.3. 
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