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ABSTRACT 

 Intramolecular hydrogen bonding as a means of conformational control represents a 

promising strategy for manipulating a wide range of properties of organic π-conjugated molecules. 

The past few decades saw significant advances and developments in the field of organic π-

conjugated materials, but there still remains significant knowledge gaps in the design principles 

associated with conformation. This dissertation focuses on the control of molecular conformation 

of π-conjugated molecules and macromolecules using hydrogen bonds.  

 This work begins with a brief introduction of π-conjugated materials involving hydrogen-

bond conformational locks in Chapter I. It also outlines the importance of theoretical simulations 

in this field. Specific challenges in this field are identified in order to discuss the breakthroughs in 

employing hydrogen-bonds to achieve high-performing electronic materials.  

 Chapter II demonstrates the use of density functional theory computational method as a 

means of screening molecular designs, corroborating experimental data, and mechanistically 

investigating unprecedented results. Particularly important methods include the investigations into 

the thermodynamics of torsional rotation for strategic structural comparisons, and also the 

correlation of simulated electrostatic potential maps to experimental investigations in 

intermolecular interactions.  

Reaching beyond the theoretical realm, Chapter III discusses the experimental integration 

of pre-organized hydrogen bond strategy upon diazaisoindigo building blocks, involving synthesis 

and characterization. As a result of the robust intramolecular hydrogen bonds, thermally 

unyielding molecular conformations were achieved, elucidated not only by theoretical resources, 

but through thermal analysis and variable temperature toughness experiments.  Facile syntheses of 
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these materials allowed for the systematic study from fundamental optical and electronic 

experiments to applications in organic electronics.  

In this context, Chapter IV describes several molecular engineering and process 

engineering approaches to optimize solubility, thin-film processibility, solid state packing, and 

ultimately electronic device performances of π-conjugated model compounds. The robust 

hydrogen-bonds aided in thin-film processing and, consequently, led to the fabrication of organic 

field-effect transistor devices that show hole transport mobility up to 0.27 cm2V−1s−1. Furthermore, 

the measured organic field-effect transistor performances established clear correlations between 

rudimentary chemical properties and bulk organic electronic material engineering principles.  

Last but not least, attempts at extending these hydrogen-bond-bridged π-conjugated 

structures into macromolecular backbone is detailed in Chapter V. Synthetic challenges 

illuminated the importance of frontier molecular orbital energy tuning for palladium-catalyzed 

cross-coupling reactions and the necessity of adequate polymer solubility. To overcome these 

hurdles, new polymer building blocks were developed to ameliorate these concerns for the future 

development of H-bond-bridged π-conjugated materials.  

 In summary, this dissertation describes a series of approaches to elucidate the structure-

property relationships of hydrogen-bond-centered conformational control towards the 

performance of π-conjugated materials through (i) density functional theory exploration of π-

conjugated molecules, (ii) installation of hydrogen bond conformational locks on these materials 

through pre-organized bridging moieties, (iii) and effective molecular and process engineering for 

use in the fabrication of functioning organic electronic devices.  
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AFM   Atomic Force Microscopy 
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DFT  Density Functional Theory 
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DMSO  Dimethyl Sulfoxide 
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EPR  Electron Paramagnetic Resonance 

ESI  Electron Spray Ionization 
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Fc+  Ferrocenium 

FET  Field-Effect Transistor 

FT-IR  Fourier-Transform Infrared Spectroscopy 

GIWAXS  Grazing Incidence Wide Angle X-ray Scattering 

HOMO  Highest Occupied Molecular Orbital 

IDCZ  Indolo[3,2-b]carbazole 
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LUMO  Lowest Unoccupied Molecular Orbital 

MS   Mass Spectroscopy 

NBO  Natural Bond Orbital 

NIR  Near-Infrared 

NMR   Nuclear Magnetic Resonance 
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PCE  Power Conversion Efficiency 

Ph  Phenyl 

OSC   Organic Solar Cell 

OLED  Organic Light Emitting Diode 

OFET  Organic Field Effect Transistor 
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TD-DFT  Time-Dependent Density Functional Theory 
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CHAPTER I 

INTRODUCTION 

1.1 Conformation Control of π-Conjugated Molecules and Macromolecules 

1.1.1 Overview of π-Conjugated Materials 

 The chemistry of π-conjugated materials has attracted ongoing attention over the past 

decade. Spawning from an academic research setting half a century ago,1 organic electronic 

materials are now in the homes of people all over the world. Driven by the success of organic 

semiconductors, the fields of organic solar cells (OSC),2 organic light emitting diodes (OLED),3, 4 

and organic thin-film transistors (OTFT),5 etc. continue to grow.6, 7 As electronic devices have 

already revolutionized our modern lives by increasing the convenience of everyday tasks, it is 

expected that next-generation organic electronics, such as wearable devices and sensors, 8, 9  will 

further assist in our way of life. Although organic semiconductors are desired for wide-ranging 

chemical tunability, synthesis from nonprecious elements, and mechanical adaptability, to date, 

inorganic materials continue to dominate the field of semiconductors due to their superior charge-

transfer mobilities.10 Despite this intrinsic drawback, recent advancements in this field have 

demonstrated promise for next-generation materials, e.g. increasing the early organic 

semiconductor mobilities11 from less than 10-5 cm2 V-1 s-1 to around 40 cm2 V-1 s-1. 12, 13 While 

organic semiconductor of past decades have demonstrated that  donor-acceptor coupling,14, 15 

electrochemical doping,16 and extending effective conjugation length17 are crucial, clear 

fundamental structure-property relationships have yet to be drawn to achieve performances on the 

level of inorganic materials.  

In the context of semiconducting performance, molecular conformations of π-systems play 

a pivotal role in governing a wide range of their properties, including solubility, solid-state 
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characteristics, as well as optical and electronic functions.18 In general, coplanar π-conjugated 

molecules are expected to possess more extended coherent conjugation,19 giving rise to faster 

intramolecular charge transport20 and lower band gaps.21 To further illustrate the impacts of 

conformational control, in order for electron transfer processes to occur at a fast rate, the 

reorganizational energy must be minimized according to Marcus theory.22 Since rotational 

freedom increases this reorganization energy, limiting torsional motion leads to higher charge-

carrier mobilities, which is important to many of the aforementioned applications.  Achieving these 

rigid structures proves difficult, due to commonly being done by covalent bond linkages, such as 

in ladder-type structures (Figure 1.1b). 

 
Figure 1.1 Graphic representations of (a) a traditional π-conjugated polymer, (b) a ladder-
type π-conjugated polymer and (c) a π-conjugated polymer coplanarized by dynamic 
noncovalent bonds. Adapted from Macromol. Rapid Commun. 2018, 39, 1700241 with 
permission from John Wiley and Sons. 

 

In this regard, active and rational conformational control strategies are highly desired for 

organic electronics, not only decreases the reorganization energy for charge transport processes, 

but also allows for improved intermolecular packing in the solid state.23 Coplanar conformations 

of extended π-systems are often accomplished by covalently fusing aromatic rings in a bottom up 

manner.20, 24-26 However, extensive employment of this strategy has been limited due to challenges 

with precise synthesis and solution processability.27 The use of intramolecular non-covalent 

bonding interactions emerged as a promising strategy to confine the backbone conformation of 
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conjugated polymers. Various types of dynamic bonding interactions have been investigated for 

this purpose. Among these dynamic interactions, weak intrachain interactions of heteroatoms (such 

as S—O, S—S, S—N, S—F, S—Cl, and P—O) are currently the most widely employed for 

electronically active polymers.18, 28-34 While the installation of these heteroatoms in π-conjugated 

polymers often led to high performing charge-transport and photovoltaics, these interactions are 

typically limited to <1.0 kcal/mol and can easily be disrupted by thermal energy. In the past few 

years, intramolecular hydrogen bonds (H-bonds) have been found to offer greater bonding 

strengths (2~15 kcal/mol for electrically neutral H-bonds) for conjugated polymers.35-52 

 

1.1.2 Intramolecular Hydrogen Bonds for Conformational Control of Conjugated Molecules 

 As ubiquitous as the term “hydrogen bond” is in the current day scientific literature and 

even all levels of school curriculum, the definition of the expression has been contested as recently 

as 2010. While many scientists credit Linus Pauling’s initial work53 in valence bond theory for 

first coining such profound hydrogen attractions as acting as a “bond,” the use of this word has 

faced objection due to the unscrupulous terminology of those times. The term “hydrogen bond” 

has experienced common use in describing the interactions in banal chemical systems, such as 

water,54 DNA,55 and proteins.56 Despite this, when newer accounts of hydrogen interactions arose 

(i.e. O–H⋅⋅⋅π, N–H⋅⋅⋅π, and C–H⋅⋅⋅π) an area of contention emerged as chemists debated on the 

meticulousness of calling these “hydrogen bonds.”57 Although strong hydrogen bonds, as alluded 

to earlier, have remained noncontroversial, problems arise as the hydrogen interactions become 

weaker and multifaceted. The term was revisited numerous times due to this dispute regardless of 

the trivial nature of this matter.58-60 Two attempts to address this nomenclature issue were made 

by The International Union of Pure and Applied Chemistry (IUPAC), which first led to extremely 
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stringent parameters. Following this, an assigned task force worked tireless from 2005 until a 

consensus was finally reached in 2011, which remains our current guidelines for “hydrogen 

bonding” in present day.61 Regardless, the initial IUPAC definition remains ubiquitous, 

specifically explaining hydrogen bonding as electrostatic interactions or dipole-dipole interactions 

that are modulated or strengthened by increasing acidity or basicity. Furthermore, charge-transfer 

models were also used to describe these interactions. The importance of this dispute, only roughly 

a decade ago, becomes blatant as research into hydrogen bonding (H-bonding) expands. In fact, 

many of the older definitions for H-bonding are still prevalent in scientist’s understanding of these 

interactions.    

 
Figure 1.2. Representative literature demonstrating the ubiquity of non-linear hydrogen 
bonding. Adapted from J. Am. Chem. Soc. 1991, 113, 4, 1164–1173 and PNAS, 2004, 101, 
6946-6951 with permissions from American Chemical Society and The Proceedings of the 
National Academy of Sciences.  

 

 As IUPAC first defined in 1997, the electrostatic model implied a high degree of 

directionality for hydrogen bonds, due to the 180° geometries of dipole-dipole interactions. 

Similarly, in the charge transfer model of the hydrogen bond, the lone-pair to σ* orbital alignments 

also infer high directionality.62, 63 Despite this, a high degree of strong hydrogen bonds in nature 

extend at less than 180° angles (Figure 1.2).64-66 These H-bonds are indicative that other 

intermolecular forces play a nontrivial role in the interaction. For example, London dispersion 

forces and other van der Waals forces do not limit directionality as in electrostatic and charge-
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transfer interactions. In these instances, increased polarizability could strengthen H-bonds, as 

evidenced in cases of many C–H⋅⋅⋅S interactions (e.g. streptavidin-biotin noncovalent 

interactions).67, 68 Besides this, the intramolecular hydrogen bonds of many proteins demonstrate 

shorter bond lengths than intermolecular hydrogen bonds of the same ΔpKa. Interestingly, the O–

H⋅⋅⋅O angles of these intramolecular hydrogen bonds mostly adopt less than 180° angles, 

presumably due to the unfavorable process of relaxing the H-bond groups to linear conformations 

by rearranging the covalent scaffold.69  

 
Figure 1.3. Previous work of structure with (a) <180° hydrogen-bonding angle, (b) front 
view and (c) packing mode of single-crystal structure. Adapted from Org. Lett. 2016, 18, 24, 
6332–6335 with permission from American Chemical Society.  

 
 In the context of introducing H-bonds to conformationally control π-conjugated molecules, 

previous work in our group has demonstrated robust bent intramolecular H-bond angles (Figure 

1.3). The resulting scaffold resulted in conformationally favorable nonlinear H-bonds, forming 

165° angles about the H-bond-accepting groups. The nonlinear angle about the hydrogens allowed 

for geometrically favorable interaction with the carbonyl oxygen lone-pairs. The resulting robust 

H-bonding enforced a highly coplanar backbone, as seen in the single-crystal structure, leading to 

short-range π-π stacking distances of 3.30 Å. There are numerous benefits to the observed 

conformation locking that will be discussed as a main subject of this dissertation. Nevertheless, 

improving on the molecular design structure shown in Figure 1.3 involves geometric favorability 

to intramolecular hydrogen bonding. As documented many times before, the formation of 
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intramolecular hydrogen bonds in planar conjugated six-membered rings enhances the propensity 

for resonance-assisted hydrogen bonding and forms the shortest contacts in comparison to, not 

only smaller or larger ring scaffolds, but also intermolecular hydrogen bonding.70-72 Therefore,   

These geometric factors must be considered when choosing building blocks for π-conjugated 

materials.  

 

Figure 1.4 Graphic representations of two different synthetic strategies to construct a π-
conjugated polymer coplanarized by dynamic noncovalent bonds. Adapted from Macromol. 
Rapid Commun. 2018, 39, 1700241 with permission from John Wiley and Sons. 
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 In order to ensure geometric favorability for these conformational locks, two general 

synthetic strategies can be used to incorporate dynamic noncovalent bonds, such as H-bonds, into 

these π-conjugated systems (Figure 1.4). In the first regime, hydrogen bond functionalities can be 

pre-installed on the monomeric building blocks, such that, after coupling, the pre-organized 

conformational locks form spontaneously. 

 In the past few years, the concept of intramolecular hydrogen bonds in conjugated 

polymers has grown, showing that bonding strengths could be achieved from 2-15 kcal/mol.35-52 

Representative examples of the advantages of these H-bonds are shown in Table 1.1. These H-

bonds were effective in confining π-conjugated backbones into coplanar conformations, stabilizing 

these conformations from 4-15 kcal/mol compared to their non-H-bond analogues. As 

hypothesized, conformational control consistently demonstrated the increase of semiconducting 

performance, as noted by charge mobilities greater than 7 cm2 V-1 s-1, even just in the presence of 

weak hydrogen bonds. Although there continues to be growing literature in this field, there are still 

many gaps in knowledge and synthetic challenges before clear structure-property relationships can 

be drawn. For example, many H-bond bridged polymeric structures in the literature do not consist 

of fully fused ladder-type structures as a result of their included conformational locks. Thus, 

although sections of chain lengths are rigidified, there is still high rotational disorder that other 

conventional conjugated polymers suffer from. Although there are various reports of improved 

electronic device performance using this method,35-49 a systematic compilation of theoretical data 

and experimental data must be developed to fully elucidate the mechanistic effects at play.  
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Table 1.1. Representative recent examples of conjugated π-systems featuring conformation 
locking H-bonds 

Structure and Comment 
Torsional 
Barrier 

(kcal/mol) 

Conformation 
Stabilization 
 (kcal/mol)a 

Charge 
Mobility 

(cm2V-1s-1)b 
Ref 

  
Partially confined backbone, high hole mobility 

NA NA 1.98 (h) 45 

 
Weak C—H---F H-bonds 

7.05 −4.25  
(free energy) NA 46 

 
Backbone partially confined by H-bond and partially 

bridged by weak S—F interactions, good hole mobility 

9.2 −4.7 
(free energy) 0.44 (h) 49 

 
The backbone is already rigid, further enforced by weak 

C—H…O H-bonds, high performance and good stability of 
electronic and thermoelectric functions 

NA NA 0.16 (e) 39 

 
Free rotating bonds remain, good hole mobility 

10.0 −5.5 
(free energy) 0.162 (h) 47 

 
Partially confined backbone, two type of H-bond 

incorporated, excellent electron mobility 

NA NA 7.16 (e) 41 

 
Entire backbone confined by H-bonds. Demonstrated 

control on solubility and processability by 
masking/unmasking H-bonds 

13.9 NA NA 51, 52 

a Stabilization of the coplanar conformation compared to non-H bond control, defined as EH-bonded – Econtrol, 
E is either Gibbs free energy or enthalpy. b(h) hole mobility, (e) electron mobility. 
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1.2. Density Functional Theory Analysis of Molecular Conformation of π-Conjugated 

Structures 

As the collection of experimental data grows for π-conjugated molecules and 

macromolecules and interest in these materials for use in next-generation materials increases,6 

theoretical investigations have emerged as an important method in the rationalization of 

investigational data. Discussed in the previous chapter, the desired properties for these organic 

functional materials consist of favorable frontier molecular orbital energies, such as low band gaps, 

and controlled conformations, and many other undiscovered structure-property relationships. Due 

to the surge in progress of computer technology in the recent decades, computer hardware has 

evolved to allow for higher level calculations. In this context, Density Functional Theory (DFT) 

has become an invaluable tool for studying a variety of structural, optical, and electronic properties 

of organic electronic materials. DFT has demonstrated better performance than other 

computational methods, because it accounts for electron correlation effects.73 For example, the 

Møller−Plesset (MP2) method,74 which has garnered great interest in the past decade,75, 76 

overestimates frequency values significantly.77 Also, Hartree-Fock (HF) calculations are also 

known to estimate frequencies by >10%.78 In further comparison between these methodology, 

computational results correlated with well-studied properties of common organic conjugated 

materials, such as furan and thiophene, at a much greater accuracy for DFT than MP2 and HF 

methods (Table 1.2).78 In fact, DFT-based calculations have demonstrated consistently better 

results than those from other methods during investigations into many pertinent properties, such 

as heats of formation,79, 80 crystal-structure prediction,81 excited-states,82 etc.  
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Table 1.2. Comparison between Experimental and Calculated Frequencies of Thiophene. 
Adapted from J. Phys. Chem. 1996, 100, 37, 15056–15063 with permission from American 
Chemical Society.78 

 

 
In addition to the superiority of DFT over other theories, a large number of density 

functionals also remain in competition with one another. As the field of DFT methodologies 

continues to expand to match our current rate of technological advancements, many past density 

functionals have been eclipsed by the Becke’s three-parameter functional using the gradient-

corrected Lee-Yang-Parr functional (B3LYP).83, 84 Although the initial intention of this hybrid 

functional was to study the vibrational absorption and circular dichroism of molecules, it has 

emerged as a standard method for gas-phase investigations of a considerable set of organic 

molecules.79, 85 The initial benefits of the B3LYP  functional were first demonstrated decades ago 

in comparison to BLYP, LDA, and BVWN methods (Table 1.2).78 The advantages that this 

method possesses in comparison to others are due to the favorable balance between low 

computational cost and accuracy of results. In the case of wide molecular coverage, it has even 

been demonstrated that the accuracies in calculated heats of formation, ionization potentials, 

electron affinities, vibrational frequencies, reaction barriers, and most importantly, conformational 

and hydrogen bonding energies ranked consistently low for B3LYP in comparison to a variety of 

other common DFT methods.86 Despite other methods having an edge over B3LYP for certain 

individual categories, B3LYP still exhibited the best broad-property precision, demonstrating its 

importance on testing extensive, diverse sets of data.  
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Figure 1.5. MAD (mean absolute deviation) in kJ/mol and VAR (variance) in kJ2/mol2 of 
DFT methods on binding energy calculations of fourteen intermolecularly hydrogen-bonded 
complexes. Adapted from J. Chem. Theory Comput. 2009, 5, 1, 86–96 with permission from 
American Chemical Society.87 

 
 On this front, the popularity of DFT methods must be considered. Although many other 

functionals have demonstrated comparatively increased accuracies, such as X3LYP88 and K2-

BVWN,89 an important aspect that must not be overlooked is the relatively widespread use of 

B3LYP for organic electronic materials for cross-comparison. To allow for future systematic 

investigations between the vast range of B3LYP calculated organic material data, the selection of 

the hybrid functional B3LYP continues to be the favored choice among researchers. 

 As stated before, one of the challenges in computational methods for the current field of 

organic electronics lies in the system size of many notable organic molecules. In the context of 

electronically active π-conjugated materials, recent studies have shown the B3LYP functional at 

the DFT level is polythiophenes,90 oligothiophenes,78 and other key derivatives.91, 92 Furthermore, 

B3LYP has recently demonstrated  accurate results for the position of electron levels and exciton 

effects.93 Specifically to the DFT investigations in Chapter II, H-bonding dynamics must be 

accurately predicted to model the desired properties for π-conjugated materials. While other 

functionals may show high promise in the prediction of H-bond strengths, such as the 

aforementioned X3LYP, B3LYP still demonstrated one of the lowest errors of other common 

functionals (Figure 1.5). In addition to intermolecular H-bond investigations, modelling 
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intramolecular H-bond interactions in amino acids has further demonstrated the accuracy of the 

method.87 In the pioneering work by Dr. Congzhi Zhu (Figure 1.3) we have evaluated the effects 

of controlling the conformation of conjugated molecules several times. Much of the insight of 

these projects were gained through theoretical calculations. For example, common or basic 

geometric optimizations and frequency calculations can allow us to predict or compare relative 

frontier molecular orbital values, as shown here. In these respects, DFT is an important choice for 

(i) selecting conjugated building units with favorable electronic properties, (ii) determining the 

thermodynamics of rigidification of planar structures, (ii) use these results to tune molecular 

packing for the desired applications. 

 
1.3 Challenges and Outlook 

As mentioned earlier in this chapter, the incorporation of intramolecular H-bonds serves as 

a promising strategy to control the conformation of π-conjugated systems. As these π-conjugated 

molecules and macromolecules adopt coplanar conformations promoted by H-bonding, desirable 

properties are greatly enhanced for materials applications. On this front, important recent 

developments have been summarized in previous sections. Examples listed demonstrate the 

current knowledge of the structure-property relationships of rotational control for these π-

conjugated systems. Although it is well established that controlling the conformation of π-the 

conjugated backbone through a variety of noncovalent bonds represents a promising strategy to 

achieve high-performing semiconductor performances and other materials applications, there still 

exist many challenges in molecular design, synthesis, characterization, and processing.  

To achieve these goals, a fundamental understanding must be established between the 

tuning of intramolecular H-bond strength and the bulk material properties, such as intermolecular 

packing order and thin-film processibility. In terms of non-covalent bond locking, robust H-bonds 
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can be used to stabilize the desired coplanar conformations even during thermal treatments 

required for Boc-cleavage or for thin-film annealing. In contrast, weak H-bonds can be 

manipulated by external stimuli, allowing for active dynamic control over molecular conformation. 

Although previously demonstrated H-bond conformationally locked molecules and polymers have 

not achieved notable performance in electronic devices, this issue can be resolved by certain 

molecular design elements. For instance, developing novel building blocks can be accomplished 

by installing H-bond moieties onto π-conjugated molecules that already exhibit notable materials 

performances. The additional rigidity and coplanarity imparted by the resulting H-bond 

conformational lock is expected to enhance the already proven high performances of such 

molecules and macromolecules.  

Despite the vast expansion of the field in recent years, there are still numerous unexplained 

facets to the development of effective organic electronic materials. In addition to the experimental 

characterization of backbone conformation and materials performance, theoretical studies are 

increasingly important to corroborate investigational data, predict a wide-range of desirable 

properties, and elucidate previously indecipherable mechanisms that determine certain observed 

structure-property relationships. Further, previously overlooked properties, such as electrostatic 

interactions and molecular quadrupoles are much more accessible through computational methods. 

Therefore, correlations between such molecular-scale properties and bulk interactions can be 

probed to determine previously disregarded intermolecular interactions. Therefore, DFT 

calculations carried out with the hybrid functional B3LYP is a preferred strategy for the theoretical 

investigation of π-conjugated organic molecules.  

  



 14 
 

CHAPTER II  

DENSITY FUNCTIONAL THEORY CONFORMATIONAL INVESTIGATIONS OF 

POLYCYCLIC AROMATIC MOLECULES AND MACROMOLECULES 

2.1 Introduction 

 In our pioneering work described in the previous chapter, we evaluated the effects of 

conformational control on π-conjugated molecules. Previously demonstrated, many insights were 

gained through DFT calculations to corroborate experimental results. For example, common or 

basic geometric optimizations and frequency calculations can allow us to predict or compare 

relative frontier molecular orbital values (Figure 2.1).  

 
 

 
Figure 2.1. Previous examples of DFT corroboration of experimental data. Adapted from J. 
Org. Chem. 2016, 81, 10, 4347–4352 with permission from American Chemical Society.94 

 

 In CV and absorbance spectroscopy experiments, this low computational cost calculation 

can be used to screen, corroborate, or even predict relative bandgaps of organic electronic materials 

(Figure 2.1). This method also represents a useful tool in determining how conformation affects 

optoelectronic properties of conjugated materials.  More complex calculations using DFT can give 

evidence of transition states or energy surfaces. For example, in polycyclic systems where several 
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rigid rings are present, the rotational barriers between these units is important for determining not 

only the optoelectronic properties, but the bulk intermolecular interactions.  

 
 

 
Figure 2.2. (a) DFT calculated lengths of the bonds a~g in BN-Ph before and after 
oxidation; (b) DFT calculated lengths of the bonds e and h~o in BN-Ph before and after 
reduction (B3LYP/TZVP with D3 version of Grimme’s dispersion correction). Adapted 
from J. Am. Chem. Soc. 2018, 140, 51, 18173–18182 with permission from American 
Chemical Society.94 

 
As we’ve seen in previous work, DFT facilitated geometry optimizations allows the 

analysis of bond length alternations without necessitating single-crystal x-ray crystallography.95, 

96 By analyzing bond length alternations, many crucial properties can be elucidated, such as optical 

excitation energies and charge transfer processes.97 Namely, this was done in the past by Dr. 

Congzhi Zhu to elucidate the benzenoid to quininoid transitions facilitated by the single and double 

electron redox activity of this compound, providing crucial insights in determining the stabilization 

mechanisms behind these molecules. 

 
Figure 2.3 Previous examples of computational screening of torsional energies. Adapted 
from (a) Org. Lett. 2016, 18, 24, 6332–6335 and (b) J. Org. Chem. 2021, 86, 3, 2100–2106 
with permission from American Chemical Society.94 

a) b) 
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Moreover, the strength to coplanarization induced by intramolecular noncovalent bonding 

could be elucidated by DFT (Figure 2.3), further leading to a better understanding of the influence 

of this rigidity on self-assembly properties. In this method, the dihedral angles (𝜑) between the 

monomeric planes were varied from 0° to ±180° in increments to obtain the rotational energy 

profiles. In this way, the rotational energy barriers could provide necessary information into the 

robustness of hydrogen bonds.  Though these methods were heavily reliant on using free energy 

or enthalpic barriers as a quantifying factor for molecular planarity,51 the factor is less intuitive in 

the case of variable temperatures and in bulk material. Perepichka, et. al. has proposed a more 

impactful strategy for quantifying coplanarity, which provides a more statistical and quantitative 

analysis of backbone planarity.98 In this method, geometry-restricted DFT optimization of different 

torsional conformers and dihedral angle scans performed at the bridging bond between adjacent 

units still remains important to obtain the energy profile E(ϕ), as done previously. Contrastingly, 

the probability function P(ϕ) should also calculated as a Boltzmann distribution to provide a more 

precise factor for bulk material coplanarity, as shown in Equation 1.  

 

𝑃(𝜑) = 𝐴𝑒
!(#)
%& 																			(1) 

 
 
 By employing these factors, a more meaningful coplanarity index ⟨cos2𝜑⟩	can be used, as 

demonstrated in later in this chapter (2.2.2.2). For these studies, the [B3LYP/6-31G(d)] level of 

theory was chosen due to its reasonable accuracy, low computational cost, and widespread use in 

the field, which facilitates cross examination, as discussed in Chapter I. Based on these theoretical 

methods, the DFT facilitated conformational analysis of polymers and rotational  thermodynamics 

will be investigated in this chapter. 
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2.2 Results and Discussion 

2.2.1 Conformational Investigation of Fused and Nonfused Diselenophene Pyrrole-2,5-dione* 

In a collaborative effort with Dr. Marc Comi in the Al-Hashimi Group at TAMUQ, the 

synthesis of homopolymers MC-1 and MC-2 and their corresponding copolymers MC-3 and MC-

4 was reported.99 MC-2 and MC-4 were synthesized with nonfused diselenophene–pyrrole-2,5-

dione units while MC-1 and MC-3 were synthesized with fused diselenophene–phthalimide units 

(Figure 2.4). The resulting MC-1 and MC-3 possessed much more rigid backbones due the 

covalent bond locks, as compared to MC-2 and MC-4. Unexpectedly, the fused-ring rigidified 

polymers MC-2 and MC-3 exhibited larger HOMO-LUMO bandgaps than the photocyclized MC-

1 and MC-3 in contrast to common rigidified conjugated polymers (Figure 2.4b,c).25 The 

polymers with the fused units all exhibited higher bandgaps and unfavorable molecular orbital 

energies. In addition, the thin-film morphology comparisons of MC-1 to MC-2 and MC-3 to MC-

4 suffered as a result of the fused diselenophene–phthalimide  rings, contrary to the numerous 

results of increased packing order by limiting rotational motion.20 Moreover, OFET devices of 

each of the four polymers were fabricated. Orders of magnitude decreases in hole mobilities were 

demonstrated by fused MC-1 and MC-3 in comparison to nonfused MC-2 and MC-4. 

 
Figure 2.4. Polymer structures of fused MC-1 and MC-3 and nonfused MC-2 and MC-4. 

 
*Adapted with permission from “Synthesis and Photocyclization of Conjugated Diselenophene Pyrrole-2,5-dione 
Based Monomers for Optoelectronics” by Marc Comí, Michael U. Ocheje, Salahuddin Attar, Anthony U. Mu, Bailey 
K. Philips, Alexander J. Kalin, Konstantinos E. Kakosimos, Lei Fang, Simon Rondeau-Gagné, and Mohammed Al-
Hashimi, Macromolecules 2021, 54, 2, 665–672 Copyright © 2020 American Chemical Society. 
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Elucidating these results through the other characterization methods remains challenging, 

especially for polymeric materials, in which even NMR spectra are ill-defined. Therefore, DFT 

methods were used to gain insight into the experimental observations, as shown in Figure 2.5, and 

by optimizing the geometries and calculating the frequencies of oligomeric sections of the four 

polymers, first calculating with 4 repeating units and confirming with 8 repeating unit structures.  

In these results, the experimental CV determined FMO energy levels were corroborated by 

theoretical calculations, which also substantiated the accuracy of the DFT results (Figure 2.5). 

Specifically, the bandgap values of MC-1 < MC-2 and MC-3 < MC-4 were supported by the 

calculations, also demonstrating that MC-1 had the smallest bandgap and MC-2 had the largest.  

 
Figure 2.5. Frontier molecular energy levels from (a) DFT optimized ground-state structure 
obtained at the [B3LYP/6-311G(d,p)] level of theory and (b,c) cyclic voltammetry. 

 

 Optimizations between each of the polymers revealed that the calculated dihedral angles 

between repeating monomers in MC-1 was smaller (~6°) than the fused MC-2 (~11°) monomer 

(Figure 2.6a). As depicted in Figure 2.6, the bond lengths in the fused heterocyclic system appear 

to be partially distorted in comparison to the non-fused systems, confirming that the aromaticity 

was lost on the selenophene rings of the fused polymer structure MC-2, thus resulting in a decrease 

of the coplanarity in the polymer backbone. This was also observed for the other polymers, where 
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the dihedral angle in MC-3 and the fused polymer MC-4 was calculated to be ~20° and ~30°, 

respectively. This structural distortion in the fused system affected the morphology in MC-

2 and MC-4, leading to a decrease in the packing order between the polymer chains. In fact, 

distortion of the bond-length-alternation is also consistent with the disruption in π-conjugation 

across the backbone, leading to increased molecular orbital bandgaps and decreased 

semiconducting properties after fusing the diselenophene units. As a result, DFT calculations were 

crucial in elucidating the unexpected behavior of the fused-ring structures through analysis of 

optimized conformations.   

 

 
Figure 2.6. Structural conformations of MC-1, MC-2, MC-3, and MC-4: (a) dihedral angles 
about the single bond between monomeric units and (b,c) bond length alternation of MC-1, 
MC-2, MC-3, and MC-4 optimized at the [B3LYP/6-311G(d,p)] level of theory. 

  

 Inspired by the previous DFT results, Dr. Salahuddin Attar from the Al-Hashimi group 

preserved interested in developing further coplanarized polymers for OFET applications. In order 
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to avoid the effects outlined before, a screening process of numerous polymers containing the Al-

Hashimi group’s extensive database of conjugated building blocks yielded polymers IID-Tz-Th 

and IID-Tz-Se, shown in Figure 2.7. While the resulting polymers are undergoing investigation, 

DFT conformational studies has demonstrated itself as an effective strategy for, not only 

understanding the mechanisms behind experimental data, but also predicting properties for further 

molecular design.  

 
Figure 2.7. Optimized structures of thiazole-flanked IID-Tz-Th and IID-Tz-Se.  

 

2.2.2 Rotational Thermodynamics Simulations of Polycyclic Compounds 

2.2.2.1 Desymmetrized Leaning Pillar[6]arene* 

 Rapid development of supramolecular chemistry has been heavily dependent on the design 

and synthesis of precisely defined macrocyclic compounds with specifically tailored host-guest 

properties. In the past five decades, pillararenes have provided a wide range of functions as high-

performance supramolecular hosts.100-103 The synthetic accessibility, preorganized structures, 

facile functionalization methods, and predictable noncovalent interactions enable their 

applications in host-guest binding, supramolecular self-assembly, molecular machinery, stimuli-

 
*Adapted with permission from “Desymmetrized Leaning Pillar[6]arene” by Jia-Rui Wu, Anthony U. Mu, Prof. Bao 
Li, Chun-Yu Wang, Lei Fang, Ying-Wei Yang, Angew. Chem. Int. Ed. 2018, 57, 9853 –9858. Copyright © 2018 John 
Wiley and Sons. 
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responsive materials, and many others.104 Despite these significant advancements, however, it is 

still challenging to achieve adaptability of the binding cavity, desired control over substituent 

groups, and diversification in the modification of the cavity backbone into most of the 

aforementioned macrocyclic systems. For example, in the class of pillararene derivatives, all the 

repeating units must be either hydroxy or alkoxy functionalized, limiting their structural versatility 

and performance. We envisioned that one way to address this issue was to selectively remove the 

hydroxy/alkoxy functionalities on pillararenes to enhance the cavity adaptability and synthetic 

versatility. However, no examples of selectively de-functionalized pillararenes have been reported 

yet. Herein, investigations into the first synthesis of such examples, namely, leaning pillar[6]arene 

(LP6; Figure 2.8) are performed through DFT conformational analysis.  

 

Figure 2.8. The structure and calculated electrostatic potential maps of traditional 
pillar[6]arene and the newly designed leaning pillar[6]arene (LP6). 

 

 Conformational free-energies of OHLP6 were first calculated using density-functional 

theory (DFT) by rotating the dihedral angle of a single unsubstituted phenylene ring every 20° 
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with respect to the plane of its six methylene bridges. The result was compared to equivalent DFT 

calculations on a single phenylene ring of OHP6 (Figure 2.9). 

 

 
Figure 2.9. Crystal structures of (a) OHP6 and (b) OHLP6 and DFT-calculated rotational 
free-energy comparison of OHP6 and OHLP6. 

 

 The rotational barrier of OHLP6 was over 6 kcal mol−1 less than that of OHP6 and the 

energy well of OHLP6 was considerably wider than that of OHP6 (Figure 2.9b). In addition to 

the low-energy state at 90° exhibited by both compounds, another energy minimum was also 

exhibited by OHLP6 at around 50°. In comparison with OHP6, these results indicated a 

substantially increased flexible rotation of OHLP6 allowing the phenylene rings to adopt a 

favorable leaning conformation and potentially tune guest-binding affinities within the cavity. 

Crystallographic analysis corroborated a leaning conformation of OHLP6, previously shown by 

DFT calculations (Figure 2.9b) in which the dihedral angles between the phenylene rings and the 

plane of methylene bridges were decreased to 54.4° and 77° for ring 1 and ring 2, respectively.  
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Figure 2.10. Electrostatic potential maps of (b) leaning pillar[6]arene and (b) traditional 
pillar[6]arene. 

 

 In addition to the structural analyses, electrostatic potential (ESP) maps 

of OHP6 and OHLP6 in their ground states were also calculated by DFT (Figure 2.10) to observe 

the effects of conformation on electron density. The ESP map of OHP6 exhibited a high electron 

density around the inner π faces of the phenyl rings, whereas, the ESP map 

of OHLP6 demonstrated an uneven electron density centered at the leaning phenyl rings. 

Furthermore, the hydrogen-bond-induced orientation of the hydroxy groups on OHLP6 generated 

a polarization effect along the edge, corroborating the crystallographically observed binding of 

acetone to the rim rather than inside the cavity. 

 

2.2.2.2 Hydrogen-Bond-Promoted Planar Conformation of Diazaisindigo Derivatives* 

 Compounds N,N’-bis(2-octyldodecyl)-6,6'-di(1H-indol-7-yl)-7,7’-diazaisoindigo (o-AID) 

and N,N'-bis(2-octyldodecyl)-6,6'-di(1H-indol-7-yl)-5,5’-diazaisoindigo (p-AID) were designed 

 
*Adapted with permission from “Hydrogen-Bond-Promoted Planar Conformation, Crystallinity, and Charge Transport 
in Semiconducting Diazaisoindigo Derivatives” by Anthony U. Mu, Yeon-Ju Kim, Octavio Miranda, Mariela 
Vazquez, Joseph Strzalka, Jie Xu, and Lei Fang, ACS Materials Lett. 2022, 4, 7, 1270–1278. Copyright © 2022 
American Chemical Society. 
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as the models for this work. In these molecules, we employed a design105 of H-bond “donor-

acceptor-donor” systems, with indole as the flanking H-bond donor units and nitrogen containing 

diazaisoindigo units as the H-bond acceptor in the center.106, 107 The central moieties in o-AID and 

p-AID (7,7′-diazaisoindigo108 and 5,5′-diazaisoindigo,109 respectively) were selected because of 

(i) their promising optoelectronic properties; and (ii) their strain-free, favorable six-membered ring 

H-bonds110, 111 with indole. We also designed a non-H-bonded control compound N,N'-bis(2-

octyldodecyl)-6,6'-di(1H-indol-7-yl)-isoindigo (ID-C), which had a very similar constitution 

compared to o-AID and p-AID, except for its non-nitrogen containing center unit. ID-C did not 

possess a H-bond accepting unit so that it lacked any intramolecular conformational locking effect.  

 
Figure 2.11. Structures of isoindigo- and diazaisoindigo-based compounds ID-C, o-AID, 
and p-AID. 

 

DFT calculations were employed to evaluate the strength of the intramolecular H-bonds 

and their effects on molecular coplanarity of o-AID and p-AID (Figure 2.11). Geometry 

optimizations [at the B3LYP/6-311G(d,p) level of theory]37, 112, 113 demonstrated that both 

molecules exhibited coplanar ground-state conformations (Figure 2.11), while the control 

compound ID-C exhibited a 44° dihedral angle between the indole and isoindigo planes in its most 

stable conformation. The H-bond H···N distances for o-AID and p-AID were 2.11 Å and 2.07 Å, 
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respectively, which are significantly shorter than the sum of van der Waals radii of N and H (2.75 

Å).114 In addition, the six-membered ring orientation allowed a ∠N–H···N angle of 120° that was 

favorable for the formation of H-bonds.64, 65 

 
To further quantify the conformational energy diagram of each compound and evaluate the 

strength of H-bonding, geometry-restricted DFT calculations were conducted at B3LYP/6-31G(d). 

In this study, the (diaza)isoindigo core of ID-C, o-AID, p-AID were restricted, while the dihedral 

angles 𝜑 between the isoindigo plane and the indole plane were varied from 0° to 180° in 15° 

intervals. The enthalpic energy profile ∆H(𝜑) was obtained at each dihedral angle (Figure 2.12).  

 
Figure 2.12. The rotational energies of ID-C, o-AID, and p-AID: (a) ∆H(𝝋) and (b) P(𝝋) for 
the three compounds as functions of the dihedral angle 𝝋. Calculated at [B3LYP/6-31G(d)]. 

 

For ID-C, 𝜑 = 0° was defined at the coplanar conformation closer to its ground state 

orientation. For o-AID and p-AID, 𝜑 = 0° was defined at their H-bonded coplanar conformations 

(Figure 2.11). As anticipated, the rotational barriers for o-AID (8.00 kcal/mol) and p-AID (10.60 

kcal/mol) were significantly higher than that of the non-H-bond ID-C control (4.98 kcal/mol from 

45°) due to the unfavorable transition state during torsional motion, in which the intramolecular 

H-bonds must be broken. The increased stabilization energy for p-AID compared to o-AID also 

implied the stronger basicity of the para-nitrogen H-bond acceptor in p-AID. Probability functions 
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P(𝜑) (Figure 2.12) were calculated for each molecule based on the Boltzmann distribution of each 

conformation from the aforementioned data, to give the planarity index ⟨cos2𝜑⟩ as an empirical 

parameter according to Equation 2.98 

⟨𝑐𝑜𝑠'𝜑⟩ = 	2 𝑃(
'(

)
𝜑)𝑐𝑜𝑠'𝜑𝑑𝜑/2 𝑃(𝜑)𝑑𝜑

'(

)
																			(2)	 

The planarity index ⟨cos2𝜑⟩ [ranges between 0 (perpendicular) and 1 (coplanar)] 

represented an effective quantification method for planarization. A higher planarity index was seen 

on p-AID (0.964) as compared to o-AID (0.927) although both molecules were considered to have 

a planar ground state conformation, quantifying the more rigid nature and strong intramolecular 

H-bonds in p-AID. These values were much higher than ⟨cos2𝜑⟩ = 0.474 for ID-C, as expected 

from its non-planar ground state.  

Entropic changes of the H-bonds in o-AID and p-AID were not expected to contribute 

significantly, as evidenced by the relatively small yet favorable calculated entropy of formation 

(∆S) values of +9.12 cal•mol−1•K−1 and +2.02 cal•mol−1•K−1, respectively. These positive ∆S 

values suggested that the intramolecular H-bonds would not dissociate at high temperatures driven 

by entropy. The temperature-insensitivity of the H-bonds observed in o-AID and p-AID was 

similar to those of independently reported examples of small molecules and proteins.115, 116 Such 

high temperature robustness is critical to the thermal stability of these compounds and 

corresponding materials, and allows for high temperature treatments, such as solid-state thermal 

annealing, of these samples without disrupting the molecular conformation.  
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Figure 2.13. DFT calculated electrostatic potential maps of o-AID (left) and p-AID (right). 

 

 Electrostatic potential maps calculated from the DFT optimizations were used to provide 

insight into potential intermolecular interactions in the solid state. p-AID demonstrated an 

enhanced quadrupole moment in comparison to o-AID (Figure 2.13), attributed to the polarizing 

positions of the heteroatoms of p-AID. In contrast, the effects of the pyridinic nitrogen atoms of 

o-AID are mitigated by their close proximity to the solubilizing chains. The electron rich π-faces 

of p-AID were expected to lead to stronger solid-state C–H⋯π interactions, which were expected 

to promote edge-to-face stacking instead of π-π stacking.117 

 
2.2.3 Mechanistic Investigations 

Besides conformational studies of molecules and polymers, DFT also demonstrates 

considerable efficacy for determining the fundamental mechanistic properties of many processes. 

In an above-mentioned process (Chapter I), a strategy was used to mask the H-bond donating 

groups with labile Boc groups to ensure solubility during polymer coupling. These H-bond 

masking groups could be thermally cleaved, leading to global H-bond reinstation.52 
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Scheme 2.1. Thermal Boc-deprotection as a synthetic hurdle for cross-coupling reactions. 

 

We and others have used the t-butylcarbamate (Boc) group extensively to mask and 

unmask H-bonds,118-121 because Boc groups can endure basic conditions, be installed in high 

efficiency, and be thermally cleaved into gas byproducts at around 180 °C. The thermal lability of 

Boc groups has led to deprotection during palladium-catalyzed coupling reactions at modest 

temperatures (~130 °C) (Scheme 2.1). Regarding this process, coupling the Boc H-bond masked 

moieties to aza-building blocks (thiazole and pyrazole) led to Boc-deprotection, specifically in the 

case of geometrically favorable H-bond formations. In contrast, this synthetic hurdle was 

nonexistent for benzene and thiophene.  We hypothesized that the more labile nature of Boc group 

is attributed to the presence of the neighboring H-bond acceptor. Thus, the thermal cleavage 

temperatures become too low to withstand standard palladium-catalyzed coupling reactions.  
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Figure 2.14. Transition state calculation using the QST2 algorithm performed at the 
[B3LYP/6-31G*] level of theory.  

 

 To mechanistically investigate this phenomenon, the QST2 algorithm of DFT transition 

state calculations were employed to determine effects of adjacent H-bond acceptors to the thermal 

Boc cleavage activation energies (Figure 2.14). In this study, we find that with the intramolecular 

H-bond acceptor Boc deprotection exhibited a lower transition state activation energy than without 

the H-bond acceptor. This transition state shows us that the rate determining step is during this 6-

membered ring conformation in the formation of isobutylene.  

 

 

Figure 2.15. Proposed mechanism of low temperature Boc-cleave assisted by neighboring 
H-bond acceptor, in which the transition state is stabilized for ~5 kcal/mol. 

  

 In particular, insight from DFT calculation leads to the proposed mechanism to Boc 

cleavage, detailed in Figure 2.15, in which the transition state is stabilized by 5 kcal/mol through 
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electrostatic interactions. After isobutylene is cleaved, the CO2 cleavage is then a fast reaction step, 

thus, including adjacent H-bond accepting unit impacts the rate of the rate-limiting step. This 

insight is important for the development of H-bond masked polymers and could not be easily 

elucidated without the aid of computational DFT calculations.  

 
2.3 Conclusions 

 The importance of DFT in the prediction, characterization, and even furthering our 

understanding of structure-property relationships for future development of organic electronics. 

These results were obtained through geometric optimization and frequency calculations to study 

molecular orbital energy levels and vibrational modes, as well as simulated rotational 

thermodynamics to investigate the effects of free energy, enthalpy, and entropy on molecular 

properties. Furthermore, electrostatics and bond length alternation studies could be used to 

corroborate experimental data or support future hypotheses.  

 In previous literature, conformational rigidity and coplanarity consistently led to lower 

bandgaps,20, 64 but in our investigations, we show that these effects could negatively lead to poor 

electronic properties. In the case of fused and nonfused Diselenophene Pyrrole-2,5-dione 

disrupting surrounding conformation, Intermolecular interactions, such as host-guest binding and 

crystalline organization was also shown to be a product of conformational control. Lastly, the 

thermodynamic robustness of intramolecular H-bonds could be relatively quantified to explain 

temperature independence.  

The leaning pillar[6]arene work done with Dr. Jia-Rui Wu from the Yang Group at Jilin 

University represented the first-time that defunctionalized pillararenes were synthesized, leading 

to a desymmetrized, leaning column packing structure. Specifically, pillararenes were generally 

synthesized in which each phenylene ring was the same, usually with two hydroxy groups para- to 
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each other, whereas this leaning pillararene had two rings without hydroxy functionalization, 

leading to much different polarization of electron density and leaning or torsional behavior of the 

unsubstituted phenylene rings, and consequently different host-guest properties. DFT 

optimizations correlated with the crystallography data. Because the hydrogens between 

unsubstituted units did not interact with each other, uniform repeating orientation was not observed 

as in traditional pillararene. Instead, the substituted benzylic groups pair up and H-bond with one 

another. Thus, from the DFT calculated electrostatic potential map, a polarization of electron 

density could be observed. Along with the rotational free energy barrier data, the experimental 

observation in which the traditional pillararene binds within the cavity and the leaning pillararene 

binds outside the cavity could be explained.  

 In advancing this rotational scan method, ID-C, o-AID, and p-AID investigated 

systematically through DFT calculations to contrast the effects of intramolecular H-bonding vs 

non-H-bonding. ID-C did not consist of any intramolecular H-bonding, while o-AID and p-AID 

did. In the initial geometry optimizations, we saw that the frontier molecular orbitals were lower 

for the H-bonding molecules. This was consistent with previous work demonstrating that 

coplanarity leads to enhanced coherent conjugation, lowering the orbital bandgaps. Further, the H-

bonding molecules were coplanar while the control exhibited twisted conformations. As we have 

seen before with the pillararene research, a single molecule’s favorable ground-state conformation 

does not give adequate information in regard to bulk intermolecular interactions, thus, the 

thermodynamic energy levels were calculated through rotational scan, demonstrating the high 

preference to bulk coplanarity for H-bonded structures. Electrostatic potential maps calculated 

from the DFT optimizations were used to provide insight into potential intermolecular interactions 
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in the solid state, demonstrating key differences in the quadrupole moments of o-AID and p-AID, 

which is expected to lead to profound differences in intermolecular interactions.  

 In conclusion, the development of these DFT strategies has significantly enhanced the 

quest to utilize conformation locking strategies for favorable bulk properties in organic electronic 

applications. With these methods, screening of building blocks, conformational investigations, as 

well as determining reaction mechanisms becomes more crucial in the current field of π-conjugated 

electronic materials.  

 
 

2.4 Experimental Section 

2.4.1 Density Functional Theory Calculations 

 Density functional theory (DFT) based calculations were performed on the monomers 5Se 

and 6Se and polymers MC-1, MC-2, MC-3, MC-4, IID-Tz-Th, and IID-Tz-Se were calculated  

at the [B3LYP/6-311G(d,p)] level using the Gaussian 09 package.122 To decrease computation 

time, four repeating units were chosen as simplified models and hexyldecyl imide-side chains were 

replaced with a methyl group.   

 The structures of ID-C, o-AID, and p-AID were optimized with density functional theory 

(DFT) at the level of B3LYP/6-311g(d,p). Octyldodecyl chains were replaced with methyl groups 

for the sake of simplicity. Calculations of torsional energies and probabilities were carried out at 

B3LYP/6-31g(d).98 All DFT calculations were performed with the Gaussian16 package.122 
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Figure 2.16. Preliminary testing of theoretical rotational transition-state determination. 

 

 

           

Figure 2.17. Side view of DFT calculated optimized geometries of compound (a) ID-C, (b) o-
AID, and (c) p-AID. ID-C exhibited a 44° torsional angle while o-AID and p-AID exhibited 
0° torsional angles. 

 

Table 2.1. DFT Computed frontier molecular orbital levels of ID-C, o-AID, and p-AID. 

Compound LUMODFT (eV) HOMODFT (eV) EgDFT 
ID-C -3.08 -5.56 2.48 eV 

o-AID -3.40 -5.54 2.14 eV 
p-AID -3.41 -5.56 2.15 eV 

 

  

a) 

c) b) 
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CHAPTER III  

SYNTHESIS AND PROPERTIES OF INTRAMOLECULAR HYDROGEN-BOND BRIDGED 

DIAZAISOINDIGO DERIVATIVES* 

 
3.1 Introduction 

Molecular conformation of conjugated π-systems plays a pivotal role in governing a wide 

range of their properties, including solubility, solid-state characteristics, as well as optical and 

electronic functions. Generally, coplanar π-conjugated molecules are expected to possess more 

extended coherent conjugation,19 giving rise to faster intramolecular charge transport20 and lower 

band gaps.21 A rigid coplanar conformation also favors low reorganizational energy of charge 

transport and close intermolecular packing in the solid state,23 which are anticipated to result in 

strong intermolecular electronic coupling and long exciton diffusion lengths.123 Coplanar 

conformations of extended π-systems are often accomplished by covalently fusing aromatic rings 

in a bottom up manner.20, 24-26 However, extensive employment of this strategy has been limited 

due to challenges with precise synthesis and solution processability.27  

In contrast to covalent fusing, the use of dynamic noncovalent bonds can also confine the 

backbone conformation of conjugated molecules,124, 125 while potentially mitigating the 

aforementioned issues in synthesis and solubility. Various types of noncovalent interactions have 

been investigated for this purpose. For example, the installation of intrachain heteroatom 

interactions (e.g., S—O, S—S, S—N, S—F, S—Cl, and P—O interactions)18, 28-34 often leads to 

higher performances in solid-state charge transport and photovoltaics of conjugated systems. 

 
*Adapted with permission from “Hydrogen-Bond-Promoted Planar Conformation, Crystallinity, and Charge Transport 
in Semiconducting Diazaisoindigo Derivatives” by Anthony U. Mu, Yeon-Ju Kim, Octavio Miranda, Mariela 
Vazquez, Joseph Strzalka, Jie Xu, and Lei Fang, ACS Materials Lett. 2022, 4, 7, 1270–1278. Copyright © 2022 
American Chemical Society. 
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However, these interactions are typically very weak (usually < 1.0 kcal/mol) so that the locked 

coplanar conformation can easily be disrupted by thermal energy. Stronger intramolecular 

hydrogen bonds (H-bonds) have also been used to lock the conformation of π-conjugated 

molecular systems. For the typical C—H···F,41, 46 C—H···O,39, 126 N—H···O,51, 52 and N—H···N45 

interactions, the H-bond-induced stabilizations of coplanar conformations are in the range of 7~14 

kcal/mol. A number of literature reported examples exhibited intriguing properties induced by the 

coplanar conformation, such as anisotropic molecular aggregation,51 solvent resistance,52 and 

increased charge carrier mobility.41, 45, 49, 126 Despite the potential of the H-bond approach, efficient 

synthetic strategies to incorporate robust intramolecular H-bonds into conjugated π-systems are 

still relatively limited. Moreover, the thermodynamic nature of intramolecular H-bonds in these π-

systems and the mechanism on how they impact the solid-state properties are still unclear. Herein, 

we report a new strategy to incorporate intramolecular H-bonds into conjugated π-systems by 

utilizing diazaisoindigo acceptors; and demonstrate the crucial role of noncovalent conformational 

control on enhanced coplanar molecular conformation, solid-state packing, and charge-transport 

abilities of semiconducting organic materials.  

 

3.2 Results and Discussion 

Compounds N,N’-bis(2-octyldodecyl)-6,6'-di(1H-indol-7-yl)-7,7’-diazaisoindigo (o-AID) 

and N,N'-bis(2-octyldodecyl)-6,6'-di(1H-indol-7-yl)-5,5’-diazaisoindigo (p-AID) were designed 

as the models for this work. In these molecules, we employed a design105 of H-bond “donor-

acceptor-donor” systems, with indole as the flanking H-bond donor units and nitrogen containing 

diazaisoindigo units as the H-bond acceptor in the center.106, 107 The central moieties in o-AID and 

p-AID (7,7′-diazaisoindigo108 and 5,5′-diazaisoindigo,109 respectively) were selected because of 
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(i) their promising optoelectronic properties; and (ii) their strain-free, favorable six-membered ring 

H-bonds110, 111 with indole. We also designed a non-H-bonded control compound N,N'-bis(2-

octyldodecyl)-6,6'-di(1H-indol-7-yl)-isoindigo (ID-C), which had a very similar constitution 

compared to o-AID and p-AID, except for its non-nitrogen containing center unit. ID-C did not 

possess a H-bond accepting unit so that it lacked any intramolecular conformational locking effect. 

On all of these molecules, branched alkyl chains were installed on the N-positions of the 

diazaisoindigo or isoindigo units to promote solubility and solution processability. 

     

Scheme 3.1 Synthetic scheme of (a) diazaisoindigo starting materials and (b) the final 
products ID-C, o-AID, and p-AID. 

 



 37 
 

The key synthetic steps to ID-C, o-AID, and p-AID are shown in Scheme 3.1. The non-

nitrogen isoindigo core 3a (Scheme 3.1b) was synthesized according to the previously reported 

method.127 For the synthesis of diazaisoindigo intermediates 3b and 3c, modified synthetic 

procedures were developed based on literature reported conditions,37 with significantly improved 

efficiencies (Scheme 3.1b). First, azaindole derived starting materials 1 and 4 were synthesized in 

10-gram scales (detailed in 3.4.2). To synthesize the 7,7’-diazaisoindigo intermediate 3b, 

compound 1 was oxidized into 6-bromo-7-azaisatin (2) by pyridinium chlorochromate with excess 

AlCl3 in 62% yield. Interestingly, a small amount of 3b was already formed in this step in 27% 

yield as a result of acid-promoted condensation between 1 and 2. Subsequently, in a separate batch, 

2 and 1 were paired up to undergo condensation in the presence of P(NMe2)3 to afford 3b. A 

significantly improved 53% yield in this step was achieved compared to the literature reported 

23% yield,108 by slowly adding a solution of 2 into P(NMe2)3. The increased yield was attributed 

to the need of 2 equivalents of P(NMe2)3 with high local concentration to drive 2 through a 

Kukhtin-Ramirez facilitated carbene in order to form an ylide. Subsequently, additional 

equivalents of 2 undergo a Wittig reaction with the ylide to form 3b (Scheme 3.11).128, 129 As a 

result, the total yield of 3b from 1 was doubled from the literature reports of ~30%108, 109 to 60% 

here. Similarly, the 5,5’-diazaisoindigo core 3c was synthesized by modifying a reported 

method.109 First, both intermediates 5 and 6 were synthesized from dibromo-functionalized starting 

material 4 in parallel by treating 4 with zinc or silver nitrate, respectively (details in 3.4.2). Purified 

sample 5 was then immediately condensed with 6 in an acidic condition to afford 3c in 90% yield. 

The yield was optimized by proceeding directly after the purification of 5 and 6 and degassing the 

reaction mixture to prevent the compounds from undergoing decomposition. Our modified 

synthesis of both 3b and 3c provide a more cost-effective approach to these diazaisoindigo-derived 
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intermediates. Finally, Suzuki coupling between 3a, 3b, or 3c and boronic ester-functionalized 

indole 7 afforded the desired products ID-C, o-AID, and p-AID in 50-98% yields, respectively 

(Scheme 3.1b). In corroboration with the DFT calculations of Figure 3.1, the exceptionally 

downfield-shifted N—H proton signals of over 11 ppm in 1H NMR (Figure 3.6 and Figure 3.10) 

indicate the presence of strong H-bonding interactions.130, 131 

 

              
Figure 3.1. The optoelectronic properties of ID-C, o-AID, and p-AID: (a) DFT calculated 
frontier molecular orbital distributions of the three compounds, labeled by the 
corresponding energy levels obtained from CV experiments and from DFT calculation (in 
parenthesis) and (b) UV-Vis spectroscopy of thin films (drop-casted on quartz glass). 

 

In order to investigate the electronic structures and energy levels of ID-C, o-AID, and p-

AID, UV-Vis absorption (Figure 3.1; Figure 3.11; Figure 3.12)  spectra and cyclic voltammetry 

(CV) measurements were performed (Figure 3.14). The observed optical bandgaps and 

electrochemical bandgaps were in good agreements (Figure 3.1a). According to the reduction 

potentials, the lowest occupied molecular orbital (LUMO) level of o-AID and p-AID (−3.75 eV 

and −3.68 eV) were significantly lower than that of ID-C (−3.46 eV). However, the oxidation 

potentials were not as significantly impacted and all showed highest occupied molecular orbital 

(HOMO) levels in the range of –5.55 eV ~ –5.44 eV for typical p-type organic semiconductors.132, 

133 According to these values, o-AID and p-AID were expected to give a p-type semiconducting 

a) b) 
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behavior while the n-type property was anticipated to be unstable because the LUMO was not low 

enough.134 The overall bandgaps of o-AID and p-AID were also smaller compared to that of ID-

C. Indeed, their UV-vis absorption spectra (Figure 3.1b) were redshifted accordingly,109, 135 to 

give Egopt = 1.74 eV, and 1.91 eV for o-AID, and p-AID, respectively, compared to 2.02 eV for 

ID-C. The decreased optical and electronic bandgaps of o-AID, and p-AID were likely originated 

from H-bond-promoted coplanarity and the introduction of nitrogen heteroatoms. Furthermore, the 

solid-state absorption spectra of o-AID and p-AID demonstrated clear vibrational peaks in contrast 

to the smooth bands of ID-C, indicating their higher backbone rigidity induced by the 

conformational locking intramolecular H-bonds. Thermal gravimetric analysis was performed for 

ID-C, o-AID, and p-AID to investigate their thermal stabilities (Figure 3.15a). While ID-C 

showed thermal decomposition (Td) with 5% weight loss at a temperatures of 226 °C, o-AID and 

p-AID demonstrated higher thermal stabilities of 257 °C and 316 °C, respectively. The relatively 

low Td of ID-C was attributed to the thermal instability of indole,109, 135, 136 while the higher 

decomposition temperatures of o-AID and p-AID implied a stabilization effect on the labile indole 

units after the formation of H-bonds. Their thermal properties were investigated by differential 

scanning calorimetry measurements (Figure 3.15b-d). While ID-C did not exhibit any 

characteristic peaks, o-AID and p-AID demonstrated clear melting temperatures (Tm) of 182 °C 

and 111 °C, respectively and crystallization temperatures (Tc) of 163 °C and 65 °C, respectively. 

To further confirm the existence and validate the intramolecular nature of these H-bonds, thereby 

estimating their thermodynamic robustness, variable temperature UV-Vis experiments of o-AID 

and p-AID in toluene were recorded in a range from 0 °C to 110 °C. Indeed, no change was 

observed on these spectra even at 110 °C (Figure 3.13). Similarly, high temperature 1H NMR in 

toluene-d8 performed at 100 °C demonstrated no significant changes compared to that at room 
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temperature. The lack of response of observed in both the UV-vis spectra and 1H NMR in these 

variable conditions ruled out the possibility of intermolecular nature of these H-bonds (either with 

the solvent or between molecules), validating that they are intramolecular in correlation with the 

DFT calculations (Figure 2.11). 

 

3.3 Conclusions 

We investigated mechanistically the impact of intramolecular H-bonds on the molecular 

conformation, of conjugated organic compounds. Conformation-locking intramolecular H-bonds 

were incorporated into diazaisoindigo-derived molecules. Facile syntheses of the key starting 

materials 5,5’-diazaisoindigo (5DAIID) and 7,7’-diazaisinidigo (7DAIID) were achieved after 

optimizing the condensation reactions. Combined computational and experimental investigations 

suggested that the stabilization energy of the H-bonds promoted a high-temperature-tolerating, 

rigid conformation of o-AID and p-AID, in contrast to the disordered non-H-bonded control ID-

C. The entropic favorability for H-bond formation shows promise for thermal annealing during 

thin-film processing. The rigid conformation and influence of molecular design on the molecular 

quadrupole moment is expected to result in significantly enhanced orientation of solid-state 

molecular packing, and subsequently, increase the semiconducting transistor performances of the 

thin films. Overall, this work demonstrates the effective strategy of using intramolecular H-bonds 

to tailor the molecular conformation, solid-state packing, and electronic properties of conjugated 

organic compounds. 
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3.4 Experimental Section 

3.4.1 General Methods and Materials 

Starting materials and reagents were purchased from Sigma Aldrich, Acros Organics, Alfa 

Aesar, Oakwood, or Combi-Blocks and used as received. Anhydrous dichloromethane (CH2Cl2) 

was purchased from EMD Millipore and used without further purification. THF was dried and 

distilled under nitrogen from sodium using benzophenone as the indicator. Toluene and acetonitrile 

were dried using an Innovative Technology pure solvent system (PureSolv-MD-5) and degassed 

by three cycles of freeze-pump-thaw before use. 9-(bromomethyl)nonadecane was synthesized 

according to a reported literature procedure.137 Compounds 6-bromo-1H-pyrrolo[2,3-b]pyridine 

(S1), 6-bromo-1-(2-octyldodecyl)-1H-pyrrolo[3,2-c]pyridine (S3) and 7-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)-1H-indole (7) were purchased from Combi-Blocks. Preparative gel 

permeation chromatography (GPC) was performed in chloroform solution at room temperature 

using Japan Analytical Industry recycling preparative HPLC (LC-92XXII NEXT SERIES). 1H 

and 13C NMR spectra were recorded on a Varian Inova 500 MHz spectrometer and variable 

temperature 1H NMR spectra were recorded on a Varian VnmrS 500 MHz spectrometer. The NMR 

chemical shifts were reported in ppm relative to the signals corresponding to the residual non-

deuterated solvents (CDCl3: 1H 7.26 ppm, 13C 77.16 ppm; CD3CN: 1H 1.94 ppm) or the internal 

standard (tetramethylsilane: 1H 0.00 ppm). Abbreviations for reported signal multiplicities are as 

follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. High resolution mass 

spectra were obtained via electrospray ionization (ESI) on an Applied Biosystems PE SCIEX 

QSTAR or matrix-assisted laser desorption/ionization (MALDI) on a Bruker microflex with a 

time-of-flight (TOF) analyzer. Column chromatography was carried out using Biotage® 

IsoleraTM Prime instrument with various size of SiO2 Biotage ZIP® cartridge. UV-vis absorption 
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spectra were recorded on a Shimadzu UV-2600 Spectrophotometer. Differential scanning 

calorimetry (DSC) was carried out on a Mettler-Toledo DSC3/700/1190 (Mettler-Toledo, Inc., 

Columbus, OH) under N2 atmosphere with a heating rate of 10 °C/min.  Thermogravimetric 

analysis (TGA) was performed under an N2 atmosphere using a Mettler-Toledo TGA2/1100/464 

(Mettler-Toledo, Inc.) TGA/DSC 1, with a heating rate of 10 °C/min, from 25 to 500 °C.  Data 

were acquired and analyzed with STARe V. 1500a software (Mettler-Toledo, Inc., Columbus, OH). 

 

3.4.2 Synthesis 

Compounds 1,108 2,37 S4, 4, 5, 6109 and 3a127 were synthesized according to literature reports.  

 
Scheme 3.2 Synthesis of 1 by installing an octyldodecyl chain onto S1. 

6-bromo-1-(2-octyldodecyl)-1H-pyrrolo[2,3-b]pyridine (1). To a suspension of NaH (60% in 

paraffin oil, 2.50 g, 60.8 mmol) in dimethylformamide (100 mL) was added S1 (10.0 g, 50.8 mmol) 

portion-wise at 0 °C. After the suspension was stirred at room temperature for 30 min, excess 9-

(bromomethyl)nonadecane was added and stirring of the reaction mixture continued for 8 h. The 

reaction mixture was then quenched by addition of water and extracted with CH2Cl2 (100 mL × 

3). The organic layers were concentrated and purified by column chromatography (SiO2; hexanes) 

to give 1 as a colorless oil (20.1 g, 83%). 1H NMR (500 MHz, CDCl3): δ 7.71 (s, 1H), 7.17 (d, J = 

8.2 Hz, 1H), 7.14 (d, J = 3.5 Hz, 1H), 6.43 (d, J = 3.5 Hz, 1H), 4.14 (d, J = 7.2 Hz, 2H), 1.95 (p, J 

= 6.9 Hz, 1H), 1.39 – 1.15 (m, 39H), 0.91 – 0.85 (m, 7H). 13C NMR (125 MHz, CDCl3): δ 147.61, 

134.67, 130.75, 128.47, 119.20, 119.06, 99.79, 48.47, 38.95, 32.07, 32.04, 31.53, 30.06, 29.77, 

29.70, 29.66, 29.49, 29.44, 26.42, 22.84, 22.81, 14.26. HRMS (ESI-TOF): [M − H]−, m/z Calc’d 

for C27H45BrN2 476.2766; Found 476.2784. 

N H
NBr N NBr

R

1) NaH, DMF, 0°C
2) RBr, 25°C

R =

S1 1
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Scheme 3.3. Synthesis of 2 and 3b from 1 by PCC oxidation. 

6-bromo-1-(2-octyldodecyll)-1H-pyrrolo[2,3-b]pyridine-2,3-dione (2). To a suspension of 

pyridinium chlorochromate (17.2 g, 80.0 mmol) and 4 Å molecular sieves in anhydrous 1,2-

dichloroethane (100 mL) was added a solution of 1 (10.0 g, 20.9 mmol) in 1,2-dichloroethane (40 

mL) at room temperature. After adding excess AlCl3, the mixture was heated to 80 °C for 3 h. 

After evaporating the organic solvents, the residue was purified by column chromatography (SiO2; 

hexanes/CH2Cl2 5:1 to 1:1) to give 3b (2.78 g, 27%) as a red powder and 2 as orange crystals (6.59 

g, 62%). 1H NMR (500 MHz, CDCl3): δ 7.62 (d, J = 7.7 Hz, 1H), 7.26 (d, J = 7.8 Hz, 1H), 3.71 

(d, J = 7.2 Hz, 2H), 2.14 – 1.83 (m, 1H), 1.47 – 1.09 (m, 32H), 0.93 – 0.78 (m, 6H). 13C NMR 

(125 MHz, CDCl3): δ 181.05, 164.70, 158.58, 150.30, 134.02, 123.35, 110.33, 43.88, 36.21, 32.06, 

32.04, 31.56, 30.06, 29.81, 29.78, 29.76, 29.71, 29.49, 29.46, 26.28, 22.84, 22.82, 14.26. HRMS 

(ESI-TOF): [M − H]− m/z Calc’d for C27H45BrN2O2 506.2508; Found 506.2511. 

 
Scheme 3.4. Synthesis of 3b from 2 through a Wittig reaction involving P(NMe2)3. 

N,N’-Bis(2-octyldodecyl)-6,6’-dibromo-7,7’-diazaisoindigo (3b). To a solution of 

tris(dimethylamino)phosphine (175 mg, 10.5 mmol) in CHCl3 (4 mL) was added a solution of 2 

(3.00 g, 5.91 mmol) in CHCl3 (50 mL) dropwise at −60 °C. After returning to room temperature, 

the reaction mixture was heated to 40 °C for 3 h. The mixture was quenched by the addition of 

water and extracted with CH2Cl2 (100 mL × 3). The combined organic layer was concentrated and 
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purified by column chromatography (SiO2; hexanes/CH2Cl2 4:1 to 2:1) to afford 3b as a red solid 

(yield: 1.54 g, 53%). The total yield of 3b combining the product from last step was 60% from 1. 

1H NMR (500 MHz, CDCl3): δ 9.31 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 8.3 Hz, 2H), 3.90 – 3.87 (m, 

4H), 1.75 (s, 2H), 1.31 (d, J = 51.4 Hz, 64H), 0.88 (t, J = 7.0 Hz, 12H). 13C NMR (125 MHz, 

CDCl3): δ 147.61, 134.67, 130.75, 128.47, 119.20, 119.07, 99.79, 48.47, 38.95, 32.07, 32.04, 

31.53, 31.43, 30.06, 30.01, 29.78, 29.70, 29.66, 29.49, 29.44, 26.43, 26.39, 26.29, 22.84, 22.82, 

14.27. HRMS (ESI-TOF): [M − H]− m/z Calc’d for C54H86Br2N4O2 980.5118; Found 980.5127. 

 
Scheme 3.5. Synthesis of o-AID through Suzuki coupling between 3b and 7.   

N,N’-bis(2-octyldodecyl)-6,6'-di(1H-indol-7-yl)-7,7’-diazaisoindigo (o-AID). A suspension of 3b 

(450 mg, 0.458 mmol) and K2CO3 (532 mg, 4.00 mmol) in toluene (8 mL) and water (8 mL) was 

degassed by three cycles of freeze-pump-thaw. Pd(PPh3)4 (5 mol%) and 7 (390 mg, 1.62 mmol) 

were added under nitrogen and the subsequent reaction mixture was stirred at 80 °C for 24 h. The 

reaction mixture was then quenched by the addition of water and extracted with CH2Cl2 (50 mL × 

3). The combined organic layer washed with water (100 mL × 2), brine (100 mL) and dried with 

MgSO4. After removing organic solvents, the residue was purified by preparative GPC using 

CHCl3 as the eluent (retention time: 30 min, flow rate: 14 mL/min) to afford o-AID as a violet 

solid (179 mg, 83%). 1H NMR (500 MHz, CDCl3): δ 11.01 (s, 2H), 9.50 (d, J = 8.8 Hz, 2H), 7.84 

(d, J = 7.5 Hz, 2H), 7.73 (dd, J = 14.7, 8.1 Hz, 4H), 7.35 – 7.28 (m, 2H), 7.22 (t, J = 8.1 Hz, 2H), 

6.64 – 6.55 (m, 2H), 4.01 (t, J = 7.7 Hz, 4H), 2.08 – 1.63 (m, 2H), 1.63 – 1.02 (m, 64H), 1.02 – 

N N
O

N N
O

R

R

Br

Br
H
N

Bpin

+ N

N
R O

N
O

N

R

N
N

H

H

THF/H2O, 80°C
Pd(PPh3)4, K2CO3

R =3b

7
o-AID



45 

0.65 (m, 12H). 13C NMR (125 MHz, CDCl3): δ 168.41, 158.12, 157.48, 137.59, 134.66, 130.02, 

129.79, 124.60, 123.80, 120.78, 120.37, 119.89, 114.13, 113.83, 102.51, 36.96, 32.06, 32.00, 

31.84, 30.31, 29.83, 29.76, 29.69, 29.50, 29.45, 26.58, 22.82, 14.25, 1.19. HRMS (ESI-TOF): [M 

− H]− m/z Calc’d for C70H98N6O2 1054.7751; Found 1054.7744.

Scheme 3.6. Synthesis of S4 by installing an octyldodecyl chain onto S3. 

6-bromo-1-(2-octyldodecyl)-1H-pyrrolo[3,2-c]pyridine (S4). To a solution of S3 (10.0 g, 50.5

mmol) in tetrahydrofuran and dimethylacetamide was added excess 9-(bromomethyl)nonadecane 

and NaH (60% in paraffin oil, 2.00 g, 48.7 mmol), at room temperature. After stirring for 8 h, the 

reaction was quenched by addition of water and extracted with CH2Cl2 (100 mL × 3). The 

combined organic layer washed with water (100 mL × 2), brine (100 mL) and dried with MgSO4. 

After removing organic solvents, the residue was purified by column chromatography (SiO2; 

hexanes/CH2Cl2 4:1)  to give 6-bromo-1-(2-octyldodecyl)-1H-pyrrolo[3,2-c]pyridine (S4) as a 

colorless oil (yield: 21.7 g;  90%).  1H NMR (500 MHz, CDCl3): δ 8.50 (s, 1H), 7.26 (s, 1H), 6.94 

(d, J = 3.2 Hz, 1H), 6.42 (d, J = 3.2 Hz, 1H), 3.79 (d, J = 7.3 Hz, 2H), 1.87 – 1.66 (m, 1H), 1.41 – 

0.95 (m, 32H), 0.96 – 0.73 (m, 6H). 13C NMR (125 MHz, CDCl3): δ 143.37, 142.06, 132.51, 

130.58, 125.37, 108.30, 101.15, 50.80, 38.91, 32.03, 31.97, 31.56, 29.99, 29.72, 29.66, 29.64, 

29.59, 29.44, 29.37, 26.43, 22.81, 22.77, 14.24, 14.22. HRMS (ESI-TOF): [M – H]− m/z Calc’d 

for C27H45BrN2 476.2766; Found 476.2788. 
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3,3,6-tribromo-1-(2-octyldodecyl)-1,3-dihydro-2H-pyrrolo[3,2-c]pyridin-2-one (4). To a solution 

of 6-bromo-1-(2-octyldodecyl)-1H-pyrrolo[3,2-c]pyridine (10.0 g, 20.9 mmol) in 1,4-dioxane (3.5 

mL) was added pyridinium bromide perbromide (33.0 g, 100 mmol). The reaction mixture was 

stirred at room temperature for 12 h. After completion of the reaction, the mixture was extracted 

with CH2Cl2 (100 mL × 3) and purified by column chromatography (SiO2; hexanes/CH2Cl2 9:1) 

to yield 4 as a clear oil (yield: 13.0 g; 95%). 1H NMR (500 MHz, CDCl3): δ 8.46 (s, 1H), 6.93 (s, 

1H), 3.58 (d, J = 7.5 Hz, 4H), 1.95 – 1.80 (m, 1H), 1.51 – 1.15 (m, 32H), 0.93 – 0.82 (m, 12H).

13C NMR (125 MHz, CDCl3): δ 169.62, 148.62, 146.44, 144.23, 127.41, 108.94, 45.69, 39.97, 

36.06, 32.04, 31.99, 31.43, 30.01, 29.74, 29.63, 29.58, 29.45, 29.39, 26.34, 22.81, 22.78, 14.25, 

14.23. HRMS (ESI-TOF) [M − H]− m/z Calc’d for C27H43Br3N2O 648.0926; Found 648.0948.  

Scheme 3.8. Synthesis of 3c by oxidation of 4 to form compounds 5 and 6 and then coupling 
through aldol condensation.    

N,N’-bis(2-octyldodecyl)-6,6’-dibromo-5,5’-diazaisoindigo (3c). To a solution of 4 (3.00 g, 4.60 

mmol) in THF (20 mL) was added a saturated aqueous solution of NH4Cl (20 mL) and excess zinc 

powder. After stirring for 1 hour, the mixture was concentrated under vacuum and purified by flash 

column chromatography (SiO2; hexanes/CH2Cl2 3:2) to yield 5 as a clear oil (yield: 1.80 g, 79%). 
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In tandem, a solution of 4 (3.00 g, 4.60 mmol) in a 10:1 mixture of 1,4-dioxane and water (17 mL) 

was degassed. AgNO3 was added and the reaction was stirred under nitrogen at room temperature 

for 12 h. The reaction mixture was then concentrated under vacuum, extracted with CH2Cl2 (30 

mL × 3) and subject to column chromatography (SiO2; hexanes/CH2Cl2 1:4 to 1:9) to yield 6 as a 

yellow oil (yield: 1.87 g, 80%). To a solution of 5 (1.48 g, 3.00 mmol) and 6 (1.52 g, 3.00 mmol) 

dissolved in acetic acid (10 mL), a catalytic amount of concentrated HBr (1 mL) was added under 

nitrogen in a pressure tube. The mixture was heated under reflux conditions for 12 h. After 

removing the solvent, the residue was subjected to silica gel flash column chromatography (SiO2; 

hexanes/CH2Cl2 1:1) to afford 3c (yield: 2.65 g, 90%) as an orange solid. 1H NMR (500 MHz, 

CDCl3): δ 9.96 (s, 2H), 6.94 (s, 2H), 3.64 (d, J = 7.5 Hz, 4H), 1.92 – 1.78 (m, 2H), 1.42 – 1.10 (m, 

64H), 0.94 – 0.80 (m, 12H). 13C NMR (125 MHz, CDCl3): δ 167.64, 152.83, 150.31, 145.21, 

130.23, 117.60, 107.80, 45.07, 36.40, 32.05, 32.00, 31.57, 30.07, 29.76, 29.72, 29.66, 29.48, 29.42, 

26.42, 22.83, 22.80, 14.27, 14.25. HRMS (MALDI-TOF): [M − H]− m/z Calc’d for 

C54H86Br2N4O2 980.5118; Found 980.5110. 

Scheme 3.9. Synthesis of p-AID through Suzuki coupling between 3c and 7. 

N,N'-bis(2-octyldodecyl)-6,6'-di(1H-indol-7-yl)-5,5’-diazaisoindigo (p-AID). To a Schlenk tube 

were added 3c (200 mg, 0.203 mmol), 7 (125 mg, 0.50 mmol), a catalytic amount of Pd(PPh3)4, 

K2CO3 (175 mg, 1.25 mmol), and a 1:1 mixture of THF and water (5 mL). The tube was charged 

with nitrogen through three cycles of freeze–pump–thaw. The mixture was stirred for 36 h at 80 
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°C under nitrogen atmosphere and then extracted with CH2Cl2 (30 mL × 3). After removing the 

solvent, the residue was subjected to flash column chromatography (SiO2; hexanes/CH2Cl2 4:1) 

and further purified by preparative GPC using CHCl3 as the eluent (retention time: 30 min, flow 

rate: 14 mL/min) to yield p-AID (191 mg, 89%) as a pink solid. 1H NMR (500 MHz, CDCl3): δ 

11.72 (s, 2H), 10.37 (s, 2H), 7.82 (d, J = 7.7 Hz, 2H), 7.67 (d, J = 7.5 Hz, 2H), 7.42 (t, J = 2.4 Hz, 

2H), 7.20 (t, J = 7.6 Hz, 2H), 6.65 (t, J = 2.7 Hz, 2H), 3.62 (d, J = 7.4 Hz, 4H), 1.93 – 1.80 (m, 

2H), 1.42 – 1.13 (m, 64H), 0.95 – 0.77 (m, 12H). 13C NMR (125 MHz, CDCl3): δ 160.15, 151.36, 

135.18, 129.92, 129.25, 125.21, 124.05, 120.55, 119.97, 119.49, 116.41, 102.20, 99.00, 44.68, 

36.67, 32.04, 31.88, 30.13, 29.79, 29.48, 29.44, 26.73, 22.82, 14.24. HRMS (ESI-TOF) m/z [M − 

H]− Calc’d for C70H98N6O2 1054.7751; Found 1054.7726. 

Scheme 3.10. Synthesis of Synthesis of ID-C through Suzuki coupling between 3a and 7. 

N,N'-bis(2-octyldodecyl)-6,6'-di(1H-indol-7-yl)-isoindigo (ID-C). To a Schlenk tube were added 

3a (1.00 g, 1.02 mmol), 7 (600 mg, 2.5 mmol), a catalytic amount of Pd(PPh3)4, K2CO3 (900 mg, 

6.25 mmol), and a 1:1 mixture of THF and water (20 mL). The tube was charged with nitrogen 

through three cycles of freeze–pump–thaw. The mixture was stirred for 36 h at 80 °C under 

nitrogen atmosphere and then extracted with CH2Cl2 (50 mL × 3). After removing the solvent, the 

residue was subjected to flash column chromatography (SiO2; hexanes/CH2Cl2 9:1) to yield ID-C 

as a red solid (1.05 g, 98%). 1H NMR (500 MHz, (CD3)2CO): δ 10.44 (s, 2H), 9.43 (d, J = 9.6 Hz, 

2H), 7.66 (d, J = 6.8 Hz, 2H), 7.44 – 7.38 (m, 4H), 7.34 – 7.27 (m, 4H), 7.18 (t, J = 7.7 Hz, 2H), 
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6.63 – 6.59 (m, 2H), 3.87 (d, J = 7.6 Hz, 4H), 1.34 (d, J = 259.0 Hz, 66H), 0.83 (q, J = 6.9 Hz, 

12H). 13C NMR (125 MHz, CDCl3): δ 168.77, 146.29, 143.64, 133.63, 132.71, 130.46, 128.74, 

125.29, 124.81, 124.75, 121.71, 121.13, 120.97, 120.51, 108.25, 103.39, 44.91, 36.56, 32.05, 

32.00, 31.84, 30.20, 29.78, 29.71, 29.48, 29.43, 26.68, 22.82, 22.79, 14.24. HRMS (ESI-TOF) [M 

− H]− m/z Calc’d for C72H100N4O2 1052.7846; Found 1052.7850. 

 

3.4.3 Reaction Mechanisms 

 

Scheme 3.11. Proposed pathway of (a) condensation mechanism of 6-bromo-7-azaisatin to 
6,6’-bromo-7,7’-diazaisindigo by ylide formation with P(NMe2)3 proceeding through (b) a 
Kukhtin-Ramirez intermediate.128, 129 
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3.4.4 NMR Spectra 

   

 

Figure 3.2. 1H (500 MHz) and 13C{1H} (125 MHz) NMR of ID-C at 25 °C in (CD3)2CO and 
CDCl3, respectively. 
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Figure 3.3. 1H (500 MHz) and 13C{1H} (125 MHz) NMR of 1 in CDCl3 at 25 °C. 
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Figure 3.4. 1H (500 MHz) and 13C{1H} (125 MHz) NMR of 2 in CDCl3 at 25 °C. 
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Figure 3.5. 1H (500 MHz) and 13C{1H} (125 MHz) NMR of 3b in CDCl3 at 25 °C. 
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Figure 3.6. 1H (500 MHz) and 13C{1H} (125 MHz) NMR of o-AID in CDCl3 at 25 °C. 
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Figure 3.7. 1H (500 MHz) and 13C{1H} (125 MHz) NMR of S4 in CDCl3 at 25 °C. 
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Figure 3.8. 1H (500 MHz) and 13C{1H} (125 MHz) NMR of 4 in CDCl3 at 25 °C 
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Figure 3.9. 1H (500 MHz) and 13C{1H} (125 MHz) NMR of 3c in CDCl3 at 25 °C. 
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Figure 3.10. 1H (500 MHz) and 13C{1H} (125 MHz) NMR of p-AID in CDCl3 at 25 °C. 
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3.5.4 UV-Vis and Fluorescence Spectroscopy 

 

 
Figure 3.11. UV-Vis absorption spectra of (a) ID-C (b) o-AID (c) p-AID in solution (black) 
and solid state (red). Solutions were prepared at a concentration of 1x10-5 M in CH2Cl2. Solid-
phase thin films were formed by drop-casting CH2Cl2 solutions (1x10-3 M) of ID-C, o-AID, p-
AID onto quartz glass slides.  

 
Figure 3.12. Normalized UV-Vis absorption spectra and emission spectra of ID-C, o-AID and 
p-AID with excitation wavelengths of 455 nm, 450 nm, and 550 nm, respectively. Solutions 
were all prepared at a concentration of 1x10-5 M in CH2Cl2 for absorbance spectroscopy and 
1x10-6 M in CH2Cl2 for emission spectroscopy.  

c) 

b) a) 
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Figure 3.13. Variable temperature UV-Vis spectra of (a) o-AID and (b) p-AID. Solutions 
were prepared at a concentration of 1x10-5 M in toluene and subsequently heated to 110 °C 
and cooled to 0 °C. No significant change was observed at either high temperature or low 
temperature.  

 
3.5.5 Cyclic Voltammetry 

Cyclic voltammetry (CV) experiments were carried out in nitrogen-purged CH2Cl2 at room 

temperature with a CHI voltametric analyzer. Tetra-n-butylammonium hexafluorophosphate (0.1 

mol/L) was used as the supporting electrolyte. The conventional three-electrode configuration 

consisted of a platinum working electrode, a platinum wire auxiliary electrode, and an Ag/AgCl 

electrode with ferrocenium/ferrocene as the standard. Cyclic voltammograms were obtained at a 

scan rate of 100 mV/s.  

The energy levels were calculated using ferrocene/ferrocenium (Fc/Fc+) as the standard reference.  

Fc/Fc+ vs Ag/AgCl = 0.45 V. 

EHOMO/LUMO = −4.80 + (E1/2) eV 

E1/2 represented the half-wave potential of a redox process on cyclic voltammogram. 

a) b) 
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Figure 3.14. Cyclic voltammograms of ID-C, o-AID and p-AID measured in 0.1 M TBAPF6 
acetonitrile solutions. 

 

Table 3.1. Energy levels of frontier molecular orbitals derived from CV. 

Compound LUMOCV (eV) HOMOCV (eV) EgCV 
ID-C -3.46 -5.55 2.09 eV 

o-AID -3.75 -5.44 1.69 eV 
p-AID -3.68 -5.54 1.84 eV 
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3.5.6 Thermal Properties 

 

 

Figure 3.15. Thermal analysis of ID-C, o-AID, and p-AID: (a) TGA thermograms of ID-C, 
o-AID, and p-AID under nitrogen flow at 10 °C min-1 of heating rate from 25 °C to 500 °C. 
Decompositions temperatures were defined at 5% weight loss of 226 °C, 257 °C, and 316 °C, 
respectively. DSC thermograms (2nd cycles) of (b) ID-C, (c) o-AID and (d) p-AID from 25 °C 
to 180 °C, 250 °C, and 220 °C, respectively. Heating and cooling scans were at a ramp rate 
of 10 °C min-1 under nitrogen. 

 

  

a) 

c) 

b) 

d) 
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CHAPTER IV  

ENGINEERING OF LADDER-TYPE MOLECULES FOR THIN-FILM PROCESSING AND 

APPLICATIONS IN ORGANIC FIELD-EFFECT TRANSISTORS 

 

4.1 Introduction 

As the global population continues to grow and modern technology advances, the demand 

for next generation electronics has increased. In this context, there has been remarkable progress 

in the investigations in organic electronics, such as organic solar cells (OSC), organic light 

emitting diodes (OLED), and organic thin-film transistors (OTFT), etc.6 As electronic devices have 

already revolutionized our modern lives by increasing the convenience of everyday tasks, it is 

expected that next-generation organic electronics, such as wearable devices and sensors, 8, 9  will 

further assist in our way of life. Although organic semiconductors are desired for wide-ranging 

chemical tunability, synthesis from nonprecious elements, and mechanical adaptability, to date, 

inorganic materials continue to dominate the field of semiconductors due to their higher charge-

transfer mobilities.10 Despite this intrinsic drawback, recent advancements in this field have 

demonstrated promise for next-generation materials, e.g. increasing the early organic 

semiconductor mobilities11 from less than 10-5 cm2 V-1 s-1 to around 40 cm2 V-1 s-1. 12, 13 While 

organic semiconductor of past decades have demonstrated that  donor-acceptor coupling,14, 15 

electrochemical doping,16 and extending effective conjugation length17 are crucial, clear 

fundamental structure-property relationships have yet to be drawn to achieve performances on the 

level of inorganic materials.  
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Figure 4.1. Conformationally locked intramolecular H-bond small molecule (top) and 
polymer (bottom) of previous works.51, 52 

 

 Previously, our group has incorporated non-covalent bonding approaches in order to 

conformationally lock the coplanar and rigid molecular structures over extended conjugation 

backbones to facilitate charge transport.124, 138 These non-covalent bonds consisted of B←N 

coordination bonds21, 94, 139 and hydrogen bonding.51, 52 Because the fully coplanarized structures 

extended the effective conjugation across the backbones, frontier molecular orbital energy levels 

were manipulated and decreased HOMO-LUMO bandgaps were achieved. For the H-bond-

bridged small molecules, the coplanar conformation produced strong aggregation behavior, 

leading to the controllable molecular self-assembly of one-dimensional nano-microfibers (Figure 

4.1).  Further elongation of this model yielded low molecular weight oligomers due to the 

insolubility of the polymer possessing a fully rigidified backbone. Despite this, Boc groups were 

installed to mask H-bonding and promote high molecular weight BocP1. The solubility was then 

switched off by thermal cleavage of Boc-groups, which reinstated global H-bonding forming 
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insoluble P1 and demonstrating a practical strategy for multilayer solution casting method for 

conjugated polymer materials.  

 

 

Figure 4.2. Previous B←N coordination work: (a) Structure of BN-Ph and (b) single-crystal 
structures of key redox states of BN-Ph featuring two distinct pathways from benzenoid to 
quinonoid constitutions.94  

 

Apart from these H-bonding compounds, our group also demonstrated the effects of B←

N coordination conformation locking towards the enhancement of chemical stability, even in one 

to two electron redox processes (Figure 4.2). Through BLA measurements from DFT optimized 

structures, BLA measurements from single-crystal structures of the different redox states, and 

NBO analyses, a unique hyperconjugation mechanism involving boron ligands enhanced the 

stability of the redox species.94 As chemical stability is challenging when subjecting molecules to 

varying voltages,140-142 the B←N bridge method provides an effective method in producing 

electronically stable conjugated structures.  

 

Figure 4.3. OFET device fabrication challenges: (a) high gate-leakage current of IDCZ where 
charge-transfer curve (blue) is indistinguishable from gate-current (red), (b) low gate-
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leakage current where charge-transfer curve (blue) is much lower than gate-current (red). 
(c) high defect contact electrodes caused by rough o-AID film. 

 

As a consequence of the promisingly low bandgap (~1.6 eV) and chemical stability of these 

IDCZ-based small molecules, this project was initiated by fabricating OFET devices with BN-Ph 

thin-films as the active layer (performed at the Molecular Foundry of Lawrence Berkeley National 

Laboratory). These devices led to unfavorably large gate currents which dominated over the thin-

film’s charge-transfer currents (Figure 4.3a) Ideally, gate-current must remain low (Figure 4.3b) 

for effective transistor performance. For most solution-processed organic semiconductors, subtle 

changes to surface morphology, chemical impurities, and physicochemical interactions between 

the dielectric layer and active layer strongly influence the amount of gate-leakage current.143, 144 

Moreover, these variables can also lead to nano-fracturing of deposited electrodes during device 

assembly (Figure 4.3c) which is likely to increase contact resistance or entirely interrupt 

conductivity. Combined, the aforementioned H-bonding studies (Figure 4.1) and preliminary BN-

Ph results highlight that, although installing non-covalent conformational locks represents an 

effective method for achieving desired HOMO-LUMO bandgaps and controlling aggregation 

behavior of conjugated materials, this strategy may lead to undesirably poor processibility. Thus, 

a careful balance between aggregation-induced self-organization and solution processibility must 

be achieved to realize micro-to-meso-scale processing of organic semiconductors  

Through the work of another Fang group member, Dr. Yirui Cao, BN-Ph analogues Th-

IDCZ-BTh, Th-IDCZ-Cl-BTh,  Ph-IDCZ-BTh, and Ph-IDCZ-Cl-BTh were synthesized with 

the goal of increasing film-forming ability (Figure 4.4).145 In this design strategy, tert-butyl groups 

solubilizing-chains were replaced with considerably longer alkyl chains connected by different 

aryl groups (benzene and thiophene) via coupling reactions. Also, extra chlorine atoms were 
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installed on the benzothiazole acceptor as a previously successful method25, 146 to tune the optical 

and electronic properties and enhance semiconducting performances.  

 

 

Figure 4.4. IDCZ-based molecules derived from BN-Ph. 

 

Lastly, a nontrivial aspect to OFET active layer performance are the intermolecular 

electrostatics between organic molecules in respect to constructing charge-transfer channels for 

electrons or holes to traverse between electrodes. While the effects of molecular charge-

distribution on packing orientation can potentially lead to enhanced active layer performance,147, 

148 this concept still represents an overlooked area of study in present day.149 In this regard, 

investigation of thin-film nanostructurs proves to be important. Although AFM remains a crucial 

characterization technique in determining surface morphologies and roughness of thin-films, 

grazing-incidence X-ray scattering (GIXS) has emerged as a powerful tool probe sub-surface 

structures, giving necessary information complementary to other microscopy measurements.150-153 

By altering the angle of scattering from the sample, the length scales of observable features can be 
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determined. These angles are dependent on sample-detector distance and can be divided into wide-

angle (GIWAXS) and small-angle (GISAXS) geometries. Specific to our interest, GIWAXS can 

detect large q values of molecular distance, corresponding to the atomic or molecular distances on 

the scale of Å lengths. This method can be used to identify unit cell packing of small molecules as 

well as interchain distances of π-conjugated polymers. In addition, the packing direction with 

respect to the substrate can also be elucidated (Figure 4.5).154 GIWAXS is often a preferential 

method for investigating the thin-films of organic materials because the intermolecular distances 

and packing direction are of great importance for semiconducting performance. Therefore, 

GIWAXS will herein be a focal characterization method. 

 

 

Figure 4.5 Schematic of the face-on, edge-on, and end-on orientationally ordered π-
conjugated polymers on substrate surface. Adapted from J. Mater. Chem. A, 2020, 8, 6268-
6275 with permission from Royal Society of Chemistry. 

 

In this chapter, I first discuss the morphologies and OFET performances of thin-films based 

on Ph-IDCZ-BTh, Ph-IDCZ-Cl-BTh, Th-IDCZ-BTh, and Th-IDCZ-Cl-BTh. We will then 

discuss the important design principles gained through that study and applied to the H-bond-

bridged molecules of the previous chapter, isoindigo-derived molecules ID-C, o-AID, and p-AID, 

as well as further side-chain optimization of o-AID to systematically investigate the following 
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areas of contention: (i) selecting conjugated building units with appropriate electronic properties 

to tune charge transport, (ii) thermodynamically enhancing rigidification of planar structures to 

promote intra- and inter-molecular electron-hole transfer and to allow for high-temperature 

annealing, (iii) harmonizing molecular solubilizing-chains with substrate treatments to enhance 

processibility and semiconducting performance while mitigating gate-leakage and device defects, 

and (iv) tuning of molecular-scale packing orientation by manipulation of intermolecular forces.  

 

4.2 Results and Discussion 

4.2.1 Optimization of Indolo[3,2-b]carbazole-based Materials 

Following Dr. Yirui Cao’s synthesis of Ph-IDCZ-BTh, Ph-IDCZ-Cl-BTh, Th-IDCZ-

BTh, and Th-IDCZ-Cl-BTh,145 the solution processibilities and morphologies of the four 

materials were studied through GIWAXS (Figure 4.6), an extensively used method to determine 

relative crystallinity, crystal orientation, and even crystal lattice spacing.155 Similar to their parent 

molecule BN-Ph, the four molecules were also expected to possess coplanar backbones and 

display similar chemical stabilities. The as-cast films of Ph-IDCZ-BTh and Th-IDCZ-BTh 

exhibited distinct lamellar stacking peaks in the out-of-plane direction with no clear short-range 

π-π stacking distances (>1.5 Å-1 in reciprocal space). In contrast, the chlorine-containing 

compounds Ph-IDCZ-Cl-BTh and Th-IDCZ-Cl-BTh exhibited predominantly isotropic 

scattering, indicating disordered crystallinity with no orientation. The significantly decreased 

molecular ordering was attributed to the steric hindrance of large chlorine atoms, which has a 

larger van der Waals radius (1.80 Å) compared to hydrogen (1.20 Å).25 Nevertheless, all four 

samples demonstrated an increase in crystallinity after annealing at 110 °C for 1 hour. In fact, a 

reversed trend was observed, in which Ph-IDCZ-Cl-BTh and Th-IDCZ-Cl-BTh exhibited 
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stronger in-plane π-π stacking peaks (~4 Å) than their non-chlorine-containing counterparts. 

Furthermore, Ph-IDCZ-Cl-BTh demonstrated the strongest π-π stacking peak (~3.6 Å) in the 30° 

direction, indicating tilting of the molecular backbones.  

 

 
Figure 4.6. GIWAXS of thin films of the four small molecules as-cast (top) and after 
thermal annealing (bottom) at 110 °C: (a) Ph-IDCZ-BTh, (b) Ph-IDCZ-Cl-BTh, (c) Th-
IDCZ-BTh, (d) Th-IDCZ-Cl-BTh. 

 

 As a result of the promising morphology, Ph-IDCZ-BTh, Ph-IDCZ-Cl-BTh, Th-IDCZ-

BTh, and Th-IDCZ-Cl-BTh were employed as the semiconducting active layers of OFET devices 

to determine their charge-transport properties. First, heavily doped n-type Si wafers with 300 nm 

SiO2 were used as substrates. After cleaning the substrates and subjecting them to oxidation under 

ozone treatment, the four materials were deposited by spin-coating and gold electrodes were 

installed by physical vapor deposition in a bottom-gate top-contact architecture (detailed in 4.4.4). 
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Following the GIWAXS results, thermal annealing was performed at 110 °C for 1 h to increase 

molecular ordering. As shown in Scheme 4.1 

 To solve this issue, OTS treatment of the substrates was employed (detailed in 4.4.4), 

which has been previously utilized extensively as an effective  method of improving wettability 

during thin-film processing.157, 158 As-cast and annealed OFET devices of Ph-IDCZ-BTh, Ph-

IDCZ-Cl-BTh, Th-IDCZ-BTh, and Th-IDCZ-Cl-BTh were once again fabricated, leading to 

visually thicker and more uniform films. Through this method, all four compounds exhibited 

measurable charge-transfer mobilities. Specifically, as-cast Ph-IDCZ-BTh and Th-IDCZ-BTh 

both demonstrated ambipolar mobilities in the range of 10-5 cm2 V-1 s-1 to 10-4 cm2 V-1 s-1. 

The hindered performance of the annealed devices was hypothesized to be due to the crystallinity-

induced grain boundaries in the thin films, leading to more defined boundaries between crystalline 

domains and, consequently, barriers to charge-hopping. 

 

Table 4.1, these devices demonstrated virtually no charge-transport. These results were expected 

to be due to the inadequate solvent (CBz) wettability on the bare substrates, leading to insufficient 

film thicknesses. Although charge-transport occurs in the nanometer scale of active layers, 

increased thickness is crucial for increasing the number of charge-transfer pathways within the 

material.156 

 To solve this issue, OTS treatment of the substrates was employed (detailed in 4.4.4), 

which has been previously utilized extensively as an effective  method of improving wettability 

during thin-film processing.157, 158 As-cast and annealed OFET devices of Ph-IDCZ-BTh, Ph-

IDCZ-Cl-BTh, Th-IDCZ-BTh, and Th-IDCZ-Cl-BTh were once again fabricated, leading to 

visually thicker and more uniform films. Through this method, all four compounds exhibited 
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measurable charge-transfer mobilities. Specifically, as-cast Ph-IDCZ-BTh and Th-IDCZ-BTh 

both demonstrated ambipolar mobilities in the range of 10-5 cm2 V-1 s-1 to 10-4 cm2 V-1 s-1. The 

hindered performance of the annealed devices was hypothesized to be due to the crystallinity-

induced grain boundaries in the thin films, leading to more defined boundaries between crystalline 

domains and, consequently, barriers to charge-hopping. 

 

Table 4.1. Summary of semiconducting performances of OFET devices fabricated with Ph-
IDCZ-BTh, Ph-IDCZ-Cl-BTh, Th-IDCZ-BTh, and Th-IDCZ-Cl-BTh. 

Compound Surface 
Treatment Annealing Avg μe

 (cm2/Vs) 
Highest μe

 (cm2/Vs) 
Avg μh

 (cm2/Vs) 
Highest μh 
(cm2/Vs) 

Ph-IDCZ-
BTh 

None None - - - - 

None 110°C - - - - 

OTS None 9.34×10-5 1.01×10-4 5.34×10-5 1.32×10-4 

OTS 110°C - - 2.08×10-5 3.90×10-5 

Ph-IDCZ-Cl-
BTh 

None None - - - - 

None 110°C - - - - 
OTS None 5.65×10-4 7.49×10-4 - - 
OTS 110°C 8.06×10-5 2.28×10-4 - - 

Th-IDCZ- 
BTh 

None None - - - - 

None 110°C - - - - 

OTS None 1.56×10-5 2.51×10-5 6.51×10-5 1.15×10-4 

OTS 110°C - 1.72×10-6 1.33×10-5 1.33×10-5 

Th-IDCZ- 
Cl-BTh 

None None - - - - 

None 110°C - - - - 

OTS None - - - - 

OTS 110°C - 7.61×10-9 - 1.43×10-8 

 

Furthermore, Ph-IDCZ-Cl-BTh demonstrated the highest electron mobilities of 7.49 × 10-

4 cm2 V-1 s-1. Corroborated by the GIWAXS data, Ph-IDCZ-Cl-BTh exhibited the strongest π-π 

stacking peak (~3.6 Å) in the ~30° direction, which indicated tilting of the molecular backbones. 

In contrast to orthogonally-directed edge-on packing, which leads to charge-transfer trapping 
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between divergent crystalline domains, the higher predominance of off-set packing of Ph-IDCZ-

Cl-BTh led to diminished grain-boundaries and increased charge-transfer mobility in comparison 

to the other three analogues.159-161 In agreeance with these results, the diagonal peak of Th-IDCZ-

BTh exhibited the weakest intensity and the shortest π-π stacking distance (~4.2 Å), which led to 

low device performances (<1.43×10-8 cm2 V-1 s-1). As a last important note, the ambipolar to n-

type performance that these compounds exhibited were unprecedented in respect to their 

experimental LUMO energy levels (~-3.5 eV), which were not lower than the theoretical -4 eV 

requirement for stable n-type performance.134 This observation was attributed to the 

aforementioned enhanced stability that these BN-Ph derivatives possess. 

 

4.2.2 Side-chain Engineering of Diazaisoinigo-based Materials 

While it took multiple iterations of devices to achieve the optimized conditions for Ph-

IDCZ-BTh, Ph-IDCZ-Cl-BTh, Th-IDCZ-BTh, and Th-IDCZ-Cl-BTh, the highest charge-

transfer mobility of 7.49×10-4 cm2 V-1 s-1 was not competitive with the current state-of-the-art. We 

hypothesize that the FMO energy levels and intrinsic semiconducting ability of indolo[3,2-

b]carbazole-based donor-acceptor-donor materials were unfit for semiconducting applications. In 

this regard, lactam-based acceptors were considered for these molecules due their well-studied 

broad applications,162  favorable FMO energy levels,163 and the wide variety of nitrogen 

functionalization to tune material processibility.164 In specific, since its first use in electronic 

materials,127 isoindigo and its derivatives have demonstrated extraordinary semiconducting 

capabilities. For example, isoindigo-derived polymers have realized high hole mobilities165 of 14.4 

cm2 V-1 s-1, electron mobilities of up to 9.70 cm2 V-1 s-1, and ambipolar charge-transport mobilities 
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of over 6 cm2 V-1 s-1.106, 166 On this front, successfully synthesized ID-C, o-AID, and p-AID 

(Chapter III) were employed as isoindigo-derived donor-acceptor-donor materials.  

 

 

Figure 4.7. Molecular structures of o-AID-based compounds: EH-o-AID, C12-o-AID and EH-
Carb-o-AID. 

 

To systematically probe the ramifications of side-chain length and bulkiness, o-AID was 

equipped with varying solubilizing alkyl chains. In comparison to the octyldodecyl side-chains of 

o-AID, the 7,7’-diazaindigo core was equipped with ethylhexyl side-chains (EH-o-AID) to 

investigate the effects of branched chain length on, and also, dodecyl chains (C12-o-AID) to 

investigated the effects of less bulky linear side-chains (Figure 4.7). Although the solubility of 

EH-o-AID was decreased in the same solvents used to dissolve o-AID (CH2Cl2, toluene, CBz, 

etc.), the compound still retained adequate solubility for thin-film processing (>10 mg/mL in CBz). 

Following these results, the ethylhexyl-equipped 7,7’-diazaisoindigo core was coupled with 3,6-

di-tert-butylcarbazole in-place of indole as the H-bond-donating electron rich moiety to form 

(Figure 4.7). The resulting compound EH-Carb-o-AID was expected to provide more insight into 

the appropriate balance of solubilizing-group efficacy to the aggregation-inducing extended pi-

face to determine fundamental structure-property relationships. EH-Carb-o-AID maintained 

adequate solubility for thin-film processing (>5 mg/mL in CBz). Following the synthesis of these 

three compounds, it was initially hypothesized that C12-o-AID was a good candidate for single-
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crystal growth due to its linear alkyl chain, but the process presented many challenges and resulted 

in no single crystals suitable for X-ray analysis. For example, C12-o-AID exhibited extremely poor 

solubility (<5 mg/mL in CBz) and could not even be spin-coated as a means of thin-film 

processing. As a result, GIWAXS was only performed on EH-o-AID and EH-Carb-o-AID as 

shown in Figure 4.8. 

 

 

Figure 4.8. GIWAXS of thin films of EH-o-AID (left) and EH-Carb-o-AID (right) after 
annealing at 110 °C for 1 hour.  

 

 The GIWAXS measurements of EH-o-AID and EH-Carb-o-AID both demonstrated 

isotropic scattering (Figure 4.8). For EH-o-AID, although generally isotropic, the ~4.2 Å (qy = -

1.5 Å-1) short-range π-π stacking peak was more intense in the in-plane direction. Furthermore, 

long-range lamellar stacking peaks were visible in the out-of-plane direction, consistent with edge-

on packing with respect to the substrate. EH-Carb-o-AID demonstrated distinct crystalline peaks, 

but they were exceptionally weak, demonstrating a predominance of disorder. Despite this, an 

intense long-range packing denoting a distance of >12 Å (qy = -0.5 Å-1) is visible in the out-of-

plane direction, which is consistent with the lamellar stacking of EH-o-AID. These results give 

initial evidence that these o-AID-based compounds have a preference for edge-on packing, which 
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is favorable since it aligns the direction of the π-faces in the direction of expected charge-transport 

in OFETs (parallel to the substrate).25 

 

 

Figure 4.9. Optical microscopy of devices for o-AID-based compounds: (a) spin-coated 
morphology of EH-o-AID, (b) droplet-pinned morphology of C12-o-AID, and representative 
example of device short-circuit issue for rough devices.  

 

With this molecular orientation in mind, OFET devices were fabricated based on these 

three o-AID-based molecules. Initially, solutions (5 mg/mL in CBz) of each compound were spin-

coated on OTS-treated Si wafers (detailed in 4.4.4), but owing to the lower solubility in comparison 

to o-AID, the film-forming ability during spin-coating yielded large aggregates and non-uniform 

films (Figure 4.9a). In order to circumvent the poor film-forming ability, droplet-pinning was used 

to deposit the active layers.167 In this method, an improvement was made on the traditional drop-

casting process by placing a small Si wafer “pinner” in the center of the droplet to secure the 

droplet in one place and direct crystal growth. As expected, the aggregated crystallites 

demonstrated higher ordering on the substrate, forming a long tree-like morphology (C12-o-AID 

as an example in Figure 4.9b). Despite the ordered dendrite-like structures, further installation of 

40 nm gold electrodes proved to be difficult due to the roughness of the features, disrupting 

electrodes as described before in Figure 4.3c. Even when uniform electrodes were deposited, the 

electrodes would break as soon as voltage was applied, presumably due to short-circuiting (Figure 
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4.9c). As a result of the crystallite roughness, each device demonstrated very low hole and electron 

mobilities.  

Despite the low mobilities from these results, important design principles were drawn in 

terms of choosing functional groups for these non-covalent-bond-bridged rigid molecules. Firstly, 

the inadequacy of linear and short-branched alkyl chains must be a major focus when designing 

these compounds for OFET applications. In this respect, highly rigid π-conjugated molecules must 

have much larger alkyl-chains due to the increased strength of their intermolecular interactions. 

Furthermore, solubilities of over 10 mg/mL in a solvent system may not be adequate for highly 

aggregating compounds such as these. For example, while it is logical that C12-o-AID was not able 

to be processed using the spin-coating method (low <5 mg/mL in CBz), EH-o-AID and EH-Carb-

o-AID both exhibited solubilities of >10 mg/mL, and >5 mg/mL, respectively, and exhibited a 

high propensity to form aggregated islands as opposed to a uniform film.  

 

 

Figure 4.10. Preliminary OFET results: charge-transfer curves for the electron mobility of 
(a) BN-Ph and ambipolar mobility of (b,c) o-AID. 

 

 To contextualize these results,  preliminary OFET devices fabricated with o-AID active 

layers at the Molecular Foundry of Lawrence Berkeley National Lab demonstrated ambipolar 

maximum electron mobilities and hole mobilities of 7.65 × 10-2 cm2 V-1 s-1 (µe,ave = 5.67 × 10-2 cm2 
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V-1 s-1) and 5.28 x 10-2 cm2 V-1 s-1 (µh,ave = 4.92 × 10-2 cm2 V-1 s-1), respectively, adding to the 

success of the aforementioned BN-Ph device (Figure 4.10). While aggregates were prevalent 

during thin-film processing for the other o-AID derivatives, o-AID itself demonstrated uniform 

thin-films by spin-coating a 5 mg/mL solution in CBz at standard conditions (1000 RPM for 1 

minute).  

With the preceding challenges in mind, this project will move forward in the next section 

detailing a systematic study between ID-C, o-AID, and p-AID, which are all equipped with 

octyldodecyl chains, with respect to design strategies learned from the preceding o-AID-based 

compounds in this chapter. In this work, clear structure-property relationships are drawn by, first, 

drawing correlations between thermodynamically enhanced rigidification of molecular coplanarity 

for o-AID and p-AID (DFT optimizations and DSC measurements from Chapter II and Chapter 

III). High-temperature stability of conformation-locking H-bonds demonstrates its importance for 

high-temperature annealing, in contrast to the BN-Ph-based compounds. Furthermore, robust H-

bonding is proven to be an effective way of promoting intra- and inter-molecular electron-hole 

transfer, leading to a clear correlation between H-bonding vigor and OFET performance.  

 

4.2.3 Hydrogen-bond-promoted Planarity, Crystallinity and Charge Transport of 

Diazaisoindigo-based Derivatives* 

In order to investigate the intermolecular interactions and crystallinity with regard to solid-

state charge transport properties, grazing incidence wide angle X-ray scattering (GIWAXS) was 

conducted on spin-casted thin films of ID-C, o-AID, and p-AID, with or without thermal annealing 

 
* Adapted with permission from “Hydrogen-Bond-Promoted Planar Conformation, Crystallinity, and Charge 
Transport in Semiconducting Diazaisoindigo Derivatives” by Anthony U. Mu, Yeon-Ju Kim, Octavio Miranda, 
Mariela Vazquez, Joseph Strzalka, Jie Xu, and Lei Fang, ACS Materials Lett. 2022, 4, 7, 1270–1278. Copyright © 
2022 American Chemical Society 
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(Figure 4.11). While single-crystal growth was unsuccessful, likely due to the bulky octyldodecyl 

chains necessary for solubility, GIWAXS was employed to represent the molecular packing in 

thin-film applications. Without thermal annealing, the spin-casted p-AID thin film showed clear 

isotropic diffraction patterns while ID-C and o-AID were significantly less crystalline. 

Nevertheless, all these thin films exhibited poor orientation in the as-cast state. Based on the 

differential scanning calorimetry results, these samples were then thermally treated at 100 °C for 

ID-C and p-AID and 170 °C for o-AID. After this thermal annealing, multiple distinct diffraction 

peaks were observed on the GIWAXS results of o-AID and p-AID, demonstrating high order and 

orientation in these samples, while ID-C retained its amorphous character. For o-AID (Figure 

4.11b), the diffraction pattern suggested edge-on packing (Figure 4.13) with two types of π-π 

distances of 3.51 Å and 3.85 Å. Similarly, for p-AID (Figure 4.11; Figure 4.14), the distinct π-π 

distance peaks at ~3.95 Å indicated tilting of the molecular backbones to 131°/49° and 121°/59°, 

corresponding to π-π packing oriented along the (220) and (210) planes, respectively. This 

diagonal packing was in good correlation with the DFT calculated electrostatic potential maps, in 

which p-AID demonstrated a higher propensity to form edge-to-face packing as compared to o-

AID.117 In addition, these diagonal peaks are consistent with other well-known small molecules, 

such as DNTT147 and tetrabenzoporphyrin,148 that exhibit off-set packing with respect to the 

substrate, which potentially leads to higher charge-transfer mobilities due to diminished grain-

boundary effects in thin films.159, 160, 168  
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Figure 4.11. GIWAXS diffraction patterns for as-cast and thermally annealed thin films of 
(a) ID-C, (b) o-AID, and (c) p-AID.  

 
 

The significant differences observed here on o-AID and p-AID vs ID-C can be attributed 

to the thermally-robust and coplanar conformation of o-AID and p-AID, which are promoted by 

intramolecular H-bonds. Because the H-bonds were not disrupted at higher temperatures, the rigid 

structures could be maintained to facilitate strong intermolecular interactions and firm molecular 

conformations for the formation of highly crystalline thin films with thermal annealing. In contrast, 

the non-crystalline property of ID-C is likely a result of the low barrier molecular torsional motion, 

which leads to conformational disorder and weak intermolecular interactions that hinder ordered 

molecular packing in the solid state.  
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Figure 4.12. Transfer characteristics in the saturation regime at VDS = −80 V (red) with the 
square root of drain current (blue) and output curves for gate voltage Vg = −20 V to −80 V 
in 10 V increments of (a,b) o-AID and (c,d) p-AID. 

 

To probe the correlation of intramolecular H-bonds and thin-film crystallinity to charge transport 

properties, ID-C, o-AID, and p-AID were tested in the setting of organic thin-film transistors with 

bottom-gate/top-contact architectures. These organic materials were spin-coated onto bare or n-

octadecyltrichlorosilane (OTS)-treated SiO2/Si substrates using Au source and drain electrodes as 

detailed in the Supporting Information (SI). As-cast films of ID-C, o-AID, and p-AID showed no 

current modulation with the application of gate voltage, suggesting that the lack of ordered and 

oriented molecular packing (as indicated by GIWAXS data) is detrimental for the charge transport. 

Upon thermal annealing, as anticipated, the more crystalline and oriented thin films of o-AID and 

p-AID exhibited significantly enhanced p-type transistor performances (Figure 4.12). It is 

noteworthy that o-AID and p-AID exhibited optimized performances on different substrates, likely 

due to the difference in their packing modes. On the more hydrophobic OTS-modified SiO2/Si 

substrate, o-AID exhibited significantly increased grain boundaries with its brick-like stacking and 

could not form a uniform film on OTS-modified substrate. In contrast, the edge-to-face packing 
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mode of p-AID rendered it less likely to have grain boundaries and maintained good thin film 

forming ability on OTS substrates. After optimizing o-AID on bare SiO2/Si and p-AID on OTS-

modified SiO2/Si, their maximum hole mobilities reached 5.37 × 10-4 cm2 V-1 s-1 and 0.270 cm2 V-

1 s-1, respectively, while corresponding average hole mobilities were 4.25 × 10-4 cm2 V-1 s-1 and 

0.187 cm2 V-1 s-1 over 12 devices each.  The charge transport mobilities of p-AID are higher than 

most of that of other small molecular isoindigo-derived π-systems,169, 170 and are comparable to 

the charge transport mobilities of extended fused-ring isoindigo171, 172 and hemi-isoindigo 

derivatives.173-175 The increased mobility of p-AID was in accordance with the favorable diagonal 

π-π packing observed by GIWAXS. In sharp contrast, the control experiment with ID-C did not 

exhibit any significant field-effect transport (Figure 4.16) even after thermal annealing, due to its 

lack of order in the absence of the intramolecular H-bonds.  

 
4.3 Conclusions 

In conclusion, we investigated mechanistically the impact of intramolecular H-bonds on 

the molecular conformation, solid-state packing, and thin-film charge transport of conjugated 

organic compounds. Conformation-locking intramolecular H-bonds were incorporated into 

diazaisoindigo-derived molecules. Facile syntheses of the key starting materials 5,5’-

diazaisoindigo and 7,7’-diazaisinidigo were achieved after optimizing the condensation reactions. 

Combined computational and experimental investigations suggested that the stabilization energy 

of the H-bonds promoted a high-temperature-tolerating, rigid conformation of o-AID and p-AID, 

in contrast to the disordered non-H-bonded control ID-C. The rigid conformation and influence of 

molecular design on the molecular quadrupole moment resulted in significantly enhanced 

orientation of solid-state molecular packing, which was clearly correlated to the semiconducting 

transistor performances of the thin films. Overall, this work demonstrates the effective strategy of 
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using intramolecular H-bonds to tailor the molecular conformation, solid-state packing, and 

electronic properties of conjugated organic compounds. 

 

4.4 Experimental Section 

4.4.1 General Materials and Methods 

Starting materials and reagents were purchased from Sigma Aldrich, Acros Organics, Alfa 

Aesar, Oakwood, or Combi-Blocks and used as received. Anhydrous dichloromethane (CH2Cl2) 

was purchased from EMD Millipore and used without further purification. THF was dried and 

distilled under nitrogen from sodium using benzophenone as the indicator. Toluene and acetonitrile 

were dried using an Innovative Technology pure solvent system (PureSolv-MD-5) and degassed 

by three cycles of freeze-pump-thaw before use. 9-(bromomethyl)nonadecane was synthesized 

according to a reported literature procedure.137 Preparative gel permeation chromatography (GPC) 

was performed in chloroform solution at room temperature using Japan Analytical Industry 

recycling preparative HPLC (LC-92XXII NEXT SERIES). 1H and 13C NMR spectra were 

recorded on a Varian Inova 500 MHz spectrometer and variable temperature 1H NMR spectra were 

recorded on a Varian VnmrS 500 MHz spectrometer. The NMR chemical shifts were reported in 

ppm relative to the signals corresponding to the residual non-deuterated solvents (CDCl3: 1H 7.26 

ppm, 13C 77.16 ppm; CD3CN: 1H 1.94 ppm) or the internal standard (tetramethylsilane: 1H 0.00 

ppm). Abbreviations for reported signal multiplicities are as follows: s, singlet; d, doublet; t, triplet; 

q, quartet; m, multiplet; br, broad. High resolution mass spectra were obtained via electrospray 

ionization (ESI) on an Applied Biosystems PE SCIEX QSTAR or matrix-assisted laser 

desorption/ionization (MALDI) on a Bruker microflex with a time-of-flight (TOF) analyzer. 
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Column chromatography was carried out using Biotage® IsoleraTM Prime instrument with 

various size of SiO2 Biotage ZIP® cartridge.  

 

4.4.2 Synthesis 

 

Scheme 4.1. Synthesis of 6-bromo-1-(2-ethylhexyl)-1H-pyrrolo[2,3-b]pyridine. 

6-bromo-1-(2-ethylhexyl)-1H-pyrrolo[2,3-b]pyridine. To a suspension of NaH (60% in 

paraffin oil, 200 mg, 4.87 mmol) in dimethylformamide (8 mL) was added 6-bromo-1H-

pyrrolo[2,3-b]pyridine (800 mg, 4.06 mmol) portion-wise at 0 °C. After the suspension was stirred 

at room temperature for 30 min, 2-ethylhexyl bromide (784 mg, 4.06 mmol) was added and stirring 

of the reaction mixture continued overnight. The reaction mixture was then quenched by addition 

of water and the contents were extracted with CH2Cl2. The organic layers were concentrated and 

purified by column chromatography with hexanes as the eluent to give 6-bromo-1-(2-ethylhexyl)-

1H-pyrrolo[2,3-b]pyridine as a colorless oil (yield: 1.043 g, 83%). 1H NMR (300 MHz, CDCl3): δ 

7.73 (d, J = 8.1 Hz, 1H), 7.18 (d, J = 8.1 Hz, 1H), 7.15 (d, J = 3.5 Hz, 1H), 6.44 (d, J = 3.5 Hz, 

1H), 4.16 (d, J = 7.1 Hz, 2H), 2.14 – 1.74 (m, 1H), 1.42 – 1.12 (m, 8H), 0.91 (t, J = 7.5 Hz, 3H), 

0.88 (t, J = 7.5 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 147.77, 134.83, 130.94, 128.63, 119.37, 

119.25, 99.99, 48.29, 40.50, 30.76, 28.79, 24.18, 23.29, 14.34, 10.93. 

N H
NBr N NBr

R

1) NaH, DMF, 0°C
2) RBr, 25°C

R =
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Scheme 4.2. Synthesis of 6-bromo-1-(2-ethylhexyl)-1H-pyrrolo[2,3-b]pyridine-2,3-dione. 

6-bromo-1-(2-ethylhexyl)-1H-pyrrolo[2,3-b]pyridine-2,3-dione. To a suspension of 

pyridinium chlorochromate (860 mg, 4.00 mmol) and silica gel (860 mg)  in anhydrous 1,2-

dichloroethane (5 mL) was added a solution of 6-bromo-1-(2-ethylhexyl)-1H-pyrrolo[2,3-

b]pyridine (502 mg, 1.62 mmol) in 1,2-dichloroethane (2 mL) at room temperature. A catalytic 

amount of AlCl3 was added and the mixture was heated to 80 °C for 3 h. Then, the solvent was 

evaporated and the residue was purified by column chromatography to give N,N’-Bis(2-

ethylhexyl)-6,6’-dibromo-7,7’-diazaisoindigo (DAIID-EtH) (yield: 88 mg, 9%) as a red powder 

and (6-bromo-1-(2-ethylhexyl)-1H-pyrrolo[2,3-b]pyridine-2,3-dione as orange crystals (yield: 

330 mg, 60%). 1H NMR (300 MHz, CDCl3): δ 7.62 (d, J = 7.7 Hz, 1H), 7.26 (d, J = 7.7 Hz, 1H), 

3.73 (d, J = 0.5 Hz, 1H), 1.93 (m, 1H), 1.48 – 1.07 (m, 8H), 0.97 – 0.85 (m, 6H). 

 

Scheme 4.3 Synthesis of N,N’-Bis(2-ethylhexyl)-6,6’-dibromo-7,7’-diazaisoindigo. 

N,N’-Bis(2-ethylhexyl)-6,6’-dibromo-7,7’-diazaisoindigo. To a solution of 

tris(dimethylamino)phosphine (34 mg, 0.21 mmol) in CHCl3 (4 mL) was added a solution of 6-

bromo-1-(2-ethylhexyl)-1H-pyrrolo[2,3-b]pyridine-2,3-dione (70 mg, 0.21 mmol) in CHCl3 (1 

mL) dropwise at -60 °C. After returning to room temperature, the reaction mixture was heated to 
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40 °C for 3 h. The contents were quenched by the addition of water and extracted with CH2Cl2. 

The organic layers were concentrated and purified by column chromatography to afford N,N’-

Bis(2-ethylhexyl)-6,6’-dibromo-7,7’-diazaisoindigo as a red solid (yield: 36 g, 53%). 1H NMR 

(300 MHz, CDCl3): δ 9.29 (d, J = 8.3 Hz, 2H) 7.18 (d, J = 8.3 Hz, 2H), 3.77 (d, J = 7.2 Hz, 4H), 

2.28 – 1.81 (m, 2H), 1.38 – 1.18 (m, 16H), 0.91 (m, 12H). 

 

Scheme 4.4. Synthesis of EH-o-AID. 

N,N’-1,1'-bis(2-ethylhexyl)-6,6'-di(1H-indol-7-yl)-7,7’-diazaisoindigo (EH-o-AID). A 

suspension of N,N’-Bis(2-ethylhexyl)-6,6’-dibromo-7,7’-diazaisoindigo (100 mg, 0.15 mmol) and 

K2CO3 (133 mg, 0.94 mmol) in THF (1.7 mL) and water (0.9 mL) was degassed by freeze-pump-

thaw. Pd(PPh3)4 (5 mol%) and 7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (94 mg, 

0.39 mmol) were added under nitrogen and the subsequent reaction mixture was stirred at 80 °C 

for 24 h. The reaction mixture was then quenched by the addition of water and extracted with 

CH2Cl2. The organic layers were concentrated and purified by preparatory GPC to afford N,N’-

1,1'-bis(2-ethylhexyl)-6,6'-di(1H-indol-7-yl)-7,7’-diazaisoindigo as a violet powder (yield: 55 mg, 

51%). 1H NMR (300 MHz, CDCl3): δ 11.02 (s, 2H), 9.53 (dd, J = 8.5, 1.1 Hz, 2H), 7.88 (dd, J = 

7.8, 1.0 Hz, 2H), 7.83 – 7.69 (m, 4H), 7.34 (dd, J = 3.2, 2.2 Hz, 2H), 7.23 (t, J = 7.7 Hz, 2H), 6.62 

(dd, J = 3.2, 2.2 Hz, 2H), 5.34 (dt, J = 3.4, 1.0 Hz, 4H), 3.90 (d, J = 7.6 Hz, 2H), 2.12 (d, J = 7.0 

Hz, 2H), 2.12 (d, J = 7.0 Hz, 16H), 0.99 (t, J = 7.4 Hz, 3H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (75 

MHz, CDCl3): δ 168.41, 157.97, 157.67, 137.33, 134.43, 129.59, 124.55, 123.40, 120.59, 120.36, 
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119.64, 113.99, 113.96, 102.18. LRMS (ESI-TOF) m/z [M − H]− Calc’d for C46H50N6O2 

1054.7751; Found 1054.7755. 

 

Scheme 4.5. Synthesis of 1-bromo-3,6-di-tert-butyl-9H-carbazole. 

1-bromo-3,6-di-tert-butyl-9H-carbazole. To a stirred solution of 3,6-di-tert-butyl-9H-

carbazole (800 mg, 3.58 mmol) in CH2Cl2 (30 mL) was added a mixture of NBS (509 mg, 2.86 

mmol) in CH2Cl2 (40 mL) dropwise at 0 °C. The reaction mixture was stirred in the absence of 

light for 4 h at room temperature. After completion, the reaction mixture was concentrated and 

purified by column chromatography to yield 1-bromo-3,6-di-tert-butyl-9H-carbazole as a colorless 

oil (yield: 964 mg, 2.57 mmol). 1H NMR (500 MHz, CDCl3): 8.21 – 8.04 (m, 3H), 7.71 (s, 1H), 

7.63 – 7.56 (m, 1H), 7.49 – 7.39 (m, 1H), 5.37 – 5.28 (m, 1H), 1.55 (dd, J = 6.0, 2.2 Hz, 18H). 

 

Scheme 4.6. Synthesis of 3,6-di-tert-butyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9H-carbazole. 

3,6-di-tert-butyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole. To a 

solution of 1-bromo-3,6-di-tert-butyl-9H-carbazole (739 mg, 2.06 mmol) and 

bis(pinacolato)diboron (786 mg, 3.09 mmol) in degassed dioxane (10 mL) was added KOAc (404 

mg, 4.12 mmol) and Pd(dppf)Cl2 (75 mg) under nitrogen. The reaction mixture was stirred at reflux 
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for 12 hours. After completion of the reaction, the mixture was extracted with CH2Cl2 and purified 

by column chromatography to yield 3,6-di-tert-butyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)-9H-carbazole as a white solid (yield: 530 mg, 62%). 1H NMR (500 MHz, CDCl3): δ 8.99 (s, 

1H), 8.24 (dd, J = 2.0, 0.6 Hz, 1H), 8.11 (dd, J = 1.9, 0.7 Hz, 1H), 7.92 (dd, J = 2.0, 0.6 Hz, 1H), 

7.50 (dd, J = 8.5, 1.9 Hz, 1H), 7.43 (dd, J = 8.4, 0.7 Hz, 1H), 1.53 – 1.42 (m, 30H). 

 

Scheme 4.7. Synthesis of EH-Carb-o-AID. 

N,N’-6,6'-bis(3,6-di-tert-butyl-9H-carbazol-1-yl)-1,1'-bis(2-ethylhexyl)-7,7’-

diazaisoindigo (EH-Carb-o-AID). The procedure was similar to that described above. 1H NMR 

(500 MHz, CDCl3): δ 12.72 (s, 2H), 11.57 (d, J = 8.5 Hz, 2H), 10.23 (d, J = 1.7 Hz, 2H), 10.11 (d, 

J = 19.1 Hz, 4H), 9.80 (d, J = 8.7 Hz, 2H), 9.51 (dd, J = 8.5, 2.0 Hz, 2H), 9.41 (d, J = 8.5 Hz, 2H), 

6.02 (d, J = 7.7 Hz, 4H), 3.63 – 2.65 (m, 30H). 

 

Scheme 4.8. Synthesis of 6-bromo-1-dodecyl-1H-pyrrolo[2,3-b]pyridine. 

6-bromo-1-dodecyl-1H-pyrrolo[2,3-b]pyridine. The procedure was similar to that 

described above. 1H NMR (500 MHz, CDCl3): δ 7.73 (d, J = 8.1 Hz, 1H), 7.18 (d, J = 8.1 Hz, 1H), 

7.15 (d, J = 3.5 Hz, 1H), 6.44 (d, J = 3.5 Hz, 1H), 4.24 (d, J = 7.2 Hz, 2H), 1.84 (p, J = 7.2 Hz, 

2H), 1.39 – 1.18 (m, 18H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (125 MHz, CDCl3): δ 147.31, 134.80, 
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130.97, 128.24, 119.44, 119.38, 99.96, 44.88, 32.23, 32.22, 30.57, 29.93, 29.86, 29.81, 29.65, 

29.50, 27.07, 23.00, 14.43. 

 

 

Scheme 4.9. Synthesis of 6-bromo-1-dodecyl-1H-pyrrolo[2,3-b]pyridine-2,3-dione. 

6-bromo-1-dodecyl-1H-pyrrolo[2,3-b]pyridine-2,3-dione. The procedure was similar to 

that described above. 1H NMR (500 MHz, CDCl3): δ 7.64 (d, J = 7.7 Hz, 1H), 7.28 (d, J = 7.4 Hz, 

1H), 3.83 (t, J = 3.5 Hz 2H), 1.75 (m, 2H), 1.41 – 1.19 (m, 18H), 0.89 (t, J = 6.9 Hz, 3H). 

 

Scheme 4.10. Synthesis of N,N’-Bis(dodecyl)-6,6’-dibromo-7,7’-diazaisoindigo. 

N,N’-Bis(dodecyl)-6,6’-dibromo-7,7’-diazaisoindigo (DAIID-C12). The procedure is 

similar to that described above. 1H NMR (500 MHz, CDCl3): δ 9.31 (d, J = 8.2 Hz, 2H), 7.20 (d, 

J = 8.3 Hz, 2H), 3.88 (dd, J = 8.0, 6.7 Hz, 4H), 1.82 – 1.69 (m, 4H), 1.31 (d, J = 51.1 Hz, 36H), 

0.94 – 0.84 (m, 6H). 
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Scheme 4.11. Synthesis of C12-o-AID. 

N,N’-1,1'-bis(dodecyl)-6,6'-di(1H-indol-7-yl)-7,7’-diazaisoindigo (C12-o-AID). The 

procedure was similar to that described above. 1H NMR (500 MHz, CD2Cl2): δ 11.02 (s, 2H), 9.51 

(d, J = 7.9 Hz, 2H), 7.85 (d, J = 7.6 Hz, 2H), 7.74 (dd, J = 14.7, 8.0 Hz, 4H), 7.33 (q, J = 6.4, 4.6 

Hz, 2H), 7.23 (t, J = 7.7 Hz, 2H), 6.63 (t, J = 2.9 Hz, 2H), 4.02 (t, J = 7.6 Hz, 4H), 1.94 – 1.74 (m, 

4H), 1.63 – 1.35 (m, 36H), 0.88 (t, J = 6.7 Hz, 6H). 13C NMR (125 MHz, CDCl3): δ 168.13, 158.15, 

157.15, 137.58, 134.59, 130.34, 129.56, 124.41, 123.65, 120.71, 120.37, 119.76, 114.16, 113.82, 

102.45, 53.41, 39.77, 31.89, 29.64, 29.61, 29.59, 29.57, 29.40, 29.32, 28.17, 27.43, 22.67, 14.10.  

 

4.4.3 GIWAXS Sample Preparation and Morphology Measurements 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were carried out 

in Sector 8-ID-E at the Advanced Photon Source, Argonne National Laboratory.176 Beamline 8-

ID-E operates at an energy of 10.92 keV and the images were collected from a Pilatus 1MF camera 

(Dectris), with two exposures for different vertical positions of the detector. After flat field 

correction for detector nonuniformity, the images are combined to fill in the gaps for rows at the 

borders between modules, leaving dark only the columns of inactive pixels at the center. Using the 

GIXSGUI package177 for MATLAB (Mathworks), data are corrected for X-ray polarization, 

detector sensitivity and geometrical solid-angle. The beam size was 0.2 mm × 0.02 mm for ID-C 

and o-AID samples and 0.2 mm × 0.01 mm for p-AID samples. The incident angle was 0.14°, the 

resolution (ΔE/E) was 1 × 10−4, and the sample detector distance was 217 mm. Solid-state samples 
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were prepared by spin-casting (5 mg/mL in chlorobenzene) thin films of ID-C, o-AID, and p-AID 

on UV-Ozone cleaned bare n-type Si wafers with 300 nm SiO2 at 1000 RPM for 1 minute. The as-

cast samples were measured directly and the annealed samples were thermally treated (100 °C for 

ID-C and p-AID; 170 °C for o-AID) before the measurements.  

 
Figure 4.13. Comparison of as-cast and annealed o-AID with discussed peaks marked.  

 
Figure 4.14. Comparison of as-cast and annealed p-AID with discussed peaks marked 

 

For o-AID without annealing, narrower textured lamellar stacking primarily in the out-of-

plane direction was shown at two different q values corresponding to d-spacings of about 22.5 and 

15.0 Å that match closely with q-values of reflections in the crystalline phase apparent with 

annealing (Figure 4.13). In addition, the distinct in-plane peaks with annealing denoted π-π 

distances of 3.51Å – 3.85 Å and in-plane lamellar packing peaks suggest edge-on packing. For p-

AID, distinct lamellar peaks at corresponding to a d-spacing of 18.9 Å indicate packing oriented 

in the (210), corresponding to the pi-pi stacking peak (Figure 4.14). The diffraction pattern of o-
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AID is characteristic of brick-like stacking while for p-AID, the less predominant out-of-plane 

lamellar stacking and diagonal peaks suggest herringbone stacking.  

Atomic Force Microscopy (AFM) was performed on a Multimode 8 system (Bruker, Santa 

Barbara, CA) in PeakForce Tapping® Mode with ScanAsyst® image optimization software and a 

ScanAsyst® -Air probe (silicon tip on nitride cantilever, cantilever tip = 650 nm, length = 115 μm, 

width = 25 μm, frequency = 70 kHz, (spring constant) k = 0.4 N/m, Bruker) at a rate of 0.99 

kHz/min. with 512 scans per image.  AFM images were analyzed using the Nanoscope Analysis 

software (Bruker) to obtain the height of the nanostructures, and the average heights and lengths 

were measured by averaging 5-10 bottlebrush polymers.  Dilute polymer solution and nanoparticle 

solutions (stock solution 700 μg/mL, pipetted 20 μL of stock solution onto substrate for a final 

concentration of ~14 μg of bottlebrush polymers) were drop-casted onto freshly cleaved mica and 

HOPG substrates and allowed to dry overnight under ambient conditions prior to imaging.  

 

 

Figure 4.15. Atomic force microscopy images of (a) ID-C (b) o-AID on SiO2/Si substrates 
and (c) p-AID on OTS treated SiO2/Si substrate. The thin-films of ID-C and o-AID were 
prepared by spincoating on SiO2/Si substrates and the thin-film of p-AID was prepared by 
spincoating on an OTS-treated SiO2/Si substrate at 1000 RPM for 60 seconds. 

 

a) c) b) 

a) c) b) 
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4.4.4 Organic Field Effect Transistors 

Treatment of Substrates. Heavily doped n-type Si wafers with 300 nm SiO2 were used as 

substrates for thin-film organic field effect transistors (OFET). The wafers were cleaned with 

piranha solution (H2SO4:H2O2=7:3), deionized water, isopropanol and blow-dried by nitrogen. 

After oxidation under ozone treatment, the silicon was either left bare or spin-coated with a 

solution of n-octadecyltrichlorosilane (OTS) in toluene. Finally, the substrates were washed with 

hexane, toluene, and isopropanol and blow-dried by nitrogen. 

Fabrication and Measurement of Organic Field Effect Transistors. Organic field effect 

transistors were fabricated by spin-coating the organic materials o-AID and ID-C on bare SiO2/Si 

and p-AID OTS-modified SiO2/Si with a bottom-gate/top-contact architecture. Spin-coating was 

done at 1000 RPM for 60 seconds. Then 50 nm Au as source and drain electrodes were deposited 

on the film by physical vapor deposition and templated by shadow masks with defined channel 

lengths of 50 µm and widths of 10 mm. The OFET characteristics were recorded using Agilent 

B1500A in ambient conditions. The mobility was calculated by the formula: 𝐼* =

𝑊/2𝐿µ𝐶+(𝑉, − 𝑉&)'	where IDS is the drain-source current, 𝑊 and 𝐿 are the channel width and 

length, 𝐶+ is the dielectric capacitance, 𝑉,  is the gate voltage, and 𝑉& is the threshold voltage. 
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Figure 4.16. Transfer characteristics for ID-C at VDS = −80 V (red) and the square root of 
drain current (blue). 

 

Table 4.2. Performance for bottom-gate/top-contact p-Channel OFETs based on o-AID and 
p-AID. µh,aver taken over 12 devices, respectively.   

Compound µh,aver, cm2 V−1 s −1 µh,max, cm2 V−1 s −1 Ion/off VT, V 

o-AID 4.25 × 10-4 ± 1.64 × 10-4 5.37 × 10-4 ~101 -9.64 ± 5.68 

p-AID 0.187 ± 0.0833 0.270 ~105 -12.5 ± 4.32 
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4.4.5 NMR Spectra 

 
Figure 4.17. 1H (300 MHz) and 13C{1H} (125 MHz) NMR of 6-bromo-1-(2-ethylhexyl)-1H-
pyrrolo[2,3-b]pyridine in CDCl3 at room temperature. 
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Figure 4.18. 1H (300 MHz) NMR of 6-bromo-1-(2-ethylhexyl)-1H-pyrrolo[2,3-b]pyridine-2,3-
dione in CDCl3 at room temperature. 

 
Figure 4.19. 1H (300 MHz) NMR of N,N’-Bis(2-ethylhexyl)-6,6’-dibromo-7,7’-diazaisoindigo 
in CDCl3 at room temperature. 
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Figure 4.20. 1H (300 MHz) NMR of EH-o-AID in CD2Cl2 at room temperature. 

 

Figure 4.21. 13C{1H} (75 MHz) NMR of EH-o-AID in CD2Cl2 at room temperature. 
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Figure 4.22 1H (500 MHz) NMR of 1-bromo-3,6-di-tert-butyl-9H-carbazole in CDCl3 at room 
temperature. 

 

Figure 4.23. 1H (500 MHz) NMR of 1-bromo-3,6-di-tert-butyl-9H-carbazole in CDCl3 at 
room temperature. 
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Figure 4.24. 1H (500 MHz) and 13C{1H} (125 MHz) NMR of 6-bromo-1-dodecyl-1H-
pyrrolo[2,3-b]pyridine in CDCl3 at room temperature. 
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Figure 4.25. 1H (500 MHz) of 6-bromo-1-dodecyl-1H-pyrrolo[2,3-b]pyridine-2,3-dione in 
CDCl3 at room temperature. 

 
Figure 4.26. 1H (500 MHz) NMR of N,N’-Bis(dodecyl)-6,6’-dibromo-7,7’-diazaisoindigo in 
CDCl3 at room temperature. 
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Figure 4.27. 1H (500 MHz) NMR of C12-o-AID in CDCl3 at room temperature. 

 

Figure 4.28. 1H (500 MHz) NMR of EH-Carb-o-AID in CDCl3 at room temperature. 
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Figure 4.29. 1H (500 MHz) NMR comparison of C12-o-AID, EH-o-AID, and EH-Carb-o-
AID at room temperature, respectively. Structures and peaks are marked with (pink) core-
diazaisoindigo proton shifts and (blue) indole proton shifts. 
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CHAPTER V  

TOWARD THE SYNTHESIS OF LADDER-TYPE POLYMERS FEATURING 

INTRAMOLECULAR NONCOVALENT BONDS 

5.1 Introduction 

5.1.1 Hydrogen Bond Conformationally Controlled Polymers  

 Intramolecular hydrogen bonds are ubiquitous in biomacromolecules and prevalent in non-

π-conjugated synthetic polymers. With the goal of imitating these large conformationally 

controlled structures, the aim is to develop π-conjugated polymers with ubiquitous hydrogen 

bonding across the conjugated backbone, leading to previously undiscovered properties. In the past 

decade, only a handful of H-bond conformationally locked π-conjugated polymers have been 

reported, most of which lacked reports of semiconducting capabilities.51, 52, 178, 179 In the few 

examples that demonstrate promising semiconductor abilities, many contain rotationally 

uninhibited single-bonds because H-bonding did not occur across the entire backbone, resulting in 

pseudo-ladder-type structures.41, 45, 47, 49 In the remaining examples based on benzodifurandione-

based oligo(p-phenylene vinylene), conformational rigidity and coplanarity is also granted by the 

connecting carbon-carbon double bonds, complicating investigations into the H-bond effects.39, 

180-182 Because no examples of π-conjugated polymers have achieved these criteria, we aim to 

achieve the synthesis of π-conjugated polymers that (i) are entirely ladder-type polymers by global 

H-bond conformational locks, (ii) have H-bonding effects that can be easily elucidated using 

theoretical and experimental means, and (iii) demonstrate promising performances in 

semiconductor applications. On this front, the accumulated building blocks in this dissertation 

were expected to result in achieving this goal or discover further structure-property relationships 

to update molecular designs.  
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 In addition to the 7DAIID and 5DAIID building blocks synthesized in the previous 

chapters, our group has also made use of a variety of other H-bond donor-/acceptor-equipped 

materials (Scheme 5.1). As used in the preceding B←N bridge containing work,94 IDCZ-based 

donor-acceptor-type structures first exhibited promising semiconducting abilities after the 

improvement of solution processibility (detailed in 4.2.1), leading to measurable electron 

mobilities in the magnitude of 10-4 cm2 V–1 s–1.  

 

 
Scheme 5.1 Polymer building blocks: (left) H-Bond Donors and (right) H-Bond acceptors. 

 

 The indolocarbazole core was also expected to be an important building block for donor-

acceptor polymers, even in the absence B←N-bridge installation, as a result of the already existent 

H-bond donor motif in a favorable geometric location for pairing with H-bond acceptor building 

blocks. Regarding these H-bond-acceptor building blocks, the recently developed s-indaceno[2,1-

d:6,5-d′]bisthiazole (IDTZ) has exhibited especially notable ambipolar semiconductor 

performance when used as electron-rich building blocks in donor-acceptor polymers (ambipolar; 

µh = 0.87 cm2 V–1 s–1; µe = 0.50 cm2 V–1 s–1).183 In collaboration with Dr. Maciej Barlog (Al-

Hashimi Group; Texas A&M University at Qatar) the synthesis of IDTz was previously optimized 

during my summer internship (detailed in 5.4.2), leading to efficient accumulation of this 

molecule. As a result, IDCZ and IDTZ have been used by Dr. Yirui Cao to extend the previous 
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IDCZ-based small molecules, demonstrating the synthesis of a 23-ring-fused molecule featuring 

four B←N coordinate bonds. The resulting compound was not only rigid and coplanar, but the 

presence of multiple B←N coordinate bonds was crucial in decreasing the LUMO energy levels 

(–3.82 eV), generating a novel strategy for imparting n-type characteristics on future organic 

electronics.139    

 

 
Figure 5.1. Major molecular orbital interactions of oxidative addition in Pd-catalyzed cross-
coupling reactions. Adapted from J. Am. Chem. Soc. 2007, 129, 42, 12664–12665 with 
permission from the American Chemical Society.184  

 

 Furthermore, a persistent challenge faced in this work involved the HOMO-LUMO energy 

levels of the building blocks. In specific, palladium-catalyzed cross-coupling and coupling partner 

functionalization of multihalogenated heterocycles is heavily influenced by their frontier 

molecular orbital energies.184 Explicitly, interaction between the heterocycle LUMO (π*) and 

palladium catalyst HOMO demonstrates a correlation towards oxidative addition barriers. 

Moreover, stabilized py−σC-X and dxy−σ*C-X interactions, as shown in Figure 5.1, must be present 

for oxidative additions. In light of this, many attempts at palladium-catalyzed cross-coupling were 

unsuccessful due to the unfavorable energy levels, i.e. decreased LUMO, of several building 
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blocks. Therefore, building blocks for cross-coupled must have suitable frontier molecular orbital 

levels in addition to the various criteria outlined in previous chapters.  

 
Figure 5.2. Frontier molecular orbital energies of BBI and BBI-Boc2 in comparison to 
thiophene, benzene, thiazole, and pyrazine.  
 

Regarding the aforementioned energy level requirement, Fang group member Octavio 

Miranda developed and optimized the synthesis for H-bond-donor benzobisimidazole (BBI), with 

consideration into the benchmarks outlined from previous H-bond donors. Based on DFT 

optimized structures of BBI, HOMO-LUMO energy levels were demonstrated to be similar to 

many other heteroarenes used for π-conjugated polymers. More importantly, thiophene, benzene, 

thiazole, and pyrazine have all demonstrated effective palladium-catalyzed cross-coupling 

reactions, indicating the advantages of BBI as an electron-rich cross-coupling partner (Figure 

5.2).185-187 Akin to the methods in Chapter II, preliminary DFT rotational scans were to verify the 

feasibility of the employment of BBI in high performing donor-acceptor π-conjugated materials. 

In cases of BBI coupled with H-bond acceptor-equipped pyridine, IDTZ, 5DAIID, and 7DAID, 

planarity index values (⟨cos2𝜑⟩) were over 0.96 in all instances, indicating favorable H-bond 

strengths and geometries. With the collection of building blocks containing H-bonding motifs 
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(Scheme 5.1), the work in this chapter focuses on the feasibility of synthesizing hydrogen-bond-

bridged polymers. Preliminary experiments demonstrate numerous synthetic hurdles, leading to 

clear polymeric design principles for perspective work.   

 
5.1.2 Dynamic Bonds Beyond Hydrogen Bonds for Polymers 

 Electron-deficient molecules hold great promise as n-type semiconductors in organic 

electronics and non-fullerene electron acceptors in organic photovoltaics.134, 188-192 B←N dative 

bonding as the noncovalent bridging has recently emerged as an promising strategy for tuning 

molecular orbital levels, transforming previously insulating compounds into semiconducting 

materials.94, 139 Our group’s B←N post-functionalization strategy represents an intriguing 

synthetic method for these emerging materials (Figure 5.3). Specifically, in pre-organized N–

H⋯N hydrogen bond bridges in our present work, the substitution of the N–H covalent bond with 

a N–B covalent bond demonstrates the synthetic versatility of these pre-installed sites. This 

represents a powerful strategy for the tuning of electronic structures, optical properties, and 

chemical stabilities.193-198  

 
Figure 5.3. Synthesis of BN-Ph and BN-F through facile boron-installation strategy. Adapted 
from J. Am. Chem. Soc. 2018, 140, 51, 18173–18182 with permission from American 
Chemical Society.  
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 In previous reports, decreases in LUMO energy levels were observed, while impacting 

HOMO energy levels to a lesser degree.21, 139, 195 The resulting decreased bandgap promoted 

intermolecualr electron transfer199 Furthermore, reported binding strengths of the B←N 

coordination are over three times that of H-bonding strengths. 200, 201 Therefore, this is expected to 

lead to enhanced rigidity and coplanarity even in comparison to the previous H-bond method.  

 

 
Figure 5.4. Examples of B←N bridging in π-conjugated pseudo-ladder polymers.202-204  

 

 As most of the reported B←N-bridged π-conjugated materials are small molecules, π-

conjugated polymers exploiting these strategies are few and far between. Characteristic examples 

are shown in Figure 5.4, demonstrating the use of promising B←N coordination containing 

building blocks for polymer applications.202-204 In fact, promising all-polymer solar cell 

performance has been demonstrated by these polymers, using them as the n-type semiconductors 

for efficient electron mobility (Figure 5.4b,c). Based on these results and similar to our goals for 

H-bonding, we aim to move beyond pseudo-ladder π-conjugated polymers to form fully ladder-

type structures by incorporating B←N coordination bridges to conformationally lock the 

polymers.  
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5.2 Results and Discussion 

5.2.1 Preliminary Attempts at H-Bond Polymer Synthesis 

The starting materials outlined in Figure 5.5 were all accumulated through optimized 

procedures or provided by group members for these polymerization investigations. Firstly, futile 

efforts were made to prepare IDCZ as a palladium-catalyzed coupling partner. In specific, Miyaura 

borylation was attempted by using palladium catalyst Pd(dppf)Cl2 in the presence of 

bis(pinacolato)diboron as the borane reagent, and KOAc as the base in dioxane. Due to these 

results, it was suspected that IDCZ possessed unfavorable energy levels for Miyaura borylation or 

subsequent Suzuki cross-coupling reactions. In fact, the low frontier molecular orbital levels and 

electron deficiencies of IDCZ-based compounds are well documented.205, 206 In this regard, 

palladium catalyst systems containing CyJohnPhos have recently demonstrated highly efficacious 

Miyaura borylation results for electron-poor substrates.207 Consequently, CyJohnPhos was used as 

the catalyst ligand with Pd2(dba)3 as the palladium precatalyst, with pinacolborane (HBpin) as the 

borane reagent instead.  

 
Figure 5.5. Copolymerization between IDCZ and IDTZ: (a) Synthetic scheme, (b) SEC 
trace and (c) GIWAXS diffraction pattern of oligomer thin-film. 
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Despite further attempts at optimization, the functionalization of IDCZ with boronic acid 

esters proved to be a major synthetic hurdle. In subsequent studies, the installation of Stille 

coupling motifs was also investigated through the stannylation of IDCZ. Similar to the Miyaura 

borylation, the palladium-catalyzed stannylation using hexamethylditin as the tin reagent and 

Pd(PPh3)4 as the catalyst was unsuccessful. Furthermore, lithiation-based stannylation using LDA 

or nBuLi were also unsuccessful. In fact, these methods were also tested on other building blocks 

from Scheme 5.1, namely, 7DAIID and 5DAIID, yielding little to no promise. These results are 

consistent with the hypothesis that this type of functionalization on electron-poor substrates 

remains a challenging synthetic hurdle.  

 Following these attempts, stannylated IDTZ was synthesized in collaboration with the Al-

Hashimi Group, allowing subsequent attempts to copolymerize IDTZ with IDCZ through Stille 

coupling reactions. This was carried out using the optimized Stille coupling conditions of 

Pd(PPh3)4/CuI/toluene system as shown in Figure 5.5a. The Pd2(dba)3/P(o-tol)3/toluene system 

also yielded successful cross-coupling. In the optimization process, different ratios of IDCZ and 

IDTZ were utilized to account for possible difficult to remove impurities in the building block 

materials. A 5% increase of IDCZ with respect to IDTZ demonstrating the most promising results. 

Further, the Stille polymerization was expected to result in higher molecular weight polymers than 

Suzuki polycondensation due to the known deboronation during Suzuki reactions.208 Furthermore, 

the Suzuki-Miyaura polycondensations usually require basic conditions in a two-phase system, 

rapidly decreasing polymer solubility as molecular weight increases and leading to low molecular 

weights.209 As the molecular weight of the repeating unit is roughly 1.31 kDa even after optimized 

Stille polymerization conditions Figure 5.5b, it was hypothesized that low frontier molecular 
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orbital energies of the dihalogenated IDCZ led to unfavorable oxidative addition during 

palladium-catalyzed reactions, similar to the previously discussed attempts at stannylation or 

boronic acid ester installation.  

 Several notable donor-acceptor-donor molecules were also analyzed at the [B3LYP/6-

31g(d,p)] level of theory and notable optimized structures are shown in Figure 5.6. In comparison 

to non-H-bond-containing IDCZ-IID-IDCZ, with dihedral angles of 56°, intramolecular H-

bonding demonstrates a dihedral angle minimization effect for IDCZ-5DAIID-IDCZ and IDCZ-

7DAIID-IDCZ, with dihedral angles of 28° and 32° respectively (Figure 5.6b-d).  Despite this, 

all IDCZ-derived molecules, including IDCZ-IDTZ-IDCZ (Figure 5.6a), adopted twisted 

conformations with non-zero dihedral angles due to the steric hindrance of the benzylic C-H ring 

with the central ring systems. To corroborate this investigation, oligomers of IDCZ-IDTZ were 

analyzed by GIWAXS to determine the effects of intramolecular H-bonding on molecular 

conformation. A highly amorphous thin-film was demonstrated by the isotropic GIWAXS 

diffraction pattern in Figure 5.5c, which was indicative of poor oligomeric packing behavior. 

Consistent with the DFT results, poor packing was presumably due to the twisted conformation 

between IDCZ and IDTZ units exacerbated by steric interactions between the building blocks. 

From this building block system, numerous challenges in using IDCZ as a donor-acceptor π-

conjugated molecular building block are as follows: (i) undesirably low frontier molecular orbital 

energies prevent the installation of active sites for palladium-catalyzed cross-coupling, and (ii) 

high steric hindrances caused by the benzylic C-H bulk which prevents the coplanarization of the 

polymeric backbone.  
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Figure 5.6 IDCZ-based donor-acceptor-donor small molecules calculated by DFT: Side 
views of (a) IDCZ-IDTZ-IDCZ, (b) IDCZ-IID-IDCZ, (c) IDCZ-5DAIID-IDCZ and (d) 
IDCZ-7DAIID-IDCZ. 

 
 As a solution to these problems, polymeric investigation was done in tandem with Fang 

group member Octavio Miranda (Scheme 5.2). First, as seen in Figure 5.2, BBI exhibited 

favorable frontier molecular orbital energies, like thiophene, for effective installation of palladium-

catalyzed cross-coupling active sites. Secondly, less steric hindrance was expected for the resulting 

polymer backbones in cross-coupling, as evidenced by the ⟨cos2𝜑⟩	>	0.96 values determined by 

DFT rotational scans, indicating extensive coplanar conformations. Regarding the aforementioned 

IDCZ, these properties were hypothesized to overcome the previous hurdles.  

 
Scheme 5.2. Synthesis of BBI developed and optimized by Octavio Miranda.  

 

a) b) 

c) d) 
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Figure 5.7. 1H (500 MHz)/11B{1H} (160 MHz) NMR (CDCl3; RT) and APCI mass spectrum 
of IN-BBI-Boc2. 
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Scheme 5.3. Bpin installation of IN-BBI-Boc2 to form IN-BBI-Boc2-B2pin2. 

 

 With BBI starting material consisting of isononyl solubilizing chains IN-BBI-Boc2 

provided by Octavio Miranda, success was first achieved on synthesizing IN-BBI-Boc2-(Bpin)2 

through the installation of boronic acid esters by two different methods (Scheme 2.1). Following 

the synthesis facilitated by Miyaura borylation, yields were unfavorably low. Out of various 

palladium-catalyzed reactions to either stannylate or borylate IN-BBI-Boc2, the low temperature 

lithiation reaction offered the highest yield of 50%. During this reaction, it was determined that an 

excess of n-BuLi had to be added to ensure full conversion of starting material. Furthermore, trials 

on the non-Boc-protected IN-BBI were unsuccessful, likely due to the exposed N-H hydrogens, 

which disrupted the lithiation process. 

 

 

Scheme 5.4. Suzuki polymerization of IN-BBI-Boc2 and 5DAIID. 
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 The enhanced solubility of IN-BBI-Boc2 due to the solubilizing Boc groups and their H-

bond masking was important for the eventual processing of the resulting polymer. Despite this, the 

Suzuki polymerization of IN-BBI-Boc2 yielded insoluble solids (Scheme 5.4). As evidenced in 

DFT calculations from Chapter II, the transition state activation energy of thermal Boc cleavage 

was theoretically stabilized by the neighboring pyridinyl unit due to intramolecular electrostatic 

interactions (Figure 2.14). This mechanism greatly accelerates the deprotection process, leading 

to a significantly lower thermal cleavage temperature of Boc (Figure 2.15). Therefore, the cause 

of the insoluble solids during Suzuki polymerization was expected to be due to the thermal 

cleavage of Boc groups, facilitated by the pyridinyl units of 5DAIID. The unmasked H-bonding 

and absence of Boc solubilizing enhancement led to the insolubility of the polymer, further 

evidenced by the absence of starting materials in solution-state characterization data. To 

circumvent this emerging challenge, one method would be to install bulkier side chains to further 

enhance polymer solubility, either installed on the BBI or the DAIID backbones. Further, different 

reaction conditions that minimize Boc cleavage, either by avoiding harsh reagents, or through 

lower temperature Suzuki coupling conditions. For example, effective room-temperature Suzuki-

Miyaura coupling reactions have been demonstrated in recent literature.210-213  

 

5.2.2 Preliminary Results for B←N-bridging Ladder-Type Compounds 

 In moving towards stronger B←N dative bonds in place of H-bond interactions for π-

conjugated molecules and polymers, the post-functionalization method outlined by our group’s 

previous work was used (Scheme 5.5). Initial attempts were performed on the aforementioned 

small molecules of previous chapters in order to establish synthetic feasibility for lengthy 
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polymers. First, this post-functionalization method was attempted on EH-o-AID in which no 

reaction was observed. In order to screen possible synthetic hurdles, EH-Carb-o-AID was also 

used. Furthermore, triethylamine was replaced with stronger bases, 1,8-Diazabicyclo[5.4.0]undec-

7-ene (DBU), lithium bis(trimethylsilyl)amide, and sodium bis(trimethylsilyl)amide. Additionally, 

the reaction mixture was heated to 120 °C in a pressure tube. Despite these efforts, no conversion 

was observed with o-AID-based structures.  

 

Scheme 5.5. B←N coordination bridge installation on p-AID.  

 
 In order to ensure the reaction conditions were facile, the reaction in Scheme 5.6 was 

carried out with either triethylamine base or DBU. The resulting reaction gave evidence that the 

failure in installing the B←N-bridge on o-AID was unrelated to the reaction conditions. Moreover, 

these observations were corroborated by the substantial magnitude of over 500 equivalents of 

BF3•Et2O required to achieve saturated Lewis acid-base coordination with 7-diazaisinidigo-based 

compounds.214 

        
Scheme 5.6. Synthetic reaction for B←N-bridged control compound. 

 

 DFT optimizations on the theoretical product were carried out in order to investigate the 

causes behind this nonreactivity, as shown in Figure 5.8b. The DFT optimized structure 
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demonstrated a highly distorted backbone, attributed to the steric interactions between the large 

boron, its ligands, and the solubilizing chain, which were undesirably directed towards each other. 

To alleviate the steric strain, the B←N coordination distance increased, twisting the indole units 

around 20° out of the plane of the diazaisinidigo core. While the DFT optimized structure was 

calculated with methyl solubilizing group for the sake of computational simplicity, this effect was 

likely to increase with the larger octyldodecyl chain (Figure 5.8a), which was larger than even the 

literature reported 7-diazaisindigo analogue containing ethylhexyl chains, which requiring several 

hundreds of equivalents for Lewis acid-base coordination.214 Therefore, access to H-bond-bridge 

substitution was determined to be impracticable for the installation of these B←N coordinative 

bridges.  

  
Figure 5.8. Steric of boron ligands and solubilizing chains of o-AID visualized by (a) side 
view of DFT optimized structure and (b) indicators on drawn structure.  

 

 In contrast to o-AID, steric strain was not present for the installation of the B←N 

coordinative bridges, as expected due to the aza-nitrogen of p-AID being located on the opposite 

side of the solubilizing chain. A slight distortion was observed in this structure, correlating to 

observations in previous work, demonstrating the propensity of the boron ligands in participating 

in a hyperconjugative interaction with the π-system.94 This interaction favored axial ligands, which 

in turn slightly distorted the structure to achieve desirable conformations. In further DFT rotational 

energy scans, the hypothetically more rigid BF3-p-AID demonstrated a 26.4 kcal/mol barrier as 
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compared to the 10.20 kcal/mol barrier of the hydrogen bonding p-AID (Figure 5.9). Despite this, 

the ⟨cos2ϕ⟩	values	did	not	differ	significantly	(0.967	vs	0.970,	 respectively). As a promising 

comparison to p-AID, the reaction as seen in Scheme 5.5 was carried out. The resulting compound 

BN-p-AID was characterized, showing distinct 1H peaks and signals in 11B NMR as well as 19F 

NMR (Figure 5.17).  

 

Figure 5.9. Rotational DFT scan of BF3-p-AID (teal) in comparison to p-AID (gray) 
calculated at the [B3LYP/6-31g(d)] level of theory.  

 

 The optical spectroscopy revealed a redshifted absorbance for BN-p-AID as compared to 

p-AID, as expected by the introduction of these B←N coordinative bonds, leading to lower 

HOMO-LUMO bandgaps due to the reduction of LUMO levels.21 Similarly, the experimental data 

showed less distinct packing peaks for BN-p-AID, although the absorbance peak was redshifted. 

The solid-state absorbance of the compound did not result in a significant difference in peak shape 

as compared to in solution-state Figure 5.10. Similarly, the GIWAXS diffraction patterns of the 

annealed thin-films were impacted by the B←N bridge in comparison to the H-bonded p-AID. 

While p-AID demonstrated very defined and ordered crystalline peaks (Figure 4.8), π-π stacking 

distances of BN-p-AID are entirely isotropic. Moreover, intense lamellar stacking peaks can be 

seen in the plane of the substrate, but also manifest as a series of faint equidistant peaks in the out-

of-plane direction, indicating the possibility of multiphase crystallinity.  Evidenced by the above-

a) b) 
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mentioned DFT studies, the large boron moiety and its ligands could detrimentally impact the 

crystalline packing of the BN-p-AID. While molecular crystallinity remains important in terms of 

small molecules, polymers that demonstrate polycrystalline packing motifs are favored for 

semiconductor applications.215, 216 Thus, these preliminary small molecule studies are important 

for the development of future B←N coordinative bond conformationally locked polymers, as 

discussed in the final chapter.  

 

Figure 5.10. Optical and morphological results of BN-p-AID: (a) UV-Vis where thin-film is 
in red and solution-state (10-5 M in DCM) and (b) GIWAXS of annealed thin-film.  

 

5.3 Conclusion 

 In summary, we herein designed a series of hydrogen-bond rigidified ladder-type polymers 

and established solutions to an assortment of crucial synthetic hurdles. For IDCZ, two notable 

issues were determined. First, undesirably low frontier molecular orbital energies were 

hypothesized to prevent the installation of active sites for palladium-catalyzed cross-coupling. 

Second, high steric hindrances caused by the benzylic C-H bulk prevented the coplanarization of 

the polymeric backbone and led to disordered packing in thin-film. As a solution to these issues, 

BBI was chosen as a donor-acceptor polymer building block, synthesized by group member 

Octavio Miranda. Its favorable FMO energy levels for cross coupling and absence of steric effects 

a) b) 
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when coupled to numerous H-bond acceptor materials made it a promising candidate for π-

conjugated polymer synthesis. In coupling BBI to 5DAIID, experimental data corroborated by 

theoretical simulations demonstrated the thermal lability of Boc groups due to the adjacent 

nucleophilic nitrogen. Design principles were established as solutions for these synthetic hurdles. 

First, frontier molecular orbital levels, specifically LUMO levels, must be tuned to allow for 

oxidative addition during palladium-catalyzed coupling. Second, solubility must be improved by 

either introducing excessively bulky solubilizing chains, or by screening benign reaction 

conditions that preserve Boc groups without leading to thermal cleavage. Therefore, favorable 

design strategies for the future synthesis of H-bond-bridged π-conjugated materials are laid out 

and can be incorporated with the previous design strategies from other chapters.  

 B←N dative bonds were shown to be sterically hindered during installation on o-AID, but 

demonstrated successful substitution of H-bond-bridging for p-AID, forming BN-p-AID. The 

resulting B←N coordination led to a high energy rotational barrier and slightly increased 

coplanarity index. The resulting red-shifted absorbance shows promising results for developing 

lower bandgap materials. Upon thin-film analysis through GIWAXS measurements, less ordered 

packing was observed for BN-p-AID in comparison to p-AID, corroborated by the slightly 

distorted structure and larger boron group as seen in the DFT calculations. While undesired for 

small molecule semiconducting materials, polycrystalline packing motifs are favored for polymer 

semiconductors, leading to more effective charge transport.215, 216 Future perspectives and outlooks 

into the development of fused backbone π-conjugated poylmers featuring B←N coordination  are 

outlined and discussed in the next chapter. 
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5.4 Experimental Section 

5.4.1 General Methods and Materials 

Starting materials and reagents were purchased from Sigma Aldrich, Acros Organics, Alfa 

Aesar, Oakwood, or Combi-Blocks and used as received. Anhydrous dichloromethane (CH2Cl2) 

was purchased from EMD Millipore and used without further purification. THF was dried and 

distilled under nitrogen from sodium using benzophenone as the indicator. Preparative gel 

permeation chromatography (GPC) was performed in chloroform solution at room temperature 

using Japan Analytical Industry recycling preparative HPLC (LC-92XXII NEXT SERIES). 1H 

and 13C NMR spectra were recorded on a Varian Inova 500 MHz spectrometer and variable 

temperature 1H NMR spectra were recorded on a Varian VnmrS 500 MHz spectrometer. The NMR 

chemical shifts were reported in ppm relative to the signals corresponding to the residual non-

deuterated solvents (CDCl3: 1H 7.26 ppm, 13C 77.16 ppm; CD3CN: 1H 1.94 ppm) or the internal 

standard (tetramethylsilane: 1H 0.00 ppm). Abbreviations for reported signal multiplicities are as 

follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. High resolution mass 

spectra were obtained via electrospray ionization (ESI) on an Applied Biosystems PE SCIEX 

QSTAR or matrix-assisted laser desorption/ionization (MALDI) on a Bruker microflex with a 

time-of-flight (TOF) analyzer. Column chromatography was carried out using Biotage® 

IsoleraTM Prime instrument with various size of SiO2 Biotage ZIP® cartridge.  

 

5.4.2 Synthesis 

4,9-Dioctylidene-2,7-bis(triisopropylsilyl)-4,9-dihydro-sindaceno[2,1-d:6,5-d′]bis(thiazole) 

(IDTZ-1). Octyltriphenylphosphonium bromide (4.39 mg, 8.59 mmol) was dissolved in anhydrous 

THF (100 mL) at −78 °C. n-BuLi (8.59 mmol) was added dropwise. The mixture was stirred at 
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−78 °C for 1 h. To the cooled mixture at −78 °C, a solution of 2,7-bis(triisopropylsilyl)-s-indaceno- 

[2,1-d:6,5-d′]bis(thiazole)-4,9-dione (1.74 g, 2.86 mmol) in anhydrous THF (15 mL) was added 

dropwise over 30 min. After the addition, the mixture was stirred at −78 °C for 1 h and slowly 

warmed up to room temperature. The reaction mixture was further stirred at room temperature 

overnight. The reaction mixture was extracted with CH2Cl2 and washed with brine three times. 

The organic solution was dried over MgSO4 and concentrated under reduced pressure. The residue 

was further purified through column chromatography (SiO2, hexane/CH2Cl2 9:1) to give the 

product as a yellow solid. The product was identified as a mixture of three stereoisomers which 

were combined (69%) and used directly in the next step. 1H NMR (400 MHz, CDCl3) δ = 7.67 (s, 

2H), 6.77 (t, J = 8.0 Hz, 2H), 3.20 (q, J = 7.6 Hz, 4H), 1.63 (quintet, J = 7.6 Hz, 4H), 1.48 (septet, 

J = 7.6 Hz, 6H), 1.40−1.25 (m, 20H), 1.20 (septet, J = 7.6 Hz, 36H), 0.87 (t, J = 6.8 Hz, 6H).  

 

4,4,9,9-Tetraoctyl-2,7-bis(triisopropylsilyl)-4,9-dihydro-sindaceno[2,1-d:6,5-d′]bis(thiazole) 

(IDTZ-TIPS2). To a suspension of LiAlH4 in anhydrous THF (6 mL) at 0 °C, 1-bromooctane (2.29 

g, 9.19 mmol) was added. A solution of IDTZ-1 (366 mg, 0.45 mmol) was formed in anhydrous 

THF (26 mL) was added dropwise. The mixture was stirred at 0 °C for 1 h and subsequently at 

50 °C for 8 h. The solvent was then removed under reduced pressure. The residue was dissolved 

in CH2Cl2 and washed with water twice and dried with MgSO4. After removing the solvent under 

reduced pressure, the crude product was purified through column chromatography (SiO2, 

hexane/CH2Cl2 9:1 to 7:1) to afford S2 as a pale yellow solid (70%). 1H NMR (400 MHz, CDCl3) 

δ = 7.36 (s, 2H), 2.22 (m, 4H), 1.89 (m, 4H), 1.49 (septet, J = 7.6 Hz, 6H), 1.3−1.0 (m, 76H), 

0.9−0.7 (m, 20H).  
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Deprotected IDTZ. A TBAF solution (2.2 mmol, 1.1 mL of a 2 M solution in THF) was added 

dropwise to a solution of compound IDTZ-TIPS2 (1 mmol) in anhydrous THF (20 mL) at 0 °C 

and stirred for 30 min. After quenching with water (100 mL), the product was extracted with 

chloroform (3 × 30 mL). The combined organic fractions were then dried over anhydrous MgSO4, 

filtered, concentrated under reduced pressure, and redissolved in anhydrous chloroform (10 mL). 

Deprotected IDTZ was formed. The anhydrous chloroform solution of Deprotected IDTZ was 

added NBS (3 mmol) was added in one portion and the reaction mixture was stirred at ambient 

temperature in darkness until completion (typically 3–4 h). The reaction was then quenched with 

water (100 mL) and extracted with chloroform (3 × 30 mL). The combined organic fractions were 

dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure. After purification 

by flash chromatography with n-hexane/chloroform (0–5%) gradient, the desired products were 

obtained as a yellow solid. 1H NMR (400 MHz, CDCl3) δ = 7.28 (s, 2H), 2.15 (m, 4H), 1.88 (m, 

4H), 1.20−1.07 (m, 40 H), 0.82−0.73 (m, 20H). 

 

IDTZ-(SnMe3)2. To a stirring suspension of ladder monomer (90.1mg, 0.0957 mmol) in freshly 

prepared anhydrous THF (7ml) at -78 °C (acetone/dry ice) was added dropwise 107 μl of 2M LDA 

solution. The reaction mixture was stirred for further 30 mins and then placed in ice-water bath 

and stirred for 5-10 mins (during which the suspension becomes clear with some luminescence 

seen in solution indicating complete formation of dianion), again chilled to -78 °C and a solution 

of 1M trimethylstannyl chloride (383 μl, 3.83 mmol) was added. After stirring for further 15 mins 

the reaction mixture was bought to 0°C and quenched with distilled water. Reaction mixture was 

diluted with hexane and organic layer was separated, dried over anhyd. MgSO4 and concentrated 

to dryness to obtain Stannylated ladder as light-yellow microcrystals. 1H NMR (500 MHz, CDCl3): 
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7.33 (s, 3H), 2.49 (m, 4H), 1.88 (m, 4H), 1.76(s, 9H), 1.34 – 1.66 (m, 144H), 0.51 (t, J = 6.0, 2.2 

Hz, 18H). 

 

IN-BBI-Boc2-(Bpin)2. To a stirred solution of IN-BBI-Boc2 (50 mg, 0.07 mmol) in anhydrous 

THF (5 mL) cooled to -78 °C was added 6 eq. n-BuLi (0.49 mmol) dropwise. The reaction mixture 

was stirred for further 30 min at -78 °C and a solution of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (52 mg, 0.28 mmol) was added. After stirring for 30 minutes further, the reaction 

mixture was brought to 0 °C and quenched with distilled water. The reaction mixture was diluted 

with DCM and the organic layer was extracted, dried over MgSO4, concentrated, and purified by 

prep-GPC, yielding IN-BBI-Boc2-(Bpin)2 as a white powder. 1H NMR (500 MHz, CDCl3): 3.24 

(m, 2H), 1.99 (m, 4H), 1.75 (m, 24H), 1.25 (m, 46H), 0.84 (t, J = 6.0, 2.2 Hz, 34H). APCI-MS: 

m/z [M + H]+ Calcd for C48H81B2N4O6 863.6235; Found 863.6237 

 

7-(pyridin-2-yl)-1H-indole. The procedure was similar to that described above. 1H NMR (500 

MHz, CDCl3): δ 11.42 (s, 1H), 8.75 (dd, J = 5.1, 1.9 Hz, 1H), 8.06 (d, J = 8.2 Hz, 1H), 7.85 – 7.78 

(m, 3H), 7.41 (q, J = 2.9 Hz, 1H), 7.32 – 7.18 (m, 2H), 6.67 (p, J = 2.7 Hz, 1H). 

 

1-(difluoroboraneyl)-7-(pyridin-2-yl)-1H-indole. To a pressure tube containing a solution of 7-

(pyridin-2-yl)-1H-indole (16 mg, 0.08 mmol) in toluene (2 mL) was added 1,8-

diazabicyclo[5.4.0]undec-7-ene (304 mg, 2.0 mmol) and BF3OEt2 (454 mg, 3.2 mmol) under 

nitrogen. The reaction mixture was heated to 90 °C overnight. After concentration of the reaction 

mixture the residue was rinsed with hexanes to afford 1-(difluoroboraneyl)-7-(pyridin-2-yl)-1H-

indole (yield: 88%). 1H NMR (500 MHz, CDCl3): δ 8.92 (d, J = 6.1 Hz, 1H), 8.39 (d, J = 8.2 Hz, 
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1H), 8.18 (ddd, J = 8.5, 7.3, 1.6 Hz, 1H), 7.92 (dd, J = 7.7, 0.8 Hz, 1H), 7.87 (d, J = 7.6 Hz, 1H), 

7.67 (d, J = 3.1 Hz, 1H), 7.59 (ddd, J = 7.3, 6.1, 1.3 Hz, 1H), 6.75 (d, J = 3.0 Hz, 1H).  19F NMR 

(500 MHz, CDCl3): δ 133.40. 

 

 

5.4.3 NMR Spectra 

 

Figure 5.11. 1H (400 MHz) NMR of IDTZ-1 in CDCl3 at room temperature. 
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Figure 5.12. 1H (400 MHz) NMR of deprotected IDTZ in CDCl3 at room temperature. 

 

Figure 5.13. 1H (500 MHz) NMR of deprotected IDTZ in CDCl3 at room temperature. 
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Figure 5.14. 1H (500 MHz) NMR of IDTZ-Br2 in CDCl3 at room temperature. 

 

Figure 5.15. 1H (500 MHz) NMR of IDTZ-(SnMe3)2 in CDCl3 at room temperature. 
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Figure 5.16. 1H (500 MHz) and 19F NMR (470 MHz) of B←N control in CDCl3 at room 
temperature. 

 

Figure 5.17 11B (128 MHz) and 19F NMR (470 MHz) of BF3-p-AID control in CDCl3 at room 
temperature. 
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Figure 5.18. 1H NMR (400 MHz) of BF3-p-AID control in CDCl3 at room temperature. 
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CHAPTER VI 

CONCLUSIONS 

6.1 Ladder-Type Conjugated Molecule Bridging by Hydrogen-Bonds 

6.1.1 Summary 

 Demonstrated by our previous group members previously, hydrogen bonds prove 

themselves as extraordinary candidates for conformationally controlling the backbone 

conformation of conjugated molecules and macromolecules. By pre-organizing hydrogen-bond 

donating and accepting moieties on coupling building blocks (Figure 1.4), are group has shown 

success numerous times that conformational control can be achieved through these methods. In 

further work outlined in this dissertation, the strategy has not only been employed, but an effective 

workflow strategy was implemented, in which theoretical simulations, synthesis, morphological 

studies, and applications were all used to elucidate clear structure-property relationships of these 

π-conjugated molecules with intramolecular hydrogen bonds.  

 In the first project (Chapter II), we demonstrated the strength of computational density 

functional theory calculations as a means of screening molecular designs, corroborating 

experimental data, and mechanistically investigating unprecedented results. Particularly important 

methods were the investigations into the thermodynamics of torsional rotation for strategic 

structural comparisons, and also the correlation of simulated electrostatic potential maps to 

experimental investigations in intermolecular interactions. Reaching beyond the theoretical realm 

(Chapter III), we then integrated our pre-organized hydrogen bond strategy onto diazaisindigo 

building blocks and compared them to the non-hydrogen-bonding isoindigo counterpart. As a 

result of the robust intramolecular hydrogen bonds, thermally unyielding molecular conformations 

were achieved, elucidated not only by theoretical resources, but through thermal analysis and 
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variable temperature toughness experiments.  Facile syntheses of these materials allowed for the 

systematic study from fundamental optical and electronic experiments to applications in organic 

electronics. In this context, issues of solubility, thin-film processibility, and other crucial 

supramolecular processing strategies for organic materials were developed through matching 

appropriate side-chain engineering with substrate surface treatments (Chapter IV). Once these 

conditions were optimized for the (diaza)isindigo materials, the robust H-bonds permitted thermal 

annealing treatments during thin-film processing and, consequently, led to effective organic field-

effect transistor device fabrication. Furthermore, the measured organic field-effect transistor 

performances established clear correlations between rudimentary chemical properties, such as 

electrostatic polarization, and bulk organic electronic material engineering principles, such as thin-

film processibility and intermolecular order. In summary, this work demonstrated a series of 

effective scientific methods through (i) density functional theory exploration of π-conjugated 

materials, (ii) installation of hydrogen bond conformational locks on these materials through pre-

organized bridging moieties, (iii) effective supramolecular engineering for use in real-world 

applications, concluding in the eventual fabrication of functioning organic electronics.  

 
6.2 Toward the Synthesis of Extended π-Conjugated Polymers with Rigidified Backbones.  

 In summary, a series of hydrogen-bond rigidified ladder-type polymers were designed and 

several synthetic challenges were encountered. Faced with these hurdles, solutions for future work 

were established. Initially, two notable issues were determined in which palladium-catalyzed 

cross-coupling was disfavored due to low frontier molecular orbital energies and high steric 

hindrances prevented the coplanarization of the polymeric backbone and led to disordered packing 

in thin-film. As a solution to these issues, BBI was proposed as a polymer building block, designed 

and synthesized by group member Octavio Miranda. In solution to the previous building blocks, 
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BBI exhibited favorable molecular orbital energy levels for cross coupling and lack of steric 

hindrance when coupled to various monomers. In coupling BBI to 5DAIID, experimental data 

corroborated by theoretical simulations demonstrated the thermal lability of Boc groups due to the 

adjacent nucleophilic nitrogen. These results led to important design principles for synthesizing 

H-bond fused π-conjugated polymers. In addition to the strategies elucidated in previous chapters, 

frontier molecular orbital levels must be tuned for coupling reactions, and solubility must be 

improved for these particularly rigid structures, as accomplished through stable Boc protecting 

groups or installing bulkier side chains.  

 In addition, B←N dative bonds was also used as a strategy for bridging for p-AID and 

resulting in BN-p-AID. Although an increase was observed in rotational barrier, the coplanarity 

index was only slightly increased. The resulting red-shifted absorbance shows promising results 

for developing lower bandgap materials. Less ordered polycrystalline peaks were observed in the 

thin-film, which may lead to effective charge transport in polymeric materials.215, 216 In the next 

section, we use these strategies in proposed future work for the eventual successful synthesis of 

fully H-bond rigidified π-conjugated polymers with enhanced semiconductor performance, and 

fully B←N coordination fused polymers. 

 

6.3 Perspectives  

 As demonstrated by the results of diazaisindigo-based compounds for the development of 

H-bond-fused π-conjugated materials, we have begun a collaboration with Prof. Simon Rondeau-

Gagné and his research group, in which pseudo-ladder polymers are the target. In this perspective 

work, pendant amine side chains will be installed onto thiophenes as H-bond donors, as 

demonstrated by the group’s previous work.47, 217 The resulting amide substituted thiophenes will 
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then be coupled to 7DAIID and 5DAIID and brominated, resulting in a π-extended building block 

RG-1 featuring H-bonding conformational locks (Scheme 6.1). 

 

 
Scheme 6.1. Proposed synthesis of H-bond conformationally locked building block based on 
diazaisoindigo. 

 

 In the context of polymers, RG-1 is expected to provide high performing semiconducting 

polymers as an electron poor building block. Two routes are proposed for the synthesis of such 

polymers. In Route 1, RG-1 will be coupled with thiophene-flanked pyrazine with pendant amide 

side chains. This building block also features H-bond rigidification, and led to improved hole 

mobilities in the same magnitude of p-AID after polymerizing with diketopyrrolopyrrole.47 The 

two high H-bond conformationally-locked building blocks are expected to synergistically enhance 

charge-transfer mobilities beyond what was reported for the individual building blocks. In Route 

2, a systematic study of RG-1 coupled to various traditional thiophene donors will be achieved 

(Scheme 6.2b), building up a larger library of semiconducting polymers based on diazaisindigo. 

As many of the state-of-the-art semiconducting polymers are analogues of polythiophene, this is 

expected to result in high performance semiconductors.218, 219 This molecular design is supported 

by the performance of isoindigo and diazaisoindigo polymers containing thiophene, resulting in 

mobilities of up to 8 cm2 V-1 s-1.108, 220, 221 Thus, the enhanced coplanarity of the resulting polymers 

containing RG-1 is expected to improve the performance of past isoindigo and diazaisoindigo 

polymers by improving molecular packing orientation and extending π-conjugation. 
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Scheme 6.2. Proposed synthesis of π-conjugated pseudo-ladder polymers based on RG-1. 

 

 In pushing the Chapter V work forward, Octavio Miranda has demonstrated the synthesis 

of BBI-BDF-1 and BBI-BDF-2 through Suzuki cross-coupling (Figure 6.1). This has been 

achieved without thermal cleavage of Boc groups, thus yielding a polymer molecular weights of 

over 27 kg/mol. As these conditions have not yet been optimized, these results are promising in 

regard to the synthetic hurdles faced before. In specific, the proclivity of oxidation addition during 

the palladium-catalyzed coupling process was improved by using electron-rich BDF during the 

coupling process.  

 

 
Figure 6.1 Polymerization of BBI with bisfuran compound to form polymer BBI-BDF in 
veseral different molecular weights.  

 



 135 
 

 More importantly, the organic solubility was maintained by two strategies, as mentioned 

in Chapter V. First, because oxygen was used as the H-bond acceptor in BDF, it was hypothesized 

that the less nucleophilic atom can lessen the effect towards the thermal cleavage of the Boc during 

Stille coupling. This hypothesis was substantiated by the intact Boc groups after polymerization, 

as preliminary evidenced by the further thermal annealing process (Figure 6.2), which could be 

unmasked to tune the optical band gap and further decrease solubility similar to previous work.52 

Second, the solubilizing group on BBI was also increased in bulkiness from BBI-BDF-1 to BBI-

BDF-2, using an adamantyl group in replacement of the isononyl group. Regarding the thermal 

Boc cleavage, a clear change in color can be seen between the thermally treated film and the as-

cast film (Figure 6.2). Therefore, in this perspective work, Octavio Miranda’s molecular design 

strategy is able to utilize the strategies outlined in Chapter V. 

 
 
Figure 6.2. Thermally cleaved Boc groups as evidenced by UV-Vis spectroscopy. 

 

 In further using 5,5’-diazaisoindigo as a promising semiconductor material building block, 

the issues of electron-deficiency can be mitigated by using simple benzene-based building blocks 

with amide pendant groups, as used in very early examples of H-bond donating building blocks.114, 

179 In this respect, preliminary synthesis has been carried out, with further amide functionalization 
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with long bulky groups, as seen in Figure 6.3. In this design, Boc groups are not necessary in the 

solubility of the polymer due to the solubilizing moieties that are expected to be more thermally 

robust. The preliminary synthesis on this polymer has demonstrated oligomeric coupling up to 10 

kg/mol, and remains promising for the future investigations. Furthermore, due to the nonfused 

nature of the H-bond donor, it is hypothesized that the H-bond dynamicity will be enhanced. As 

seen in previous work, H-bond dynamic H-bonds are potentially disrupted by H-bond competing 

solvents, such as DMSO.51 This active control opens up the potential for controlling the solution 

processibility by altering the solubility with H-bond competitors. Furthermore, this allows the 

tuning of optical bandgaps in solution.  

 
Figure 6.3. H-bond polymer of 5,5’-diazaisindigo and diamidobenzene coupling: (a) 
synthesis, (b) resulting solution-state color (in THF), and (c) SEC trace.  

 

 As these B←N-bridged materials have achieved semiconductor performance and have 

been utilized to great effect in all polymer solar cells,202, 203 they represent a developing strategy 

in synthesizing high performing π-conjugated polymers for organic electronics. B←N bonding 

becomes feasible following the successful synthesis of the proposed H-bond π-conjugated 
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polymers. Equipped with the B←N-bridge installation strategy outlined in previous chapters 

(Scheme 5.5), H-bond bridges can be efficiently replaced with B←N bridges, leading to higher 

rigidity polymers as compared to their H-bond structures.  

 

 
Scheme 6.3. Proposed polymers containing B–N coordination bond bridges.  

 

As demonstrated in Chapter IV, previous attempts at B←N-bridged compounds did not 

demonstrate high charge-carrier mobilities. As an electron mobility of 1.60 cm-1 V-1 s-1 has been 

achieved in the reported quadruply B←N-fused dibenzo-azaacene with low solubility, this 

approach can be improved upon by addressing several areas ∂of concern. Other high-performing 

state-of-the-art building blocks can be tested using this B←N-fusion strategy. For example, the H-

bonding polymers outlined in the previous chapters are already geometrically primed for B←N-

bridge installation, as seen in Scheme 6.3. As isoindigo is already a well-established electron 

deficient conjugated building block for electronic organic materials,106 the B←N-bridge is 

predicted to further lower LUMO levels and reduce bandgap energies, resulting in improved n-

type semiconductors. Furthermore, anthracene has also demonstrated promising enhancement of 

π-π-stacking abilities in π-conjugated polymers.222, 223 Thus, the diazaisoindigo-anthracene based 

polymer is proposed in Scheme 6.3b for its effective building blocks as well as geometrically 

favorable B←N-bridge installation.  
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