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2. ABSTRACT 

OF THE THESIS OF 

 

Elissa Oussama Shehayeb  for Master of Science 

      Major:  Chemistry 

 

 

Title: Synthesis of Novel Pyrene and Isoindigo-Based Compounds for Electronic 

Applications 

 

 

In this thesis, we report the synthesis and characterization of new pyrene and isoindigo-

based compounds that could be used in organic electronic applications. The performed 

reactions included various Suzuki-Miyaura coupling, nucleophilic aromatic substitution, 

and condensation reactions. 

 

In Chapter 2, we report the synthesis of five novel isoindigo derivatives achieved 

through Suzuki coupling using either the respective boronic acid or boronic acid pinacol 

ester, in the presence of freshly synthesized Pd(PPh3)4 catalyst. Absorption and thermal 

properties were reported. Preliminary mesophase behavior of these molecules was 

studied in collaboration with Prof. S. Holger Eichhorn from the University of Windsor, 

and the X-ray structure of one of the compounds was determined by Dr. Jeanette Krause 

from the University of Cincinnati. Computational studies were performed by Prof. 

Brigitte Wex from the Lebanese American University. 

 

In Chapter 3, we report the synthesis and characterization of two new pyrene derivatives 

that serve as potential building blocks for organic field-effect transistors (OFETs). The 

absorption properties of the isolated molecule are also reported. 

 

In Chapter 4, we report the synthesis of two isoindigo dialdehyde derivatives, one of 

which was used in the synthesis of two novel covalent organic frameworks (COFs) that 

served as photocatalysts for the conversion of carbon dioxide into formate anions. The 

synthesis, characterization, and photocatalytic activity of the COFs were performed in 

collaboration with Prof. Dinesh Shetty from the Khalifah University of Science and 

Technology in Abu Dhabi, Prof. Ali Trabolsi from New York University in Abu Dhabi 

and Prof. Mohamad Hmadeh from the American University of Beirut. 
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ɚ  Wavelength 

ɚmax  Wavelength at maximum absorbance 

ɛ  Mobility  

m˃ol  Micromole 

 ́  Pi bonding orbital 

ˊ*  Pi antibonding orbital 
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CHAPTER 1 

1. INTRODUCTION TO ORGANIC ELECTRONICS 
 

1.1. Organic Electronics 

Searching for sustainable energy-efficient processes has been indispensable ever 

since the rapid draining of non-renewable resources. With the exponential wide-spread 

of electronic devices, seeking innovative ways to manufacture these devices provides a 

great advantage to making the world greener.1 This can be achieved through the low-

power production, usage, and disposal of these widely spread devices. Organic 

electronics, namely electronics based on organic materials, has been the research focus 

of numerous research groups around the world. They include organic light-emitting 

diodes (OLEDs),2, 3 organic field-effect transistors (OFETs),4, 5 organic photovoltaics  

(OPVs),6, 7 organic sensors,8 organic switches,9 organic memory devices,10 and others. 

Substituting the use of steel, aluminum, silicon, metal oxides and rare earth 

metals in electronic devices with organic materials composed of carbon, hydrogen, 

oxygen, and nitrogen atoms presents a great basis, especially with the widespread of 

these devices, including phones, tablets, computers, etc. The use of organic materials in 

electronics renders these devices mechanically flexible, relatively light-weight, 

environmentally safe, and naturally biodegradable.1 In addition, the structures of the 

molecules can be predesigned in a way that enhances their properties and maximizes the 

efficiency in their desired application.11 Companies that produce electronic devices have 

already started to integrate the organic electronics field into their fabrication, and this 

process is expected to grow further in the upcoming years.11 
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Organic materials that make up the organic electronic devices, depending on 

their area of use, can be distributed into three categories: insulators, semiconductors, 

and conductors. Usually, an electronic device is composed of multiple layers or 

sections, each of which consists of one of the three forementioned elements. Insulators 

are used to separate the charges flowing between semiconductors and/or conductors and 

to prevent short-circuits.1 Conducting materials are usually used to form wires or layers 

that connect different parts of a circuit together.1 Semiconductors are the main focus of 

study in this field since they establish the active component of the electronic device.1 A 

comparative scale showing the conductivities and resistivities of these three elements is 

represented in Figure 1.1.1 The conductivities of semiconductors range between 10-8 to 

103 S.cm-1 and can be turned on and off by externally applied stimuli.12 

 

 
Figure 1.1. The range of resistivity and conductivity of insulators, semiconductors, and 

conductors. 

 

 

1.2. Organic vs Inorganic Semiconductors 

Traditionally, inorganic semiconductors such as silicon, doped metal oxides, and 

carbon allotropes were used in the fabrication of semiconductors of electronic devices.1 

However, with the growth of the field of organic electronics, these semiconductors are 
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10-18 10-16 10-14 10-1210-10 10-8 10-6 10-4 10-2 1 102 104 106 108
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being substituted with organic materials (small molecules and/or polymers).1 The main 

differences between organic and inorganic semiconductors are summarized in Table 

1.1.1, 11, 13 Usually the used organic materials in such devices are highly conjugated in 

order to strengthen the intermolecular stacking, hence forming greater crystalline order, 

in addition to widening the widths of their respective conduction band (CB) and valence 

band (VB).11 

 

Table 1.1. Main differences between organic and inorganic semiconductors. 

 
Organic Semiconductors Inorganic Semiconductors 

Material used1 ¶ Organic small molecules 

or polymers  
¶ Silicon, doped metal oxides, 

and carbon allotropes 

Bonding13 

¶ Intramolecular: covalent 
¶ Intermolecular: van der 

Waals, London forcesé 
¶ < 40 kJ/mol 

¶ Very strong covalent bonds 
 

 

¶ å 300 kJ/mol (for Silicon) 

Width of CB and 

VB11, 14 

¶ Relatively narrow  
¶ Widen with increase in 

conjugation 

¶ Broad due to significant 

orbital overlap 

Charge carrier 

mobility13 
¶ Hopping/tunneling of 

charges between localized 

states 

¶ Charges move in highly 

delocalized wide bands 

Deposition 

techniques11 

¶ Printing, coating, and 

traditional techniques 
¶ Low-cost and low-power  

¶ Thermal evaporation and 

vacuum-based techniques 
¶ High-cost and energy-

demanding 
 

 

The organic materials used in electronics can include small molecules or 

polymers.15 Although polymers possess great intra- and interchain charge transport and 

can be chemically modified to become solution-processible for ease of fabrication, 

small organic molecules are usually preferred as organic semiconductors over polymers 
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for several reasons.15 Table 1.2 summarizes the advantages of small molecules and the 

disadvantages of polymers as organic semiconducting materials.1, 11, 15, 16  

 

Table 1.2. Main differences between small molecule and polymeric organic 

semiconductors. 

Small molecules Polymers 

Easy to synthesize and purify15 
Difficult to synthesize and purify to 

high standards15 

Definite small molecular weight11 Uncontrollable molecular weight11 

Uniform and reproducible self-

assembly1 

Uniformity relative to the molecular 

weight of the polymer11, 15 

Large-scale and low-cost 

manufacturing1 

Cannot be used in fabrication due to 

irreproducibility1 

Mono-dispersity allowing 

interpretation of properties depending 

on molecule structure15 

Variation in HOMO-LUMO levels 

depending on variable segment 

conjugation in polymers16 

 

 

1.3. Covalent Organic Frameworks (COFs) 

Covalent Organic Frameworks (COFs) are metal-free crystalline polymers made 

up of primary- and high-ordered porous structures of organic monomers.17 COFs are 

formed of at least two different organic building blocks that serve as knots and linkers.17 

Their structure and properties can be determined depending on the building blocksô 

topology, design, length and any attached functional groups.17 As shown in Figure 1.2, 

COFs are pre-designable and synthetically controllable as they can be extended into 2D 

or 3D frameworks depending on the geometries of their building blocks, and based on 

both covalent bonds and non-covalent interactions including ˊ-ˊ stacking, hydrogen 

bonding, van der Waals forces, electrostatic interactions and hydrophobic effects.17  
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Figure 1.2. Some examples of organic building blocksô geometries and their respective 

COFs. 

 

Recently, Koner et al. reported the study of one-dimensional covalent organic 

nanotubes (CONTs) that possess high thermal and chemical stability.18 The building 

blocks include a tetratopic tetraamine with a 120° dihedral angle and a ditopic linear 

dialdehyde, and the resulting CONTs were able to assemble in loops and toroidal 

superstructures.18 This field is expected to grow upon enhancing the properties of 

CONTs through functionalization to serve for different applications.18 On the other 

hand, COFs have already been reported in a wide variety of applications, which range 

from adsorption, sensing and mass transport to semi-conduction and catalysis.17  

 

1.4. Aims and Objectives 

The main focus of this thesis work is to synthesize, characterize, and study the 

photophysical properties of novel pyrene and isoindigo- based small molecules that can 

potentially be used in electronic applications. The last Chapter reports the use of an 
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isoindigo derivative as a linker in a covalent organic framework for the visible light-

driven reduction of carbon dioxide. 

In Chapter 2, we report the synthesis and characterization of a series of isoindigo 

derivatives with different extended chains, shown in Figure 1.3. Different N,Nô-

dialkylated dibromoisoindigo intermediates were subjected to Suzuki coupling with 

3,4,5-trimethoxyphenyl boronic acid or 3,4,5-tridodecyloxy phenyl boronic acid pinacol 

ester, in the presence of Pd(PPh3)4 catalyst. The boronic ester was obtained from our 

collaborator, Prof. S. Holger Eichhorn, from the University of Windsor, Canada. The 

physical properties (absorption) and thermal properties (TGA and DSC) were studied. 

The preliminary liquid crystalline properties of compounds 2.1a-c and 2.2a-b were 

studied by Prof. Eichhornôs research group using POM. X-ray structure of compound 

2.1c was achieved by Dr. Jeanette Krause from the University of Cincinnati. DFT 

calculations of 2.1c were attained by Prof. Brigitte Wex from the Lebanese American 

University. 

 

 

Figure 1.3. The structures of the synthesized isoindigo derivatives 2.1a-c and 2.2a-b. 
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In Chapter 3, we report the synthesis and characterization of two pyrene-based 

molecules 3.1 and 3.2, Figure 1.4, that are promising candidates for OFET applications. 

Inspired by the work of Gampe et al.,19, 20 a multi-step synthesis scheme was primarily 

followed to synthesize a functionalized 1,2-benzenediamine intermediate that was later 

condensed with diketopyrene and tetraketopyrene. The resulting compounds were 

characterized by 1H- and 13C-NMRs, and their properties were studied by UV-Vis 

spectroscopy. 

 

 

Figure 1.4. The structures of the synthesized pyrene derivatives 3.1 and 3.2. 

 

 

In Chapter 4, we report the synthesis and characterization of two isoindigo 

dialdehyde derivatives 4.1a-b, Figure 1.5. In collaboration with Prof. Dinesh Shettyôs 

research group from the Khalifa University of Science and Technology, Abu Dhabi; 

Prof. Ali Trabolsiôs research group from the New York University, Abu Dhabi; and 

Prof. Mohamad Hmadehôs research group from the American University of Beirut, 4.1b 

was used in the synthesis of PI-COF and Co-PI-COF, also shown in Figure 1.5. The 
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latter COF showed efficient photocatalytic activity in the reduction of carbon dioxide to 

formate anion.  

 

Figure 1.5. The structures of the synthesized isoindigo dialdehydes 4.1a-b and the 

structures of PI-COF and Co-PI-COF. 
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CHAPTER 2 

2. SYNTHESIS OF ISOINDIGO DERIVATIVES FOR 

DISCOTIC LIQUID CRYSTALS 
 

2.1. Introduction  

2.1.1. Discotic Liquid Crystals (DLCs)  

2.1.1.1. Definition and History 

Discotic liquid crystals (DLCs) are usually formed of disc-like molecules to 

which 3-8 flexible alkyl chains are attached. DLCs can self-assemble in columns 

through intermolecular interactions to form a liquid-like state, hence possessing 

properties of both fluid liquids and solid crystals. Liquid crystals (LCs) were first 

discovered in 1888 by the botanist Friedrich Reinitzer as he was analyzing the thermal 

properties of crystals extracted from the roots of a carrot.21 He observed the presence of 

ñtwo melting pointsò: the first corresponds to the change of state from a solid to a turbid 

fluid, whereas the second, called the clearing point, corresponds to the complete 

transparency of the liquid.21 In collaboration with the crystallographer Otto Lehmann, 

both pioneers of this work were able to distinguish the observed phenomenon as a new 

field of polymorphism.21 In 1977, Chandrasekhar et al. reported the inception of DLCs 

formed of benzene-hexa-n-alkanoates, which are disc-like molecules rather than rod-

like chains as reported prior to that.22 The disc shape arises from the structure of the 

molecule: an aromatic core with flexible chains attached to it. An interesting feature of 

LCs and DLCs is their self-healing self-assembly, such as the examples represented in 

Figure 2.1. 
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Figure 2.1. Examples of rod-like, discotic, and bent molecules along with their self-

assembled arrangement. Reprinted with permission from Ref 23. Copyright 2021 

American Chemical Society. 

 

2.1.1.2. Alignment 

In the nematic phase (ND), the directionalities of the molecules are aligned 

towards one end, but each molecule is free to move along its axis preserving its 

orientation.24 For this reason, the nematic phase is the most flexible and fluid-like, thus 

being the least ordered.24 The hexagonal columnar alignment (Colh) and the rectangular 

columnar alignment (Colr) arise from the ˊ-ˊ stacking of the aromatic cores of the DLC 

molecules into 1D columns.25 These columns are then arranged into 2D lattices to form 

the mesophases Colh and Colr.
14 Moreover, the thermal fluctuations of the flexible side 

chains are vital for the mesophase formation, as determined experimentally, and they 

prevent the formation of 3D lattices.26-28  As shown in Figure 2.2, the columnar phases 

represent higher order and symmetry with respect to the nematic phase, and they exist 

as the temperature is decreased.24  
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Figure 2.2. Some examples of the alignment of DLC molecules: discotic nematic (ND), 

hexagonal columnar (Colh), and rectangular columnar (Colr), in their increasing 

positional order with decreasing temperature. Reprinted with permission from Ref 24. 

Copyright 2013 Taylor & Francis. www.tandfonline.com 

 

In addition to the forementioned mesophases, and depending on the structures of 

the original molecules, other mesophase alignments, shown in Figure 2.3a-d, can also 

be formed by the shifted-axis or rotated-about-the-axis core stacking rather than the 

translational stacking of a moleculeôs core and chains over the adjacent molecule 

respectively.29 A helical organization can be attained from this type of stacking, as per 

the example in DBOV-TDOP, described by Chen et al. and represented in Figure 2.4.30 

In this case, the aromatic cores, shown in orange, self-assemble on top of each other 

with Colh stacking.30 There exists a 12° rotation between each molecule and its 

neighboring one in the column; this rotation is attributed to the steric hindrance of the 

respective moleculeôs side chain, shown in green.30 There also exists a dihedral rotation 

of the latter chains in such a manner that the ˊ-orbitals of its adjacent phenyl rings 

overlap.30 The resulting helix is relatively long (15 molecules, 5.55 nm) compared to the 

length of previously reported polyaromatic hydrocarbon helixes (å 1 nm).30  

https://eur03.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.tandfonline.com%2F&data=05%7C01%7Ceos02%40mail.aub.edu%7C3c1c018eb1f048e5465e08da2e8422f1%7Cc7ba5b1a41b643e9a1206ff654ada137%7C1%7C0%7C637873442314978829%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=m76Y8d7PeO2NYKFSDT86oAXJLO4VMy320jtamf%2FsEN4%3D&reserved=0
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The dynamics of DLCs emanates from the disc rotation about the columnar axis, the 

supplanting of discs within the same or adjacent columns, as well as the sliding motion 

of a column with respect to the other.24 

 

 

Figure 2.3. Schematic representation of DLC molecules alignment with (a) translational 

stacking, (b) shifted-axis stacking, and (c, d) rotated-about-the-axis stacking.29 © 2021 

Wiley-VCH GmbH 

 

 

 
Figure 2.4. Schematic representation of the helical organization in DBOV-TDOP. 

Reprinted with permission from Ref 30. 

 

 

2.1.1.3. Edge on and face on 

Depending on their application, DLC molecules can be aligned edge-on or face-

on, as shown in Figure 2.5.25 In homogeneous, or edge-on alignment, the column axis 
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passing through the molecules is parallel to the substrate; however, the column axis is 

perpendicular to the substrate in homeotropic, or face-on alignment.31 The former 

arrangement is usually used in OFETs, while the latter one is best for OPVs and 

OLEDs.31    

 

 

Figure 2.5. Schematic representation of edge-on and face-on alignment in DLCs.  

Adapted with permission from Ref 31. Copyright 2011 American Chemical Society. 

 

 

2.1.1.4. How to study the mesophase behavior of DLCs 

Studying the mesophase behavior of organic compounds can be achieved via 

different techniques. Differential Scanning Calorimetry (DSC) provides information 

regarding the temperatures and enthalpy changes between the different phase 

transitions.24 DSC is explained in further details in the next section of this Chapter. 

Polarized Optical Microscopy (POM) is used to observe the mesophases and 

their textures.24 These textures result from the combination of the defects, surface 

conditions, as well as flexible movement of the molecules guided by symmetry.32 The 

typical textures of Colh mesophases are the focal conic textures shown in Figure 2.6a-b. 
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Other textures of this mesophase are also known, one of which is shown in Figure 2.6c. 

Figure 2.6d shows the POM including defects.32 

 

 
Figure 2.6. Polarized optical microscope (POM) images of Colh mesophases with the 

following textures: (a) fan-shaped focal conic, (b) focal conic, (c) spherulitic-like with 

maltese crosses, and (d) straight linear defects.32 Copyright © 2007 WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

 

Other techniques include X-ray diffraction that can show the alignment and 

stacking parameters of macroscopic sized samples, and solid state Nuclear Magnetic 

Resonance (NMR) spectroscopy which allows the determination of core rotation and 

side chain mobility.24 

 

2.1.1.5. Applications of DLCs  

Calamitic LCs, formed of rod-like molecules, have long been used in electronic 

devices.14 Additionally, the efficient electronic properties of DLCs have rendered these 

materials as great semiconductors for various electronic devices including OLEDs,33, 34 

OFETs,35 OPVs,36 and less familiarly in organic magnetoresistance (OMAR) and 

organic thermoelectric (OTE) devices.28 
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2.1.1.6. Charge Carrier Mobility 

One of the intensively studied properties of DLCs is their charge carrier mobility 

as they have reached values up to 4.22 cm2 V-1 s-1, which are analogous to inorganic 

semiconductors.37, 38 DLCs are great examples of organic semiconductors in their 

columnar phase.25 Upon the stacking of the central cores and the formation of the 

anisotropic mesogen, the charges can be transferred through these aromatic cores 

axially due to the maximized overlap of the molecular orbitals.25, 28 In particular, a 

conduction band is formed through the column axis due to the ˊ*-ˊ* LUMO (lowest-

unoccupied molecular orbital) overlap.32 In addition, the flexible chains around the core 

act as insulators, by which each 1D column is insulated from the other in the 

mesophase, and the only charge transfer is occurring between the molecule and its 

neighboring ones within the column, as shown in Figure 2.7.39 This quasi one-

dimensional conductivity has been proven experimentally in which the axial conduction 

was reported a thousand times larger than the lateral one,32 and it can be attributed to the 

much shorter distance between intracolumnar DLC molecules (å 3.5 ¡) with respect to 

the distance between the intercolumnar molecules (20-40 Å).28, 39  

Hence, expanding the size of the central core to strengthen the ˊ-ˊ interactions, 

and adding functional groups to enhance van der Waals interactions between 

intracolumnar molecules is essential as a means to maximize the efficiency of a DLC 

semiconductor.24, 39  
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Figure 2.7. Schematic representation of charge transfer in DLCs.39 ©WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

 

  

Described here are a few techniques, among others, that are used to study the 

charge-carrier mobility of DLCs. Time of flight (TOF), shown in Figure 2.8a, involves 

the formation of a charge on the interface of the DLC, which is sandwiched between 

two indium tin oxide (ITO) electrodes, upon light irradiation.32 For the charge to form 

solely on the terminal, the thickness of the DLC film is supposed to be sufficiently 

greater than the depth of which the induced charge is created.40 Then, an electric field is 

applied to allow the movement of this created charge.32 The newly generated electric 

current is measured along with the time it takes the charges to reach the other end of the 

column. For this reason, it is necessary for the columns to be aligned homeotropically 

by which the column axis is perpendicular to the electrodes (refer to Figure 2.5).32 The 

mobility ɛ is calculated according to equation (1); ɜ represents the drift velocity, which 

itself is equal to the thickness of the film (d) divided by the transit time (tt) the charges 

need to cross the column, and E represents the applied electric field, which is equal to 

the applied voltage (V) over the film thickness.32 
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ʈ   
 

 (1) 

 

The electron and hole mobility at a macroscopic scale can be differentiated via 

TOF by the recorded electric current.28, 31 Any defects in the columnar arrangement 

greatly affects the values of the deduced charge mobility; thus, in some cases, it might 

provide inaccurate reduced results for the charge mobility.28, 31, 32   

Pulse-radiolysis time-resolved microwave conductivity (PR-TRMC), 

represented in Figure 2.8b, allows the determination of charge-carrier mobility without 

detecting defects.31 Instead, its deduced values are considered to be obtained for a 

defect-free alignment of DLCs.31 A van de Graaff accelerator pulses electrons with high 

energies to create the charge throughout the whole sample evenly.32 From another 

angle, the sample is subjected to microwave radiation. The conductivity of the DLC can 

be calculated from the difference in the power of the microwaves upon propagating 

through the sample then being reflected back.32 This relationship is represented by 

equation (2) in which ů is the conductivity, e is the elementary charge, Ni is the induced 

charge-carrier (electrons and holes) concentration, and ɛi is the mobility.32 

 

ɝʎὸ  ÅВ. ὸʈ  (2) 

 

The use of microwaves allows the determination of the combined electron and 

hole mobility rather than the separate sign or mobility of each, so the determined results 

are usually larger than those obtained from TOF technique.28, 31 Table 2.1 summarizes 

the differences between both techniques. 
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Figure 2.8. Schematic representations of the (a) TOF and (b) PR-TRMC setups.32 

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

Table 2.1. Table showing the differences between TOF and PR-TRMC techniques.32, 40 

 
TOF PR-TRMC 

Charge creation  ¶ Light-induced 
¶ On interface 

¶ Van de Graaff accelerator 
¶ Throughout whole 

sample 

Conductivity detection ¶ Induced electric field ¶ Microwaves 

Scale ¶ Macroscale ¶ Stacks of few molecules 

Uniform alignment ¶ Required 
¶ No defects allowed  

¶ Not required 
¶ Defect-free values 

Time scale ¶ Microseconds ¶ Nanoseconds 

Charge-carrier sign ¶ Can be determined ¶ Not distinguished 

Electrodes ¶ ITO electrodes ¶ Not needed 
 

 

Space charge limited current (SCLC) is another method used to measure the 

charge mobility in a semiconductor. In a dielectric sandwiched between two electrodes, 

when a charge is injected by an electrode on one side, and under the action of an applied 

electric field, the charges migrate to the opposite electrode, thus considered depleted.40 

(a) (b)TOF PR-TRMC



 38 

The contact being ohmic, a condition governing SCLC, involves supplying the 

electrode with sufficient charge such that the latter is accumulated along its respective 

electrode rather than depleting.40 The determined charge mobility hence would solely 

represent that of the semiconductor under study. According to the Mott-Gurney law, 

equation (3), the charge mobility ɛ can be calculated from the measured charge density 

J, the applied voltage V, the semiconductor permittivity Ů and the film thickness d.40  

*   ʈ ʀ  (3) 

In case of field-dependence, the effects of disorders, traps or impurities are 

hidden. The mobility ɛ, represented in equation (4), is often substituted in equation (3). 

ɛ0 represents the mobility with vanishing electric field E, and ɔ expresses the strength of 

field-dependence.40  

ʈ ʈ ÅЍ  (4) 

As shown in Figure 2.9, as the applied voltage is increased from one order of 

magnitude to another, different current to voltage graphs are observed.40 At low 

voltages, region (a), Ohmôs law governs the change of current with respect to the 

applied voltage.40 As the voltage is increased, region (b) or the first SCLC mechanism 

can be detected, which highly depends on the presence of traps in the studied sample.40 

Increasing the voltage further may allow the filling of traps, region (c), thus observing a 

value of the current density J much larger than the calculated one from equation (3).40 

After complete filling of the traps, upon further increase of the applied voltage above 

the value of trap-filling V TF, a second SCLC mechanism, from which the mobility can 

be deduced, is observed, shown as region (d).40 
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Figure 2.9. Graph showing the change in current upon increasing applied voltage in an 

SCLC experiment. Region (a) shows ohmic current, (b) shows a trap-limited SCLC, (c) 

shows trap-filling, and (d) shows the trap-free SCLC.40 Reproduced with permission 

from Termine et al., International Journal of Molecular Sciences; published by 

Multidisciplinary Digital Publishing Institute (MDPI), 2021. 

 

Quasielastic neutron scattering (QENS) is used to observe the picosecond 

motion of the molecules. This time scale represents the period of time during which 

charge transfer occurs between the molecules.28 Thus, through this technique, the 

dynamics of the aromatic core and flexible chain can be determined.28 

 

2.1.1.7. Previously synthesized DLCs in our lab 

 A series of pyrene-based compounds that possess liquid crystalline properties 

have been previously synthesized and reported in our lab.41, 42 The structures of TQPP-

[t-Bu]2-[OC10H21]4, TQPP-[t-Bu]2-[OC20H41B]4, TPPQPP-[t-Bu]2-[OC20H41B]4, as well 

as wide-angle X-ray diffraction (WAXD) and selected POM data, are represented in 

Figure 2.10.43 The WAXD graphs show different spectra reported at a temperature 

increment of 10 °C, and are color-coded with the different observed phases of each 

molecule. For example, in TQPP-[t-Bu]2-[OC10H21]4, four different phases are found, 
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then later observed by POM to determine their nature; the first is a crystalline phase 

between 40 °C and 140 °C, the second 140-180 °C is another crystalline phase, the third 

180-250 °C represents a liquid crystalline phase, whereas above 250 °C, it shows an 

isotropic liquid phase.43 The POM image of Figure 2.10g is taken at 220 °C, which is 

within the LC phase, and shows fan-like texture, confirming the presence of a Colr 2D 

rectangular lattice.43 TQPP-[t-Bu]2-[OC20H41B]4 shows 3 different phases in WAXD: 

the first 30-110 °C shows an LC fan-like texture in POM presented in Figure 2.10h, the 

second 110-140 °C represents another LC phase with a fan-like texture, and an isotropic 

phase is observed above 148 °C.43 The fan-like textures are characteristic columnar LC 

phases. Similarly, for TPPQPP-[t-Bu]2-[OC20H41B]4, 3 phases are distinguished from 

WAXD, an isotropic phase is observed above 200 °C, a 2D Colr mesophase is noted 

between 120-200 °C with its fan-like texture observed by POM, Figure 2.10i, and 

another more ordered mesophase yet not crystalline between 30-120 °C.43 

 

 
Figure 2.10. The structures of (a) TQPP-[t-Bu]2-[OC10H21]4, (b) TQPP-[t-Bu]2-

[OC20H41B]4, and (c) TPPQPP-[t-Bu]2-[OC20H41B]4, along with their respective 1D 

WAXD (d-f) and respective POM textures (g) at 220 °C, (h) at 30 °C, and (i) at 190 °C. 

Reproduced from Ref 43 with permission from the Royal Society of Chemistry. 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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Other TQPP derivatives have also been synthesized in our lab, and their 

mesophases have been studied. Figure 2.11a shows the structure of the selected TQPP-

[4-t-Bu-Ph]2-[SPhytanyl]4 whose phase, upon heating, changes from crystalline to Colh 

mesophase at 105 °C and then to isotropic liquid at 240 °C.42 Upon cooling, the 

isotropic phase changes back to Colh at 233 °C; however, further cooling results in a 

new Colr mesophase at 21 °C.42 The X-ray diffraction patterns at three distinctive 

temperatures are shown in Figure 2.11b, and POM images of the two mesophases are 

represented in Figure 2.11c-d.42 

 

 

Figure 2.11. (a) The structure of TQPP-[4-t-Bu-Ph]2-[SPhytanyl]4. (b) X-ray diffraction 

peaks at 35 °C of initial crystal phase, at 120 °C of Colh mesophase, and at cooling 18 

°C of Colr mesophase. POM textures (c) at 215 °C showing Colh mesophase and (d) at 

17 °C on cooling showing Colr mesophase. Reprinted with permission from Ref 42. 

 

 

(a) (b)

(c) (d)
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Apart from TQPP/pyrene derivatives, the first isoindigo-based compound 

reported in the literature to show liquid crystalline mesophase was developed in our 

lab.44 Figure 2.12a shows the structure of II-LC, and Figure 2.12b shows the X-ray 

diffraction and the WAXD peaks including two distinct phases at 183 °C and 47 °C.44 

POM images, shown in Figure 2.12c-d, confirm the crystallinity of II-LC at 

temperatures below 60 °C and Colr mesophase between 60 and 220 °C. 

 

 

Figure 2.12. (a) The structure of II-LC. (b) X-ray diffraction (left) and WAXD (right) 

peaks at 183 °C for Colr mesophase and 47 °C for crystalline phase. POM textures (c) at 

38 °C showing crystalline phase and (d) at 180 °C showing Colr mesophase.44 © 2019 

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 

 

2.1.2. Isoindigo 

Indigo is a well-known natural dye with a blue color; its constitution was first 

discovered by the recipient of the 1905 Nobel Prize in Chemistry, von Baeyer.45 

However, different naturally found isomers of indigo (shown in Figure 2.13) had been 

extensively used prior to that, including the 6,6ô-dibromoindigo, also known as Tyrian 

(a) (b)

(c) (d)
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purple, that was initially produced by the Phoenicians in the 16th century B.C.46 With 

time, these dyes proved to have efficient electronic properties that can be used in a wide 

variety of applications. The isoindigo molecule, another isomer of indigo, has fascinated 

numerous research groups around the world due to its remarkable properties. Isoindigo, 

shown in Figure 2.13, is a stable, highly conjugated, and electron-deficient molecule, 

thus it is generally used as an electron acceptor.47 Its planarity is attributed to its central 

double bond, intramolecular hydrogen bonding, and its two lactam rings in which the p-

orbital of the sp2 hybridized N-atom is in conjugation with the ˊ-orbital of the adjacent 

carbonyl group.48, 49 In addition, the isoindigo core can present molecules with low-

lying LUMO energy levels, thus ameliorating stability and electron-accepting 

efficiency.48, 49 Its structure is easy to modify by adding different aliphatic chains or 

aromatic extensions, copolymerization, or functional groups, which can greatly alter its 

physicochemical properties, hence enhancing its respective activities in the desired 

applications.47, 50-52 And because of the forementioned properties of isoindigo and others 

including its facile bulk synthesis,53 isoindigo has a very wide range of applications: 

initially being used as a bioactive anti-cancer drug,54 and ever since 2010,55 in electronic 

applications including organic solar cells,56, 57 OFETs,58, 59 electrochromics,60, 61 and 

others.  

Naturally, isoindigo is a dye formed in plants, namely Isatis tinctoria,62 by 

hydrolases, air, and oxidized indoles, like isatin, indoxyl or oxindole. However 

synthetically, there are two mainly followed pathways for the formation of isoindigo:53 

the first includes the dimerization of ketocarbenes formed from isatin and 

tris(diethylamino)phosphines (P(NEt2)3),
63 whereas the second, which is favored, 

includes the suspension of isatin and oxindole in acetic acid with a catalytic amount of 
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hydrochloric acid.55 Unlike indigos and indirubins, isoindigo cannot be synthesized by 

condensation under basic conditions.53 

Isoindigo is not very soluble in common organic solvents due to the strong 

intermolecular hydrogen bonding.48 Alkylation of the amide nitrogen helps enhancing 

the solubility of the isoindigo molecule in organic solvents.53 This can be achieved by 

reacting isoindigo with potassium carbonate (K2CO3),
55 sodium hydride (NaH),60 or 

potassium hydroxide (KOH)64 in addition to an alkyl halide and DMF or THF/DMSO 

under inert atmosphere. Later, cross-coupling reactions on the alkylated isoindigo, 

including Stille,48 Suzuki,50 or direct arylation65 coupling reactions are usually 

performed which can be attained upon the palladium-catalyzed reaction with the desired 

boronic acid or boronic ester in toluene, dimethylacetamide or THF. 

 

 
Figure 2.13. The structures of isomers of indigo.62, 66 



 45 

 

Although the starting material needed to synthesize 5,5ô-substituted isoindigo 

derivatives are less expensive, and even though these derivatives show comparable 

absorption to their 6,6ô-analogues, they exhibit less oscillator strength for optical 

transitions in the visible spectrum, decreased current densities, and lower molar 

absorptivities with respect to the 6,6ô-substituted isoindigo derivatives.50, 60 In addition, 

aromatic substitution at the 6,6ô-positions may lead to the formation of a quinoid 

structure, rendering it more stable than the 5,5ô-isomers in which there is a breakage in 

conjugation across the central double bond, shown in Figure 2.14.47, 50, 60 For these 

listed reasons, the former has been meticulously studied rather than the latter.47, 50 

 

 
Figure 2.14. The HOMO-LUMO electronic structures of 5,5ô- and 6,6ô-substituted 

isomer derivatives of isoindigo. Adapted with permission from Ref 53. Copyright 2013 

American Chemical Society. 

 

 In this Chapter, we report the synthesis and characterization of compounds 

2.1a-c and 2.2a-b shown in Figure 2.15. In addition, we report the thermal analysis of 

these compounds by thermogravimetric analysis (TGA) and differential scanning 

рΣрΩ-Substitution сΣсΩ-Substitution
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calorimetry (DSC), as well as their preliminary mesophase characterization through 

polarized optical microscope (POM). The boronic ester synthesis and DLC 

characterization have been achieved in collaboration with Prof. S. Holger Eichhornôs 

group from the University of Windsor, Canada. Single X-ray diffraction of 2.1c was 

performed by Dr. Jeanette Krause from the University of Cincinnati, and computational 

studies were attained by Prof. Brigitte Wex from the Lebanese American University. 

The mobilities of 2.1a-c and 2.2a-b will be attained using the TOF and SCLC methods. 

 

 

Figure 2.15. The structures of 2.1a-c and 2.2a-b. 

 

2.2. Results and Discussion 

2.2.1. Synthesis 

 6,6ô-Dibromoisoindigo 2.5 was formed upon the condensation of commercially 

available 6-bromooxindole 2.3 and 6-bromoisatin 2.4. The two reagents were dissolved 

in acetic acid with a catalytic amount of hydrochloric acid, and the reaction mixture was 

refluxed overnight.55 The obtained precipitate was recrystallized from 1,2-

dichlorobenzene to yield the pure product.55 Then, the synthetic route proceeded with 

the N,Nô-dialkylation of 2.5 to increase its solubility. Under argon, 6,6ô-
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dibromoisoindigo along with potassium carbonate and 1-hexylbromide, 2-

ethylhexylbromide or iodomethane in dimethylformamide were reacted at 110 °C for 72 

hours to yield 2.6a, 2.6b, or 2.6c, respectively. The obtained products 2.6a-b were 

purified by column chromatography whereas 2.6c was purified by recrystallization.55 

Next, Suzuki coupling67 of 2.6a-c was performed under argon through two different 

routes: the first included the presence of 3,4,5-trimethoxyphenylboronic acid, freshly 

synthesized tetrakis(triphenylphosphine)palladium (0) (Pd(PPh3)4) catalyst,68 2M 

potassium carbonate solution, and tetrabutylammounium bromide (TBABr) in toluene 

for 72 hours. The second route included the presence of 3,4,5-trimethoxyphenyl boronic 

acid pinacol ester, freshly synthesized Pd(PPh3)4 catalyst,68 and sodium carbonate in 

THF:water (4:1) solution for 24 hours, in which the THF was freshly dried over sodium 

and benzophenone.44 In addition, a procedure similar to the second route but using 

3,4,5-tridodecyloxyphenyl boronic ester was followed to synthesize 2.2a-b.44 Both 

boronic esters were prepared by Prof. Eichhornôs research group. Compounds 2.1a-c 

and 2.2a-b were obtained after purification through column chromatography and were 

characterized by 1H and 13C-NMR. Scheme 2.1 depicts the synthetic route of 

compounds 2.1a-c and 2.2a-b. 
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Scheme 2.1. Synthesis of 2.1a, 2.1b, 2.1c, 2.2a, and 2.2b. 
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2.2.2. X-ray Structure of 2.1c 

 X-ray crystallography is an experimental technique that allows the identification 

of the 3D atomic and molecular structure of a compound. X-ray beams are used since 

their wavelengths are comparable to atomic size.69 Upon subjecting the sample under 

study to a beam of X-rays, they will be diffracted by the electrons of the atoms forming 

the molecule of the sample.69 The scattered waves are collected, constructively or 

destructively, with respect to each other, and analyzing the obtained data allows the 

structure determination of the studied sample.69 There are two types of X-ray 

crystallography: (1) Single crystal X-ray diffraction (SCXRD) in which the material 

studied is a crystal, and (2) Powder X-ray diffraction (PXRD) in which the sample used 

is in a powder form.69 In this section, we report the SCXRD data obtained for 

compound 2.1c.  

Slow evaporation of CDCl3 from 2.1c in its NMR tube showed the formation of 

crystals which were observed and studied by SCXRD in collaboration with Dr. Jeanette 

Krause from the University of Cincinnati. Compound 2.1c crystallized as two 

independent molecules (2.1c-I  and 2.1c-II ) in the lattice and crystallized with multiple 

CDCl3 molecules in the lattice, as shown in Figure 2.16. Figure 2.17 displays the 

packing of several molecules of both 2.1c-I  and 2.1c-II  shown in two different colors: 

blue and pink respectively, along with a few molecules of CDCl3 (in grey and green).  
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Figure 2.16. Molecular structure of both independent organic molecules of 2.1c. 50% 

probability ellipsoids, H-atoms and solvent omitted for clarity. 

 

 

 
Figure 2.17. Packing of several molecules of 2.1c-I  (in blue) and 2.1c-II  (in pink). The 

grey (carbon) and green (chlorine) atoms correspond to molecules and dimers of CDCl3. 

2.1c-I

2.1c-II
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When observing the X-ray structure of isoindigo derivatives, we mainly focus 

on the value of the dihedral angle within the isoindigo core (between oxindoles) and the 

dihedral angle between the isoindigo and the phenyl ring attached by Suzuki coupling 

(between oxindole and aryl group). These angles are highlighted in Figure 2.18. 

 

 

Figure 2.18. Definition of dihedral angles on compound 2.1c: between oxindole groups 

and between oxindole and aryl group. 

 

Upon the analysis of the obtained results from X-ray crystallography, we notice 

that the isoindigo core is not planar, but twisted with a dihedral angle of 25.72° and 

25.44° along its central double bond for molecules 2.1c-I  and 2.1c-II  respectively. In 

fact, although the isoindigo core is proven to be planar (see Figure 2.19a-d),70 its N,Nô-

dimethyl derivative was previously reported by Voronina et al. to be twisted with a 

dihedral angle of 22.25° (see Figure 2.19e-h).71 Hence, the non-planarity of the 

isoindigo core in 2.1c is attributed to the presence of methyl groups on its nitrogen 

atoms (see Figure 2.19i-l). 

 

Dihedral angle 
between 
oxindoles

Dihedral angle 
between 

oxindole and aryl group
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Figure 2.19. Isoindigo: (a) its chemical structure, (b) front view, (c) and (d) side views. 

N,Nô-dimethylisoindigo: (e) its chemical structure, (f) front view, (g) and (h) side views. 

2.1c: (i) its chemical structure, (j) front view, and (k) and (l) side views.  

 

 

Referring to Figure 2.16, for molecule 2.1c-I , the dihedral angle within the 

isoindigo system between the C1-N2 ring system and the C17-N18 ring system is 

25.72(8)°. The dihedral angle between the C1-N2 ring system and the C6-C11 

trimethoxy phenyl group is 34.53(9)°, and that between the C17-N18 ring system and 

the C22-C27 trimethoxy phenyl group is 27.58(11)°. Relating both trimethoxy rings 

together (C6-C11 and C22-C27), the dihedral angle between them is 31.0(1)°.  

 For molecule 2.1c-II , the dihedral angle between the C40-N41 ring system and 

the C56-N57 ring system is 25.44(7)°. The dihedral angles between the C40-N41 ring 

system and the C45-C50 aryl group, and between the C56-N57 ring system and the 
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C61-C66 aryl group are 32.63(9)° and 35.87(7)°, respectively. The dihedral angle 

between the C45-C50 and C61-C66 trimethoxy phenyl rings is 24.1(1)°. A summary of 

the detailed results and parameters deduced from single X-ray analysis are provided in 

Tables 2.2 and 2.3. 

 

Table 2.2. The least square planes for the two molecules of 2.1c identified by X-ray 

crystallography. 

 
 

  

Deviation from 

planarity (¡)
Dihedral angle (ϲ)

0.0084

0.0546

0.205

0.0085

0.0047

0.0460

0.034

0.0040

C6-C11

C1-N2-C3-C5,C12-C15

C16-C17-N18-C19-C21,C28-C30

C22-C27

C45-C50

C40-N41-C42-C44,C51-C54

C55-C56-N57-C58-C60,C67-C69

C61-C66

34.53(9)

25.72(8)

27.58(11)

32.63(9)

25.44(7)

35.87(7)

2.1c-I

2.1c-II
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Table 2.3. Crystal data and structure refinement for C36H34N2O8.5/4CDCl3. 

Formula C36H34N2O8.5/4CDCl3 

Formula weight 773.12 

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P-1 

Unit cell dimensions 

a = 14.0848(13) Å Ŭ = 65.446(3)° 

b = 16.0142(15) Å ɓ = 81.943(3)° 

c = 18.2524(18) Å ɔ = 78.556(3)° 

Volume  3662.5(6) Å3 

Z 4 

Density (calculated) 1.402 Mg/m3 

Absorption coefficient 0.360 mm-1 

F(000) 1602 

Crystal size 0.279 × 0.170 × 0.035 mm3 

ɗ range for data collection 2.200 to 25.350° 

Index ranges -16 Ò h Ò 16, -19 Ò k Ò 19, -21 Ò l Ò 21  

Reflections collected 105293 

Independent reflections 13390 [Rint = 0.0569] 

Completeness to ɗ = 25.242° 99.9 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.862 and 0.780 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13390 / 0 / 945 

Goodness-of-fit on F2 1.035 

Final R indices [I>2ů(I)]  R1 = 0.0756, wR2 = 0.2088 

R indices (all data) R1 = 0.1063, wR2 = 0.2413 

Extinction coefficient 0.0044(8) 

Largest diff. peak and hole 0.757 and -1.517 eÅ-3 
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2.2.3. Absorption 

The normalized absorption spectra of compounds 2.1a-c and 2.2a-b in 

chloroform are shown in Figures 2.20 and 2.21. The only difference between the 

structures of these five compounds is in their alkyl chains which are not involved in any 

electronic transitions; hence, the absorption spectra are expected to be very similar 

which is observed in Figure 2.20. However, with a closer look up to each peak, Figure 

2.21a-c, we notice that there is a slight red shift for the tridodecyloxy isoindigo 

derivatives 2.2a-b with respect to the trimethoxy derivatives 2.1a-c. Similar 

observations have been previously reported in the literature when comparing the UV-

Vis maximum absorbance wavelength for varied alkoxy chains and has been attributed 

to the increasing planarity of the chains with their increasing length.72-74 Moreover, 

referring to Figure 2.21a-c, we observe a slight bathochromic shift as well in maximum 

wavelength absorbance of the hexyl (2.1a) and 2-ethylhexyl (2.1b) trimethoxy 

derivatives in comparison to the methyl trimethoxy derivative (2.1c). This effect may be 

attributed to the results obtained from X-ray crystallography involving the breakage of 

planarity in the N,Nô-dimethyl substituted isoindigo derivative despite the fact that alkyl 

chains are not expected to alter electronic transition of the molecules. Whereas, X-ray 

structures have proven that the isoindigo core is planar for other N,Nô-alkyl substituted 

chains (other than methyl), which correlates with the mentioned shift obtained from 

UV-Vis spectroscopy.53  
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Figure 2.20. Normalized absorption spectra of 2.1a, 2.1b, 2.1c, 2.2a and 2.2b in 

chloroform of concentrations 2.726, 2.686, 1.606, 1.137, and 1.330 × 10-5 M 

respectively. 

  

UV-Vis absorption spectra were recorded for three different stock solutions of 

each of the molecules 2.1a, 2.1b, 2.1c, 2.2a, and 2.2b. In Figure 2.22a-o, the 

absorbances were plotted with respect to the concentrations of the solutions at each of 

the three maximum wavelengths of these molecules. Considering Beer-Lambertôs Law, 

equation (5), Abs represents the absorbance at a certain wavelength ɚ, Ů represents the 

molar absorptivity in L.mol-1.cm-1, b represents the optical path length, i.e., the width of 

the cuvette (1 cm), and c (or conc.) represents the concentration of the prepared solution 

in mol/L or M. 

ὃὦί  ‐ ὦ ὧ     (5) 

 So, the slope of the straight lines obtained from this linear relationship would be 

equal to Ů. Table 2.4 summarizes the corresponding values and obtained results from 

Figures 2.22a-o. 
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Figure 2.21. Closer look-up on the absorption spectra of 2.1a-c and 2.2a-b in 

chloroform normalized at the respective peak. 
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Figure 2.22. Absorbance vs. concentration plots at the maximum wavelengths (ɚmax) of: 

2.1a at (a) 292 nm, (b) 427 nm, (c) 520 nm; 2.1b at (d) 294 nm, (e) 429 nm, (f) 520 nm; 

2.1c at (g) 292 nm, (h) 426 nm, (i) 518 nm; 2.2a at (j) 293 nm, (k) 431 nm, (l) 520 nm; 

2.2b at (m) 294 nm, (n) 434 nm, (o) 531 nm. 
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Table 2.4. Results of the molar extinction coefficients (Ů) in L.mol-1.cm-1 of 2.1a, 2.1b, 

2.1c, 2.2a, and 2.2b at the maximum wavelengths (ɚmax) from UV-Vis spectroscopy.  

 Conc. 

(× 10-5M) 

ɚmax1 = 292 nm ɚmax2 = 427 nm ɚmax3 = 520 nm 

Abs1 
Ů1 

(×104) 
Abs2 

Ů2 

(×104) 
Abs3 

Ů3 

(×104) 

2.1a 

1.93 0.66337 

1.49 

0.42665 

1.51 

0.27932 

0.775 2.45 0.73765 0.50971 0.3096 

2.73  0.78243 0.54563 0.3434 

  ɚmax1 = 294 nm ɚmax2 = 429 nm ɚmax3 = 520 nm 

  Abs1 
Ů1 

(×104) 
Abs2 

Ů2 

(×104) 
Abs3 

Ů3 

(×104) 

2.1b 

2.01 0.62665 

4.97 

0.4481 

2.37 

0.2929 

1.37 2.46 0.84461 0.54302 0.34766 

2.69 0.96381 0.6113 0.3875 

  ɚmax1 = 292 nm ɚmax2 = 426 nm ɚmax3 = 518 nm 

  Abs1 
Ů1 

(×104) 
Abs2 

Ů2 

(×104) 
Abs3 

Ů3 

(×104) 

2.1c 

1.61 0.55427 

3.06 

0.38028 

1.70 

0.25856 

1.13 2.57 0.80271 0.5578 0.37641 

2.78 0.9373 0.57173 0.38523 

  ɚmax1 = 293 nm ɚmax2 = 431 nm ɚmax3 = 520 nm 

  Abs1 
Ů1 

(×104) 
Abs2 

Ů2 

(×104) 
Abs3 

Ů3 

(×104) 

2.2a 

1.14 0.44828 

3.44 

0.30906 

2.32 

0.21918 

1.54 1.44 0.55244 0.37956 0.26579 

1.45 0.55404 0.38035 0.26624 

  ɚmax1 = 294 nm ɚmax2 = 434 nm ɚmax3 = 531 nm 

  Abs1 
Ů1 

(×104) 
Abs2 

Ů2 

(×104) 
Abs3 

Ů3 

(×104) 

2.2b 

0.940 0.36627 

3.14 

0.25924 

2.06 

0.18895 

1.42 1.33 0.51508 0.34878 0.24843 

1.54 0.5472 0.37975 0.27237 
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2.2.4. Computational Studies 

Computational chemistry is the field of chemistry that allows the calculation of 

chemical structures, interactions, and reactivity of molecules, from which different 

properties of the molecules can be predicted.75 It is recently being considered one of the 

main fields of chemistry alongside experimental and theoretical chemistry studies.75 

Applying various theories onto different computational software systems provides a 

great insight on the expected outcome of molecules prior to their time-consuming 

synthesis in the lab.75 One of the frequently used theories for crystalline material is the 

density functional theory (DFT) that involves solving the Schrödinger equation for a 

one-electron system and allows the determination of the ground-state energy of a 

molecule.76 

Herein, we focus on the optimized geometry obtained from DFT calculations of 

compound 2.1c, and its respective highest occupied molecular orbital - lowest 

unoccupied molecular orbital (HOMO-LUMO) energy levels. 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. Referring to Figure 2.18 to view the 

dihedral angles, and as indicated in the previous section, X-ray diffraction of N,Nô-

dimethylisoindigo revealed a twist of 22° between the oxindoles.71 Estrada et al. 

determined the molecular geometries and packing behavior of N,Nô-dihexyl-6,6ô-

diphenylisoindigo using X-ray diffraction,50 therein the dihedral angles observed 

between the phenyl group and the oxindole group were reported as 39.2°. For 2.1c, the 

resulting geometry is presented in Table 2.5 and the dihedral angles spanning phenyl 

through oxindole unit ranged from 34.6°. The presence of peripheral substituents 

decreases the dihedral angle by close to 5°. Using DFT calculations, Estrada et al.50 
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showed that among the two local minima (planar system and a structure with a slight 

twist of 15° between the oxindoles), 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). This observation is in line with our results, Table 2.5, wherein dihedral angle 

between the oxindoles of the isoindigo core was observed at 13.1°. In comparison to the 

dihedral angles obtained from X-ray crystallography, we notice that calculations 

confirm the observed twisted geometry with a smaller dihedral angle of 13.1° (with 

respect to Ғ 25° for both molecules 2.1c-I  and 2.1c-II  from X-ray diffraction). The 

calculated 34.6° dihedral angle between the phenyl and oxindole groups is also in 

correlation with the values of this angle obtained from X-ray diffraction for molecules 

2.1c-I  (34.5° and 27.6°) and 2.1c-II  (32.6° and 35.9°). 

 

Table 2.5. Optimized geometry, dihedral angle along the two oxindole groups and 

phenyl-oxindole group of 2.1c at the B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) level of 

theory. 

 

Optimized geometry 1 

Dihedral 

angle 
(between 

oxindoles) 

Dihedral 

angle 
(aryl and 

oxindole) 

2.1c 

 

13.1° 34.6° 

 

 

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

exhibits HOMO and LUMO energy levels of -5.91 eV and -3.06 eV, respectively.50 The 
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substitution with phenyl groups at 6,6ô-position changed the HOMO by 0.2 eV to -5.71 

eV, while the LUMO energy level remained unaltered at the same level of theory.50 The 

electron-donating effects of the trimethoxy groups on 2.1c increases the HOMO energy 

level by 0.3 eV and a 0.1 eV in comparison to isoindigo and 6,6ô-diphenylisoindigo 

respectively, all the while rendering the LUMO level virtually unaffected in either case, 

Table 2.6. The molecular orbitals are plotted in Table 2.7. 

 

Table 2.6. Computed adiabatic ionization potentials and electron affinities of 2.1c as 

obtained at the B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) level of theory. 

 HOMO (eV)  AIPa LUMO (eV)  AEAb 

2.1c -5.63 6.54c -3.02 -1.90c 

a AIP = adiabatic ionization potential 
b AEA = adiabatic electron affinity 
c ɤ*-PBE/6-311+G(2d,p)// B3LYP/6-311G+(2d,p)//B3LYP/6-31G(d) 

 

 

Table 2.7. Computed frontier molecular orbital maps of 2.1c at B3LYP/6-

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

e/bohr3. 

 
HOMO  LUMO  

2.1c 

  

 

 

In an effort to understand the absorption spectra, time dependent-DFT (TD-

DFT) calculations were carried out for compound 2.1c using B3LYP/6-311+G(2d,p)// 
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B3LYP/6-31G(d,p) level of theory. Results are presented in Tables 2.8, 2.9, and 2.10. 

The lowest energy transition is composed of HOMOҦLUMO (>88%) with a minor 

component HOMO-2ҦLUMO (<12%). As shown below in Figure 2.22, the lowest 

energy transition is governed by shift of electron density attributed to a -̄ *̄ transition 

based on the orbitals involved. The maximum wavelength of absorbance calculated by 

DFT at 559 nm can be compared to ɚmax3 = 518 nm of 2.1c from the UV-Vis absorption 

results of Figure 2.22i and Table 2.4.  

 

Table 2.8. Optical properties of 2.1c for isolated molecules computed at the using TD-

B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) level of theory. 

 
ɚ (ˊ-ˊ*)max (nm) ȹEth (eV) f ɛge (D) 

2.1c 559 2.22 0.495 9.12 

Legend: ɚmax: wavelength of longest wavelength absorption. ȹEth: energy (eV) for       

S1 Ŷ S0 vertical transition. f: oscillator strength. ɛge: transition dipole moment in debye.  

 

 

Table 2.9. Characteristics for the Sn ҥ S0 vertical transitions of 2.1c as computed via 

TD-B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d).  

 
Energy 

(eV) 

ɚ (Sn Ŷ S0) 

(nm) 

f ɛ 
    

1 2.22 559 0.4951 9.1173 HOMO-2 Ÿ LUMO 6 
     

HOMO Ÿ LUMO 94 

2 2.40 516 0.0000 0.0006 HOMO-3 Ÿ LUMO 3 
     

HOMO-1 Ÿ LUMO 97 

3 2.84 436 0.6685 9.6006 HOMO-2 Ÿ LUMO 94 
     

HOMO Ÿ LUMO 6 

4 3.13 396 0.0022 0.0286 HOMO-3 Ÿ LUMO 97 
     

HOMO-1 Ÿ LUMO 3 

5 not converged 
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Figure 2.23. Wave function maps of orbitals in the main vertical transitions of 2.1c at 

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

 

The isoindigo building block has been copiously utilized as an electron-deficient 

material.53, 77, 78 In an effort to assess the materialôs ability to support charge transport, 

the reorganization energy was computed. This energy is associated with the relaxation 

process of the molecule when a charge is being added (electron) or removed (hole). As 

represented in Figure 2.24, the relaxation energy79 is the sum of the contributions when 

going from the neutral to the charged species in the neutral state and from the charged 

to the neutral species as the charged species.  

ɚh = ɚ1 + ɚ2 = [E+(M°) - E+(M+)] + [E°(M+) - E°(M°)] 

ɚe = ɚ3 + ɚ4 = [E°(M-) - E°(M°)] + [E-(M°) ï E-(M-)] 

 

 
Figure 2.24. Representation of potential energy curves for the neutral and charged 

species. Reproduced with permission from Ref 79.  

HOMO-2 HOMO LUMO
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Based on the computations reported in Table 2.10, the reorganizational energies 

for electron transfer are more favorable compared to hole transport. 

 

Table 2.10. Relaxational energies for electron and hole transfer of 2.1c computed at the 

LC ɤPBE/6-31G(2d,p) level of theory. 

 
ɚ(1)

rel
 (meV) ɚ(2)

rel
 (meV) ɚ(2)

tot
 (meV) 

Electron 230 235 465 

Hole 260 244 504 

 

 

2.2.5. Thermal Analysis  

2.2.5.1. Thermogravimetric Analysis 

 Thermogravimetric Analysis (TGA) is a technique used to determine the 

decomposition temperature of a compound. This is achieved by continuously measuring 

the mass of a sample while heating it at a specified rate.80 Therefore, a TGA instrument 

consists of a furnace that can heat up at a constant rate and a highly sensitive balance 

that measures the weight loss of the sample throughout this heating process.81 Using a 

Netzch TG 209 F1 Libra TGA apparatus, the weight loss of the samples was measured 

under nitrogen gas flow at a rate of 10 °C/min. Figure 2.25 shows the TGA plots of the 

four molecules 2.1a-b and 2.2a-b, and Table 2.11 summarizes their molecular formula, 

molecular weight, and decomposition temperatures. In this case, the decomposition 

temperature was determined at around 5% weight loss of the sample from the TGA 

curves of each molecule. 

In both cases, we notice that the 2-ethylhexyl branched compounds of each 

derivative (2.1b and 2.2b) has a slightly higher decomposition temperature than the 
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hexyl branched ones (2.1a and 2.1b), respectively. In addition, it is very clear that the 

tridodecyloxy compounds 2.2a-b show much greater thermal stability than the 

trimethoxy compounds 2.1a-b. This which can be attributed to the fact that the thermal 

stability of the compounds increased with increasing chain length.82  

 

Table 2.11. Decomposition temperatures of compounds 2.1a-b and 2.2a-b. 

 Formula Mol. Wt. (g/mol) Decomposition Temp. (ÁC) 

2.1a C
46
H
54
N
2
O
8
 762.94 341 

2.1b C
50
H
62
N
2
O
8
 819.05 362 

2.2a C
112
H
186
N
2
O
8
 1688.73 367 

2.2b C
116
H
194
N
2
O
8
 1744.83 372 

 

 

 

Figure 2.25. TGA plots showing the decomposition of 2.1a-b and 2.2a-b. 
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2.2.5.2. Differential Scanning Calorimetry  

Differential Scanning Calorimetry (DSC) is a technique used to study the heat 

flow passing in or out of a sample with respect to time or temperature. It can be used to 

study the unfolding temperatures of proteins83 or to study the thermal transitions of 

polymers and molecules.84 For discotic liquid crystals, DSC can be used to identify the 

temperature of phase transitions, and thus the possible temperatures at which the 

mesophase might exist.85 Using a Q2000 TA Instrument Differential Scanning 

Calorimeter, DSC analysis was performed on the five products 2.1a-c and 2.2a-b. 

Heat/cool/heat cycles were performed under nitrogen gas flow at a rate of 10 °C/min for 

each sample. The temperature ranges were taken between -50 °C up until 300 °C less 

than the compoundôs decomposition temperature, which was previously determined by 

TGA. Figures 2.26-2.30 represent the DSC plots of the first cooling cycle and the 

second heating cycle of each compound. In addition, Table 2.12 summarizes the 

determined results. The area (in W.°C/g) was determined directly from origin (taking 

the baseline into account). æH (in J/g) was calculated by dividing the area (in W.ÁC/g) 

by the rate of heating/cooling which is 10ÁC/min in all the performed runs. æH (in 

kJ/mol) was calculated by multiplying æH (in J/g) by the molecular weight of the 

compound taken from ChemDraw software. 
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Table 2.12. DSC data analysis and results of compounds 2.1a-b and 2.2a-b. 

 
Mol. 

Wt. 

(g/mol) 
Transition 

Peak 

Temp. 

(ÁC) 

Area 
(W.ÁC/g) 

æH 
(J/g) 

æH 
(kJ/mol) 

2.1a 762.94 
crystallization - - - - 

melting 154.52 9.29 55.74 42.53 

2.1b 819.05 
crystallization 141.78 7.53 45.18 37.00 

melting 173.44 7.91 47.46 38.87 

2.1c 622.66 
crystallization 174.76 5.39 32.34 20.14 

melting 274.09 14.12 84.72 52.75 

2.2a 1688.73 
crystallization 7.22 1.16 6.96 11.75 

melting 54.34 11.84 71.04 119.97 

2.2b 1744.83 
crystallization -27.77 1.92 11.52 20.10 

melting -11.39 2.14 12.84 22.40 
 

 

 

 
Figure 2.26. DSC plots of the first cooling and second heating cycle of compound 2.1a. 
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Figure 2.27. DSC plots of the first cooling and second heating cycle of compound 2.1b. 

 

 

 
Figure 2.28. DSC plots of the first cooling and second heating cycle of compound 2.1c. 
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Figure 2.29. DSC plots of the first cooling and second heating cycle of compound 2.2a. 

 

 

Figure 2.30. DSC plots of the first cooling and second heating cycle of compound 2.2b. 
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2.2.6. Mesophase Behavior 

Based on the data obtained from DSC analysis and in collaboration with Prof. S. 

Holger Eichhorn from the University of Windsor, POM images were taken for 2.1a, 

2.1b, 2.1c, 2.2a and 2.2b at specified temperatures. Preliminary results showed the 

absence of LC in these compounds. A sample POM of 2.2b is shown in Figure 2.31. 

Further analysis methods will be conducted, including PXRD which is scheduled to 

determine whether they are soft crystals.  

 

 
Figure  2.31. POM image of 2.2b taken at 22.4 °C, 20 times magnification, and 0° 

polarized. 

 

2.3. Experimental Section 

2.3.1. Synthesis 

All experiments were performed in clean and dry glassware. Melting points of 

the compounds were determined using a DigiMelt M161 SRS machine. 1H and 13C-

NMR spectra were collected using a 500 MHz Bruker NMR machine. 

 



 72 

 

(E)-6,6ô-Dibromo-[3,3ô-biindolinyliden e]-2,2ô-dione (2.5) 

The title compound was synthesized according to a modified literature 

procedure.55 A mixture of 6-bromoindoline-2,3-dione (2.3; 1 g, 4.42 mmol), 6-

bromoindolin-2-one (2.4; 1 g, 4.71 mmol) in acetic acid (30 mL) and hydrochloric acid 

(0.2 mL, 38%) was refluxed overnight. The brick red reaction mixture was left to cool 

at room temperature and then filtrated by suction filtration. The resulting crude product 

was recrystallized from 1,2-dichlorobenzene to afford the pure product (1.83 g, 98%), 

m.p. > 260 °C. 1H-NMR (500 MHz, DMSO-d6): ŭ 11.11 (s, 2H), 9.00 (d, J = 8.5 Hz, 

2H), 7.19 (dd, J1 = 8.5 Hz, J2 = 2 Hz, 2H), 7.00 (d, J = 2 Hz, 2H) ppm. 13C-NMR (125 

MHz, DMSO-d6): ŭ 169.35, 146.01, 133.15, 131.39, 126.20, 124.47, 121.23, 112.87 

ppm. 

 

 

 

(E)-6,6ô-Dibromo-1,1ô-dihexyl-[3,3ô-biindolinylidene] -2,2ô-dione (2.6a) 

The title compound was synthesized according to a modified literature 

procedure.48 In a Schlenk tube, a solution of (E)-6,6ô-dibromo-[3,3ô-biindolinylidene]-

2,2ô-dione (2.5; 1 g, 2.38 mmol) and potassium carbonate anhydrous (2 g, 14.47 mmol) 

in dimethylformamide (50 mL) was prepared. Under argon, 1-bromohexane (2 mL, 

14.30 mmol) was added, and the reaction mixture was heated at 110 °C for 72 hr. After 
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cooling to room temperature, the reaction was quenched with distilled water and 

filtrated. The crude product was purified by column chromatography (n-

hexane:dichloromethane; 3:2) and recrystallized from toluene-hexane to afford the pure 

red product (1.1 g, 78%), m.p. 170-172 °C (lit.60 165-167 °C). 1H-NMR (500 MHz, 

CDCl3): ŭ 9.07 (d, J = 8.5 Hz, 2H), 7.17 (dd, J1 = 8.5 Hz, J2 = 1.5 Hz, 2H), 6.93 (d, J = 

2 Hz, 2H), 3.73 (t, J = 7.5 Hz, 4H), 1.68 (p, J = 7.5 Hz, 4H), 1.31 (m, overlapping, 12 

H), 0.88 (t, J = 6.5 Hz, 6H) ppm. 13C-NMR (125 MHz, CDCl3): ŭ 167.72, 145.77, 

132.65, 131.18, 126.74, 125.13, 120.41, 111.30, 40.27, 31.45, 27.36, 26.66, 22.55, 

14.02 ppm. 

 

 

 

(E)-6,6ô-Dibromo-1,1ô-bis(2-ethylhexyl)-[3,3ô-biindolinylidene] -2,2ô-dione (2.6b)  

The title compound was synthesized according to a modified literature 

procedure.55 In a Schlenk tube, a solution of (E)-6,6ô-dibromo-[3,3ô-biindolinylidene]-

2,2ô-dione (2.5; 1 g, 2.38 mmol) and potassium carbonate anhydrous (2 g, 14.47 mmol) 

in dimethylformamide (50 mL) was prepared. Under argon, 2-ethylhexyl bromide (1.2 

mL, 6.75 mmol) was added, and the reaction mixture was heated at 110 °C for 72 hr. 
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After cooling to room temperature, the reaction was quenched with distilled water and 

filtrated. The crude product was purified by column chromatography (n-

hexane:dichloromethane; 3:2) to afford the pure red product (1.2 g, 78%), m.p. 109-110 

°C. 1H-NMR (500 MHz, CDCl3): ŭ 9.05 (d, J = 8.5 Hz, 2H), 7.17 (dd, J1 = 8.5 Hz, J2 = 

2 Hz, 2H), 6.90 (d, J = 1.5 Hz, 2H), 3.63 (m, 4H), 1.83 (p, J = 6 Hz, 2H), 1.36-1.27 (m, 

overlapping, 16 H), 0.94-0.88 (m, overlapping 12H) ppm. 13C-NMR (125 MHz, 

CDCl3): ŭ 168.16, 146.21, 132.64, 131.01, 126.70, 125.16, 120.41, 111.59, 44.39, 

37.44, 30.57, 28.57, 23.99, 23.07, 14.06, 10.64 ppm. 

 

 

 

(E)-6,6ô-Dibromo-1,1ô-dimethyl-[3,3ô-biindolinylidene] -2,2ô-dione (2.6c) 

The title compound was synthesized according to a modified literature 

procedure.55 In a Schlenk tube, a solution of (E)-6,6ô-dibromo-[3,3ô-biindolinylidene]-

2,2ô-dione (2.5; 0.5 g, 1.19 mmol) and potassium carbonate anhydrous (0.99 g, 7.14 

mmol, 6 eq) in dimethylformamide (25 mL) was prepared. Under argon, iodomethane 

(0.21 mL, 3.33 mmol, 2.8 eq) was added, and the reaction mixture was heated at 110 °C 

for 48 hr. After cooling to room temperature, the reaction was quenched with distilled 
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water and filtrated. The crude product was purified by recrystallization from toluene-

hexane to afford the pure red product (390 mg, 73%), m.p. > 260 °C. 1H-NMR (500 

MHz, CDCl3): ŭ 9.10 (d, J = 8.5 Hz, 2H), 7.20 (dd, J1 = 8.5 Hz, J2 = 2 Hz, 2H), 6.95 (d, 

J = 1.5 Hz, 2H), 3.27 (s, 6H) ppm. 13C-NMR (125 MHz, CDCl3): ŭ 167.88, 146.25, 

132.58, 131.11, 126.83, 125.41, 120.30, 111.25, 26.29 ppm. 

 

 

 

Tetrakis(triphenylphosphine)palladium(0)  

The title compound was synthesized according to a modified literature 

procedure.68 In a 3-neck round bottom flask, a solution of palladium (II) chloride (0.1 g, 

0.56 mmol) and triphenylphosphine (0.74 g, 2.8 mmol) in dimethyl sulfoxide (6 mL) 

was purged with argon and stirred for 30 min. The temperature was set to 165 °C, and 

the solution was stirred until the yellow turbid solution becomes clear orange. After 

stopping the heat, hydrazine monohydrate (0.1 mL) was added dropwise to the reaction 

mixture which was left stirring until it cooled to room temperature. The yellow solid 

formed was filtered by suction filtration and was washed with ethanol to obtain bright 

yellow crystals (600 mg, 77%). The solid was kept under argon, stored in the freezer, 

and used within one week of its synthesis. 
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(E)-1,1ô-Dihexyl-6,6ô-bis(3,4,5-trimethoxyphenyl)-[3,3ô-biindolinylidene] -2,2ô-dione 

(2.1a) 

Pathway (a) 

The title compound was synthesized according to a modified literature 

procedure.67 In a Schlenk tube under argon, a solution of (E)-6,6ô-dibromo-1,1ô-

dihexyl-[3,3ô-biindolinylidene]-2,2ô-dione (2.6a; 0.3 g, 0.51 mmol), 3,4,5-

trimethoxyphenylboronic acid (0.45 g, 2.12 mmol), tetrabutylammonium bromide 

(TBABr; 10 mg), and freshly synthesized tetrakis(triphenylphosphine)-palladium (0) 

catalyst (Pd(PPh3)4; 50 mg) in toluene (30 mL) was prepared. . Under argon, potassium 

carbonate solution (2M, 4 mL) was added, and the reaction mixture was kept heated at 

124 °C for 72 hr. The reaction was stopped, cooled to room temperature, and quenched 

with 30 mL distilled water. Then the reaction mixture was extracted with 

dichloromethane (1 x 30 mL). The organic layers were combined, dried over anhydrous 

magnesium sulfate, and evaporated under reduced pressure. The crude product was 

purified by column chromatography (dichloromethane:n-hexane; 7:3) to afford a dark 

violet solid which was then washed with ethanol to obtain the pure red purple powder 

(0.19 g, 49%). 

 

Pathway (b) 

The title compound was synthesized according to a modified literature 

procedure.44 In a Schlenk tube under argon, a solution of (E)-6,6ô-dibromo-1,1ô-

dihexyl-[3,3ô-biindolinylidene]-2,2ô-dione (2.6a; 0.1 g, 0.17 mmol), 3,4,5-

trimethoxyphenylboronic ester (0.103 g, 0.35 mmol), sodium carbonate (0.036 g, 0.34 

mmol), and freshly synthesized Pd(PPh3)4 (0.014 g) in a 10 mL solution of 20% water in 
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tetrahydrofuran (freshly distilled over benzophenone and sodium) was prepared. The 

reaction mixture was heated at 95 °C for 24 hr, after which it was stopped and cooled to 

room temperature. The reaction mixture was quenched with 20 mL distilled water and 

separated. Then, the aqueous layer was extracted with dichloromethane (2 x 20 mL). 

The organic layers were combined, dried over anhydrous magnesium sulfate, and 

evaporated under reduced pressure. The crude product was purified by column 

chromatography (n-hexane:dichloromethane; 7:3) and washed with ethanol to obtain the 

pure dark red powder (62 mg, 48%), m.p. 173-174 °C. 1H-NMR (500 MHz, CDCl3): ŭ 

9.24 (d, J = 8.5 Hz, 2H), 7.23 (dd, J1 = 8.5 Hz, J2 = 2 Hz, 2H), 6.92 (d, J = 1.5 Hz, 2H), 

6.82 (s, 4H), 3.95 (s, 12H), 3.91 (s, 6H), 3.85 (t, J = 7.5 Hz, 4H), 1.75 (p, J = 6.5 Hz, 

4H), 1.43 (p, J = 7 Hz, 4H), 1.33 (m, 8H), 0.88 (t, J = 7 Hz, 6H) ppm. 13C-NMR (125 

MHz, CDCl3): ŭ 168.26, 153.54, 145.40, 145.28, 138.46, 136.68, 132.53, 130.23, 

120.91, 106.41, 104.54, 61.03, 56.32, 40.11, 31.51, 27.56, 26.75, 22.55, 14.04 ppm. 
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(E)-1,1ô-Bis(2-ethylhexyl)-6,6ô-bis(3,4,5-trimethoxyphenyl)-[3,3ô-biindolinylidene] -

2,2ô-dione (2.1b) 

Pathway (a) 

The title compound was synthesized according to a modified literature 

procedure.67 In a Schlenk tube under argon, a solution of (E)-6,6ô-dibromo-1,1ô-bis(2-

ethylhexyl)-[3,3ô-biindolinylidene]-2,2ô-dione (2.6b; 0.3 g, 0.47 mmol), 3,4,5-

trimethoxyphenylboronic acid (0.4 g, 1.89 mmol), tetrabutylammonium bromide 

(TBABr; 10 mg), and freshly synthesized tetrakis(triphenylphosphine)-palladium (0) 

catalyst (Pd(PPh3)4; 50 mg) in toluene (30 mL) was prepared. Under argon, potassium 

carbonate solution (2M, 3 mL) was added, and the reaction mixture was heated at 130 

°C for 72 hr. The reaction was stopped and cooled to room temperature. The reaction 

mixture was quenched with 20 mL distilled water and extracted with DCM. The organic 

layers were combined, dried over MgSO4, and evaporated under reduced pressure. The 

crude product was purified by column chromatography (dichloromethane:n-hexane; 

7:3) to afford the pure red product (0.1 g, 26%), m.p. 172-173 °C. 1H-NMR (500 MHz, 

CDCl3): ŭ 9.22 (d, J = 8.5 Hz, 2H), 7.24 (overlapping over CDCl3 peak, 2H), 6.94 (d, J 

= 1.5 Hz, 2H), 6.83 (s, 4H), 3.95 (s, 12H), 3.91 (s, 6H), 3.76 (m, 4H), 1.89 (m, 4H), 

1.43-1.30 (m, 16H), 0.97 (t, J = 7 Hz, 6H), 0.88 (t, J = 7 Hz, 6H) ppm. 13C-NMR (125 

MHz, CDCl3): ŭ 168.68, 153.57, 145.69, 145.13, 138.45, 136.52, 132.50, 130.09, 

120.91, 120.75, 106.61, 104.33, 61.03, 56.24, 44.11, 37.86, 30.92, 28.97, 24.22, 23.08, 

14.10, 10.82 ppm. 
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(E)-1,1ô-Dimethyl-6,6ô-bis(3,4,5-trimethoxyphenyl)-[3,3ô-biindolinylidene] -2,2ô-

dione (2.1c) 

Pathway (a) 

The title compound was synthesized according to a modified literature 

procedure.67 In a Schlenk tube under argon, a solution of (E)-6,6ô-dibromo-1,1ô-

dimethyl-[3,3ô-biindolinylidene]-2,2ô-dione (2.6c; 150 mg, 0.33 mmol), 3,4,5-

trimethoxyphenylboronic acid (300 mg, 1.42 mmol, 4.2 eq), tetrabutylammonium 

bromide (TBABr; 10 mg), and freshly synthesized tetrakis(triphenylphosphine)-

palladium (0) catalyst (Pd(PPh3)4; 50 mg) in toluene (15 mL) was prepared. Under 

argon, potassium carbonate solution (2M, 3 mL) was added, and the reaction mixture 

was kept heated at 130 °C for 72 hr. The reaction was stopped and cooled to room 

temperature. The reaction mixture was quenched with 30 mL distilled water and 

extracted with DCM. The organic layers were combined, dried over MgSO4, and 

evaporated under reduced pressure. The crude product was purified by column 

chromatography (dichloromethane, 100%) to afford a dark violet solid which was then 

recrystallized from toluene-hexane and washed with ethanol to obtain the pure red 

purple powder (150 mg, 72%), m.p. > 260 °C. 1H-NMR (500 MHz, CDCl3): ŭ 9.26 (d, J 
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= 8 Hz, 2H), 7.25 (overlapping with CDCl3 peak, 2H), 6.92 (d, J = 2 Hz, 2H), 6.84 (s, 

4H), 3.96 (s, 12H), 3.91 (s, 6H), 3.36 (s, 6H) ppm. 13C-NMR (125 MHz, CDCl3): ŭ 

168.40, 153.55, 145.77, 145.40, 138.47, 136.48, 132.40, 130.16, 121.09, 120.79, 

106.17, 104.47, 61.02, 56.33, 26.27 ppm. 

 

 

 

(E)-1,1ô-Dihexyl-6,6ô-bis(3,4,5-tris(dodecyloxy)phenyl)-[3,3ô-biindolinylidene] -2,2ô-

dione (2.2a) 

The title compound was synthesized according to a modified literature 

procedure.44 In a Schlenk tube under argon, a solution of (E)-6,6ô-dibromo-1,1ô-

dihexyl-[3,3ô-biindolinylidene]-2,2ô-dione (2.6a 0.1 g, 0.17 mmol), 3,4,5-

tridodecyloxyphenylboronic ester (0.265 g, 0.35 mmol), sodium carbonate (0.036 g, 

0.34 mmol), and freshly synthesized Pd(PPh3)4 (0.014 g) in a 10 mL solution of 20% 

water in tetrahydrofuran (freshly distilled over benzophenone and sodium) was 

prepared. The reaction mixture was heated at 95 °C for 24 hr, after which it was stopped 

and cooled to room temperature. The reaction mixture was quenched with 10 mL 

distilled water and separated. Then, the aqueous layer was extracted with 

dichloromethane (2 x 20 mL). The organic layers were combined, dried over MgSO4, 

and evaporated under reduced pressure. The crude product was purified by column 
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chromatography (n-hexane:dichloromethane; 7:3) and washed with ethanol to obtain the 

pure dark red crystals (80 mg, 28%), m.p. 60-62 °C. 1H-NMR (500 MHz, CDCl3): ŭ 

9.22 (d, J  = 8 Hz, 2H), 7.21 (dd, J1  = 8.5 Hz, J2  = 1.5 Hz, 2H), 6.91 (d, J  = 1.5 Hz, 

2H), 6.80 (s, 4H), 4.06 (t, J = 6.5 Hz, 8H), 4.01 (t, J = 6.5 Hz, 4H), 3.84 (t, J = 7 Hz, 

4H), 1.86-1.71 (m, overlapping, 16H), 1.50 (m, overlapping, 12H), 1.41 (m, 4H), 1.36-

1.26 (m, overlapping, 104H), 0.88 (m, overlapping, 24H) ppm. 13C-NMR (125 MHz, 

CDCl3): ŭ 168.30, 153.43, 145.50, 145.21, 138.90, 136.05, 132.42, 130.15, 120.81, 

120.76, 106.35, 106.17, 73.66, 69.43, 40.08, 31.97, 31.95, 31.81, 31.54, 30.40, 29.79, 

29.78, 29.74, 29.70, 29.66, 29.48, 29.43, 29.40, 27.58, 26.76, 26.17, 22.85, 22.72, 

22.56, 14.14, 14.05 ppm. 

 

 

 

(E)-1,1ô-Bis(2-ethylhexyl)-6,6ô-bis(3,4,5-tris(dodecyloxy)phenyl)-[3,3ô-

biindolinylidene] -2,2ô-dione (2.2b) 

The title compound was synthesized according to a modified literature 

procedure.44 In a Schlenk tube under argon, a solution of (E)-6,6ô-dibromo-1,1ô-

dihexyl-[3,3ô-biindolinylidene]-2,2ô-dione (2.6b; 100 mg, 0.155 mmol), 3,4,5-

tridodecyloxyphenylboronic ester (242 mg, 0.32 mmol), sodium carbonate (33 mg, 
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0.311 mmol), and freshly synthesized Pd(PPh3)4 (14 mg) in a 10 mL solution of 20% 

water in tetrahydrofuran (freshly distilled over benzophenone and sodium) was 

prepared. The reaction mixture was heated at 95 °C for 24 hr. The reaction was stopped 

and cooled to room temperature. The reaction mixture was quenched with 10 mL 

distilled water and separated. Then, the aqueous layer was extracted with 

dichloromethane (2 x 30 mL). The organic layers were combined, dried over MgSO4, 

and evaporated under reduced pressure. The crude product was purified by column 

chromatography (n-hexane:dichloromethane; 4:1) and then washed with ethanol to 

obtain the pure dark red powder (50 mg, 19%), m.p. 71-73 °C. 1H-NMR (500 MHz, 

CDCl3): ŭ 9.20 (d, J  = 8.5 Hz, 2H), 7.23 (dd, J1  = 8.5 Hz, J2  = 1.5 Hz, 2H), 6.93 (d, J  

= 1 Hz, 2H), 6.80 (s, 4H), 4.05 (t, J = 6.5 Hz, 8H), 4.01 (t, J = 6.5 Hz, 4H), 3.76-3.68 

(m, 4H), 1.91-1.75 (m, overlapping, 16H), 1.50 (m, overlapping, 14H), 1.43-1.27 (m, 

overlapping, 108H), 0.96 (t, J = 7 Hz, 6H), 0.88 (m, overlapping, 24H) ppm. 13C-NMR 

(125 MHz, CDCl3): ŭ 168.73, 153.44, 145.62, 145.24, 138.81, 135.89, 132.40, 129.98, 

120.75, 120.67, 106.55, 105.86, 73.66, 69.33, 44.09, 37.84, 31.96, 31.94, 30.90, 30.39, 

29.78, 29.76, 29.73, 29.68, 29.65, 29.46, 29.42, 29.39, 28.95, 26.15, 24.20, 23.08, 

22.71, 14.13, 14.10, 10.82 ppm. 
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2.3.2. X-ray Structure 

Crystals were grown from CDCl3. For X-ray examination and data collection, a 

suitable dark red plate-shaped crystal, approximate dimensions 0.279 × 0.170 × 0.035 

mm, was mounted in a loop with Paratone-N oil and transferred to the goniostat bathed 

in a cold N2 stream.  

Intensity data were collected at 150K on a Bruker D8 Venture Mo-I S˃ Photon-II 

diffractometer, ɚ=0.71073¡. Data collection frames were measured in shutterless mode. 

The data frames were processed using the program SAINT.86 The data were corrected 

for decay, Lorentz and polarization effects as well as absorption and beam corrections 

based on the multi-scan technique.  

The structure was solved by a combination of direct methods and the difference 

Fourier technique as implemented in the SHELX suite of programs and refined by full-

matrix least squares on F2 for reflections out to 0.83Å resolution. Non-hydrogen atoms 

were refined with anisotropic displacement parameters. H-atoms and D-atoms were 

calculated and treated with a riding model. The H-atom and D-atom isotropic 

displacement parameters were defined as a*Ueq of the adjacent atom (a=1.5 for methyl 

or 1.2 for all others). Multiple CDCl3 molecules crystallized in the lattice, one of which 

rides about an inversion center. The refinement converged with crystallographic 

agreement factors of R1=7.56%, wR2=20.88% for 9414 reflections with I>2ů(I) 

(R1=10.63%, wR2=24.13% for all data) and 945 variable parameters. 
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2.3.3. Absorption 

The absorption spectra were collected using a Jasco V-570 UV/Vis/NIR 

spectrophotometer. The cuvettes used for all values were 1 × 1 cm transparent quartz 

cuvettes. A blank sample consisting of pure chloroform was used as a reference for all 

measured spectra and was accounted for as baseline correction. The absorbances of all 

solutions were measured directly after preparation.  

 

2.3.4. Computational Studies 

Gaussian09 (rev.E.01) was used to perform all computations.87 The starting 

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

reported by Estrada et al.50 and modified for the corresponding substitution pattern on 

positions 6- and 6ô- with 3,4,5-trimethoxyphenyl (2.1c) using GaussView 5.0.9. The 

substituted phenyl groups were arranged at a starting dihedral angle of 90°. Density 

functional theory was utilized to carry out unrestricted gas-phase geometry optimization 

with the hybrid functional B3LYP88-90 and the modest basis set 6-31G(d)91. 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)92, 93 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.  

Long-range corrected functional ɤ-PBE94-96 with a basis set of 6-311G(2d,p) 

was utilized. Omega tuning was carried out to achieve a value of 0.1601 for 2.1c.   
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CHAPTER 3 

3. SYNTHESIS OF PYRENE DERIVATIVES FOR ORGANIC 

FIELD-EFFECT TRANSISTORS 
 

3.1. Introduction 

3.1.1. Organic Field-Effect Transistors (OFETs) 

The notion of field-effect transistors (FETs) was initially suggested by 

Lilienfield in 1930; however, it was first employed using silicon-based metal-oxide 

semiconductor by Kahng and Atalla in 1960.97 In brief, the FET consists of three 

electrodes: (1) the source and (2) the drain, which are placed on one plate, and (3) the 

gate electrode which is situated on another parallel plate onto which the voltage is 

applied, as illustrated in Figure 3.1.98 FETs are semiconductors that control (amplify or 

regulate) the flow of electric current. The use of organic compounds, usually formed 

into thin films,12, 98 as semiconductors in FETs forms organic field-effect transistors 

(OFETs) in which the organic semiconductor material is placed between the source and 

the drain along one plate. An insulating dielectric layer, usually consisting of silicon 

dioxide SiO2, is placed between the two plates in order to allow the modulation of 

charge mobility transferred from the applied voltage (on the gate electrode) into the 

semiconductor.12 When a voltage is applied across the gate electrode, a potential 

difference is created between the gate and the source electrodes. This voltage induces an 

electric field which, in turn, controls the flow of charge carriers (either electrons or 

holes) from the source to the drain through the semiconductor, creating a channel in it. 

The flow of charges is accompanied by a reversed output current from the drain 
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electrode.99 As a result, the output current is readily controlled by the variation of the 

applied voltage by ñfield-effectò, as the name of the transistor indicates. 

 

 

Figure 3.1. Schematic representation of an organic field-effect transistor (OFET). 

 

Over the years, optimization to the charge carrier mobility in OFETs has been 

intensively studied and has recently reached values up to 27.8 cm2.V-1.s-1 (for thin-film 

OFETs)100 and up to 30.3 cm2.V-1.s-1 (for single-crystal OFETs),101 which are much 

higher than the mobility in amorphous silicon (0.5-1 cm2.V-1.s-1),102 used in traditional 

FETs. However, a chief pre-requisite of the organic semiconductor is definitely its 

chemical and thermal stability so that it can endure different surroundings depending on 

the required application.103 Although instability due to moisture and oxygen from the 

surrounding atmosphere can be avoided by encapsulating the OFET with a certain 

polymer to protect it, this would increase the cost and decrease the flexibility of 

fabrication.103 Hence, it is vital to synthesize organic molecules that are both efficient in 

charge mobility and durable to the relative environmental conditions.  

OFETs have been used in sensing such as chemical-biological sensors,104 and 

thermal sensors.105 This is feasible due to the susceptibility of the organic 

semiconductor to external factors and stimuli, including weak intramolecular 

Source DrainOrganic semiconductor

Gate

Dielectric
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interactions with other molecules, change of energy upon heat/light variation, and 

mechanical pressure, all of which can alter the output flow of charges from the OFET, 

which respectively indicates the sensing application under study.106     

The mobility of charge carriers in OFETs can be studied using the same 

techniques discussed in Section 2.1.1.6 of Chapter 2. Usually, it can be calculated after 

determining the relationship of the two essentially measurable values: VGS, the gate-

source input voltage, and IDS, the drain-source output current, according to equation 

(6).107 W and L refer to the dimensions (width and length) of the channel respectively, ˃  

designates the field-effect mobility, C designates the dielectric capacitance, and VT is 

the threshold voltage (determined when VGS is set equal to the saturation voltage 

VDS).
107 

)  
 
 ‘ ὅ ὠ ὠ  (6) 

 

3.1.2. Construction of OFETs 

3.1.2.1. Substrate 

The substrate is the base upon which the whole OFET is built. It should be 

strong enough to hold the device together, yet flexible to achieve one of the main aims 

of organic electronics. To be efficient for application, the substrate should (1) be 

environmentally and thermally stable, (2) have a smooth surface, (3) balance flexibility 

and stiffness, and (4) be inexpensive.108  Usually, the substrate is made up of recyclable 

or biodegradable materials that are either organic, like synthetic or natural polymers, or 

inorganic, like SiO2 or ITO coated glass.108, 109 In a recent research study, a shrinkable 

substrate was used.110 The OFET is normally fabricated on the specific substrate, then 
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subjected to a high temperature (above the glass transition temperature of the substrate) 

leading to its shrinking and thus wrinkling.110 This feature enhances the deviceôs 

electronic properties for its corresponding application.110 Another interesting recent 

study utilized a willow glass substrate by which the thermal stability of the OFET and 

the anti-scratching and fingerprint effects were enhanced with almost equivalent 

electronic performance to regularly used substrates.111 

 

3.1.2.2. Electrodes 

In this three electrode system, the gate, source and drain electrodes should be 

highly conductive and sufficiently stable in their respective environments.112 Although 

ITO films are highly conductive, they are very brittle and cannot be bent, hence using 

them to synthesize flexible OFETs is disadvantageous.109 Other highly conductive 

materials like very thin metal wires possess a certain stretchability, however they may 

cause Ostwald ripening.109 Ostwald ripening is the disproportionation process that 

occurs upon the dissolution of small particles in solution and their deposition along 

larger particles (which is more thermodynamically stable), causing a change in 

homogeneity of the surface along time. Alternatively, metal nanowires, conductive 

polymers, and carbon-based nanomaterials, among others have been used.109   

 

3.1.2.3. Insulating dielectric 

Depositing the dielectric layer uniformly with adequate thickness during OFET 

fabrication is vital for optimizing the charge carrier mobility in the semiconductor by 

minimizing current leakage through this insulating layer.108, 112 The dielectric layer 
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should be fairly flexible, compatible with the substrate, light-weight, and should be able 

to trap leaked charge carriers from the semiconductor.108, 109 Both natural polymers, like 

cellulose, gelatin or shellac, and synthetic polymers, such as poly(4-vinylphenol) (PVP) 

or poly(methyl methacrylate) (PMMA) can be used as insulating dielectric material in 

OFETs.108, 112 However, these polymers usually exhibit lower dielectric constants and 

less resistance to solvents than their traditional inorganic homologues.109  

 

3.1.2.4. Semiconductor 

The type of semiconductor mainly used in OFETs consists of organic molecules. 

However, several studies have been performed by using a semiconductor/insulator 

blend that have led to increased charge mobility in the device. In addition to the 

mentioned advantage, adding an elastic insulating polymer to the semiconductor layer 

allows greater flexibility, enhanced environmental stability and reduced cost.113, 114 Two 

recent reviews accentuate the importance of this blend and summarize studies and 

advances in this field.113, 114 The two frequently insulating polymers used for this 

purpose are polydimethylsiloxane (PDMS) or polystyrene (PS).113, 114    

 

3.1.3. Deposition of Semiconductor 

OFETs can be fabricated through several techniques, mainly separated into two 

categories: wet deposition and dry deposition of the organic semiconductor. The major 

difference between both, as their names indicate, is the use of solvents for the 

deposition in the former. The dry techniques consist of the organic semiconductor 

deposition under vacuum and mainly include thermal evaporation115, 116 (discussed 
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further below), organic vapor phase, chemical vapor, matrix-assisted pulsed laser 

evaporation, and ion beam-assisted deposition.117 The wet techniques involve the 

dissolution of the organic materials in an appropriate solvent prior to its deposition, 

during which or after which the solvent is removed.117 The wet deposition includes 

different coating and printing techniques, some of which are elaborated upon below. It 

is noteworthy to highlight the fact that some of the below techniques can be followed to 

deposit not only the organic semiconductor, but also other parts of the OFET including 

the dielectric or even the electrodes. Different aspects relating to the type, function and 

efficiency of some chosen deposition techniques are summarized in Table 3.1 at the end 

of this section.  

 

3.1.3.1. Dry Deposition: Thermal Evaporation 

Thermal evaporation includes the high-temperature vaporization of the organic 

semiconducting material under vacuum which then deposits on the desired substrate.118 

High-vacuum thermal evaporation is reported to be the general fabrication technique for 

small molecule organic semiconductors as opposed to polymers because the latter may 

be decomposed by cracking at high temperatures.97, 99, 119 Technically, in a vacuum 

chamber as the one schematized in Figure 3.2, the organic material is placed in a 

crucible which is subjected to heating, leading to the vaporization of the sample.118 

More particularly, after securing vacuum, the temperature of the crucible is increased at 

the most possible slowest rate to reach the stand-by temperature.120 When the set-up is 

ready for the evaporation of the sample, the temperature is raised at a moderate rate 

until the desired evaporation temperature is acquired, and the deposition on the 
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substrate takes place at the opposite end of the chamber.120 After the process is 

completed, the chamber is cooled back to its stand-by temperature.  

Thermal evaporation is advantageous as (1) it is a simple technique,117 (2) its 

deposition thickness can be controlled,97, 117, 120 (3) the deposition is homogeneous 

across the substrate,117 and (4) its purity and high-order are guaranteed.97 On the other 

hand, several parameters should be taken into consideration that include (1) choosing an 

appropriate evaporation temperature that does not exceed the decomposition 

temperature of the organic material,120 (2) performing the deposition in an appropriate 

environment such as water-free or oxygen-free atmosphere when necessary,120 (3) 

wasting a large amount of the organic material that is used and evaporated but not 

deposited,117 and finally (4) appropriately choosing the type and temperature of the 

substrate.120 In addition to that, the equipment used are expensive and require a huge 

amount of time and energy.119 

 

 

Figure 3.2. Schematic representation of the thermal evaporation deposition technique.117 
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substrate
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3.1.3.2. Wet Deposition: Printing and Coating 

Other important deposition techniques are solution-processible where the 

molecules are initially dissolved in a solvent and deposited accordingly. In this case, 

studying the nucleation and crystallization mechanism upon solvent evaporation of the 

deposited solution is necessary, as detailed in a recently published review article.121 The 

two main fields are printing and coating. The main difference between them is that the 

latter includes two steps: depositing the semiconductor then patterning the molecules in 

it; however, in the former techniques, deposition and patterning occur 

simultaneously.122 Proper patterning of the semiconductor excludes the possibility of 

current leakage to the gate electrode, in addition to reducing the cross-communication 

with other devices in a circuit integrated with several OFETs.123  

 

3.1.4. Printing 

Printing OFETs involves the overlying of each layer of the OFET on top of the 

other consecutively to be built upon a flexible substrate. Because printing is a solution-

processable technique, ñsolvent orthogonalityò is a crucial requirement in which the 

organic compound should be dissolved in an appropriate solvent, such that the solvent 

does not ruin or affect the already placed bottom layer.112 Damage or swelling of the 

latter is usually avoided by adding a cross-linked polymer in the insulating dielectric.112 

Another necessity in the printing process of OFETs is layer patterning, in which all 

layers, except the dielectric layer, but especially the source and drain electrodes, should 

be patterned precisely.112 As referred to in equation (5), the performance of the OFET is 
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highly dependent on the channel dimensions, which can be controlled and optimized by 

patterning the semiconducting layer.112 In specific, according to equation (5), decreasing 

the channel length L by reducing the pattern size can increase the output current, thus 

enhancing the operating speed of the OFET.112 A third important parameter is the 

alignment of the organic molecules upon several consecutive printing processes to 

achieve efficient mobility.112   

OFET printing techniques themselves can be classified into two categories: 

direct-write printing and transfer printing. In direct-write printing, the printing process 

is non-contact, so it is feasible to perform several consecutive printing executions 

without contamination risks.112 In contrast, the deposition process in transfer printing is 

attained using a direct contact transfer medium (mold, stamp, rollé) between the 

material to be deposited and the substrate.112 In fact, achieving an effective pattern 

formation using this printing technique depends mainly on this contact.112 In direct-

write printing; however, this pattern may be impeded by the uncontrollable printing ink 

spreading and its respective solvent drying.112 

 

3.1.4.1. Inkjet Printing 

Inkjet printing is a type of direct-write non-contact printing in which a nozzle 

allows drops of ñinkò made up of the solution containing the semiconductor to be 

deposited on the substrate. The inkjet motion and the ejected droplet volumes are 

controlled by a piezoelectric transducer.112 Figure 3.3a shows a schematic 

representation of inkjet printing. The numbered steps refer to the chronological stages 

each drop passes through: (1) ejection of the ink droplet controlled by the piezoelectric 

transducer, (2) flight, the stage at which the droplet is airborne to reach the substrate, (3) 
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impact of the drop onto the substrate, (4) spreading of the drop to its full size on the 

substrate, and (5) drying of the solvent and hence deposition of the semiconductor on 

the substrate.112 The amount of spreading and the alignment of the organic molecules 

while drying can be manipulated by the type of solvent, mixture of solvents or texture 

of substrate used.112, 124 The wetting properties of the ink droplet are highly important to 

be considered to achieve the desired semiconductor channel dimensions. These 

properties include (1) the spreading width of the drop, which, after drying, represents 

the line width of the semiconductor and (2) bulging that might occur due to shorting of 

two closely-printed lines.123, 124 The listed wetting properties in addition to the 

possibility of the ink nozzle clogging depend on the type of solvent and the 

concentration of the ink used.112 A recent review article compares different inkjet 

printing studies in the literature, analyzes their findings, and provides very accurate 

conclusions, prospective drawbacks and potential future works regarding this printing 

technique.125 

 

3.1.4.2. Aerosol-Jet Printing 

In aerosol-jet printing, ink which is made up of the dissolved semiconductor 

material is passed through an intermediate aerosol state.112 It is a technique classified 

under direct-wire printing. As depicted in Figure 3.3b, a container holding the solution 

is pressurized, forcing the ink into an ultrasonic aerosol generator or atomizer from 

which aerosol particles of the semiconductor are ejected.112, 126 Aerosol particles denote 

a suspension of solution particles dispersed in air. These particles are then deposited 

onto a substrate through a specific pipe-like structure.112 
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3.1.4.3. Organic Vapor-Jet Printing 

Organic vapor-jet printing is a direct-write printing technique known as the 

ñvapor versionò of inkjet printing.112 As shown in the left side of Figure 3.3c, it consists 

of the organic material to be deposited found in the vapor state, in addition to an inert 

carrier gas that forces the particles into a nozzle to concentrate their outflow onto the 

cold substrate.112 In response to that, the carrier gas flows out while the organic particles 

condense onto the substrate to form tilted grain deposits as depicted in the right side of 

Figure 3.3c.112 Solvent orthogonality is not a major issue in organic vapor-jet printing, 

as solvents are not involved in the deposition on the substrate stage.112 

 

3.1.4.3. Spray Coating/Printing 

Spray-coating is a low-cost fast direct-write printing process. Analogous to 

aerosol-jet printing, it initially involves the atomization of the solution the 

semiconductor, and resembling inkjet printing, the ink drop follows similar stages of 

ejection (viewed as spraying of the solution onto the substrate), impact, spreading and 

drying.112, 119 However, because several droplets are sprayed at the same time, this 

usually leads to their fusion prior to drying.119 The temperature of the substrate presents 

great significance to the alignment of molecules.112 A schematic representation of 

spray-coating is shown in Figure 3.3d.  
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Figure 3.3. Schematic representation of some direct-write wet printing deposition 

techniques. (a) Inkjet printing, (b) aerosol-jet printing, (c) organic vapor-jet printing, 

and (d) spray coating. Adapted with permission from Ref 112 and 126. 

 

3.1.4.4. Screen Printing 

Screen printing is a dual technique that possesses properties of both direct-write 

and transfer printing techniques. Figure 3.4a shows a schematic representation of screen 

printing where ink is pressed using a squeegee into a mesh (fixed on a stencil) onto the 

substrate.112 This type of printing can be generalized for different types of ink and 

substrates.112 
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3.1.4.5. Microcontact/Microtransfer Printing 

Also known as soft lithographic patterning, microcontact or microtransfer 

printing is a transfer printing technique in which a flexible material is first dipped in 

ink.112 As shown in Figure 3.4b, after gentle stamping on the substrate, the elastic 

material is tenderly removed, by which the deposit had already adhered to the desired 

substrate.112, 127 The optimal conditions of this type of printing are achieved according 

to the type of ink, type of elastic material used for the transfer, in addition to the 

adhesive properties between the ink and the substrate.112 

 

3.1.4.6. Gravure Printing 

Another transfer printing technique is gravure printing which is widely known 

and used in newspaper production.119 From the ink fountain, ink enters the holes of the 

gravure cylinder as illustrated in Figure 3.4c. The blade is used to scrape off the extra 

ink collected by the gravure. With its rotation, the impression roller presses the rubber 

substrate onto the gravure cylinder, thus allowing the deposit of the ink onto the 

substrate.112 Gravure printing is very interesting as several deposit parameters can be 

controlled depending on the type of ink, texture and temperature of substrate, as well as 

the depth and width of engravings on the gravure cylinder.112  
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Figure 3.4. Schematic representation of some transfer wet printing deposition 

techniques. (a) Screen printing, (b) microcontact/microtransfer printing, and (c) gravure 

printing. Adapted with permission from Ref 112 and 127. 

 

3.1.5. Coating 

As noted above, coating involves an extra step of patterning the deposit after its 

deposition. These patterning techniques include dry etching, ultraviolet (UV) or laser 

patterning, surface energy patterning, patterning by banks, and others.123 In fact, some 

transfer printing technique can be used for patterning as well.123 Patterning techniques 
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will not be discussed in detail in this thesis work since the focus is based on the 

different coating techniques briefly reviewed below. 

 

3.1.5.1. Spin Coating and Drop Casting 

Spin coating, illustrated in Figure 3.5a, is a coating technique by which a drop of 

the solution containing the organic material to be deposited is placed on the substrate.128 

The substrate itself is fixed onto a rotator. As a result of the fast rotation, the tangential 

force breaks the static wet equilibrium of the drop, and the solution is spread uniformly 

across the substrate.119 In addition to that, the rotation allows a rapid evaporation of the 

solvent, forming a deposit with non-uniform morphology.119 

Drop casting is very similar to spin coating but without the rotation, hence it is 

relatively much slower. In brief, a drop of the solution is placed on the substrate. Upon 

its solvent evaporation, the solid deposit is accumulated on the substrate.119 Although it 

can be manipulated upon its exposure to external forces, such as ultrasonic vibration, 

the thickness of the formed deposit mainly depends on the characteristics of the 

droplet.119 

 

3.1.5.2. Bar Coating 

Bar coating allows precise control on the deposit thickness.119 This is achieved 

by a bar that rolls horizontally at a constant speed across the substrate, smoothing the 

solution containing the organic compound to be deposited, as illustrated in Figure 

3.5b.129 As the bar rolls, the deposited solution starts drying gradually. The thickness 
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can be controlled by choosing a suitable rolling speed and size of the bar, as well as 

varying the concentration of the organic solution.119 

 

3.1.5.3. Zone Casting 

Typically, zone casting is used for anisotropic molecules, as the deposition 

mechanism forces the molecules to be aligned, aiming to achieve the desired 

arrangement for the potential application. As shown in Figure 3.5c, the solution is 

continuously ejected onto the substrate through a nozzle.119, 130 The slow evaporation of 

the solvent allows the molecules to solidify in an ordered manner along the substrate.119 

 

3.1.5.4. Dip Coating 

In dip coating, as represented in Figure 3.5d, the substrate under study is 

inserted vertically into a solution containing the organic molecules to be deposited.119, 

131 These molecules in the solution adhere to the surface of the substrate and stick to it 

upon its smooth withdrawal. After the substrate is pulled out, the solvent evaporates, 

and the molecules are deposited.119 The thickness of the deposit can be controlled 

through several parameters including the concentration of the solution, speed of pulling 

out the substrate and the atmosphere during evaporation of the solvent.119 Dip coating is 

considered one of the meniscus-guided coating techniques, in which the organic 

semiconductor deposition is highly dependent on the meniscus formed between the 

substrate and the solution. In a recent review article, Lu et al. summarize the importance 

of the meniscus on the nucleation and growth of crystal in several meniscus-guided 

coating techniques.132 
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Figure 3.5. Schematic representation of some coating deposition techniques. (a) Spin 

coating, (b) bar coating, (c) zone casting, and (d) dip coating. Adapted with permission 

from Ref 128-131.  

 

 

Table 3.1. A summary of various characteristics of a few chosen deposition 

techniques.112, 119, 123, 133 
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3.1.6. Pyrene 

Pyrene is a polyaromatic hydrocarbon (PAH) that possesses a wide range of 

electronic and photophysical properties owing to its various possibilities of 

functionalization.134 Its low cost, long fluorescence lifetime and switching properties 

according to the solvent polarity render this molecule a great candidate for numerous 

opto-electronic applications.134, 135 The structure of pyrene, shown in Figure 3.6, 

consists of four benzene rings fused together, thus it is highly conjugated. Attaching 

different functional groups to the pyrene core allows the manipulation of its 

properties.135 The different positions that can be functionalized are numbered in Figure 

3.6 and can be classified as K-region or non K-region.136  

 

 

Figure 3.6. The structure of pyrene. 

 

 

Functionalization of pyrene can be performed either directly, which is the most 

common route followed by researchers, or indirectly by the formation of 

intermediates.134 Following the former pathway, the pyrene core undergoes electrophilic 

aromatic substitution at specific positions; either mono-substitution at its 1-position (for 

a 1:1 equivalence ratio) or tetra-substitution at its 1,3,6,8-positions (for greater than four 

equivalence ratio), which are usually insoluble.134 Di- or tri-substituted pyrene 

non K-region

K-region
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derivatives produce several possible regioisomers that are hard to separate.134, 137 The 

review article written by Figueira-Duarte et al. summarizes different attained synthesis 

and purification techniques for 1,6-, 1,8- and 1,3-disubstitutions of pyrene for electronic 

applications.137 The 2,7-positions are not activated for electrophilic aromatic 

substitution; however, substitutions at these positions can occur in the presence of bulky 

electrophiles.134 If the latter positions are occupied with bulky substituents and hence 

blocking the active 1,3,6,8-positions, Friedel-Crafts reactions are only then possible in 

the K-region.134 However, oxidation of pyrene at the 4,5,9,10-positions is very common 

and allows the further extension of the aromatic core through simple condensation 

reactions.134, 137 This increases the conjugation of the molecule and enhances its -̄  ̄

stacking for enhanced electronic applications. The aim of the synthesized molecules in 

this Chapter focuses on this main idea. An interesting new article was recently 

published including the longest pyrene-quinoxaline molecule based on the condensation 

of a pyrene diketone intermediate and a diamino intermediate.138  

Other ways to functionalize the pyrene core involve its 4,5,9,10-

tetrahydropyrene or 1,2,3,6,7,8-hexahydropyrene intermediates.134 The former can be 

achieved by the reduction of pyrene under hydrogen gas catalyzed by Pd/C (palladium 

metal on activated carbon) in ethyl acetate.134, 137 The optimization of this step is 

reported thoroughly in the review paper written by Casas-Solvas et al.134 In this case, 

the 2,7-positions are activated for electrophilic aromatic substitution.134, 137 Aromaticity 

of the central core can be regenerated after the substitution which has also been studied 

under several different conditions.134 1,2,3,6,7,8-hexahydropyrene intermediate can be 

attained by the reduction of pyrene using sodium metal in 1-propanol or isoamyl 

alcohol as solvents.134 This intermediate allows the substitution on its only available 
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aromatic site, which is the K-region via electrophilic aromatic substitution.134 Re-

aromatization can also be achieved for this intermediate, hence the conjugation is 

maintained and the ̄-  ̄stacking of the molecules for the application is not lost.134  

Gong et al. compared the average electron or hole mobilities of different pyrene 

derivatives, in which pyrene was either (1) a terminal of a larger molecule, (2) a central 

aromatic core with different branches attached to it, or (3) fused into a largely 

conjugated system.139 

Pyrene derivatives have been used for several electronic applications among 

other fields. A recently published article by Irla et al. included the synthesis of two 

pyrene derivatives that have shown liquid crystalline mesophases characterized by 

DSC, POM, and PXRD and possess potential electronic applications.135 Other pyrene 

derivatives that form mesophases and show efficient properties for organic electronics 

have also been reported.137 In this Chapter, we focus mainly on pyrene derivatives used 

for OFET applications. Gong et al. published a mini-review that included several 

pyrene-based OFETs.139 Figure 3.7 shows some reported pyrene-based molecules used 

as organic semiconductors in OFET, and Table 3.2 includes their year of publication, 

charge carrier type, mobility, and deposition technique. It is interesting to note that the 

pyrene derivative BOBTP also showed liquid crystalline behavior.140 The TQPP 

derivatives included in Figure 3.7 and Table 3.2 have been synthesized in our lab.141-145 

TQPP-OC12 was deposited by zone casting, one of the coating technique described in 

the previous section.143, 144 
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Figure 3.7. Structures of some pyrene derivatives used as semiconductors in OFETs. 
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Table 3.2. A summary of several pyrene-based OFET devices. 

Pyrene 

Derivative 

Mobility ɛ 

(cm2.V-1.s-1) 

p/n-

type 

Deposition 

Technique 
Year Ref 

TQPP-SC12 å 10-3 p-type N/A 2007 141, 142 

BDTDMP  0.0025 p-type dip coating 2011 146 

DPTT 0.11 p-type thermal evaporation 2012 147 

BOBTP 2.1 p-type thermal evaporation 2013 140 

TQPP-OC12 N/A p-type zone casting 2014 143, 144 

bis-pyrene 0.05 p-type thermal evaporation 2015 148 

TQPP 0.0025 p-type thermal evaporation 2015 145 

TQPP-[CH 3]4 7 x 10-5 p-type thermal evaporation 2015 144, 145 

di-PyPDI 1.13 p-type spin coating 2015 149 

syn-B2IPIO  0.058 p-type thermal evaporation 2021 150 

anti-B2IPIO  0.061 p-type thermal evaporation 2021 150 

PyDI N/A*  n-type thermal evaporation 2021 151 

PF-Py 0.078 N/A thermal evaporation 2021 152 

TBAPy-Me 2.1 x 10-6 p-type N/A**  2022 153 

*The trapping charge density is equal to 1.98 × 10-12 cm-2. 

**by growing crystals on the substrate 

 

 

The aim of this Chapter is to synthesize two new pyrene derivatives 3.1 and 3.2 

(structures shown in Figure 3.8) to be used in OFET devices. Inspired by the work of 

Gampe et al.,19, 20 a benzo[c][1,2,5]thiadiazole (BT) derivative is reduced to its 

respective diamine and then condensed with diketone and tetraketone derivatives of 

pyrene. Compound 3.1 was successfully purified, characterized by 1H- and 13C-NMR, 

and its molar extinction coefficient was determined by UV-Vis absorbance. Proof of the 

presence of compound 3.2 was determined from its 1H-NMR, and its purification is still 

ongoing.  
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Figure 3.8. The chemical structures of 3.1 and 3.2. 

 

3.2. Results and Discussion 

3.2.1. Synthesis 

Friedel-Crafts alkylation of pyrene 3.3 using 2-chloro-2-methylpropane and 

aluminum chloride resulted in the formation of compound 3.4.154 Oxidation of 2,7-di-

tert-butylpyrene into its diketone 3.5 or tetraketone 3.6 was initially done by using 

ruthenium (III) chloride and sodium meta-periodate in acetonitrile and 

dichloromethane.155 We have also performed the oxidation using the new green method 

that was recently developed by El-Assaad et al. in which the oxidizing agent used was 

periodic acid in ethanol and water to form diketone 3.5 while that for tetraketone 3.6 

was iodic acid in acetic acid and water.154  

Commercially available 2,1,3-benzothiadiazole 3.7 was used to synthesize 

benzo[c][1,2,5]thiadiazole-4,7-dicarbonitrile 3.10 through two different pathways. The 

first included the formation of the diiodo compound 3.8 by the reaction of 3.7 with 

iodine and silver sulfate in concentrated sulfuric acid, which was later reacted with 

copper cyanide in N-methyl-2-pyrrolidone under argon to yield 3.10.20 The second 
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pathway included obtaining the dibromo compound 3.9 by the reaction of 3.7 with 

bromine in hydrobromic acid, which was later reacted with copper cyanide and sodium 

iodide in dimethylformamide and pyridine under argon to yield 3.10.19 Because iodine 

is a better leaving group than bromine, after purification, the first pathway achieves a 

higher yield than the second. Phosphorus pentasulfide and ethanol were stirred together 

to form o,oǋ-diethyl hydrogen phosphorodithioate to which 3.10 was later added, in a 

reaction to form compound 3.11.19 The latter was reacted with ethyl-Ŭ-bromophenyl 

acetate 3.12 and sodium acetate in ethanol to obtain compound 3.13 which, due to poor 

solubility, was alkylated without further purification using hexyl iodide and potassium 

carbonate in acetone under argon to obtain compound 3.14.19 The reduction of 3.14 into 

its diamine 3.15 was done using sodium borohydride and a catalytic amount of cobalt 

chloride in ethanol.156 Finally, the diamino compound 3.15 was condensed with 

diketone 3.5 in a (1:1) ethanol/acetic acid mixture to obtain 3.1, and with tetraketone 3.6 

in a (9:1) ethanol/acetic acid mixture to obtain 3.2.   

 
Scheme3.1. Synthesis of diketo pyrene 3.5 and tetraketo pyrene 3.6. 
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Scheme 3.2. Synthesis of 3.1 and 3.2. 
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3.2.2. Characterization 

 Figure 3.9 shows the 1H-NMR spectrum of compound 3.1 with its assigned 

peaks. The peaks at chemical shifts ŭ = 9.89, 8.82, 8.24, and 7.99 ppm were assigned to 

the hydrogens labelled ñaò, ñbò, ñcò, and ñdò respectively, as compared to previously 

synthesized pyrene derivatives in our lab.157 The other three aromatic peaks: doublet at 

7.94 ppm (4H), triplet at 7.43 ppm (4H), and triplet at 7.29 ppm (2H) were assigned to 

the protons labelled ñeò, ñfò and ñgò, respectively. The latter was observed to slightly 

overlap with the CDCl3 solvent peak at 7.26 ppm. The most deshielded triplet at 4.49 

ppm was assigned to the hydrogen labelled ñhò, which is next to the oxygen atom, and 

the slightly deshielded pentet at 1.88 ppm was assigned to the proton labelled ñiò. The 

clear singlet at ŭ = 1.66 ppm (18H) correspond to the hydrogens of the t-butyl groups 

labelled ñjò. The peak of proton ñkò at 1.51 ppm slightly overlaps with the peak 

corresponding to water, whereas the peaks of protons ñlò and ñmò overlap to show a 

multiplet at 1.40 ppm. The triplet at 0.95 ppm was assigned to the most peripheral 

hydrogens of the hexyl chains, labelled ñnò. 

  The 1H-NMR spectrum of compound 3.2, shown in Figure 3.10, shows the 

characteristic peaks that identify the presence of the desired product, though not 

completely pure. The two singlet peaks at 9.40 and 8.40 ppm were assigned to the 

hydrogens labelled ñaò and ñbò, respectively.157 The other aromatic peaks at 7.58, 7.32 

and 7.24 ppm correspond to the hydrogens labelled ñcò, ñdò and ñeò. The latter peak 

was observed to overlap with the CDCl3 peak at 7.26 ppm. The peak at 3.88 ppm, 

though not clearly defined as a triplet, was the most downfield, thus attributed to the 

proton labelled ñfò. The other protons could not be clearly integrated due to the 

presence of impurities and to the poor solubility of the compound in CDCl3.
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Figure 3.9. 1H-NMR characterization of 3.1. 
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Figure 3.10. 1H-NMR characterization of 3.2. 
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3.2.3. Absorption 

Three different stock solutions of 3.1 in chloroform were prepared in 10 mL 

volumetric flasks, then 1 mL of each solution was taken and diluted to obtain the 

following concentrations: 1.7003 × 10-5, 2.1640 × 10-5, and 2.4912 × 10-5 M. UV-Vis 

absorption of these solutions was performed, and the results are represented as the 

molar extinction coefficient Ů vs. wavelength spectra, shown in Figure 3.11. The peaks 

at 282, 320, 335, 359, and 384 nm can be identified as -̄ˉϝ transition bands resulting 

from the pyrene core and its extended conjugation.20, 135 The peak at around 560 nm can 

be attributed to the intramolecular charge transfer occurring between the 4-

alkoxythiazole donor unit to the pyrene (here acting as an acceptor) unit.20   

 

 

Figure 3.11. Molar extinction coefficient of 3.1 vs. wavelength at a concentration of 

2.4912 × 10-5 M determined from its UV-Vis spectrum. 
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Figures 3.12a-f show the linear relationship between the recorded absorbances 

from the UV-Vis spectra and the concentration at the wavelengths 282, 320, 335, 359, 

384, and 564 nm, respectively. These wavelengths were chosen corresponding to the 

maximum absorbances. Considering Beer-Lambertôs Law, equation (5), the slope would 

be equal to Ů (for b = 1 cm) at the respective wavelength. The obtained results are 

summarized in Table 3.3. 

 

 

Table 3.3. Results of the molar extinction coefficients of 3.1 at the maximum 

wavelengths obtained from UV-Vis spectroscopy. 

ɚmax 

(nm) 

Concentration 

(M)  

Absorbance Ů 

(L.mol -1.cm-1) 

282 

1.7003 × 10-5 0.98989 

6.50 × 104 2.1640 × 10-5 1.28233 

2.4912 × 10-5 1.50484 

320 

1.7003 × 10-5 0.50469 

3.36 × 104 2.1640 × 10-5 0.6572 

2.4912 × 10-5 0.77122 

335 

1.7003 × 10-5 0.54421 

3.66 × 104 2.1640 × 10-5 0.70807 

2.4912 × 10-5 0.83444 

359 

1.7003 × 10-5 0.4643 

3.36 × 104 2.1640 × 10-5 0.61977 

2.4912 × 10-5 0.73044 

384 

1.7003 × 10-5 0.47172 

4.32 × 104 2.1640 × 10-5 0.6799 

2.4912 × 10-5 0.81238 

564 

1.7003 × 10-5 0.29797 

2.65 × 104 2.1640 × 10-5 0.42457 

2.4912 × 10-5 0.50712 



 115 

 

 

Figure 3.12. Absorbance vs. concentration plots of 3.1 at specific maximum 

wavelengths (a) 282, (b) 320, (c), 335, (d) 359, (e) 384, and (f) 564 nm. 
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3.2.4. Computational Studies 

To explore the differences in the chromophores 3.1ô and 3.2ô, shown in Figure 

3.13, geometry optimization were completed at the B3LYP/6ï311G(d,p) level of 

theory. Stationary points were identified and verified using frequency calculations. The 

results are shown in Tables 3.4 and 3.5. 

 

 

Figure 3.13. Structures of compounds 3.1ô and 3.2ô upon which the computational 

studies were performed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 117 

 

Table 3.4. Optimized geometry of 3.1ô and 3.2ô at the B3LYP/6ï311G(d,p) level of 

theory. 

Compound Optimized Geometry 

3.1ô 

  

3.2ô 
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Table 3.5. HOMO and LUMO wavefunctions and energy levels of compounds 3.1ô and 

3.2ô at B3LYP/6ï311G(d,p) level of theory. 

Compound HOMO  LUMO  

3.1ô 

 
- 5.19 eV 

 

- 2.95 eV 

3.2ô 

 
- 5.24 eV 

 

- 3.07 eV 

 

 

3.3. Experimental Section 

3.3.1. Synthesis 

2,7-Di-tert-butylpyrene (3.4) 

The title compound was synthesized according to a modified literature 

procedure.158 In a round bottom flask, pyrene (10 g, 0.049 mol) was added to 2-chloro-
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2-methylpropane (159 mL, 1.44 mol), and the mixture was stirred in an ice bath. 

Aluminum chloride (10.27g, 0.077 mol) was added in small portions to the round 

bottom flask at 0 °C. The reaction mixture was kept stirring at room temperature 

overnight. Then, it was quenched with distilled water and extracted with 

dichloromethane. The organic layers were combined, dried over anhydrous sodium 

sulfate, and evaporated under reduced pressure. Recrystallization from ethanol was 

performed to afford the pure white crystals (10.3 g, 67%), m.p. 202-204 °C (lit.159 210-

212 °C). 1H-NMR (500 MHz, CDCl3): ŭ 8.16 (s, 4H), 8.00 (s, 4H), 1.56 (s, 18H) ppm. 

13C-NMR (125 MHz, CDCl3): ŭ 148.53, 130.75, 127.40, 122.83, 121.98, 35.19, 31.95 

ppm. 

 

 

2,7-Di-tert-butylpyrene-4,5-dione (3.5) 

Initial Method ( a): 

The title compound was synthesized according to a modified literature 

procedure.155 In a round bottom flask, a solution of 2,7-di-tert-butylpyrene (2.3; 0.5 g, 

1.59 mmol) in a (1:1) dichloromethane:acetonitrile mixture (13 mL) was prepared. 

Sodium meta-periodate (1.59 g, 7.44 mmol, 4.68 eq) was added to the mixture, 

followed by distilled water (40 mL) and ruthenium chloride hydrate (34 mg, 0.153 
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mmol, 0.096 eq). The dark brown suspension was stirred at room temperature 

overnight. The reaction mixture was then quenched with distilled water and filtered by 

suction filtration. The aqueous filtrate was extracted with dichloromethane, and the 

organic layers were combined, dried over anhydrous sodium sulfate and evaporated 

under reduced pressure. The crude product was purified by column chromatography 

(dichloromethane:n-hexane, 1:1) to afford the yellowish-orange powder (190 mg, 35%). 

Green Method (b): 

The title compound was synthesized according to a literature procedure.154 In a 

round bottom flask, a solution of 2,7-di-tert-butylpyrene (2.3; 0.5 g, 1.59 mmol) and 

periodic acid (0.9 g, 3.95 mmol, 2.5 eq) in ethanol (25 mL) was stirred at reflux for 3 

hours. The color of the solution changed from colorless to yellow to orange to red. After 

complete conversion was confirmed by TLC, the reaction mixture was cooled to room 

temperature and was quenched with distilled water (25 mL) then with aqueous sodium 

thiosulfate (10%, 25 mL). The resulting suspension was stirred in an ice bath for 2 

hours. The obtained precipitate was filtered by suction filtration and washed with cold 

water (3 x 50 mL). The crude product was purified by column chromatography 

(dichloromethane:n-hexane, 1:1) to afford the yellowish-orange powder (110 mg, 20%), 

m.p. 233-235 °C (lit.155 241-244 °C). 1H-NMR (500 MHz, CDCl3): ŭ 8.55 (d, J = 2 Hz, 

2H), 8.12 (d, J = 2 Hz, 2H), 7.81 (s, 2H), 1.48 (s, 18H) ppm. 13C-NMR (125 MHz, 

CDCl3): ŭ 181.05, 151.08, 131.93, 131.80, 129.73, 128.40, 127.28, 126.48, 35.22, 31.21 

ppm. 
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2,7-Di-tert-butylpyrene-4,5,9,10-tetraone (3.6) 

Initial Method ( a): 

The title compound was synthesized according to a modified literature 

procedure.155 In a round bottom flask, a solution of 2,7-di-tert-butylpyrene (2.3; 3 g, 

9.54 mmol) in a mixture of (1:1) dichloromethane:acetonitrile (96 mL) was prepared. 

Sodium meta-periodate (16.68 g, 78 mmol, 8.18 eq) was added, followed by distilled 

water (60 mL) and RuCl3.H2O (0.26 g, 1.14 mmol, 0.12 eq). The dark brown 

suspension was stirred at reflux for 5 days. After cooling to room temperature, the 

reaction mixture was quenched with distilled water and filtered by suction filtration. 

The aqueous filtrate was extracted with dichloromethane, and the organic layers were 

combined, dried over anhydrous sodium sulfate and evaporated under reduced pressure. 

The crude product was purified by column chromatography (dichloromethane:n-hexane, 

1:1) to afford the yellowish-orange powder (1.3 g, 37%). 

Green Method (c): 

The title compound was synthesized according to a literature procedure.154 In a 

round bottom flask, a solution of 2,7-di-tert-butylpyrene (2.3; 2 g, 6.36 mmol) and iodic 

acid (6.72 g, 38.2 mmol, 6 eq) in a mixture of acetic acid (90 mL) and diluted sulfuric 
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acid (0.184 M, 10 mL) was prepared. The reaction mixture was stirred at 50°C for 2 

days. After complete conversion was confirmed by TLC, the reaction mixture was 

cooled to room temperature, poured onto distilled water (100 mL), and placed in an ice 

bath for 2 hours. The obtained precipitate was filtered by suction filtration and washed 

with cold water (3 x 100 mL) and an aqueous sodium thiosulfate solution (10%, 100 

mL). The crude product was purified by column chromatography (dichloromethane:n-

hexane, 1:1) to afford the yellowish-orange powder (1.3 g, 55%), m.p. > 260 °C (lit.155 

339-342 °C). 1H-NMR (500 MHz, CDCl3): ŭ 8.48 (s, 4H), 1.42 (s, 18H) ppm. 13C-NMR 

(125 MHz, CDCl3): ŭ 178.35, 154.88, 133.99, 132.33, 130.58, 35.22, 31.14 ppm. 

 

 

4,7-Diiodobenzo[c][1,2,5]thiadiazole (3.8) 

The title compound was synthesized according to a modified literature 

procedure.20 In a round bottom flask, commercially available benzo[c][1,2,5]thiadiazole 

(2.6; 2 g, 14.69 mmol), iodine (12 g, 47.3 mmol, 3.2 eq), and silver sulfate (11.44 g, 

36.7 mmol, 2.5 eq) were suspended into 60 mL of concentrated sulfuric acid. The 

brown slurry was heated at 70 °C for 48 hours. The resulting mixture was cooled to 

room temperature and diluted with 100 mL of distilled water. Then the precipitate was 

filtered and rinsed with distilled water. The resulting solid was suspended into 50 mL of 
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hot toluene which turns yellow in color, after which hot filtration was performed. The 

latter was repeated several times until the hot toluene does not turn yellow. The toluene 

filtrate fractions were then combined and evaporated under reduced pressure. The 

obtained solid was later recrystallized from 14 mL of hot toluene and 14 mL of hot 

ethanol. The pure yellow crystals were collected by suction filtration (3.28 g, 58%), 

m.p. 203-204 °C (lit.20 203-204 °C). 1H-NMR (500 MHz, CDCl3): ŭ 7.80 (s, 2H) ppm. 

13C-NMR (125 MHz, CDCl3): ŭ 153.88, 139.81, 87.77 ppm. 

 

 

4,7-Dibromobenzo[c][1,2,5]thiadiazole (3.9) 

The title compound was synthesized according to a modified literature 

procedure.160 In a round bottom flask, benzo[c][1,2,5]thiadiazole (2.6; 12 g, 0.088 mol) 

was suspended in 60 mL of hydrobromic acid (48%). A solution of bromine (13 mL, 

0.25 mol, 2.86 eq) in 30 mL of hydrobromic acid was added dropwise to the round 

bottom flask at room temperature. The resulting orange mixture was stirred at reflux 

overnight. Then, it was cooled to room temperature and quenched with saturated 

sodium thiosulfate solution. The obtained precipitate was collected by suction filtration 

and washed heavily with distilled water. Recrystallization from ethanol was performed 

to afford the pure pale-yellow crystals (22 g, 85%). 1H-NMR (500 MHz, CDCl3): ŭ 7.71 

(s, 2H) ppm.  13C-NMR (125 MHz, CDCl3): ŭ 152.96, 132.36, 113.91 ppm. 
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Benzo[c][1,2,5]thiadiazole-4,7-dicarbonitrile (3.10) 

Pathway (a)  

The title compound was synthesized according to a modified literature 

procedure.20 In a 3-neck round bottom flask, a solution of 4,7-

diiodobenzo[c][1,2,5]thiadiazole (2.7; 1 g, 2.58 mmol) in 5 mL of N-methyl-2-

pyrrolidone was purged with argon for 15 mins. After heating the solution to 80 °C, 

copper (I) cyanide (0.7 g, 7.74 mmol, 3 eq) was added carefully under argon. The 

mixture was heated up to 150 °C and kept stirring for 1 hour. Then, the reaction mixture 

was left to cool to room temperature, quenched with 12 mL of 15% ammonia solution, 

and extracted 4 times with ethyl acetate. The organic layers were combined, dried over 

MgSO4, and evaporated under reduced pressure. The crude product was purified by 

column chromatography (dichloromethane:n-hexane; 3:2) to afford the product as white 

powder (0.41 g, 86%). 

Pathway (b) 

The title compound was synthesized according to a modified literature 

procedure.19 In a 3-neck round bottom flask, a solution of 4,7-

dibromobenzo[c][1,2,5]thiadiazole (2.8; 10 g, 34.02 mmol), sodium iodide (0.05 g, 0.34 

mmol, 0.01 eq), and pyridine (2.8 mL, 2 eq)  in 100 mL of dimethylformamide was 

purged with argon for 15 min. Copper (I) cyanide (12.2 g, 0.136 mol, 4 eq) was added 

carefully under argon. The reaction mixture was stirred at reflux overnight. Then, the 
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resulting dark suspension was left to cool to room temperature and until a very thick 

black suspension is obtained. A large amount of distilled water was added to the 

suspension, and after vigorous stirring, the obtained precipitate was collected by suction 

filtration. Soxhlet extraction over chloroform was performed for 3 days to get rid of 

insoluble impurities, and the resulting filtrate was evaporated under reduced pressure. 

The crude product was then purified by column chromatography (dichloromethane:n-

hexane; 3:2) to afford the pure powder (2.21 g, 35%), m.p. 183-184 °C (lit.19 182-183 

°C). 1H-NMR (500 MHz, CDCl3): ŭ 8.12 (s, 2H) ppm. 13C-NMR (125 MHz, CDCl3): ŭ 

152.41, 134.52, 113.87, 110.64 ppm. 

 

 

Benzo[c][1,2,5]thiadiazole-4,7-bis(carbothioamide) (3.11) 

The title compound was synthesized according to a literature procedure.19 In a 

round bottom flask, ethanol (100 mL) was added in small portions to phosphorus 

pentasulfide (8.95 g, 40.28 mmol) under vigorous stirring until a clear solution was 

observed. To the freshly prepared o,oô-diethyldithiophosphate, 

benzo[c][1,2,5]thiadiazole-4,7-dicarbonitrile (2.9; 3 g, 16.11 mmol) was added slowly. 

The reaction mixture was stirred at reflux for 4 hours. Then, it was cooled to room 

temperature and quenched with 100 mL of saturated NaHCO3 solution and the solution 

was kept stirring for 1 hour. The red solid was filtered and washed heavily with water. 

Then, it was suspended in hot ethanol then filtrated to afford the pure product as red 

powder (3.34 g, 81%), m.p. 251-253 °C (lit.19 255 °C). 1H-NMR (500 MHz, DMSO-d6): 
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ŭ 10.55 (s, 2H), 9.96 (s, 2H), 8.27 (s, 2H) ppm. 13C-NMR (125 MHz, DMSO-d6): ŭ 

196.09, 150.62, 134.13, 131.06 ppm. 

 

 

2,2'-(Benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(5-phenylthiazol-4-ol) (3.13) 

The title compound was synthesized according to a literature procedure.19 In a 

round bottom flask, a solution of benzo[c][1,2,5]thiadiazole-4,7-bis(carbothioamide) 

(2.10; 3.34 g, 13.13 mmol), ethyl 2-bromo-2-phenylacetate (2.11; 12.77 g, 52.53 mmol, 

4 eq), and sodium acetate (5.39 g, 65.65 mmol, 5 eq) in 86 mL of ethanol was heated at 

reflux overnight. The reaction mixture was then cooled to room temperature and 

quenched with distilled water. The resulting suspension was filtered by suction 

filtration, and the precipitate was washed with distilled water, hot ethanol, chloroform, 

and ethyl acetate respectively (3.6 g, 56%), m.p. cannot be measured due to 

decomposition (lit.19 decomposition). Because of the poor solubility of the compound, 

NMR data cannot be obtained. This compound was used for the next step with no 

further purification.  
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4,7-Bis(4-(hexyloxy)-5-phenylthiazol-2-yl)benzo[c][1,2,5]thiadiazole (3.14) 

The title compound was synthesized according to a literature procedure.19 In a 

three-neck round bottom flask, a solution of 2,2'-(benzo[c][1,2,5]thiadiazole-4,7-

diyl)bis(5-phenylthiazol-4-ol) (2.12; 3.6 g, 7.4 mmol) and potassium carbonate (6.16 g, 

44.57 mmol, 6 eq) in 330 mL of acetone was purged with argon for 10 mins. Under 

argon, 1-iodohexane (6.9 mL, 6 eq) was added. The reaction mixture was stirred at 

reflux overnight. Then, it was cooled to room temperature and quenched with distilled 

water. The resulting precipitate was collected by suction filtration, then dissolved in 

chloroform. The organic solution was extracted from distilled water, dried over MgSO4, 

and evaporated under reduced pressure. The crude product was purified by column 

chromatography (n-hexane:dichloromethane; 4:1) to afford the pure purple product (1.1 

g, 22%), m.p. 193-195 °C (lit.19 219 °C). 1H-NMR (500 MHz, CDCl3): ŭ 8.64 (s, 2H), 

7.90 (dd, J1 = 8.5 Hz, J2 = 1 Hz, 4H), 7.41 (t, J = 7.5 Hz, 4H), 7.25 (overlapping with 

CDCl3 peak, 2H), 4.59 (t, J = 6.5 Hz, 4H), 1.91 (p, J = 6.5 Hz, 4H), 1.52 (m, 

overlapping with H2O peak, 4H), 1.39 (m, overlapping, 8H), 0.93 (t, J = 7 Hz, 6H) ppm. 
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13C-NMR (125 MHz, CDCl3): ŭ 159.70, 153.39, 151.79, 131.87, 128.68, 126.81, 

126.70, 126.13, 125.83, 115.87, 70.63, 31.60, 29.54, 25.82, 22.64, 14.06 ppm. 

 

 

3,6-Bis(4-(hexyloxy)-5-phenylthiazol-2-yl)benzene-1,2-diamine (3.15) 

The title compound was synthesized according to a modified literature 

procedure.156 In a three-neck round bottom flask, a solution of 4,7-bis(4-(hexyloxy)-5-

phenylthiazol-2-yl)benzo[c][1,2,5]thiadiazole (2.13, 1 g, 1.53 mmol) in a mixture of 

ethanol/tetrahydrofuran (7:3, 70 mL) was purged under argon. Cobalt (II) chloride (50 

mg, 0.38 mmol, 0.25 eq) and sodium borohydride (320 mg, 8.49 mmol, 5.55 eq) were 

added respectively under argon, and the mixture was stirred for 5 mins at room 

temperature. Then, it was stirred at reflux and under argon for 3 hours. After complete 

conversion was confirmed by TLC, the reaction mixture was cooled to room 

temperature, then passed through a celite bed. The solvent was evaporated under 

reduced pressure. The product was extracted with dichloromethane (2 x 50 mL), dried 

over anhydrous MgSO4, and evaporated to obtain a dark yellow product (950 mg, 99%). 

1H-NMR (500 MHz, CDCl3): ŭ 7.75 (d, J  = 7.5 Hz, 4H), 7.37 (t, J = 8 Hz, 4H), 7.22 (t, 
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J = 7.5 Hz, 2H), 7.14 (s, 2H), 5.88 (s, 4H), 4.48 (t, J = 6.5 Hz, 4H), 1.87 (p, J = 7 Hz, 

4H), 1.52 (p, J = 7.5 Hz, 4H), 1.49 (m, overlapping with H2O peak, 8H), 0.91 (t, J = 7 

Hz, 6H) ppm. 13C-NMR (125 MHz, CDCl3): ŭ 161.34, 157.88, 135.50, 131.60, 128.63, 

126.75, 126.34, 117.29, 116.97, 109.74, 70.79, 31.57, 29.55, 25.79, 22.61, 14.04 ppm. 

 

 

2,2'-(2,7-Di-tert-butylphenanthro[4,5-abc]phenazine-10,13-diyl)bis(4-(hexyloxy)-5-

phenylthiazole) (3.1) 

In a three-neck round bottom flask, 3,6-bis(4-(hexyloxy)-5-phenylthiazol-2-

yl)benzene-1,2-diamine (2.14, 475 mg, 0.76 mmol, 1.1 eq) and 2,7-di-tert-butylpyrene-

4,5-dione (2.4, 238 mg, 0.69 mmol) were dissolved in a solvent mixture of 

ethanol/glacial acetic acid (1:1, 46 mL). The reaction mixture was stirred at reflux under 

argon overnight. After the completion of the reaction was confirmed by TLC, the 

reaction mixture was cooled to room temperature, and the solvent was condensed under 

reduced pressure. The suspension was diluted with distilled water, and the precipitate 

was collected by suction filtration. The obtained solid was recrystallized from a mixture 

of 1,2-dichlorobenzene and heptane. Then, it was stirred thoroughly in ethanol and 
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filtered to afford the dark blue fluffy product (430 mg, 67%), m.p. > 260 °C. 1H-NMR 

(500 MHz, CDCl3): ŭ 9.89 (d, J  = 2 Hz, 2H), 8.81 (s, 2H), 8.24 (d, J  = 2 Hz, 2H), 7.99 

(s, 2H), 7.93 (dd, J1 = 8.5 Hz, J2 = 1.5 Hz, 4H), 7.43 (t, J = 7.5 Hz, 4H), 7.28 (t, J = 7.5 

Hz, 2H), 4.49 (t, J = 7 Hz, 4H), 1.88 (p, J = 7 Hz, 4H), 1.67 (s, 18H), 1.50 (m, 4H), 1.40 

(m, 8H), 0.95 (t, J = 7 Hz, 6H) ppm. 13C-NMR (125 MHz, CDCl3): ŭ 158.83, 153.01, 

149.45, 143.23, 137.91, 132.19, 131.09, 130.39, 128.79, 128.36, 127.57, 127.28, 

127.22, 126.27, 125.94, 124.42, 123.62, 115.37, 70.09, 35.51, 32.09, 31.70, 29.53, 

25.81, 22.70, 14.11 ppm. 

 

 

2,2',2'',2''' -(2,11-Di-tert-butylquinoxalino[2',3':9,10]phenanthro[4,5-

abc]phenazine-5,8,14,17-tetrayl)tetrakis(4-(hexyloxy)-5-phenylthiazole) (3.2) 

In a three-neck round bottom flask, 3,6-bis(4-(hexyloxy)-5-phenylthiazol-2-

yl)benzene-1,2-diamine (2.14, 475 mg, 0.76 mmol, 2.1 eq) and 2,7-di-tert-butylpyrene-

4,5,9,10-tetraone (2.5, 135 mg, 0.36 mmol) were dissolved in a solvent mixture of 

ethanol/glacial acetic acid (9:1, 22 mL). The reaction mixture was stirred at 110°C 

under argon overnight. After the completion of the reaction was confirmed by TLC, the 
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reaction mixture was cooled to room temperature, and the solvent was condensed under 

reduced pressure. The suspension was diluted with distilled water, and the precipitate 

was collected by suction filtration. The obtained solid was recrystallized from 

chloroform-heptane. 1H-NMR data show the presence of this compound; however, its 

purification is still under study. 

 

 

3.3.2. Computational Studies 

 The input geometries were generated on GaussView6 using fragments harvested 

from available crystal structures for phenythiazole derivative (135705),161 

phenanthro[4,5-abc]phenazine (1959737),162 and quinoxalino[2',3':9,10]phenanthro[4,5-

abc]phenazine (1022119).145 After creating the input geometry, the MM2 force field 

method (MM2)163 was applied followed by geometry optimization, frequency, single-

point, and time-dependent DFT calculations at the B3LYP88 and 6-311G(d,p)92, 164-166 

level of theory using Gaussian16167 program.  
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CHAPTER 4 

4. ISOINDIGO DIALDEHYDES AS BUILDING BLOCKS FOR 

COVALENT ORGANIC FRAMEWORKS 

 

 

4.1. Introduction 

 Carbon dioxide (CO2) is considered the main greenhouse gas anthropogenically 

released and trapped in the atmosphere.168 Since the Industrial Revolution in the 18th 

century until today, and according to the National Oceanic and Atmospheric 

Administration, the global atmospheric CO2 concentration has escalated from 280 ppm 

to above 410 ppm with an average increase rate of 3.40 ppm/year.169 Over time, the 

accumulation of this excessive emission has led to critical environmental issues 

including global warming, climate change, and sea level rising.170 There are three 

different propositions that can help in decreasing CO2 concentrations in the 

atmosphere.171 The first method revolves around reducing the amount of CO2 

discharged into the atmosphere, which can be achieved by substituting fossil fuels as the 

main energy source with another that is more renewable and sustainable, such as 

sunlight, wind, and water.171 However, this approach is not practical, especially with the 

increasing worldwide energy demand nowadays. The second method includes CO2 

capture and storage which poses many safety risks due to leakage possibilities, high-

pressure compression storage, and expensive transportation.171 The final approach 

incorporates the conversion of CO2 using sustainable procedures into more useful 

chemicals that can act as fuels.171 Since CO2 is inexpensive, abundant, and renewable, 

searching for an efficient sustainable method to convert it into a valuable chemical, i.e. 



 133 

artificial photosynthesis, has been the focus of several research groups around the 

world.172 This could help in: (1) decreasing the causes of global warming by recycling 

CO2 gas from the atmosphere, and (2) providing a sustainable source of carbon at low-

cost raw material for more value-added products featuring the green chemistry topics of 

atom economy, renewable resources, and catalysis.173, 174 CO2 reduction into formic 

acid (HCOOH), methanol (CH3OH), carbon monoxide (CO), and other chemicals has 

been a topic under investigation for the past few decades using electrochemical or 

photochemical approaches over several metals.175 Photocatalytic reduction of carbon 

dioxide was first studied in the 1970s, and it was reported over several semiconductor 

electrodes such as titanium dioxide (TiO2), zinc oxide (ZnO), and gallium phosphide 

(GaP).175 

Formic acid (HCOOH) or formate anion (HCOO-) is usually used as a 

pharmaceutical antibacterial agent, as a preservative, as a hydrogen storage constituent, 

and in electrolytic metallurgy.176, 177 Traditionally, formic acid was produced from the 

hydrolysis of methyl formate (using CH3OH and CO) or formamide which involves a 

huge amount of energy.176, 177 Although its formation requires a slightly higher 

reduction potential than CO formation, the reduction of CO2 to HCOOH is favored over 

the reduction of CO2 to CO due to the lower toxicity and many employment potentials 

of formic acid.178 Different homogeneous photocatalysts have been developed and 

studied for CO2 reduction to formic acid; some included using metal complexes such as 

ruthenium, cobalt, manganese, iron, molybdenum, iridium, rhenium complexes, and 

others using organic molecules such as p-terphenyl, phenazine, and pyridine.179 

However, heterogeneous catalysis possesses more advantages over homogenous 

catalysis including easy separation and possible recyclability of the catalyst.172, 174 
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Heterogeneous photocatalysts for the reduction of CO2 to HCOOH include metal 

nanoparticles, bimetallic catalysts, zeolites, porous organic polymer (POP)-based single 

atom catalysts (SACs), metal-organic frameworks (MOFs), and recently covalent-

organic frameworks (COFs), previously defined in Chapter 1 Section .180 

A photocatalyst is a type of catalyst that increases the rate of a reaction upon 

absorbing visible light. This can occur due to the synergistic effects of its molecules. 

Several properties of covalent-organic frameworks allow them to serve as interesting 

candidates for CO2 photoreduction:  

(1) They possess robust stability and crystallinity.174  

(2) Their permanent pores of a suitable size can allow the passage of CO2 

molecules, aiding their adsorption to the COF.181  

(3) Their large surface area permits a better exposure, spatial isolation and uniform 

distribution of the active sites onto which CO2 is adsorbed.182  

(4) The structures of COFs can be easily tuned by varying the properties of the 

organic monomers to provide a better application; either by changing the functional 

groups to increase electron transfer,183 or by incorporating metal ions, especially 

nontoxic earth-abundant metal centers,184 to favor CO2 adsorption.  

(5) Using conjugated ˊ-electron aromatic molecules provides efficient visible light-

harvesting.170  

(6) Rapid and efficient charge carrier mobility is enhanced when the knots and 

linkers consist of a combination of electron-donating and electron-accepting 

molecules.173  

(7) The functionalized organic monomers used can be engineered to synthesize a 

framework with suitable energy levels of the conduction band (lower than the reduction 
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potential of CO2) and valence band (higher than oxidation potential of the electron 

donor) and with a moderate band gap of less than 3 eV.170, 185 

Using isoindigo as a linker in COFs was first reported by Bessinger et al. in the 

synthesis of Py-pII COF.186 As shown in Scheme 4.1, an isoindigo aldehyde derivative 

(pII ) was reacted with a tetraamino pyrene (Py) derivative to form the indicated COF 

via imine linkages.186 Py-pII COF possesses high photosensitivity, mainly attributed to 

its low band gap of 1.78 eV, and is thus able to absorb near-infrared wavelength unlike 

preceding COFs which mostly absorb photons of high-energy from the visible 

spectrum.186  

 

 
Scheme 4.1. The condensation of Py and pII  to form Py-pII COF .186 
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Recently, Dr. Hicks from Prof. Seth Marderôs research group reported the 

synthesis of four different isoindigo-based COFs in his dissertation. These COFs were 

formed by beta-ketoenamine linkages resulting from the tautomerization of the expected 

imine bonds. Hicks studied their application as monolayer 2D polymer thin films.187  

Moreover, Jin et al. synthesized two isoindigo-based COFs named HHTP-

MIDA -COF and CuPc-MIDA -COF upon the reaction of isoindigo diboronic acid 

(MIDA ) with hexahydroxy triphenylene (HHTP ) and phthalocyanine (CuPc), 

respectively.188 The newly formed bond between the monomers is a non-conjugated 

boronate ester linkage. These COFs presented efficient semi-conduction in two 

directions: the first is the lateral direction in which the electron transport was observed 

between the 2D layers upon their -̄  ̄stacking; whereas the second involves the 

transport of charges within the molecules of the COFôs building blocks.188  

In a closely associated concept, Zhao et al. reported the synthesis of isoindigo-

based microporous organic polymers TBMID , TBMIDM , and TBMIDE  for CO2 

capture, as represented in Scheme 4.2.189 They deduced that the heteroatomic isoindigo 

molecule enhanced the supramolecular interactions between the polymer and CO2 

molecules to be adsorbed, namely the dipole-quadrupole interactions and/or hydrogen 

bonding.189 The highest uptake ability was reported in the polymer network with no 

alkyl substituents, owing to the larger and more accessible pores.189 
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Scheme 4.2.The synthesis scheme of microporous polymers TBMID , TBMIDM , and 

TBMIDE .189 

 

 

Porphyrin, shown in Figure 4.1, is a macrocycle formed of four pyrrole subunits 

with a central cavity in which a metal ion can be coordinated.190 It presents distinctive 

photophysical and electronic properties due to the 18 conjugated -̄electrons.190 

Porphyrin has been used as a building block for many synthesized COFs for various 

applications,190, 191 including gas adsorption,192, 193 semi-conduction,194, 195 energy 

storage,196 fluorescence detection,197 and catalysis.198, 199 

 

 

Figure 4.1. The structure of porphyrin showing its meso- and ɓ-positions. 

  

In particular, metalloporphyrin serves as a greatly efficient organic monomer as 

a knot in COFs for photocatalytic CO2 reduction because:  

(1) It is an excellent electron acceptor in -̄conjugated systems.182  
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(2) It is advantageous in multi-electron catalysis due to its redox-activity.200  

(3) It has high charge-carrier mobility properties.182  

(4) It possesses high stability in acidic and alkaline solutions.200  

(5) It possesses diverse chemical and physical properties upon varying different 

functional groups on its meso- and ̡ -positions.200  

(6) Since the metal coordination is very stable, the properties of its second 

coordination spheres can be optimized to achieve highest catalytic efficiency.200  

(7) The incorporated metal can act as a CO2 docking site, increasing CO2 

adsorption, and thus enhancing the competency of the photocatalyst.182  

In collaboration with Prof. Dinesh Shettyôs research group from the Khalifa 

University of Science and Technology, Abu Dhabi; Prof. Ali Trabolsiôs research group 

from the New York University, Abu Dhabi; and Prof. Mohamad Hmadehôs research 

group from the American University of Beirut, we report, in the following sections, the 

synthesis of two new COFs: PI-COF and Co-PI-COF and their application in CO2 

conversion. 

 

4.2. Results and Discussion 

4.2.1. Synthesis of dialdehyde derivatives 

Continuing from Scheme 2.1, Suzuki coupling of the alkylated 

dibromoisoindigo compounds 2.6a-b with 4-formylphenyl boronic acid was performed 

to obtain the two desired dialdehyde derivatives 4.1a and 4.1b as shown in Scheme 4.3. 

 



 139 

 
Scheme 4.3. Synthesis of isoindigo dialdehydes 4.1a-b. 

 

 

4.2.2. Synthesis and Characterization of the COFs 

As shown in Scheme 4.4, PI-COF was synthesized upon the reaction of 

tetraminoporphyrin 4.2 and the branched isoindigo dialdehyde 4.1b in a 3:1 mixture of 

n-butanol and mesitylene at 120 °C for 5 days. PI-COF was then isolated and washed 

with 1,4-dioxane. Post-synthetic metalation of the porphyrin subunits was performed by 

adding cobalt cations in a mixture of anhydrous DCM and anhydrous CH3OH at 50 °C 

for 24 hours to obtain Co-PI-COF which was washed excessively with CH3OH.  
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Scheme 4.4. Synthetic scheme of PI-COF and Co-PI-COF. 
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The two COFs and their properties were characterized through several 

techniques. First, PI-COF was characterized by its Fourier-Transform Infrared 

Spectroscopy (FT-IR) spectrum in which the new imine linkage (C=N bond) between 

the aldehyde and the aminoporphyrin was shown at 1,603 cm-1 in accordance with the 

absence of the C=O aldehyde vibration at 1,612 cm-1 and the absence of the N-H amino 

vibration at 3,210 and 3,346 cm-1, represented in Figure 4.2. It is also noticed that the 

lactam C=O of the isoindigo persists between the isoindigo starting material and PI-

COF. In addition to that, cross-polarization magic-angle spinning 13C-NMR was 

performed and showed the presence of the following peaks with their corresponding 

significance: at 10-40 ppm, aliphatic chains on isoindigo monomer; at 120 ppm, phenyl 

ring of porphyrin; at 130 ppm, C=C in pyrrole of porphyrin monomer; at 135 ppm, the 

free phenyl ring of isoindigo monomer; at 140 ppm, the fused phenyl ring of isoindigo; 

at 150 ppm, C-N in pyrrole of porphyrin; and at 165 ppm, lactam C=O of isoindigo. The 

morphology of PI-COF was observed by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) and was deduced to be unspecific fused rod-

like structures. Thermal analysis of the COF showed less thermal stability than its 

separate building blocks (which are highly stable due to their fused rings and 

macrocyclic structures); however, it still shows comparable stability to other 

synthesized COFs as it degrades at 400 °C. There were minimal shifts between the FT-

IR spectra, and no changes between the SEM and TEM images of PI-COF and Co-PI-

COF. However, the latter is slightly less thermally stable than the pristine COF. 

Scanning transmission electron microscopy (STEM) was used to observe the 

incorporation of Co cations in the porphyrin building block. Results showed the even 
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distribution of C, N, O and Co atoms in the framework in which the average Co content 

was around 8 wt%.173  

 

 

Figure 4.2. FT-IR spectra of the isoindigo dialdehyde 4.1, tetraamino porphyrin 4.3, PI-

COF and Co-PI-COF. Reprinted with permission from Ref 173. Copyright 2022 

American Chemical Society. 

 

The porosities of both COFs have been studied by the Brunauer-Emmett-Teller 

(BET) model of the N2 gas adsorption values at 77 K. The results show that the total 

surface area is 183 and 22 m2.g-1 corresponding to PI-COF and Co-PI-COF 

respectively. PI-COF contains pores of diameter between 2.7 and 12.9 nm with an 

average pore size of 4.9 nm. The post-synthetically modified Co-PI-COF displays a 

mesoporous nature with smaller pores that are filled up with the cobalt cations. From 

the powder X-ray diffraction (PXRD) data, the experimental unit cell parameters are a = 

43.24 Å and c = 4.57 Å.173   

Similarly, the optimized lattice parameters calculated by density functional 

theory (DFT) and represented in Figure 4.3 are 41.04 and 40.87 Å, and the AA stacking 
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interlayer distances are 4.87 and 4.94 Å for PI-COF and Co-PI-COF, respectively. 

Moreover, the estimated pore sizes of both COFs range between 4.9 and 5.3 nm2.173 

 

 
Figure 4.3. The top and side views of (a) PI-COF and (b) Co-PI-COF along with the 

computed most stable unit cell distances as well as the interlayer distances of each. 

Reprinted with permission from Ref 173. Copyright 2022 American Chemical Society. 

 

 

As shown in Figure 4.4, the DFT molecular orbital studies indicate that the 

valence band (VB) is situated above the porphyrin subunit whereas the conduction band 

(CB) is above the isoindigo subunit of the COF. PI-COF has a calculated band gap of 

0.88 eV with its Fermi level situated in the middle of the band gap; however, Co-PI-

COF has a smaller calculated band gap of 0.56 eV with its Fermi level closer to the CB. 

And since the band gap is deduced from the spin-up state (rather than spin-down), the 

system is expected to be very reactive and proposes promising efficiency in its 

applications. This is further confirmed by the experimental band gaps 1.79 and 0.72 eV 

of PI-COF and Co-PI-COF, respectively which were determined from the diffuse 

reflectance Tauc Plot.173 
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Figure 4.4. (a) The spin-up and spin-down channel energy diagrams. (b) The 3D 

isosurfaces of the valence band (VB) and conduction band (CB) of Co-PI-COF. 

Reprinted with permission from Ref 173. Copyright 2022 American Chemical Society. 

 

4.2.3. Application 

Both PI-COF and Co-PI-COF were tested for the photocatalysis of CO2 into 

formate anions under visible light. A mixture of acetonitrile (MeCN) and 

triethanolamine (TEOA), containing Co-PI-COF and previously purged with argon, 

was placed 25 cm away from a 150 W Xenon lamp. CO2 was saturated into the mixture 

at room temperature under continuous stirring for 6 hours. Then, the amount of HCOO- 

released was measured by ion chromatography (IC). As shown in Figure 4.5b, the 

amount of formate anions produced by Co-PI-COF increased to reach 11 ɛmol in 6 

hours which is significant with respect to that produced by PI-COF or by Co-PI-COF 

in the absence of CO2. In addition, the average rate of formation of HCOO- by Co-PI-

COF is 2 ɛmol.hr-1, which is comparable to other previously reported systems. Since 
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Co-PI-COF does not contain expensive metals and requires only low power irradiation 

with respect to other systems, it can be considered as an efficient photocatalyst for CO2 

reduction. Recyclability tests were also performed on Co-PI-COF, and the results 

represented in Figure 4.5c show that there was a decrease in the formate anions 

produced in the second cycle till around 8 ɛmol but no obvious change further than that 

for the remaining tested cycles. To ensure that the carbon source of HCOO- is truly 

from the added CO2, isotope labelling of 13CO2 was performed, and indeed the 13C-

NMR shown in Figure 4.5d indicates the presence of H13COO- as expected.173   

 

 

Figure 4.5. Photocatalytic CO2 conversion study of Co-PI-COF.Schematic 

representation of the studied system. (b) Graph showing the amount of formate anions 

formed as a function of irradiation time for PI-COF, Co-PI-COF, and Co-PI-COF in 

the absence of CO2. (c) Graph showing the amount of HCOO- released upon recycling 

Co-PI-COF. (d) 13C-NMR showing the presence of H13COO- after isotope labelling. 

Reprinted with permission from Ref 173. Copyright 2022 American Chemical Society. 
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4.3. Experimental Section: Synthesis 

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

(4.1a) 

The title compound was synthesized according to a modified literature 

procedure.67 In a Schlenk tube under argon, a solution of (E)-6,6'-dibromo-1,1'-dihexyl-

[3,3'-biindolinylidene]-2,2'-dione (2.6a; 0.3 g, 0.51 mmol), 4-formylphenylboronic acid 

(0.33 g, 2.20 mmol), tetrabutylammonium bromide (TBABr ; 10 mg), and freshly 

synthesized tetrakis(triphenylphosphine)-palladium (0) catalyst (Pd(PPh3)4; 50 mg) in 

toluene (30 mL) was prepared. Under argon, potassium carbonate solution (K 2CO3, 

2M, 4 mL) was added, and the reaction mixture was kept heated at 124 °C for 72 hr. 

The reaction was stopped, cooled to room temperature, and quenched with 30 mL 

distilled water. Then the reaction mixture was extracted with DCM (1 x 30 mL). The 

organic layers were combined, dried over MgSO4, and evaporated under reduced 

pressure. The crude product was purified by column chromatography 

(dichloromethane:n-hexane; 3:2) which was then washed with hexane and recrystallized 

from toluene-hexane to afford the pure red purple powder (0.19 g, 58%). 1H-NMR (500 

MHz, CDCl3): ŭ 10.07 (s, 2H), 9.28 (d, J = 8.5 Hz, 2H), 7.98 (d, J = 8.5 Hz, 4H), 7.80 

(d, J = 8 Hz, 4H), 7.31 (dd, , J1 = 8.5 Hz, J2 = 2 Hz, 2H), 7.00 (d, J = 1.5 Hz, 2H), 3.84 

(t, J = 7.5 Hz, 4H), 1.74 (p, J = 7 Hz, 4H), 1.42 (m, 4H), 1.32 (m, 8H), 0.86 (t, J = 7 Hz, 

6H) ppm. 13C-NMR (125 MHz, CDCl3): ŭ 191.74, 168.04, 146.32, 145.55, 143.67, 

135.80, 132.98, 130.58, 130.35, 127.72, 121.87, 121.32, 106.53, 40.20, 31.52, 27.55, 

26.76, 22.57, 14.04 ppm.  
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(E)-4,4'-(1,1'-Bis(2-ethylhexyl)-2,2'-dioxo-[3,3'-biindolinylidene] -6,6'-

diyl)dibenzaldehyde (4.1b) 

The title compound was synthesized according to a modified literature 

procedure.67 In a Schlenk tube under argon, a solution of (E)-6,6'-dibromo-1,1'-bis(2-

ethylhexyl)-[3,3'-biindolinylidene]-2,2'-dione (2.6b; 0.3 g, 0.47 mmol), 4-

formylphenylboronic acid (0.3 g, 2.00 mmol), tetrabutylammonium bromide (TBABr ; 

10 mg), and freshly synthesized tetrakis(triphenylphosphine)-palladium (0) catalyst 

(Pd(PPh3)4; 50 mg) in toluene (30 mL) was prepared. Under argon, potassium 

carbonate solution (K 2CO3, 2M, 4 mL) was added, and the reaction mixture was kept 

heated at 124 °C for 72 hr. The reaction was stopped, cooled to room temperature, and 

quenched with 30 mL distilled water. Then the reaction mixture was extracted with 

DCM (1 x 30 mL). The organic layers were combined, dried over MgSO4, and 

evaporated under reduced pressure. The crude product was purified by column 

chromatography (dichloromethane:n-hexane; 3:2) which was then washed with hexane 

and recrystallized from toluene-hexane to afford the pure red purple powder (0.20 g, 

62%). 1H-NMR (500 MHz, CDCl3): ŭ 10.07 (s, 2H), 9.27 (d, J = 8 Hz, 2H), 7.98 (d, J = 
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8.5 Hz, 4H), 7.78 (d, J = 8 Hz, 4H), 7.31 (dd, J1 = 8.5 Hz, J2 = 2 Hz, 2H), 7.00 (d, J = 2 

Hz, 2H), 3.73 (m, 4H), 1.90 (m, 2H), 1.38 (m, 18H), 0.94 (t, J = 6.5 Hz, 6H), 0.88 (t, J 

= 7 Hz, 6H) ppm. 13C-NMR (125 MHz, CDCl3): ŭ 191.95, 168.68, 146.56, 146.20, 

143.79, 136.02, 133.20, 130.64, 130.60, 127.84, 122.09, 121.54, 107.02, 44.51, 37.94, 

30.97, 29.01, 24.39, 23.31, 14.33, 11.01 ppm. Anal. Cald. for C46H50N2O4: C, 79.51; H, 

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

 

 

 

  



 149 

CHAPTER 5 

5. CONCLUSION 

 

In conclusion, this thesis work focused on the synthesis of new organic 

compounds, specifically pyrene and isoindigo-based derivatives for electronic 

applications. Multi-step synthesis procedures were performed to attain the desired 

products. The intermediates, in addition to the final products, were characterized by 1H 

and 13C-NMR. We also synthesized an isoindigo dialdehyde used as a linker in two new 

COFs tested for the photocatalytic conversion of CO2 to HCOO-. 

In Chapter 2, we reported the synthesis of five new isoindigo derivatives for 

DLCs. The absorption and thermal properties of the compounds were studied, and we 

were able to obtain the X-ray structure of the model compound 2.1c. Preliminary 

mesophase behavior of the compounds was studied, and other analysis techniques, 

including PXRD, will be performed.  

In Chapter 3, we reported the synthesis of two new pyrene derivatives for 

OFETs. The absorption properties of 3.1 were reported. The purification of compound 

3.2 is still ongoing as it is not soluble in most organic solvents. Electrochemical 

properties of these two compounds will be studied, in addition to their application in 

OFETs. 

In Chapter 4, we reported the synthesis of two isoindigo dialdehyde derivatives, 

one of which was reacted with tetraaminoporphyrin to obtain a new COF called PI-

COF. The latter was then post-metalated with cobalt cations to obtain Co-PI-COF. 

Characterization of the two COFs was attained through different techniques, and their 

application in the conversion of CO2 to HCOO- under visible light was studied.   
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CHAPTER 6 

6. SUPPORTING DATA 
 

 

This Chapter includes the 1H and 13C-NMR spectroscopy data of all the 

synthesized compounds reported in this thesis work. 
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Figure 6.1. 1H-NMR of 2.5 in DMSO-d6 at 500 MHz. 
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Figure 6.2. 13C-NMR of 2.5 in DMSO-d6 at 125 MHz. 
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Figure 6.3. 1H-NMR of 2.6a in CDCl3 at 500 MHz. 
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Figure 6.4. 13C-NMR of 2.6a in CDCl3 at 125 MHz. 
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Figure 6.5. 1H-NMR of 2.6b in CDCl3 at 500 MHz. 
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Figure 6.6. 13C-NMR of 2.6b in CDCl3 at 125 MHz. 
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Figure 6.7. 1H-NMR of 2.6c in CDCl3 at 500 MHz. 
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Figure 6.8. 13C-NMR of 2.6c in CDCl3 at 125 MHz. 
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Figure 6.9. 1H-NMR of 2.1a in CDCl3 at 500 MHz. 
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Figure 6.10. 13C-NMR of 2.1a in CDCl3 at 125 MHz. 
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Figure 6.11. 1H-NMR of 2.1b in CDCl3 at 500 MHz. 
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Figure 6.12. 13C-NMR of 2.1b in CDCl3 at 125 MHz. 
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Figure 6.13. 1H-NMR of 2.1c in CDCl3 at 500 MHz. 
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Figure 6.14. 13C-NMR of 2.1c in CDCl3 at 125 MHz. 
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Figure 6.15. 1H-NMR of 2.2a in CDCl3 at 500 MHz. 
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Figure 6.16. 13C-NMR of 2.2a in CDCl3 at 125 MHz. 

 

  


























































