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ABSTRACT 

 A series of heterofluorene polymers, containing electron-deficient heteroatoms, were 

designed for investigation. Indium was first chosen for heteroatom substitution, due to the known 

Lewis acidity of Group-13 elements, and supermesityl (2,4,6-tri-tert-butylphenyl) was used as a 

protective substituent to reduce unwanted hydrolysis of indafluorene by sterically protecting the 

vacant p-orbitals of the indium heteroatom. An indafluorene small molecule was synthesized as a 

model system; however, 
1
H NMR analysis showed the compound demonstrated poor stability 

when exposed to air, so an indafluorene polymer based on this design was not pursued. 

 A novel borafluorene was investigated, featuring an OCO pincer-type ligand as the 

protective substituent, which stabilizes the boron heteroatom through weak B-O dative bonds. A 

borafluorene small molecule (BMMP-BF) was synthesized as a model system, and demonstrated 

robust stability under ambient conditions. Surprisingly, BMMP-BF also exhibited an 

extraordinarily large Stokes shift, and the cause behind this intriguing optical behavior was 

investigated. The borafluorene was then functionalized as a monomer and incorporated into two 

copolymer systems in order to examine the effects that extended conjugation and comonomer 

electron affinity would have on the optoelectronic properties. Optical characterization showed 

that both copolymers had a change in their optical behavior, relative to BMMP-BF, as 

demonstrated by smaller Stokes shifts, and CV analysis revealed that both copolymers possessed 

low lying LUMOs and narrow optical bandgaps. It is our hope that this research will lead to the 

development of novel n-type semiconductors. 
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 A novel carbazole-based polymer was explored, featuring a cationic ammonium 

functional group incorporated in the conjugated polymer backbone. A quaternized carbazolium 

small molecule was synthesized through an intramolecular cyclization mechanism, and served as 

a model system. The small molecule was characterized by NMR and XRD, and exchange of the 

counter ion was effectively demonstrated. We intended to synthesize a carbazole polymer and 

characterize the polymer in a non-ionic state, then quaternize the monomer sub-units during a 

post-polymerization phase to achieve a carbazolium polyelectrolyte. However, the non-ionic 

polymer had poor solubility in common organic solvents, which restricted access to the desired 

polyelectrolyte, and several efforts to form a soluble polymer were ultimately unsuccessful.  
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CHAPTER 1: INTRODUCTION 

 

1.1. Conjugated Polymers 

Natural polymers such as wood and fiber have been instrumental to the development of 

mankind, yet the field of synthetic polymer chemistry remained mostly undeveloped until the 

twentieth century. Following the discovery of nylon by Wallace Carothers in 1935, synthetic 

polymers have become commonplace in modern life, and are now used in larger mass quantities 

than any other type of commercial material.
1
 Several different polymer functionalities have been 

developed over the past few decades, including polymers with optical and electrical properties, 

as in the case of organic conjugated polymer semiconductors. In their seminal 1977 publication,
2
 

Alan Heeger and coworkers demonstrated high electrical conductivity in a synthetic polymer 

(iodine-doped polyacetylene), which later earned the 2000 Nobel Prize in Chemistry. Since then, 

conjugated polymer research has augmented our perception of electrical conductivity in organic 

materials and spurred the innovation of several classes of modern optoelectronic devices. 

With the development and study of new semiconductive materials, the underlying 

scientific understanding behind organic semiconductor conductivity has also grown over the past 

few decades.
3
 Take, for example, one of the first-studied and simplest conjugated polymers, 

polyacetylene (PA) (Figure 1-1), which consists of a series of carbon atoms having alternating 

double and single bonds along the carbon backbone. Each adjacent carbon is bound together by 

strong sp
2
 hybridized orbitals, leaving the 2pz orbitals, positioned perpendicular to the carbon 



2 
 

chain, to form weaker π-bonds with each other. Both bonding (π) and antibonding (π*) orbitals 

form long delocalized bands along the effective conjugation pathway. In the ground state, the 

occupied π-orbitals form the highest occupied molecular orbital (HOMO), which is also known 

as the valence band, and the empty π*-orbitals form the lowest unoccupied molecular orbital 

(LUMO), or conduction band. More importantly, these bands become delocalized, making it 

possible for the charges to be transported along the effective conjugation pathway.
4
 

 
Figure 1-1. Molecular orbital energy model for extended conjugation of polyacetylene (PA).

5
 

 As the polymer chain gets longer, more molecular orbitals are introduced and split, and 

the difference in energy states between the HOMO and LUMO, known as the bandgap, gets 

smaller (Figure 1-1). In an ideally planar polymer structure, the bandgap energy would become 

negligibly small as the polymer conjugation length continues to grow, resulting in intrinsic 

electrical conductivity comparable to many metals.
6
 However, such a low dimensional structure 

is predicted to be unstable,
7
 and realistic polymers experience torsional disorder,

4
 which leads to 
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a disruption or breaking of the effective conjugation pathway, though charge ‘hopping’ can still 

occur between adjacent conjugated segments. Due to reduction in the degeneracy, most 

conjugated polymer bandgaps are larger than 1.50 eV,
6
 and the properties of the polymer rely on 

the interplay between the electronic and geometric structures.
8
 

 Conjugated organic compounds can become semiconductors when a charge carrier is 

injected into the π-system.
4
 An electron can be injected into the conduction band or extracted 

from the valence band, resulting in a net negative charge or positive charge (hole), respectively.
9
 

These charge-transfer processes can occur in a number of ways, depending on the device 

application, which will be covered in more detail in Section 1.2. One of the first known methods 

for injecting a charge carrier involves ‘doping’ an organic semiconductor with a reductive or 

oxidative reagent. In a 1960 publication,
10

 Kallman and Pope showed that positive holes could be 

injected into anthracene crystals using oxidative iodine, and the charges could be conducted to an 

electrode. This same approach was applied to polyacetylene by Heeger and coworkers to form 

the first highly conductive organic polymer.
2
 Although their oxidized polyacetylene suffered 

drawbacks, such as instability in air and the inability to be solution-processed,
11-12

 the work 

performed by Heeger and coworkers sparked great interest into conductive polymers, and it was 

not long before other conjugated polymer derivatives were being published,
13

 many with higher 

stability and better processability (Chart 1-1). 

 
Chart 1-1. Examples of early conjugated polymer semiconductors: Polyacetylene (PA), 

Poly(para-phenylene) (PPP), Poly(para-phenylene vinylene) (PPV), and Polyfluorene (PF).
14

 

 Phenylene-based polymers rose to become one of the most used, and intensively studied, 

polymers for semiconductor applications.
13

 Poly(para-phenylene) (PPP) (Chart 1-1) was 
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discovered as a stable semiconductive polymer with the ability to emit blue light when used as 

the active material for organic light-emitting diodes (OLEDs).
13

 The production of stable blue-

light emitters is a major goal in the research of luminescent polymers, but PPP was also shown 

to suffer from low solubility, making PPP films difficult to process. The addition of alkyl 

substituents to the phenylene core made a remarkable difference to the polymer’s solubility, but 

the increase in steric repulsion between sidechains caused significant twisting in the polymer 

backbone, thereby shortening the effective conjugation length, and shifting emission of the 

polymer into the ultraviolet.
13

 To combat torsion-strain, short carbon bridges can be attached 

between some or all of the benzene rings, which serves to lock adjacent rings into place and 

prevent disruptions to the conjugated pathway. One of the simplest, and most successful, 

demonstrations of this strategy can be found in the formation of polyfluorenes (PFs) (Chart 1-1), 

which have been shown to have favorable optical properties with large luminescent quantum 

efficiencies, as well as improved chemical and thermal stability, when compared to the 

unbridged PPP.
13

 

1.2. Applications of Conjugated Polymer 

 Beyond being academically fascinating for their photophysical properties, organic 

semiconductors also have a broad range of potential commercial applications with several 

advantages over inorganic materials, such as their low-cost, processability, reduced toxicity, 

light-weight, flexibility, resistance to fractures, and easily tunable optical properties.
15-16

 In 

addition, organic electronics could potentially be renewable with the prospect of having a 

gateway to bio-derived precursors, and the development of new photovoltaic materials has even 

opened the door to applications previously thought to be inaccessible. However, one of the most 

powerful advantages of organic semiconductor materials is the degree to which they can be 
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chemically modified, which allows researchers the ability to tune template polymers to match 

device parameters. 

 One beneficial application for organic semiconductors is their developed use in organic 

solar cells (OSCs).
17

 The growing global consumption of energy,
18

 paired with the depletion of 

natural fossil fuels,
19

 has put pressure on the demand for renewable sources of energy. Solar 

energy represents one of the most abundant and cleanest, yet least utilized sources of renewable 

energy.
20

 Inorganic silicon-based solar cells have dominated the market for decades, and the 

introduction of OSCs, with much less efficiency, did not initially challenge that role. However, 

as research into conjugated materials develops, so too has OSC device structure, leading to 

higher efficiency and cheaper processing techniques,
20

 such as roll-to-roll processing.
21

 

 Although different device structures have been manufactured over time, most OSCs are 

still composed of an organic light-absorbing layer sandwiched between two electrodes with 

asymmetrical work functions. As solar radiation is transmitted through a semi-transparent 

electrode, generally indium-tin-oxide
20

 (ITO), and absorbed by the active organic layer, an 

electron is promoted from the HOMO level, of the conjugated material, to the LUMO level, 

forming an electrostatically bound state known as an exciton.
17

 The differing work functions of 

the electrodes form an electrical field,
20

 which helps separate excitons into mobile electrons and 

holes. These two charge carriers can then propagate towards opposite electrodes to achieve an 

electrical current.
18

 

 A single semiconductive material can be used to form the active layer of an OSC, but the 

power conversion efficiency (PCE) is generally very low (10
-3

-10
-2

%)
22

 due to the difficult 

generation of charge carriers and charge transport,
18

 although recent advances have improved 

this value to greater than 4% PCE in select cases.
23

 Based on the extensive research of 
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photovoltaic materials, we know that some semiconductors preferentially conduct electrons 

while others preferentially conduct holes,
15

 so complementary circuits with both types of 

specialized semiconductive polymers are more likely to have efficient charge propagation. This 

concept led to the development of bi-layer OSCs with electron conducting materials (n-type) and 

hole conducting materials (p-type) sandwiched alongside each other, which demonstrated 

improved PCEs compared to single-component active layers.
18, 22

 Since then, a number of novel 

materials and alternative device structures have been developed in order to improve PCEs to a 

competitive level. One of the largest improvements was the innovation of bulk heterojunction 

(BHJ) OSCs, developed by Heeger and coworkers,
24

 where the p-type and n-type polymers are 

blended together, forming an interpenetrating network of donor and acceptor materials with a 

very large interfacial area.
18

 Generally, excitons diffuse over short distances (5-14 nm),
18

 so by 

decreasing the distance that excitons travel before reaching a donor-acceptor interface, a BHJ 

structure can increase the number of successful electron-transfer events.
24

 

 Another field that has benefited from the discovery of organic semiconductors is the 

development of organic light-emitting diodes (OLEDs).
25

 The generation of visible light 

produced by electrical excitation, or electroluminescence, has been known in organic 

semiconductors since the 1960s,
25-26

 and further investigation into this field of research has 

helped establish our current understanding of photovoltaic behavior. In OLED devices, charges 

are injected into an organic semiconductor from opposing electrodes, whereby the recombination 

of opposing charge carriers in the organic medium produces photons through radiative decay 

processes.
25

 The wavelength of the photon, produced through this process, is dependent upon the 

HOMO/LUMO bandgap of the conjugated material. This bandgap energy can be tuned in order 

to produce a range of photon wavelengths, so that the full color spectrum can be realized. An 
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additional advantage that organic-based displays have over inorganic ones is their flexibility, 

allowing screens with full viewing angle and video-rate response times.
25

 

 Since the HOMO/LUMO energy levels, and width of the optical bandgap, are crucial 

features to consider in organic semiconductor applications, controlling these features continues 

to be a highly active area of research. One strategy for controlling the optoelectronic properties 

of organic polymer semiconductors is by molecular engineering the polymer structure to include 

an alternating pattern of electron-donating and electron-accepting comonomers.
27

 These so-

called donor-acceptor (DA) copolymers have an increase in double-bond character between 

repeat units
9
 (quinoidal), resulting in significantly reduced bandgaps, and allowing for better 

light harvesting across a broader range of the sun’s electromagnetic spectrum.
27

 Another strategy 

for tuning the physical and electronic properties of organic polymer semiconductors is by 

incorporating inorganic main-group elements into the conjugated backbone.
27-29

 When compared 

to their all-organic counterparts, these organic-inorganic hybrid polymers have exhibited 

improved material properties, such as higher thermal stability, solubility, and processability,
28

 as 

well as improved optoelectronic properties, with smaller bandgaps and deeper LUMO levels.
29

 

The incorporation of boron, for example, is predicted to increase the electron affinity of organic 

conjugated compounds, which promises to be an efficient method towards making electron-

transporting materials.
28

 

In addition to the rising popularity seen in OSC and OLED development, several others 

fields of research have also benefited from the production of novel organic semiconductor 

materials, including organic field-effect transistors (OFETs),
21, 30-33

 organic lasers,
34-35

 and 

chemical sensors.
36-37

 OFETs, in particular, have been used to make low-cost and biodegradable 

electronic products, such as display drivers, identification tags, and smart cards.
31

 The continued 
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production of novel organic semiconductors, along with a deeper investigative understanding of 

photovoltaic behavior, will likely advance the use of these materials in future electronic devices. 

1.3. Electron-Deficient Conjugated Systems 

 The constant demand for higher efficiency in organic semiconductive devices, both 

academically and commercially, has encouraged researchers to develop a range of novel 

materials. However, most of this focus has been placed on the development of p-type organic 

semiconductors, with a drastically smaller library of available n-type materials to build on.
21

 This 

deficit causes a barrier in the development of organic electronics, which require high-

performance complimentary circuits to achieve competitive functionality.
21

 To address this 

imbalance, and achieve higher device performance, researchers will need to produce more 

electron-transporting materials. The main qualities to look for when analyzing a material for 

possible n-type functionality include low lying LUMO levels, high electron affinity, and high 

electron mobility, which will help dictate how easily an electron can be injected into the material 

and transported along the effective conjugated pathway, respectively.
38

 Additional noteworthy 

qualities for n-type organic semiconductors to possess are low electron density in the ground 

state, low reorganization energy, good solubility, defect-free film formation, narrow bandgaps, 

and stability under ambient conditions.
21, 33, 39
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Chart 1-2. Representative polymer-based and fullerene-based n-type semiconductors.

21
 

 The relative HOMO/LUMO energy levels of an organic semiconductor are critical 

features concerning charge injection as they help facilitate the charge-transfer process. For an n-

type organic semiconductor, electrons are injected from the source electrode (in the case of 

OFETs)
21

 or transferred from the p-type material (in the case of bi-layer OSCs).
39

 For charge 

injection to occur, the LUMO level of the n-type organic material must be sufficiently low. This 

value is typically below -3 eV,
33

 with high-performance n-type organic polymer semiconductors 

ranging from -3.8 eV to -4.2 eV,
21

 relative to the vacuum level. Lowering the LUMO level can 

be a challenge to synthetic chemists since a typical unsubstituted organic polymer semiconductor 

has a fairly high electron density along the π-conjugated backbone, resulting in slightly high-

lying LUMO levels, generally ranging from -2 eV to -3.5 eV.
21

 Typical synthetic methods for 

lowering LUMO levels include substitutive addition of electron-withdrawing groups along the 

conjugated backbone,
21

 such as fluorides and amides, or incorporating electron-deficient 

heteroatoms.
40

 Polymers based on naphthalenediimide (NDI) (Chart 1-2), for example, 

demonstrate this technique by incorporating electron-withdrawing imide functional groups onto 
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the conjugated monomer units. These materials have shown excellent n-type functionality, with 

high air and thermal stability, narrow bandgaps, low-lying LUMOs, high electron affinities, and 

high electron mobility.
39, 41

 Despite these benefits, NDI polymers are not compatible with all p-

type materials, and may not be suitable for certain device applications. To open the gateway to 

new device applications, and increase the performance of complementary devices, a broader 

range of n-type organic semiconductive materials will need to be developed. 

 Herein, I present my dissertation research on electron-deficient conjugated polymers and 

small molecules in the hopes of contributing to the development of n-type materials. In chapter 

2, I outline my efforts to synthesize an indafluorene homopolymer. In chapter 3, I discuss the 

design and synthesis of novel air-stable borafluorene small molecules and the discovery of their 

intriguing optical properties. In chapter 4, I investigate the influence of extended conjugation and 

comonomer electron affinity on two borafluorene copolymers. In chapter 5, I outline my efforts 

to make a water/alcohol-soluble n-type organic semiconductor based on polycarbazole. I will 

conclude by covering issues that I encountered over the course of my research, with possible 

remedies and future outlooks, in chapter 6. 
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CHAPTER 2: SUPERMESITYL-INDAFLUORENE: THE STABILITY OF INDAFLUORENE 

COMPOUNDS EMPLOYING BULKY SUBSTITUENTS FOR STERIC PROTECTION 

 

2.1. Abstract 

 Development of the first known indafluorene homopolymer was explored. Biphenyl 

monomer precursor compounds were made in advance preparation of two indafluorene 

monomers. Based on prior work by Cowley (Inorg. Chem. 1995, 34, 3853-3854) 2,4,6-tri-tert-

butylphenyl (Mes*) was selected for kinetic stabilization of the indium atom by sterically 

blocking the vacant p-orbital on the electrophilic indium atom, and prevent unwanted hydrolysis. 

To examine the stability of the proposed indafluorene structure, an indafluorene model 

compound, originally synthesized by Cowley, was prepared and its identity was confirmed by 
1
H 

NMR spectroscopy. Unfortunately, a follow-up 
1
H NMR analysis revealed that the compound 

had fully degraded in solution, after exposure to air. The instability of the model compound was 

used as evidence to conclude that Mes* was ineffective at preventing degradation in the 

indafluorene small molecule, and suggests that sterically-protected indafluorene monomers and 

polymers would also be unstable and difficult to process. For this reason, no attempts were made 

to form the proposed monomers, and an indafluorene polymer was not produced. 

2.2. Introduction 

 The introduction of inorganic elements into organic conjugated polymers is a powerful 

method in altering the properties of photovoltaic materials.
1-4

 Replacing a carbon atom with an 

electron-deficient heteroatom or functional group, such as gallium or pyridinium, has been 
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shown to increase electron affinity in conjugated materials and reduce the frontier molecular 

orbitals.
5-6

 A few examples of these types of polymers are shown in Chart 2-1. This behavior is 

advantageous when designing polymers that need to be electron-deficient, such as those used for 

n-type organic semiconductors.
7
 Of significant interest is the introduction of inorganic elements 

into polyheterofluorenes, which have desirable properties for organic semiconductive materials, 

and contain a wide range of optical and electrical behavior.
8-11

 

 
Chart 2-1. Examples of electron-deficient conjugated polymers, including Group-13 

polyheterofluorenes.
5-6, 12

 

 The introduction of tricoordinate Group-13 elements has been demonstrated as an 

effective method in designing electron-deficient conjugated polymers.
13

 Most of the research in 

this area has focused on boron derivatives, leaving very few examples of indium heteroatom 

incorporation present in literature,
14-16

 and no example of an indafluorene polymer has yet been 

presented. One issue limiting this research is the air-sensitivity of indium compounds, stemming 

from the tendency of tricoordinate indium to hydrolyze under ambient conditions. Group-13 

elements have three valence electrons and a vacant p-orbital, which leave the atoms vulnerable to 

nucleophilic attack.
5, 13

 This is especially relevant for compounds present in air, such 

atmospheric water, which can cause degradation under ambient conditions.
17

 However, with 

adequate protection of the vacant p-orbitals, the Lewis acidity of tricoordinate Group-13 
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elements can be sufficiently lowered. This has allowed researchers greater control over 

sensitivity of Group-13 heteroatoms, and even the ability to form reversible Lewis acid-base 

adducts for chemical-sensory applications.
12, 18-20

 A common method used to protect these 

systems, and prevent degradation, is to employ bulky substituents to sterically block the vacant 

p-orbitals of the Group-13 heteroatom and reduce unwanted interactions.
21

 This method has 

successfully been demonstrated in the formation of several borafluorene small molecules
19, 22-23

 

and polymers,
12

 exhibiting a range of air-stability, but examples of sterically protected 

heterofluorenes, featuring heavier Group-13 elements, have gone mostly unreported.
24

  

 In the hopes of reporting the first known indafluorene homopolymer as a potentially 

suitable n-type material, we explored the synthesis and polymerization of indafluorene 

compounds stabilized through steric protection. 

2.3. Results and Discussion 

2.3.1 Synthesis of monomer precursors BP1 and BP2 

 
Figure 2-1. Numbering system for biphenyl and fluorene structures. 

 Fluorene congeners can be derived from biphenyl compounds by addition of a bridging 

unit (carbon or heteroatom) bound to the 2 and 2′-positions of the biphenyl moiety. This 

structural change results in a new atomic numbering system, with the bridging atom forming the 

9-position of the fluorene moiety (Figure 2-1). Our first step towards making an indafluorene 

homopolymer was to design and synthesize a substituted biphenyl compound, containing 

functional groups capable of facilitating heterofluorene formation and polymerization. Several 
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polymerization techniques are available for the formation of polyconjugated aromatic systems.
25-

26
 Yamamoto coupling

27
 is among these techniques, and is particularly attractive to this project 

since it only requires a single monomer species, thereby reducing the amount of synthetic steps 

needed prior to polymerization. This technique involves the Ni-mediated reductive 

polymerization of dihaloaromatic compounds to form π-conjugated polymers.
28

 Several 

examples of monomers matching this description, including dibrominated heterofluorenes, have 

previously been reported,
8
 and shown to successfully undergo polymerization through the 

Yamamoto technique. 

 Huang and coworkers
8
 previously reported on a procedure for the economic and high-

yielding synthesis of a dibromobiphenyl derivative, specifically designed as a precursor to 

heterofluorene monomers capable of undergoing polymerization through techniques such as 

Yamamoto coupling. The biphenyl derivative they described feature iodine substituents at the 2 

and 2′-positions so that, upon addition of two equivalents of butyllithium, lithium-halogen 

exchange would selectively occur at these positions, and a heterofluorene could be formed upon 

addition of an electrophilic heteroatom bridge. To form indafluorene monomers, we proposed the 

addition of a compound bearing the structure R
2
-InX2, where R

2
 represents a protective 

substituent and X2 represents two halogen leaving groups, to the dilithiated biphenyl compound 

(Scheme 2-1). After conversion to an indafluorene structure, bromine substituents will reside at 

the 2 and 7-positions, which is where coupling is designed to occur during polymerization. 
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Scheme 2-1. Proposed synthetic route for the formation of indafluorene homopolymers. 

 

An additional feature to the biphenyl compound reported by Huang and coworkers is the 

presence of methoxy groups at the 5 and 5′-positions, which were originally cited
8
 as an 

advantageous structural probe to be used in polymer characterization. In the case of indafluorene 

polymers, however, the electron-donating character of these alkoxy groups could help to stabilize 

the resulting polymers by modest increase of electron density, thereby reducing the Lewis acidity 

of the indium heteroatoms and stabilizing the overall system. The extent of influence that these 

substituents would have on the relative positions of the HOMO and LUMO levels is currently 

unknown, but they should allow for greater control of the optical bandgap.
29

 The methoxy groups 

can also be replaced by longer alkoxy chains, which should dramatically increase the solubility 

of the monomers in organic solvents; a result that has been shown to lead to longer, more soluble 

polymers.
29
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Scheme 2-2. Synthesis of monomer precursors BP1 and BP2.

8, 30-31
 

The biphenyl monomer precursor 4,4'-dibromo-2,2'-diiodo-5,5'-dimethoxy-1,1'-biphenyl 

(BP1) was prepared according to the route presented by Huang and coworkers,
8
 and an 

additional monomer precursor, featuring longer alkyl chains, 4,4'-dibromo-5,5'-bis((2-

ethylhexyl)oxy)-2,2'-diiodo-1,1'-biphenyl (BP2) was prepared through a slightly altered 

synthetic route
31

 (Scheme 2-2). Starting with o-dianisidine, conversion to 4,4′-dibromo-3,3′-

dimethoxylbiphenyl was performed using pentyl nitrite in bromoform at elevated temperatures, 

which served as a higher yielding alternative to the Sandmeyer reaction.
30

 A portion of this 

compound sample was converted to BP1 by selective diiodinization using I2/NaIO3 in acidic 

media.
8
 The remaining portion of the 4,4′-dibromo-3,3′-dimethoxylbiphenyl sample was 

converted to 4,4'-dibromo-3,3'-bis((2-ethylhexyl)oxy)-1,1'-biphenyl through two steps: first, the 

methoxy groups were demethylated using BBr3 followed by addition of water to form a 

bisphenol intermediate, then the phenol groups were deprotonated using K2CO3 in order to 

achieve nucleophilic substitution with 2-ethylhexyl bromide.
31

 This compound was then 

diiodinated to form BP2 in an identical manner to that of BP1.
8
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2.3.2. Synthesis of Mes*-InF model compound 

                       
Chart 2-2. Group-13 heterofluorenes produced by Cowley and coworkers.

16
 

 During the 1990’s, the Cowley group
16

 performed research on main-group heterocycles 

featuring heavy Group-13 elements. They recognized that carbon bonds are significantly weaker 

with heavier elements than they are with lighter congeners, so they targeted the development of 

heterofluorenes as a strategic way to strengthen the bonds between carbon atoms and heavy 

Group-13 elements, such as gallium and indium, through benzannelation.
16

 To stabilize the 

compounds and make them easier to work with, they implemented the sterically-demanding 

supermesityl (2,4,6-tri-tert-butylphenyl, Mes*) group to sterically protect the vacant p-orbitals of 

the gallium and indium heteroatoms, and succeeded in developing the first known gallafluorene 

and indafluorene heterocycles (Chart 2-2) through this approach. However, their research was 

focused on the structural interests of these systems, so the optical and electrochemical properties 

of these heterofluorenes were never characterized, and the stability of the compounds under 

ambient conditions was never mentioned. 

Following the work performed by Cowley, we chose to stabilize our own indafluorene 

monomers by appending Mes* to the indium heteroatom in order to reduce unwanted 

interactions between nucleophiles and the Lewis acidic heteroatom. The bulky tert-butyl groups 

on Mes* should position the phenyl substituent perpendicular to the plane of the heterofluorene, 

and allow the substituent to protect the indium by blocking the vacant p-orbitals.
21

 This method 
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has previously shown to be successful in stabilizing air-sensitive compounds, including a few 

examples of Group-13 heterofluorenes.
12, 16, 19, 32

 

Prior to synthesizing InF monomers and polymers, we sought to optimize our reaction 

conditions and confirm compound stability by forming an InF model-compound. This phase was 

especially important since our strategy to protect the indium heteroatom parallels the work 

performed by Cowley and coworkers, and very little was known about the optical properties or 

air-stability of InFs stabilized by Mes*. The main advantage of forming small molecule model 

systems is that they can help develop insight into the stability and optical properties of larger 

systems, but an added advantage is that they can also be produced quickly and easily. 

 
Scheme 2-3. Synthesis of model compound Mes*-InF. 

 We resynthesized Mes*-InF following synthetic procedures similar to that of Cowley.  

We first lithiated Mes*-Br
33-34

 and reacted it with indium tribromide,
15

 producing the 

monosubstituted Mes*-InBr2 species (Scheme 2-3). In this form, the aryl-indium compound can 

react with dilithiated biphenyl derivatives,
8
 such as the unsubstituted 2,2'-dilithio-biphenyl seen 

in Scheme 2-3, or the substituted BP1 and BP2 demonstrated in Scheme 2-1. The versatility of 

this synthetic route allows for a number of InF derivatives to be formed, with a high degree of 

control over the substitution factors. Consequently, the InF model-compound (Mes*-InF) was 

prepared by reacting Mes*-InBr2 with unsubstituted dilithiobiphenyl (Scheme 2-3),
35-36

 and 

purified by recrystallization in cold hexane under inert atmosphere. The structure of the semi-
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pure product was confirmed by 
1
H NMR (Figure 2-S2), which matched the values reported by 

Cowley,
16

 and the successful production of the model compound added confidence to the 

proposed synthetic route. 

 Next, we tested the stability of Mes*-InF by exposing a solution of Mes*-InF in 

deuterated benzene to air, and reanalyzing the sample solution after sixteen hours of exposure. 

Unfortunately, the follow-up 
1
H NMR analysis of this sample showed that Mes*-InF had fully 

degraded while in solution (Figure 2-2), indicating that the Mes* substituent did not provide 

enough protection to the InF model compound to prevent degradation under ambient conditions. 

We further concluded that InF monomers and polymers, possessing Mes* as a protective 

substituent, would be just as unstable and too difficult to process for photovoltaic applications. 

As a result, monomers based on the proposed design were not pursued, and InF polymers were 

not be formed in this study. 
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Figure 2-2. 

1
H NMR spectra of Mes*-InF in C6D6 before (bottom) and after (top) exposure to 

air. The aromatic peaks associated with the model compound (dash boxes) are absent in the 

follow-up analysis. 

2.4. Conclusion 

 In summary, we synthesized biphenyl derivatives BP1 and BP2, which were designed as 

precursors to InF monomers. The bulky Mes* group was chosen as a protective substituent, 

purposed with increasing the stability of the air-sensitive indium heteroatom through steric 

interference, and a model compound (Mes*-InF) was made to test the stability of the proposed 

structure. Unfortunately, sufficient stability under ambient conditions was not achieved, which 

was demonstrated through successive 
1
H NMR analyses, showing the total degradation of Mes*-

InF after exposed to air. A more effective route for stabilizing indium heteroatoms will be 

needed if a stable indafluorene homopolymer is to be realized. 
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2.5. Supporting Information 

2.5.1. General information 

All manipulations were carried out under an anhydrous N2 atmosphere using standard 

Schlenk line and glove box techniques.   Solvents were dried by passing through an alumina 

column and then stored over 4 Å molecular sieves. 4,4'-dibromo-3,3'-dimethoxy-1,1'-biphenyl
8
, 

2,2'-dilithio-1,1'-biphenyl
36

, and (2,4,6-tri-tert-butylphenyl)indium(III)-bromide
15

 were 

synthesized as previously reported. All other chemicals were purchased commercially and used 

as received. 

2.5.2. Synthetic supporting information 

Synthesis of BP2 

 

4,4'-dibromo-3,3'-bis((2-ethylhexyl)oxy)-1,1'-biphenyl 

3.65 g of 4,4'-dibromo-3,3'-dimethoxy-1,1'-biphenyl (9.82 mmol) was dissolved in 35 mL dry-

DCM and cooled to -78°C, before 22.0 mL of 1.00 M BBr3 (22.0 mmol) was added dropwise. 

The reaction was allowed to slowly warm to room temperature over a 16 hour period, then 

cooled to 0°C before adding 25.0 mL of DI-water. The crude reaction solution was extracted 

with diethyl ether, and the aqueous layer was extracted a further five times with diethyl ether. 

The organic phases were combined, dried over MgSO4, and filtered before the solvent was 

removed. The crude solid was then dissolved in 60.0 mL of methylethylketone (MEK) under 

nitrogen atmosphere, then 9.48 g 2-ethylhexyl bromide (49.1 mmol) and 7.35 g K2CO3 was 

added. The reaction was heated to 100°C for 16 hours. The solvent was removed under vacuum, 
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and the residue was resuspended in hexane and washed with water three times. The solvent 

layers were separated and the organic solvent was removed under vacuum. The crude material 

was purified by silica gel column chromatography (90% hexane/10% DCM (v/v)) to yield 2.72 g 

(48.8% yield) of product (4,4'-dibromo-3,3'-bis((2-ethylhexyl)oxy)-1,1'-biphenyl) as a viscous 

oil. 
1
H NMR (500MHz ,CDCl3) δ =7.57 (d, J =  8.1 Hz, 2 H), 7.01 (d, J =  2.0 Hz, 2 H), 6.99 

(dd, J =  8.1, 2.0 Hz, 2 H), 3.98 (d, J = 5.5 Hz, 4 H), 1.81 (sep, J = 6.2 Hz, 2 H), 1.63-1.43 (m, 8 

H), 1.39-1.31 (m, 8 H), 0.96 (t, J = 7.5 Hz, 6 H), 0.91 (t, J = 7.1 Hz, 6 H); 
13

C NMR (125 MHz, 

CDCl3) δ = 156.1, 141.3, 133.6, 120.4, 112.1, 112.0, 77.4, 77.2, 76.9, 71.8, 39.6, 30.7, 29.3, 

24.1, 23.2, 14.2, 11.4. 

4,4'-dibromo-5,5'-bis((2-ethylhexyl)oxy)-2,2'-diiodo-1,1'-biphenyl (BP2) 

2.72 g of (4,4'-dibromo-3,3'-bis((2-ethylhexyl)oxy)-1,1'-biphenyl) (4.79 mmol), 3.60 mL 20% 

H2SO4, 3.60 mL acetic acid, 1.54 g Iodine crystals (12.1 mmol), and 0.4430 g NaIO3 (2.24 

mmol) were mixed together in a round bottom flask and refluxed for 22 hours. 50.0 mL DI-H2O 

were added and the solution was filtered. The remaining residue was dissolved in DCM, washed 

with Na2S2O3 solution (x2), brine (x2), dried over MgSO4, filtered, and the solvent was removed 

under reduced pressure to yield 3.60 g (91.5%) of 4,4'-dibromo-5,5'-bis((2-ethylhexyl)oxy)-2,2'-

diiodo-1,1'-biphenyl (BP2) as a thick, golden colored oil. No further purification was performed. 

1
H NMR (360MHz ,CDCl3) δ =8.03 (s, 2 H), 6.70 (s, 2 H), 3.87 (m, 4 H), 1.78 (sep, J = 6.1 Hz, 

2 H), 1.48 (m, 8 H), 1.32 (m, 8 H), 0.92 (m, 12 H); HRMS (EI/sector) m/z [M]
+
 Calcd for 

C28H38Br2I2O2 817.9328; Found 817.9337. 

Synthesis of Mes*-InF model compound
15
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114 mg of dilithiobiphenyl (0.690 mmol) was suspended in 24 mL dry-hexane under a nitrogen 

atmosphere, and 322 mg Mes*-InBr2
15

 (0.620 mmol) was added. The reaction was allowed to 

stir at room temperature for 16 hours, and the remaining salt precipitate was removed by 

centrifugation. The supernatant was concentrated down to 5.0 mL and cooled to -35°C for 3 

days. The remaining solution was then decanted away from the resulting semi-pure crystal 

product Mes*-InF. 
1
H NMR (360MHz ,C6D6) δ = 8.11 (m, 2 H), 7.91 (m, 2 H), 7.59 (s, 2 H), 

7.33 (m, 4 H), 1.37 (s, 9 H), 1.30 (s, 18H); These results match well with literature values.
16
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2.5.3. Supporting figures 

 

Figure 2-S1. 
1
H NMR spectrum of BP2 in CDCl3. 
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Figure 2-S2. 
1
H NMR spectrum of model compound Mes*-InF in C6D6. The chemical shifts are 

consistent with literature values.
16
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CHAPTER 3: BORAFLUORENE SMALL MOLECULES WITH COORDINATED 

STABILIZING SUBSTITUENTS: ULTRA-HIGH STOKES SHIFT COMPOUNDS 

 

3.1. Abstract 

 Three borafluorene small molecules were synthesized, characterized, and their optical 

properties were studied. The compounds were stabilized using OCO or SCS pincer-type ligands 

bound directly to the boron core to form tetravalent borafluorene structures. These compounds 

exhibit remarkable air-stability in solution and solid state, especially when compared to 

previously published trivalent borafluorene derivatives. All three compounds produced huge 

Stokes shifts, with an energy difference of c.a. 16000 cm
-1

. We believe the cause of this unique 

optical behavior is due to a charge-transfer process followed by structural rearrangement in the 

excited state. This hypothesis is supported by optical studies and DFT calculations. 

3.2. Introduction 

 Introducing electron-rich or electron-poor heteroatoms, into a conjugated compound, can 

have dramatic effects on the HOMO and LUMO levels, and result in spectacular changes to the 

optical and electronic properties.
1-5

 Of significant interest is the development of new 

heterofluorenes and polyheterofluorenes, which have proven useful for chemical sensory 

applications, as well as organic light-emitting diodes (OLEDs), organic field-effect transistors 

(OFETs), and organic solar cells (OSCs).
1, 6-7

 Although fluorenes (Chart 3-1(1)) and 

polyfluorenes, have been extensively studied
5, 8-10

 and shown to possess desirable optical and 

conductive properties, substitution of the 9-bridging carbon atom with an inorganic main-group 

heteroatom has been shown to alter the optical bandgap without disrupting conductivity, and 
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opened the door to a new range of functionality.
8
 Several examples of these types of compounds 

are known
3
 (Chart 3-1 (2-6)). 

 
Chart 3-1. Examples of fluorene (1) and several main-group heterofluorenes (2-6). 

 Boron-substituted heterofluorenes, namely borafluorenes (BFs) (Chart 3-1(3)), are 

especially interesting, owing to the Lewis acidity of Group-13 elements.
11-15

 The vacant p-orbital 

on boron is known to interact with the conjugated π-orbitals, causing an increase in electron 

affinity in the overall compound,
12, 16-18

 and this feature has been targeted for the development of  

electron-deficient conjugated systems, especially those used in n-type semiconductive 

applications.
19

 In addition, optically-active organoboron compounds, such as BFs, can interact 

with Lewis bases, in solution or in air, resulting changes to the absorption and fluorescent 

properties. This effect can be easily monitored by Uv-Vis and fluorescent spectroscopy, meriting 

the use of BFs in a number of chemical sensory applications.
17-18, 20-21

 

 In spite of these merits, the research and application of BFs has been limited due to the 

propensity of 3-coordinate boron to hydrolyze under ambient conditions, resulting in irreversible 

degradation.
11, 16, 18

 In order to make BFs suitable for a broad-range of applications, stabilizing 

substituents are often appended to the boron heteroatom to protect the vacant p-orbital and 

minimize the risk of degradation. A common method to stabilize compounds with Group-13 

heteroatoms, including BFs, involves the use of sterically bulky groups such as 2,4,6-
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triisopropylphenyl (tip) or 2,4,6-tri-tert-butylphenyl (Mes*), which help block the vacant p-

orbital to prevent unwanted interactions and reduce the chances of degradation.
16

 However, the 

range of stability provided by steric protection is still limited, and these protective substituents 

only serve to reduce the chances of hydrolysis without fully eliminating it. BFs that have been 

stabilized through steric protection, such as those produced by Yamaguchi and coworkers (Chart 

3-2a),
21-22

 are known to degrade under ambient conditions over extended periods of time. 

Chart 3-2. Published examples of 3-coordinate borafluorenes (a),
21-22

 4-coordinate borafluorene 

(b),
23

 and 5-coordinate Group-13 heterofluorenes (c).
24

 

 The Chujo group, on the other hand, has produced several Group-13 heterofluorene 

derivatives,
23-26

 including BFs,
20, 27-28

 which are stabilized through intramolecular coordinative 

Lewis acid-base adducts (Chart 3-2b&c). The stabilizing attachments seen in their research form 

coordinative complexes between the Group-13 heteroatom and a Lewis base, usually nitrogen, 

which coordinates to the vacant p-orbital, thereby partially occupying it and preventing 

hydrolysis. As a result, these compounds show remarkable stability under ambient conditions, as 

well as interesting optical behavior, such as duel-wavelength emission,
20

 and serves to 

demonstrate the enhanced stability of BFs stabilized through coordinative complexes, relative to 

BFs protected by steric interference. However, a possible consequence of intramolecular 

coordination is that this form of stabilization likely leads to an increase in electron density 

around the boron, and a decrease in the compound’s electron affinity, though the extent of 



35 
 

influence is currently unknown. The research presented here features three BFs with a phenyl 

substituents attached to boron, which stabilize the BFs through weak intramolecular coordinative 

Lewis acid-base adducts. All three BFs demonstrate remarkable stability as well as exciting 

optical properties. 

3.3. Results and Discussion 

3.3.1. Synthesis of BMMP-BF 

 
Figure 3-1. (a) Proposed coordination mechanism of BMMP-BF, and (b) a previously published 

boron compound demonstrating stabilization through alternating coordination.
29

 

 In order to form a BF, with high air-stability, we chose to append 2,6-

bis(methoxymethyl)phenyl (BMMP) to the 9-bridging boron atom. This OCO-pincer ligand has 

previously been used as a chelating substituent,
30-31

 and has been shown to prevent hydrolysis of 

highly Lewis acidic atoms.
32

 When applied to a BF structure, each oxygen atom of the BMMP 

ligand should reversibly coordinate to the electrophilic boron center, thereby occupying the 

vacant p-orbital and reducing the chances of unwanted degradation.
33

 Furthermore, we 

hypothesized that only one ether group, from the BMMP ligand, would be coordinated to the 

boron center at any time, and that the weak B-O dative bond would undergo fast reversible 

coordination with the opposing ether group at room temperature (Figure 3-1a). The proposed 

mechanism has previously been demonstrated in a boron-based compound with a similar SCS-

type protective substituent (Figure 3-1b),
29

  which possessed a very low B-S bond dissociation 
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energy of less than 8 kcal/mol, suggesting that reversible coordination occurs rapidly at room 

temperature through an SN2-type mechanism. 

 
Scheme 3-1. Synthesis of BMMP-BF 

 Brominated BMMP (BMMP-Br) was prepared according to literature
32

 and lithiated 

using a lithium-halogen exchange with n-butyllithium. The lithiated species was then reacted 

with chloroborafluorene (Cl-BF)
34

 to yield the parent compound bismethylmethoxyphenyl 

borafluorene (BMMP-BF) as a colorless crystalline solid. The compound demonstrated 

remarkable stability, both in solution and in solid-state, and no signs of degradation were 

observed when stored under ambient conditions for several years. BMMP-BF was analyzed by 

single-crystal XRD (Figure 3-2 inset), revealing the compound to be four-coordinate in the solid-

state, with only a single ether group coordinated to boron. The B-O bond length (1.619 Å) is 

notably longer than most B-O covalent bonds (1.28-1.43 Å),
35

 which is representative of a weak 

dative bond formed between the boron and oxygen, as predicted. 
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Figure 3-2. 

1
H NMR spectrum of BMMP-BF in CDCl3 and single crystal XRD structure (inset). 

Ellipsoids draw at the 50% probability level.  Hydrogen atoms were omitted for clarity. 

The 
11

B NMR spectrum of BMMP-BF (Figure 3-S2) presented a single sharp peak, 

which is characteristic of 4-coordinate boron complexes, and a chemical shift around 16 ppm, 

which is notably more shielded than previously published 3-coordinate BFs.
12

 The shielding 

effect can be attributed to electron density being donated from the oxygen ligand to the vacant p-

orbital on the boron. Next, the compound was analyzed by 
1
H NMR at room temperature (Figure 

3-2), which displayed a single shift at 4.58 ppm attributed to both sets of methylene protons on 

the BMMP ligand. This suggests a symmetrical compound and precludes a boron structure that 

is strongly, and irreversibly, bound to only one oxygen atom. Instead, 
1
H NMR spectrum is 

consistent with a boron structure undergoing fast and reversible coordination with the two ether 

groups on the protective substituent, resulting in a single averaged shift produced for the four 
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methylene protons, when analyzed at room temperature on the NMR time scale. The combined 

characterization data for BMMP-BF implies that the ether groups on the BMMP substituent (a) 

form a coordinated complex with the core boron atom leading to improved stability of the BF, 

(b) do not form simultaneous coordination to the boron, but instead coordinate one-at-a-time, and 

(c) undergoes fast and reversible coordination with the boron atom, while in solution at room 

temperature. 

When analyzed for its optical properties by Uv-Vis and fluorescence spectroscopy 

(Figure 3-3 right), the longest wavelength absorption band for BMMP-BF peaked around 285 

nm, and is consistent with a heterofluorene π-to-π* transition. This transition is also seen in the 

optical spectra of previously published 3-coodinate BFs, such as Mes
F
-BF (Figure 3-3 left),

12
 

however, these compounds have an additional absorption maxima in the visible region, which is 

caused by a transition from the π-system on the BF moiety to the vacant p-orbital on the 

electrophilic boron atom. Since BMMP-BF is 4-coordinate in the ground-state, and the p-orbital 

on boron is partially occupied by the lone pair of electrons on the ether groups of the BMMP 

ligand, a π-to-p transition is prevented, and a long-wavelength absorption in the visible region is 

not seen.  This behavior may also explain why crystals of BMMP-BF are colorless while 3-

coordinate BFs are usually yellow-green.
12
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Figure 3-3. Absorption (solid line) and emission spectra (dotted line) of previously published

12
 

3-coordinate Mes
F
-BF (left) and novel BMMP-BF (right). 

Interestingly, the emission bands seen in several 3-coordinate BFs
12

 are strikingly similar 

to that of BMMP-BF, suggesting that the fluorescent emission of BMMP-BF occurs from a 3-

coordinate state. Figure 3-3 shows the differences and similarities between the optical properties 

of a known 3-coordinate BF (Mes
F
-BF)

12
 and the properties of BMMP-BF. These results have 

led us to conclude that BMMP-BF undergoes photoexcitation while in a 4-coordinate ground 

state, followed by B-O bond cleavage, and radiative emission from the resulting 3-coordinate 

excited state structure before reassembling once again into the highly stable 4-coordinate ground 

state structure.  
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Figure 3-4. DFT and TD-DFT calculations of the structural rearrangement of BMMP-BF. 

Calculations performed by Dixon and coworkers. 

Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations, 

performed by the Dixon group, agree well with the proposed mechanism, and theoretical 

estimates of the optical properties (Figure 3-4) closely match analytical data observed during 

optical characterization. Models of BMMP-BF at room temperature suggests the 4-coordinate 

structure is the dominate species in the ground state, which was found to possess a lower ground 

state energy surface than a 3-coordinate structure by ~8 kcal/mol. However, in the excited state, 

a local minimum could not be found for the 4-coordinate structure, suggesting that the B-O 

dative bond is not stable in the excited state. Instead, the optimal geometry of BMMP-BF in the 

excited state was found to be the 3-coordinate structure, and vertical relaxation from this 

geometrically optimized S1′ excited state is predicted to produce a photon with an energy that is 

within 0.2 eV of the observed emission wavelength. 
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More importantly, the combined optical data of BMMP-BF shows a large Stokes shift 

with an energy difference of over 16,000 cm
-1

 or nearly 2 eV (Table 3-1), which is among the 

highest Stokes shifts ever reported for an organic small molecule. Although they are rare, small 

molecules with large Stokes shifts are not unheard of and are sought after for their use in 

specialized medical applications.
36-40

 In fact, the large Stokes shifts seen in most of these 

compounds is generally attributed to some form of charge-transfer or energy-transfer process, 

though there are many variations. For BMMP-BF, the intramolecular charge-transfer event, 

dissociation of the B-O dative bond in the excited state, and structural rearrangement of the 

compound all contribute to the observed ultra-high Stokes shift. 

Further investigation into the optical character of BMMP-BF found that the peak of 

maximum emission showed mild solvatochromic effects when observed in various solvents; the 

most notable change in emission was found in hexane, which showed a 17 nm hypsochromic 

shift in emission, compared to emission in DCM (Figure 3-5). These effects are characteristic of 

chromophores that have a strong dependence on solvent polarity, and are often seen in 

fluorescent molecules that undergo a charge-transfer process in the excited state.
41

 In the case of 

BMMP-BF, photoexcitation leads to bond-cleavage-induced intramolecular charge transfer and 

a change in compound polarity.
20

 The high-energy polar structure of the excited state compound 

is stabilized in polar solvents, leading to a decrease in energy-difference between the ground 

state and excited state, and a red-shift in emission, relative to emission in nonpolar solvents. 

Conversely, nonpolar solvents such as hexane have less stabilizing influence on the excited state 

compound, resulting in a blue-shift in emission, relative to emission in polar solvents. The 

difference in emission maxima of BMMP-BF, when observed in non-polar hexane versus polar 

DCM, supports the intramolecular charge transfer process predicted in our hypothesis. 
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Figure 3-5. Normalized emission spectra of BMMP-BF in various solvents: acetonitrile (ACN), 

dichloromethane (DCM), ethyl acetate (EtOAc), hexane, tetrahydrofuran (THF), and toluene. All 

samples were excited at 285 nm. The sharp peak at 570 nm is an artifact of the instrument caused 

by second order diffraction of the excitation wavelength. 

Table 3-1. Optical spectroscopy and XRD data for BMMP-BF, BMtBP-BF, & BMTP-BF. 

Compound 

Absorption
a
 

λmax /nm 

(log Ɛ)
c 

Emission
b 

λmax /nm 

(τ ns) [Φ ] 

Stokes Shift
d
 /nm 

(cm
-1

) [eV] 

B-X Bond Length 

Å
 

BMMP-BF 
284 

(4.21) 

536 

(122) [0.026] 

252 

(16,600) [2.05] 

X=O 

1.619 (2) 

BMtBP-BF 
286 

(4.01) 

528 

(116) [0.033] 

242 

(16,000) [1.99] 

X=O 

1.682 (2) 

BMTP-BF 
284 

(4.04) 

534 

(132) [0.023] 

250 

(16,500) [2.04] 

X=S 

2.029 (1) 
a
 longest wavelength absorption maxima in DCM 

b
 fluorescence maxima, excited at longest absorption maxima, in DCM 

c
 log(M

-1
cm

-1
) 

d
 calculated from difference in absorption and fluorescence maxima in DCM 
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3.3.2. Synthesis of BMtBP-BF 

 
Scheme 3-2. Synthesis of BF derivatives BMtBP-BF (top) and BMTP-BF (bottom). 

 
Figure 3-6. Single crystal XRD structures of derivative borafluorene small molecules, BMtBP-

BF and BMTP-BF. Ellipsoids draw at the 50% probability level.  Hydrogen atoms were omitted 

for clarity. 

 To expand upon our investigation into the optical properties demonstrated by BMMP-

BF, derivative BF compounds were also made, containing variations of the functional groups 

                              

         BMtBP-BF                                    BMTP-BF 
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coordinated to boron. Two additional protecting substituents were synthesized through a similar 

reaction pathway to that of the BMMP substituents, before being appended to Cl-BF, forming 

two new BFs. One of the synthesized derivatives possessed large tert-butoxy groups, in place of 

the methoxy ether groups found on the parent BF. We predicted that the cumbersome tert-butyl 

groups would help reduce energy lost through rotational energy modes, and decrease non-

radiative emission processes. 

After synthesis of bismethyl-tert-butoxyphenyl borafluorene (BMtBP-BF) (Scheme 3-2 

top), the compound was characterized for its optical properties by Uv-Vis and fluorescence 

spectroscopy (Figure 3-7 red), which showed nearly identical absorption character and a mild 

hypsochromic shift in emission (Δ8 nm), when compared to BMMP-BF. The 
11

B NMR 

spectrum (Figure 3-S6) presented a sharp peak around 17 ppm, also similar to BMMP-BF, and 

is consistent with boron in the 4-coordinate state. Single-crystal XRD analysis (Figure 3-6) 

showed that BMtBP-BF also forms a 4-coordinate boron structure in the solid-state, with a 

slightly larger B-O bond length (1.682 Å) than that seen in the parent compound. This increase in 

bond length can be attributed to steric hindrance caused by the bulky tert-butyl groups, leading to 

a more frustrated coordination than the parent compound. 
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Figure 3-7. Normalized absorption (solid) and emission (dotted) spectra of BMtBP-BF (red) and 

BMTP-BF (blue). 1 x 10
-6

 M in DCM. The sharp peak at 496 nm is an artifact of the instrument 

caused by second order diffraction of the excitation wavelength. 

3.3.3. Synthesis of BMTP-BF 

 A second BF derivative compound was made, utilizing thiomethyl groups in place of the 

methoxy coordinated groups, seen in BMMP-BF. We were mainly interested in seeing how the 

coordination to boron would change if we swapped the coordinating substituent from oxygen to a 

heavier atom, such as sulfur. With this in mind, bismethylthiomethylphenyl borafluorene 

(BMTP-BF) was synthesized (Scheme 3-2 bottom) through a similar route as the parent 

BMMP-BF, and the new compound showed excellent stability in various solutions, as well as in 

the solid state when exposed to air. The optical properties of BMTP-BF (Figure 3-7 blue) were 

nearly identical to the other two BFs, signifying that the excited state behavior did not change 

when the BF was stabilized by heavier coordinating substituents. Crystals of BMTP-BF were 

analyzed by single-crystal XRD (Figure 3-6), showing a long B-S bond length (2.029 Å) 
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consistent with a non-covalent B-S interaction. The longer B-S bond length of BMTP-BF, 

compared to the B-O bond length of BMMP-BF, was expected due to sulfur being a larger atom. 

However, we also predicted that the longer bond would lead to a decrease in stability for BMTP-

BF, which was not observed. 

To gather insight into this unexpectedly high stability, the Dixon research group 

performed theoretical calculations of boron dative bond energies at the G3(MP2) level for BH3-

R, where R= OMe2 or SMe2, and found that the B-S dative bond was actually higher in energy 

(25.3 kcal/mol) than the B-O dative bond (19.8 kcal/mol). This is surprising given that B-S 

covalent bonds are generally weaker than B-O covalent bonds,
42

 but the calculated B-S dative 

bond values help explain the heightened stability of BMTP-BF. The optical properties and XRD 

bond length information for all three BFs are displayed in Table 3-1 for comparison. 

Interestingly, the optical properties of all three BFs were nearly identical to each other, and very 

little difference was witnessed in the fluorescent quantum yields, suggesting that the t-butyl and 

thiomethyl groups of the derivative BFs had little impact on the overall optical behavior. 

3.4. Conclusion 

 In conclusion, we successfully synthesized and characterized three BF small molecules, 

stabilized with OCO or SCS pincer-type ligands. The protective substituents form a coordinative 

complex with boron, which undergoes fast reversible coordination, while in solution. These BFs 

possess remarkably improved stability, when compared to BFs stabilized through steric 

interference, and also exhibiting extraordinarily large Stokes shifts. We propose that the large 

Stokes shift is caused by a bond-cleavage-induced intramolecular charge transfer process in the 

excited state, followed by a structural rearrangement. This hypothesis is supported by DFT 

calculations, and is consistent with analytical data. Furthermore, exchanging the coordinating 

methoxy groups, of the BMMP ligand, for tert-butoxy (BMtBP-BF) or thiomethyl ligands 
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(BMTP-BF) had a negligible impact on the optical properties. We hope that the three BFs 

presented here demonstrates the improved stability of BFs protected by coordinated complexes, 

and that this research will improve the library of organic compounds possessing very large 

Stokes shifts, which is limited in scale. 

3.5. Supporting Information 

3.5.1. Computational information 

The geometries were optimized at the density functional theory (DFT)
43

 level with the 

hybrid B3LYP
44-45

 exchange-correlation functional first with the DFT-optimized DZVP2 basis 

sets
46

 and then reoptimized with aug-cc-pVDZ basis sets
47

 for all the atoms except H where we 

used cc-pvDZ basis sets.
47

 Vibrational frequencies were calculated to show that the structures 

were minimal. Time dependent-DFT (TD-DFT) calculations
48-49

 were performed to analyze the 

UV–vis spectra at the same computational level in the gas phase. All calculations were done with 

Gaussian 09.
50

 

3.5.2. General experimental conditions 

All manipulations carried out under in air free conditions used anhydrous N2 atmosphere 

using standard Schlenk line and glove box techniques. Solvents were dried by passing through an 

alumina column and then stored over 4 Å molecular sieves. All chemicals not synthesized were 

purchased commercially and used as received.  Preparative silica gel chromatography was 

performed primarily on a Teledyne Isco CombiFlash, flash chromatography system with 

loadable column cartridges and empty sample cartridges. All silica gel used was 60 Å 

commercial 60-200 µm grade purchased from BDH or Silicycle. Samples for flash 

chromatography were prepped by adding silica to the dissolved crude material and removing the 
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solvent via vacuum. The silica with the crude material was then dry packed in the empty sample 

cartridge. 

Single crystal x-ray diffraction data were collected using a Bruker diffractometer 

equipped with a 3-circle PLATFORM goniometer and an APEX II CCD camera (Bruker-AXS).  

The crystal was mounted on a glass fiber using silicone grease and cooled to 100 K under a cold 

nitrogen stream using an Oxford N-Helix cryostat (Oxford Cryosystems).  The crystal was 

irradiated with graphite monochromated Mo-Kα radiation and a hemisphere of diffraction data 

was measured using a strategy of phi and omega scans with 0.5 
o
 frame widths.  Data collection, 

unit cell determination, data reduction, and integration, absorption correction, and scaling were 

performed using the Apex 2 software suite from Bruker.
51

  The crystal structure was solved by 

direct methods and refined by full-matrix least squares refinement against F
2
.  Non-hydrogen 

atoms were located from the difference map.  Hydrogen atoms were placed in calculated 

positions and allowed to ride on the carrier atom.  Hydrogen atoms on methyl groups were 

refined using a riding rotating model.  Space group determination, structure solution, and 

refinement were carried out using the Bruker SHELXTL software package.
52

 

3.5.3. Synthetic supporting information 

Synthesis of   BMMP-BF 

 

2-bromo-1,3-bis(methoxymethyl)benzene (1.29 g, 5.26 mmol) was dissolved in THF (15 mL).  

The solution was cooled to -78 ˚C.  Butyl lithium (1.60 M in hexane, 3.30 mL, 5.30 mmol) was 

added dropwise and allowed to react at -78˚C for 50 min.    After this time, while maintaining the 
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reaction temperature at -78 ˚C, a toluene (8 mL) solution of 9-chloroborafluorene (1.05 g, 5.29 

mmol) was added dropwise.   The solution was then warmed to room temperature and left to stir 

for 16 hours. The solvent was then removed and the crude product was purified by silica gel 

chromatography (gradient from 100% hexane to 100% DCM).   BMMP-BF was isolated as a 

crystalline white solid (834 mg, 48.5% yield).   Crystals suitable for single crystal XRD were 

grown by dissolving BMMP-BF in a minimal amount of boiling hexanes before being placed in 

a -20 °C freezer for 12 h.  
1
H NMR (500 MHz, Chloroform-d) δ 7.65 (dt, J = 7.6, 0.9 Hz, 2H), 

7.31 – 7.26 (m, 3H), 7.23 (d, J = 7.4 Hz, 2H), 7.19 (d, J = 6.8 Hz, 2H), 7.08 (td, J = 7.1, 1.0 Hz, 

2H), 4.58 (s, 4H), 3.09 (s, 6H); 
13

C NMR (126 MHz, Chloroform-d) δ 149.95, 138.73, 131.42, 

128.62, 126.85, 126.81, 122.61, 119.43, 58.54; 
11

B NMR (160 MHz ,C6D6) δ = 16.06; HRMS 

(EI/sector) m/z [M]
+
 Calcd for C22H21BO2 328.1635; Found 328.1639. EA, C (Theory = 80.51, 

Found 80.10), H (Theory = 6.45, Found 6.96). 

Synthesis of BMtBP-BF 

 

To a toluene solution (20 mL) of 2-bromo-1,3-bis(tert-butoxymethyl)benzene (307 mg, 0.932 

mmol), cooled to -78 °C, was added butyl lithium (1.60 M in hexane, 0.57 mL, 0.91 mmol) 

dropwise.   The solution reacted at -78˚C for 1.5 hours before warming to room temperature and 

reacting a further 1.5 hours.   The solution was cooled again to -78˚C.   A toluene solution (10 

mL) of 9-chloroborafluorene (189 mg, 0.952 mmol) was added dropwise, and the reaction 



50 
 

mixture was stirred at -78˚C for 1 hour.    The solution was then warmed up to room temperature 

and allowed to stir for 16 hours. The solvent was then removed and the crude product was 

purified silica gel chromatography (eluting from 100% hexane to 100% DCM.)   Recrystallized 

in boiling hexane produced BMtBP-BF as a crystalline white solid (178 mg, 46.2% yield). The 

purified product was dissolved in DCM:Hexane (1:4) and the solvent was allowed to slowly 

evaporate at room temperature to roughly half the original volume over a 16 hour period, 

yielding pure crystalline product suitable for XRD analysis.  
 1

H NMR (500 MHz ,CDCl3) δ = 

7.62 (d, J = 6.9 Hz, 2 H), 7.14-7.24 (m, 7 H), 7.03 (td, J = 0.9, 7.2 Hz, 2 H), 4.43 (s, 4 H), 1.02 

(s, 18 H); 
13

C NMR (125 MHz ,CDCl3) δ = 148.64, 138.98, 131.65, 127.93, 126.82, 126.47, 

121.29, 119.47, 81.45, 67.21, 27.54; 
11

B NMR(160 MHz, CDCl3) δ = 17.14; HRMS (EI/sector) 

m/z [M]
+
 Calcd for C28H33BO2 412.26; Found 412.2574; EA, C (Theory = 81.55, Found 80.78), 

H (Theory = 8.07, Found 8.03). 

Synthesis of BMTP-BF 

 

To a toluene solution (20 mL) of 2-bromo-1,3-bis((methylthio)methyl)benzene (201 mg, 0.725 

mmol) at -78 ˚C was added butyl lithium (1.60 M in hexane, 0.45 mL, 0.72 mmol) dropwise.  

The reaction was stirred at -78˚C for 1 hour before warming to room temperature and stirred an 

additional 4 hours.   The solution was cooled again to -78°C.  A toluene solution (10 mL) of 9-

chloroborafluorene (154 mg, 0.776 mmol) was added dropwise, and the reaction mixture was 

stirred at -78˚C for 1 hour.    The solution was then warmed up to room temperature and allowed 

to stir for 16 hours.  The crude solution was filtered over neutral alumina before the solvent was 
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removed and the remaining residue was recrystallized in boiling hexane to produce BMTP -BF 

as a white powder.   (92.6 mg, 35.4% yield). The purified product was dissolved in Et2O:Hexane 

(1:4) and the solvent was allowed to slowly evaporate at room temperature to roughly half the 

original volume over a 16 hour period, yielding pure crystalline product suitable for XRD 

analysis. 
 1

H NMR (500 MHz, CDCl3) δ =7.72 (d, J = 7.3 Hz, 2H), 7.21-7.31 (m, 5 H), 7.08 (td, 

J = 0.9, 7.2 Hz, 2 H), 3.67 (s, 4 H), 1.84 (s, 6 H); 
13

C NMR (125 MHz ,CDCl3) δ = 149.15, 

141.75, 131.37, 128.22, 127.45, 126.51, 126.17, 120.08, 41.42, 17.84; 
11

B NMR (160 MHz, 

CDCl3) δ = 5.31; HRMS (EI/sector) m/z [M]
+
 Calcd for C22H21BS2 361.12; Found 361.2; EA, C 

(Theory = 73.33, Found 73.15), H (Theory = 5.87, Found 6.00). 

3.5.4. Supporting figures 

 

Figure 3-S1 
13

C NMR spectrum of BMMP-BF in CDCl3. 
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Figure 3-S2. 
11

B NMR spectrum of BMMP-BF in C6D6. 
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Figure 3-S3. Concentration dependence study. Emission spectra of BMMP-BF, in DCM, at 

different concentrations. All samples were excited at 285 nm. The sharp peak at 570 nm is an 

artifact of the instrument caused by second order diffraction of the excitation wavelength. 
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Figure 3-S4. 
1
H NMR spectrum of BMtBP-BF in CDCl3. 
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Figure 3-S5. 
13

C NMR spectrum of BMtBP-BF in CDCl3. 
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Figure 3-S6. 
11

B NMR spectrum of BMtBP-BF in CDCl3. 
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Figure 3-S7. 
1
H NMR spectrum of BMTP-BF in CDCl3. 
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Figure 3-S8. 
13

C NMR spectrum of BMTP-BF in CDCl3. 
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Figure 3-S9. 
11

B NMR spectrum of BMTP-BF in CDCl3. 

 

 

 

 

 

 

  



60 
 

Table 3-S1. Crystallographic Data 

Compound BMMP-BF BMtBP-BF BMTP-BF 

CCDC # 1853562 1853564 1853565 

Empirical formula C22 H21 B O2 C28 H33 B O2 C22 H21 B S2 

Formula weight 328.16 412.35 360.32 

Temperature (K) 100(2) 223(2) 223(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P 21/n C 2/c P 21/c 

a (Å) 8.7221(7) 16.8003(7) 7.8797(4) 

b (Å) 10.6680(8) 12.3416(5) 17.2071(9) 

c (Å) 19.4757(14) 23.9119(10) 14.1838(7) 

α (°) 90 90 90 

β (°) 101.591(4) 23.9119(10) 104.993(2) 

γ (°) 90 90 90 

Volume (Å
3
) 1758.6(2) 4774.7(3) 1857.67(16) 

Z 4 8 4 

F(000) 900 1776 760 

Color colorless colorless colorless 

Crystal size (mm
3
) 0.02x0.08x0.50 0.18x0.11x0.10 0.24x0.22x0.15 

θ range for data collection (
o
) 2.135-30.314 2.3854-23.7428 1.900-29.130 

Data/restraints/parameters 5243/0/228 4869/39/305 5003/0/228 

Goodness-of-fit  F
2

 (all data) 1.318 1.039 1.045 

Final R indices [I>2σ(I)] 0.0947 0.0497 0.0349 

wR2 indices (all data) 0.2024 0.1437 0.0978 
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CHAPTER 4: COPOLYMERS OF 2,6-BIS(METHOXYMETHYL)PHENYL-

BORAFLUORENE: THE INFLUENCE OF EXTENDED CONJUGATION AND 

COMONOMER ELECTRON AFFINITY ON OPTOELECTRONIC PROPERTIES 

 

4.1. Abstract 

Two π-conjugated borafluorene copolymers were synthesized and characterized for their 

optical and electrochemical properties. The borafluorene monomer featured in this study is based 

on a previously-studied borafluorene small molecule, which possesses high stability under 

ambient conditions and demonstrates intriguing optical behavior, in the form of an ultra-large 

Stokes shift. Here, the borafluorene was incorporated into a polymer system in order to 

investigate the impact that extended π-conjugation had on the optical behavior. In addition, the 

electronic structures of two borafluorene copolymers were investigated as a function of 

comonomer electron affinity. The accompanying comonomers featured in this study were chosen 

for the dichotomy in their electron affinities; diketopyrrolopyrrole (DPP) was selected for its 

known electron-withdrawing behavior and benzodithiophene (BDT) was selected for its known 

electron-donating behavior. After polymerization and purification, the polymers were 

characterized by 
1
H NMR spectroscopy, gel-permeation chromatography, visible spectroscopy, 

and cyclic voltammetry. The results indicate that extended conjugation appears to suppress part 

of the emission character seen in the borafluorene small molecule, and that the electron affinity 

of the chosen comonomer noticeably influenced the optical and electronic character of the 

resulting copolymers. 
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4.2. Introduction 

 The design of novel conjugated polymers has been the focus of many research groups the 

past few decades, which has helped develop their application in photovoltaic devices such as 

organic light emitting diodes (OLED)s and organic solar cells (OSC)s.
1-6

 The electronic 

properties of these polymers can vary significantly, and have a profound impact on the role they 

play in each device. For example, some polymers are better suited for conducting electrons, 

known as n-type semiconductors, while others polymers are designed to conduct positively-

charged ‘holes’, and are known as p-type semiconductors.
3
 These two polymer classes can be 

paired with each other, as in the case of bulk heterojunction (BHJ) OSCs,
7
 to create more 

efficient photovoltaic devices. Alternatively, a polymer can be designed with alternating 

electron-rich (donor) and electron-poor (acceptor) comonomers, negating the use of two separate 

polymer systems altogether.
8
 Several examples of these donor-acceptor (DA) copolymers have 

been published that demonstrate highly tunable HOMO and LUMO levels, and narrow optical 

bandgaps.
9-10

 

 The incorporation of inorganic main-group elements into π-conjugated systems has 

become a powerful strategy in tuning the optical and electronic properties of organic polymers.
11-

15
 Polyfluorene (Chart 4-1a) is an exemplary conjugated system with desirable electronic 

properties that has served as a structural template for the formation of new organic-inorganic 

hybrid polymer derivatives. In these polymers, the bridging 9-carbon atom, of the fluorene 

moiety, can be exchanged for an inorganic heteroatom, creating an array of heterofluorene 

polymers with new and exciting properties.
16

 A quantum chemical study, performed by the 

Huang group,
16

 highlights the effects that different heteroatoms can have on the HOMO and 

LUMO levels of the resulting heterofluorenes, and helps to gather insight into their potential 
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applications. In fact, several of these polyheterofluorenes have already been published (Chart 4-

1b) and applied to a range of applications.
17-19

 One example is polysilafluorene, the silicon-based 

congener of polyfluorene, which shows improved stability compared to polyfluorene, and has 

been demonstrated as a blue-light emitter for OLEDs.
20-21

 

 
Chart 4-1. Poly(2,7-fluorene) (a) and select polyheterofluorenes (b).

17-19
 

Organoboron conjugated systems are especially interesting as the vacant p-orbital on 

boron can interact with the π-orbitals, causing a reduction in the LUMO level and increasing the 

electron affinity of the overall system.
22-23

 These qualities are advantageous characteristics for n-

type semiconductors,
24

 which are significantly underreported compared to p-type 

semiconductors. However, one of the main issues encountered when working with boron-based 

compounds, is the propensity for 3-coordinate boron to have unwanted interactions with 

moisture in air, leading to hydrolysis and compound degradation.
22

 To prevent this, many 

researchers will append a protective substituent to the boron heteroatom in order to stabilize the 

compound and reduce the likelihood of hydrolysis. So far, the most frequently seen strategy to 

increase organoboron stability has been to attach a bulky substituent, such as 2,4,6-

tris(triisopropyl)phenyl (Tip) to boron, which serves to sterically block the empty p-orbitals, and 

reduce unwanted interactions that may lead to compound degradation.
19, 22-23

 

The Chujo group, however, has produced a number of conjugated compounds
25-28

 

featuring the incorporation of Group-13 heteroatoms, including borafluorenes (BF) small 
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molecules and polymers, which are stabilized through coordinated complexes (Chart 4-2). In 

their work, the protective substituent appended to the Group-13 heteroatom contains a Lewis 

base that coordinates to the vacant p-orbital, thereby occupying it and preventing hydrolysis from 

occurring. As a result, these compounds show enhanced stability, compared Group-13 

heterofluorenes that are sterically protected. 

 
Chart 4-2. Group-13 heterofluorene small molecules

25, 27
 and copolymers

28
 produced by the 

Chujo group. 

Concurrent to Chujo’s work, our group produced a borafluorene small molecule, with a 

phenyl substituent appended to the boron at the 9-position, containing two symmetrical 

coordinating methylether functional groups. This 2,6-bis(methoxymethyl)phenyl (BMMP) 

protective substituent stabilized the compound through weak B-O dative bonds coordinated to 

the boron heteroatom, and demonstrated remarkable stability under ambient conditions. 

Serendipitously, we also discovered that this borafluorene (BMMPBF) produced an 
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extraordinarily large Stokes shift of over 250 nm (~16000 cm
-1

) (Figure 4-1). Our investigation 

into the cause of this phenomenon is covered in more detail in chapter 3, but we believe that the 

large Stokes shift is a result of B-O dative bond cleavage in the excited state. 

 
Figure 4-1. Optical and structural properties of BMMPBF. 
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Figure 4-2. Visualization of the (A) HOMO and (B) LUMO of BMMPBF in a 4-coordinate 

state.  Visualization of the (C) HOMO and (D) LUMO of BMMPBF represented in a 3-

coordinate state. 

Density functional theory (DFT) and time dependent DFT (TD-DFT) calculations were 

performed by the Dixon research group, using the hybrid B3LYP exchange-correlation 

functional with the optimized DZVP2 basis sets, in order to gain insight into the electronic 

structures of BMMPBF from both a 3-coordinate and 4-coordinate boron state. The results 

indicate that a 4-coordinate ground state structure is more stable than a 3-coordinate structure, 

which is in agreement with the data obtained from XRD analysis. In addition, the HOMO and 

LUMO levels of 4-coordinate BMMPBF are predicted to be distributed across the conjugated 

fluorene moiety (Figure 4-2A&B), where absorption of a photon should result in a π-to-π* 

transition. This prediction is also consistent with analytical data obtained from the absorption 

spectrum of BMMPBF, which shows peak absorption in the Uv region. Geometry optimization 

of the BF in the excited state, however, produced a 3-coordinate structure, and no local minimum 

could be found for a 4-coordinate structure, indicating that the B-O dative bond should be 
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cleaved in the excited state. The calculated LUMO level associated with the 3-coordinate excited 

state structure (Figure 4-2D) is primarily centered on the boron atom, indicating that a charge-

transfer should exists when transitioning from a 4-coordinate to 3-coordinate excited state. 

Based on the theoretical calculations, we believe that photoexcitation results in a π-to-π* 

transition, followed by a charge-transferred to the electrophilic boron atom. This charge transfer 

process causes cleavage of the B-O dative bond and rearrangement of the BF to a 3-coordinate 

excited state structure before fluorescent emission occurs. The predicted behavior of BMMPBF 

in the excited state is supported by optical analysis, which shows absorption in the Uv region, 

consistent with a π-to-π* transition, and fluorescent emission similar to previously reported 3-

coordinate BFs.
29

 A representation of the proposed ground state and excited state structures are 

shown in Figure 4-1 inset. In this chapter, we wanted to investigate the effect that extended 

conjugation may have on the excited state character of BMMPBF by incorporating it into a 

conjugated polymer system. 

In addition to the optical behavior, we also had an interest in investigating the electronic 

properties of BMMPBF in copolymer systems. Theoretical calculations on polyborafluorenes, 

performed by the Huang group, predict they will have high electron affinities and low lying 

LUMOs, suggesting that BF polymers may be valuable additions to the insubstantial library of 

electron-accepting materials.
16

 However, these calculations were limited to 3-coordinate BFs in 

homopolymer systems, and did not account for the impact that a 4-coordinate BF structure may 

have on the polymer’s properties, nor did they investigate the influence of BFs in copolymer 

systems. Furthermore, only a handful of BF polymers have been published to date,
19, 28, 30-31

 and 

very little diversity exists among these examples, resulting in a deficient number of realistic 

polymers in which to compare against theoretical predictions. The production of a diverse range 
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of BF polymers will be needed in order for these systems to be realized as beneficial materials 

for organic electronics. 

One way to produce novel BF polymers, with a diverse range of optoelectronic 

properties, is to copolymerize a BF monomer with a range of different comonomers. The HOMO 

and LUMO levels of copolymer systems can be heavily influenced by comonomer electron 

affinity, so choosing a comonomer based on its electron-withdrawing or donating power can 

allow for better control over the optical bandgap.
32

 We can test this influence in our research by 

forming two BMMPBF-based copolymers and comparing their properties to each other; one 

featuring a comonomer with high electron affinities and another featuring a comonomer with low 

electron affinity. The research presented here features two BMMPBF-based copolymers, with 

either an electron-rich or electron-poor comonomer, in order to study the effects that extended 

conjugation and comonomer electron affinity may have on the optical and electronic properties 

of 4-coordinate BF copolymer systems. 

4.3. Results and Discussion 

4.3.1. Synthesis of copolymers BMMPBF-co-DPP and BMMPBF-co-BDT 

Two distannylated comonomers, possessing different electron affinities, were selected 

and copolymerized with the BF monomer 2,7-dibromo-BMMPBF (BMMPBF(Br)2). The tin 

functional groups on these comonomers, along with the bromine functional groups on the BF 

monomer, function to facilitate copolymerization through Stille cross-coupling. Of the two 

comonomers chosen for this study, the comonomer containing the diketopyrrolopyrrole (DPP) 

functional group (2,5-Bis(2-ethylhexyl)-3,6-bis(5-(trimethylstannyl)thiophen-2-yl)pyrrolo[3,4-

c]pyrrole-1,4(2H,5H)-dione, DPP-comonomer) possesses the most electron-withdrawing 

character, resulting in high electron affinity,
33

 and should serve to enhance the electron-deficient 
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nature of BMMPBF to form a so-called acceptor-acceptor (AA) type copolymer. Conversely, 

the comonomer containing the benzodithiophene (BDT) functional group (1,1′-(4,8-bis(5-(2-

ethylhexyl)-2-thienyl)benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl)bis(1,1,1-trimethylstannane), 

BDT-comonomer) was chosen for its high electron-density and reduced electron affinity,
34-36

 

which should form a donor-acceptor (DA) type copolymer when paired with the electron-

deficient BMMPBF. In fact, BDT monomer derivatives are frequently used as donor subunits in 

DA copolymers, and are known to enhance electron delocalization in copolymer systems.
34

 

Several copolymers, featuring DPP
9, 33, 37-40

 and BDT
9, 34-36

 monomer derivatives, have 

previously been reported. The structures of the comonomers used in this study are shown at the 

top of Scheme 4-1. 
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Scheme 4-1. Structures of electron-withdrawing comonomer (DPP-comonomer) and electron-

donating comonomer (BDT-comonomer) and their copolymerization with BMMPBF. 

Scheme 4-1 also shows the reaction details for the two copolymerizations carried out in 

this study, which used Stille cross-coupling under standard reaction conditions. For each of the 

copolymerization reactions, the crude reaction product was precipitated in methanol, and the 

desired polymer was purified by Soxhlet extraction technique before being analyzed. Both 

polymers were characterized by 
1
H NMR, which demonstrated peak broadening consistent with 

polymer formation, and the individual monomers were identified by their chemical shifts. Gel 

permeation chromatography (GPC) was used to analyze the distribution and average molecular 

weight (MW) of each polymer sample. The GPC traces of both copolymer samples (Figure 4-3) 
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presented peaks in the region consistent with fairly low MW macromolecules (~1-3 kDa, vs 

polystyrene standard), which is more representative of medium-sized oligomers than definitively 

long polymers. Based on the MW values generated by the GPC software, the two copolymers 

were calculated to only be 2-3 repeat units long (Table 4-1), however the MW values are derived 

from a calibration curve using polystyrene samples for the size standards, and may not accurately 

represent the MWs of the copolymers formed in this study. 

 
Figure 4-3. GPC analysis of copolymerization reactions between BMMPBF and comonomers 

DPP (blue) and BDT (red). Traces have been overlaid. (Solvent: DMF, Detector: Uv absorption 

at 240 nm). 

For conjugated polymers, designed to be used in photovoltaic devices, long polymer 

chains with MWs greater than 10 kDa are often more desirable than short-chain oligomers.
41

 

This is largely due to the observation that long polymer chains generally form better cast films 

than short oligomers, and extended conjugation along the backbone of high MW conjugated 

polymers allows charges to be mobilized over greater distances, which can lead to an increase in 

device performance.
3
 However, for the purposes of this study, medium-sized oligomers should 
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still possess an adequate number of repeat units to allow us to study the effects that extended 

conjugation may have on the optical and electronic behavior of the resulting polymers. 

4.3.2. Optical characterization 

 After the copolymers were purified and evaluated for their MWs, they were characterized 

for their absorbance and fluorescent properties (Figure 4-4). Both copolymers absorbed into the 

visible region of the EM spectrum (λonset= 492 nm for BMMPBF-co-BDT and 778 nm for 

BMMPBF-co-DPP), which occurred at a much longer wavelength than the BMMPBF small 

molecule (λonset= 320 nm). Bathochromic shifts in the absorption spectra of conjugated polymers, 

compared to their small molecule subunits, are a sign of reduced optical bandgaps, which are 

caused by extension of the conjugated π-orbitals.
42

 Thus, the bathochromic shifts seen in the two 

BMMPBF copolymers, compared to the BF small molecule, are consistent with successful 

polymerizations. 

Interestingly, the DA copolymer formed with BDT fluoresces at a shorter wavelength 

(489 nm) than the parent small molecule (537 nm). As previously stated, we believe that 

BMMPBF undergoes an intramolecular charge-transfer process in the excited state, causing B-O 

dative bond cleavage and emission from a 3-coordinate boron structure. However, formation of 

the BDT copolymer extended the length of the conjugated network and reduced the optical 

bandgap by shifting the HOMO and LUMO levels closer to each other, which was witnessed in 

the absorption spectrum. Shifting the molecular orbitals of a conjugated compound can have a 

dramatic impact on the excited state character, and make intramolecular charge transfer 

processes, such as that seen in the BMMPBF small molecule, less likely to occur.
43-44

 So, we 

believe that the hypsochromic shift in emission maxima, seen in the optical spectrum 

BMMPBF-co-BDT (Figure 4-4 (right)), relative to the BF small molecule, signals the 
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suppression of B-O bond cleavage in the excited state, and instead represents radiative emission 

from the π*-to-π transition generally seen in conjugated polymers.
45

 This would indicate that 

excited-state behavior of the BF subunits had changed in the copolymer system, when the π-

conjugation was much longer than that of the BF small molecule. 

 
Figure 4-4. Normalized absorption (solid) and emission (dotted) spectra of BMMPBF 

copolymers in DCM. 

Table 4-1. GPC data and optical data for BMMPBF small molecule and copolymers. 

 
GPC data 

Optical Data 

Abs onset 
 

Stokes Shift 

 

Mn
a
 

(kDa) 

Mw
a
 

(kDa) 
Đ

b
 DP

c
 λ 

Eg
opt 

(eV)
d
 

Abs(λmax) 

[Log(Ɛ)]
e
 

Em 

(λmax) 
Δλ 

[cm
-1

] 

(eV) 

BMMPBF-

co-DPP 
2.34 3.29 1.41 2.75 

692 

nm 
1.80 

636 nm 

[4.7] 

676 

nm 

40 

nm 

[930] 

(0.115) 

BMMPBF-

co-BDT 
1.72 1.97 1.15 1.90 

492 

nm 
2.53 

406 nm 

[4.3] 

488 

nm 

82 

nm 

[4140] 

(0.513) 

BMMPBF --- --- --- --- 
320 

nm 
3.88 

286 nm 

[4.2] 

537 

nm 

251 

nm 

[16300] 

(2.03) 
a
 Relative to polystyrene standards 

b
 Polydispersity Index. Calculated by (Mw)/(Mn) 

c
 Degree of Polymerization. Calculated by (Mn)/(MW of repeat unit) 

d
 Determined by the following equation: 𝐸𝑔

𝑜𝑝𝑡 =  
1243 𝑒𝑉 𝑛𝑚

𝑜𝑛𝑠𝑒𝑡 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
 

e
 (cm

-1
M

-1
) measured in DCM solution 

 

When comparing the optical properties of the two copolymers to each other, the 

absorption band for BMMPBF-co-DPP occurred at a much longer wavelength (λmax= 636 nm, 

Log(Ɛ)= 4.7 cm
-1

M
-1

) and with greater intensity than the BDT copolymer (λmax= 406 nm, 



79 
 

Log(Ɛ)= 4.3 cm
-1

M
-1

). The long wavelength absorption band of BMMPBF-co-DPP is 

characteristic of polymers containing thiophenyl-DPP monomers, such as the one used in this 

study, which are known to form narrow bandgap polymers, and frequently exhibits absorption 

maxima between 600-900 nm.
38

 Consequently, the emission of BMMPBF-co-DPP also occurs 

at an extended wavelength (676 nm) and likely represents a π*-to-π transition, similar to the 

BDT copolymer. However, unlike the BDT copolymer, the absorption and emission maxima of 

BMMPBF-co-DPP both occur at longer wavelengths than the BMMPBF emission wavelength. 

This makes it difficult to confirm that the emission at 676 nm truly represents a π*-to-π 

transition, based solely on the shift in fluorescence maxima. An analytical technique that can 

distinguish between two types of emission processes could help reveal more about the excited 

state character and add more confidence to the proposed mechanism. 

Fluorescence lifetime measurements have previously been used to analyze the emission 

bands of BFs from either a 3-coordinate or 4-coordinate state, similar the two types of emission 

process proposed in this study. The Chujo group
43

 investigated a series of 4-coordinate BF small 

molecules with duel-emissive fluorescence, which they believe is composed of compound 

emissions from a 4-coordinate boron structure as well as a 3-coordinate structure. They 

hypothesized that the shorter-wavelength emission represented a π*-to-π transition, and was a 

result of the BF maintaining its 4-coordinate structure in the excited state,  while the longer-

wavelength emission represented emission from a 3-coordinate state as a result of B-N dative 

bond cleavage in the excited state. More importantly, they found that the short-wavelength 

emission had a fluorescence lifetime of ~1 ns, while the long-wavelength emission had a much 

longer lifetime (~13-22 ns). Similar comparisons should be made between the fluorescence 

lifetime measurements of BMMPBF, which is believed to occur from a 3-coordinate boron 
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excited-state, and the BMMPBF-based copolymers, which is expected to emit from a 4-

coordinate boron excited-state. 

In addition to comparing the peak emission lifetimes of the polymers to the BF small 

molecule, comparisons can also be drawn from within the emission spectra of the polymers by 

themselves. Both polymer samples showed weak shoulder emissions at longer wavelengths than 

their emission maxima, though the shoulder is more pronounced in BMMPBF-co-DPP (~740 

nm) than in BMMPBF-co-BDT (~620 nm). This may be a sign of duel-emissive fluorescence, 

caused by competitive emission processes, similar to Chujo’s work. If this hypothesis is accurate, 

and emission occurs from two distinct excited states, then there are two likely causes to this 

observation: (1) deficient polymer sizes resulted in short conjugation lengths, which were less 

effective at suppressing emission from a 3-coordinate boron state than longer polymers may be 

capable of, or (2) it could signal that extended conjugation, regardless of the effective 

conjugation length, may only be capable of partially suppressing B-O bond cleavage in the 

excited state, and that duel-emission would still occur in larger polymers. In either case, 

measuring the lifetimes of the emission maximum and shoulder region may help in determining 

the type of emission occurring in both regions and weather B-O bond cleavage is being 

suppressed. Unfortunately, samples of the copolymers were depleted after the initial 

characterization was performed, so no material was left in which to perform fluorescence 

lifetime measurements, and more material could not be produced within a reasonable period of 

time. 

The optical spectra for both copolymers are shown in Figure 4-4 and the numerical data 

is listed in Table 4-1. Both copolymers produced much smaller Stokes shifts than the BF small 

molecule (Δλ= 40 nm for BMMPBF-co-DPP and Δλ= 82 nm for BMMPBF-co-BDT), which 
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supports the hypothesis that extended conjugation influences the type of transition witnessed 

during photoemission. 

4.3.3. Electrochemical characterization 

 
Figure 4-5. Voltammograms of BMMPBF copolymers (0.1 M tetrabutylammonium perchlorate 

in acetonitrile). For BMMPBF-co-DPP, the reduction and oxidation cycles are overlaid and 

enhanced. 

Table 4-2. Electrochemical data for BMMPBF copolymers. 

 
Oxidation Reduction Bandgap 

 
𝐸𝑜𝑛𝑠𝑒𝑡

𝑂𝑥  HOMO
b
 𝐸𝑜𝑛𝑠𝑒𝑡

𝑅𝑒𝑑  LUMO 
𝐸𝑔

𝑒𝑐 

(eV) 

𝐸𝑔
𝑜𝑝𝑡  

(eV) 

BMMPBF-co-

DPP 
0.43 V -5.5 eV -1.59 V 

-3.5 eV
c
 

-3.7 eV
d 2.0 1.80 

BMMPBF-co-

BDT 
0.70 V -5.8 eV --- 

a
 -3.3 eV

d
 --- 

a
 2.53 

a
 Results were not available 

b
 Determined by the following equation: 𝐸𝐻𝑂𝑀𝑂 = −(𝐸[𝑂𝑥,𝑜𝑛𝑠𝑒𝑡,𝐹𝑐/𝐹𝑐+] + 5.1 𝑒𝑉) 

46
 

c
 Determined by the following equation: 𝐸𝐿𝑈𝑀𝑂 = −(𝐸[𝑟𝑒𝑑,𝑜𝑛𝑠𝑒𝑡,𝐹𝑐/𝐹𝑐+] + 5.1 𝑒𝑉) 

46
 

d
 Determined by the following equation: 𝐸𝐿𝑈𝑀𝑂 =  𝐸𝐻𝑂𝑀𝑂 +

1243 𝑒𝑉 𝑛𝑚

𝑜𝑛𝑠𝑒𝑡 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
 

Thin films of the copolymers were analyzed by cyclic voltammetry (CV) to evaluate their 

oxidation and reduction potentials, versus ferrocene internal standard, and the HOMO and 

LUMO levels were calculated, relative to the vacuum level. The onset potentials (Eonset) for the 

reduction and first oxidation waves of BMMPBF-co-DPP (Figure 4-5 left) were used to 

calculate the polymer’s LUMO (-3.5 eV) and HOMO (-5.5 eV) energy levels, respectively, and 

revealed a fairly small electrochemical bandgap (Eg
ec

) of 2.0 eV. The voltammogram of 
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BMMPBF-co-BDT (Figure 4-5 right), however, did not show any reversible redox behavior, 

and only the Eonset for the oxidation wave was reliable enough to be used in calculating the value 

for the polymer’s HOMO energy level (-5.8 eV). 

The LUMO energy level, for the BDT copolymer, was calculated using a combination of 

electrochemical and optical data, which revealed a slightly higher LUMO energy value (-3.3 eV) 

than the value for the DPP copolymer. This method has previously been used to calculate the 

frontier orbital energy levels of BF polymers,
19

 and is especially useful when extracting 

information on polymers from convoluted voltammograms. However, in order to insure that an 

accurate comparison could be made between the LUMO values of the two copolymers in this 

study, the LUMO energy value for BMMPBF-co-DPP was recalculated, using an identical 

method to that of BMMPBF-co-BDT. The second LUMO value for the DPP copolymer (-3.7 

eV) was within 6% of the first value obtained from extrapolation of the Eonset. The CV results for 

both copolymers are shown in Figure 4-5 and the energy level values are listed in Table 4-2, 

along with the calculation methods used. 
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Figure 4-6. (a) HOMO and LUMO energy levels of borafluorene homopolymers [theoretical in 

black, experimental in red], borafluorene copolymers [blue], and fluorene copolymers [green].
16, 

19, 47-48
 (b) Structures of theoretical

16
 and experimental

19
 3-coordinate BF homopolymers. (c) 

Structures of fluorene-based copolymers with DPP
47

 and BDT.
48

 

In addition to analyzing the influence of extended conjugation and comonomer electron 

affinity in these BF copolymer systems, we also wanted to evaluate their potential as electron-
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transporting materials. As previously mentioned, theoretical calculations of a 3-coordinate BF 

homopolymer by the Huang group
16

 suggests that these polymers may be valuable electron-

transporting materials, and an experimentally produced example of a 3-coordinate BF 

homopolymer, published by the Rupar group,
19

 revealed HOMO and LUMO energy levels even 

more reduced than previously predicted (Figure 4-6a&b). Our interest is to evaluate the impact 

that BMMPBF has when incorporated into copolymer systems. 

The optical bandgaps of both copolymers formed in this study are fairly consistent with 

the relative values from examples of DPP and BDT copolymers seen in literature,
36-37

 even 

though oligomers were formed in both cases, instead of long conjugated polymers. This may 

indicate that the effective conjugation lengths in these copolymers are long enough to allow 

BMMPBF-co-DPP and BMMPBF-co-BDT to be compared to other DPP or BDT-based 

copolymers, respectively, and draw conclusions about the impact that BMMPBF serves in these 

systems. More specifically, a direct comparison to fluorene-based DPP/BDT copolymers should 

strongly reflect the influence that boron incorporates into these copolymer systems. Because the 

conjugated backbone of fluorene and borafluorene are nearly identical in structure, any variation 

in their electronic structures would likely be attributed to the influence of the 9-bridging atom, 

and help determine if n-type functionality can be incorporated into template polymers through 

boron heteroatom substitution, as previously predicted.
16

 

An example of a fluorene/DPP copolymer (poly(2,7(9,9-dioctyl-fluoren)-co-(3,6-

bis(thienyl)-2,5-dioctyl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione)), Flu-co-DPP) (Figure 4-

6c), synthesized by Janssen and coworkers,
47

 was reported to have an optical bandgap nearly 

identical to that of BMMPBF-co-DPP (1.79 eV), which is unusual given that their polymer was 

reported to be much larger (Mn= 7.7 kDa), so it would be expected to possess a greater 
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conjugation length and smaller bandgap. In addition, CV analysis revealed the frontier molecular 

orbitals of Flu-co-DPP (HOMO= -4.99 eV, LUMO= -3.23 eV, relative to vacuum) were higher 

in energy than those of BMMPBF-co-DPP, suggesting that boron provides greater stability to 

the polymer’s HOMO and LUMO energy levels than carbon. Examples of fluorene/BDT 

copolymers are nearly absent from scientific literature, but Park and coworkers
48

 published an 

example of this type of polymer (poly(3-[2-[4,8-Bis-(2-ethyl-hexyloxy)-6-methyl-1,5-dithia-s-

indacen-2-yl]-9-(3-dimethylamino-propyl)-7-methyl-9H-fluorene]-propyl)-dimethyl-amine, Flu-

co-BDT) (Figure 4-6c) with an optical bandgap very similar to BMMPBF-co-BDT (Eg
opt

= 2.48 

eV, Mn= 13.1 kDa) and with a fair molecular weight. CV analysis of Park’s Flu-co-BDT 

revealed HOMO and LUMO energy level values much greater than that of BMMPBF-co-BDT 

(HOMO= -5.16 eV, LUMO= -2.66 eV, relative to vacuum), again suggesting that the boron 

heteroatom stabilized these orbitals in the BF copolymer system, relative to a similar fluorene 

copolymer. The structures of the fluorene-based copolymers are shown in Figure 4-6c, and a 

representation of their HOMO and LUMO energy levels are shown in Figure 4-6a in green. 

Finally, we wanted to evaluate the BMMPBF copolymers for their compatibility with 

photovoltaic devices, such as OLEDs. Most organic photovoltaic devices use inert metal anodes 

with high work functions, such as gold, to prevent oxidation of the electrode and extend the 

lifetime of the device.
49

 However, these high work function metals present a large energy barrier 

for the injection of electrons into organic conjugated materials, which has to be overcome before 

electron-transport can occur. Conjugated polymers with LUMOs below -3.15 eV
24

 generally 

allow for the efficient injection of electrons to occur from these high work function electrodes, 

and can help facilitate n-type semiconductive behavior. Both of the BF copolymers in this study 
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surpass the minimal expectation, with LUMOs at or below -3.3 eV, and should be compatible 

with common photovoltaic device structures. 

4.4. Conclusion 

 In conclusion, a borafluorene with intriguing optical behavior was incorporated into two 

copolymer systems in order to study the effects that extended conjugation and comonomer 

electron affinity would have on the optoelectronic properties. The products from both 

copolymerization reactions demonstrated peak broadening, when analyzed by 
1
H NMR analysis, 

and bathochromic shifts in absorption, relative to the BMMPBF small molecule. These results 

are consistent with the formation of extended conjugated networks brought on by 

copolymerization of BMMPBF(Br)2 and the selected comonomers. GPC analysis also 

confirmed the formation of copolymers, though the MWs of both copolymers were 

representative of medium-sized oligomers. When analyzing the impact of extended conjugation 

on the optical properties, both copolymers exhibited Stokes shifts much smaller than BMMPBF, 

signifying that extended conjugation changed the emission character of the BF monomer units, 

by partially suppressing the excited state character observed in the BF small molecule. This was 

also demonstrated by a hypsochromic shift in the emission of BMMPBF-co-BDT, relative to the 

BF small molecule. In addition, CV analysis revealed that the HOMO and LUMO energy levels 

were lower in the BMMPBF-based copolymers, compared to very similar fluorene-based 

copolymers, which helps to demonstrate the impact of boron heteroatom substitution in organic 

conjugated polymers. Both copolymers formed in this study contained low lying LUMOs that are 

compatible with common optoelectronic device structures, supporting the possibility that these 

materials may be appropriate for use as n-type semiconductors. 
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4.5. Supporting Information 

4.5.1. General information 

All manipulations carried out under in air free conditions used anhydrous N2 atmosphere 

using standard Schlenk line and glove box techniques. Solvents were dried by passing through an 

alumina column and then stored over 4 Å molecular sieves. All chemicals not synthesized were 

purchased commercially and used as received. Comonomers DPP-comonomer and BDT-

comonomer were purchased from Derthon Optoelectronic Materials Ltd. Gel permeation 

chromatography (GPC) was performed using a Malvern Viscotek VE 2001 Triple-Detector Gel 

Permeation Chromatograph equipped with an automatic sampler, a pump, an injector, an inline 

degasser, a column oven (60 °C for DMF), and Malvern T6000M SEC columns running DMF as 

the solvent.  Detection was conducted by means of a photodiode array detector operating 

between 190 nm and 500 nm. GPC-SEC calibration was performed using polystyrene standards 

and conventional calibration techniques. 

The geometries were optimized at the density functional theory (DFT)
50

 level with the 

hybrid B3LYP
51, 52

 exchange-correlation functional first with the DFT-optimized DZVP2 basis 

sets.
53

.  Vibrational frequencies were calculated to show that the structures were minima. Time 

dependent-DFT (TD-DFT) calculations
54,55

 were performed to analyze the UV-vis spectra at the 

same computational level in the gas phase. All calculations were done with Gaussian 09.
56

 

All electrochemical data was collected using a 3-probe system with a carbon working 

electrode, a silver wire quasi-reference electrode, and a platinum counter electrode. Thin films 

were drop cast onto the working electrode and measurements were taken in dry acetonitrile using 

electrochemical grade tetra-n-butyl ammonium perchlorate as a supporting salt. All results were 

calibrated from the Fc/Fc
+ 

potential, making measurements before the addition of ferrocene. 
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Cyclic voltammetry (CV) experiments were conducted at a scan rate of 0.1 V/second, starting 

from a 0V (vs. Ag quasi-reference electrode). Onsets of reductions and oxidations were 

determined by derivative of the curve. 

4.5.2. Synthetic supporting information 

Synthesis of BMMPBF-co-DPP 

 

BMMPBF(Br)2 (49 mg, 0.10 mmol), DPP-comonomer (85 mg, 0.10 mmol), and Pd(PPh3)4 (5 

mg, 4 ųmol) were dissolved in dry toluene (5 mL) and dry DMF (2 mL) in a small reaction vial 

under nitrogen atmosphere. The vial was sealed and heated to 100 °C for 22 hours. The reaction 

was precipitated in methanol (100 mL) and allowed to stir for two hours, then separated by 

centrifugation. The precipitated solid was purified by Soxhlet extraction using dry hexane (200 

mL for 2 hours) and dry DCM (200 mL for 2 hours). The DCM portion was segregated, the 

solvent was removed by rotary evaporation, and the remaining solids were placed under vacuum 

(<70 mTorr) for several hours before weighing the final purified product (22 mg, 26% yield) 
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Synthesis of BMMPBF-co-BDT 

 

BMMPBF(Br)2 (49 mg, 0.10 mmol), BDT-comonomer (91 mg, 0.10 mmol), and Pd(PPh3)4 (5 

mg, 4 ųmol) were dissolved in dry toluene (5 mL) and dry DMF (3 mL) in a small reaction vial 

under nitrogen atmosphere. The vial was sealed and heated to 100°C for 19 hours. The reaction 

was precipitated in methanol (100 mL) and allowed to stir for two hours, then separated by 

centrifugation. The precipitated solid was purified by Soxhlet extraction using dry hexane (150 

mL for 2 hours) and dry DCM (150 mL for 2 hours). The DCM portion was segregated, the 

solvent was removed by rotary evaporation, and the remaining solids were placed under vacuum 

(<70 mTorr) for several hours before weighing the final purified product (34 mg, 38% yield) 
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4.5.3. Supporting figures 

 
Figure 4-S1. GPC trace of BMMPBF-co-DPP in DMF vs PS standards. Detector: Uv 

absorption at 240 nm. This image contains the consolidated GPC analytical information related 

to this polymer, and is identical to the values reported in the main text. 
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Figure 4-S2. Optical spectra of BMMPBF-co-DPP (Normalized. Solvent: DCM. Excited at 636 

nm). 
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Figure 4-S3. 
1
HNMR spectrum of BMMPBF-co-DPP in CDCl3. 
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Figure 4-S4 GPC trace of BMMPBF-co-BDT in DMF vs PS standards. Detector: Uv absorption 

at 240 nm. This image contains the consolidated GPC analytical information related to this 

polymer, and is identical to the values reported in the main text. 
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Figure 4-S5. Optical Spectra of BMMPBF-co-BDT (normalized. Solvent: DCM. Excited at 418 

nm). 
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Figure 4-S6. 
1
HNMR spectrum of BMMPBF-co-BDT in CDCl3. 
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Figure 4-S7. Redox voltammogram of BMMPBF-co-DPP.  

 

 
Figure 4-S8. Reduction voltammogram of BMMPBF-co-DPP. Scanned with increased 

sensitivity. 
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Figure 4-S9. Redox voltammogram of BMMPBF-co-BDT. 
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CHAPTER 5: POLYCARBAZOLIUM: ATTEMPTS TO OVERCOME ISSUES WITH 

POLYMER SOLUBILITY TO ACHIEVE A CARBAZOLE-BASED POLYELECTROLYTE 

 

5.1. Abstract 

 A heterofluorene polymer was explored as a new design towards water-soluble n-type 

semiconductor materials. A synthetic route was proposed where carbazole derivatives undergo 

intramolecular cyclization with a five-carbon pendent group, resulting in the formation of a 

cationic quaternized ammonium group incorporated into the conjugated backbone. This 

quaternization should decrease the electron density of the conjugated system. In order to add 

confidence to the proposed synthetic route, a small-molecule model compound was synthesized, 

and the structure was confirmed by 
1
H and 

13
C NMR spectroscopic characterization as well as X-

ray diffraction (XRD). The model compound’s counter anion (
-
OTf) was exchanged with another 

anion (Br
-
) to demonstrate the selective control over the accompanying counter anion, and the 

results of the exchange were confirmed by XRD. Next, three carbazole polymers were 

synthesized to function as precursor polymers for the designed polyelectrolyte. Conversion of the 

non-ionic polymers to their polyelectrolytic form was intended to occur during a post-

polymerization modification phase; however, issues with polymer solubility restricted these 

modifications from occurring, and efforts to improve solubility by appending solubilizing 

substituents were unsuccessful. 

5.2. Introduction 

 The design and study of organic π-conjugated polymers has received significant interest 

the past few decades, which has enabled the development of organic solar cells (OSC)s,
1-5
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organic light emitting diodes (OLED)s,
6-9

 organic field-effect transistors (OFET)s,
10

 organic 

lasers,
11

 bio-imaging devices,
12-13

 and chemical sensors.
14-18

 Low-cost, ease-of-processing, 

reduced toxicity, versatility, flexibility, and simple modification procedures are just a few 

advantages that organic materials have over inorganic materials when applied to optoelectronic 

devices.
19-21

 One form of modification that can largely impact the electronic properties of organic 

conjugated polymers, is heteroatom substitution,
22-28

 which can be used to tune the properties of 

the resulting polymers to fit specific application requirements. For example, electron-

transporting (n-type) semiconductors can be formed by substituting an electron-deficient 

heteroatom into a conjugated polymer, in order to increase the polymer’s electron affinity and 

stabilize the frontier molecular orbitals. This strategy can be used to increase the library of 

electron-transporting materials, which is essential for the development of high-performance 

complementary electronic devices, and yet n-type materials are significantly underreported in 

comparison to their hole-transporting (p-type) counterparts.
29-31

 

 Another underreported class of organic conductive materials in need of further 

development is the production of water-soluble conjugated polymers (WSCP)s.
3
 Most organic 

conjugated polymers possess very poor solubility in aqueous solvents, and need to be 

synthesized and processed in organic solvents. However, conjugated polymers that are water 

and/or alcohol-soluble have attracted attention, given the eco-friendly manner in which they can 

be processed, including layer-by-layer deposition techniques,
3
 and the previously-inaccessible 

range of application in which they can be utilized, such as interface modification layers, which 

have helped form state-of-the-art OSCs.
3
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Chart 5-1. Published examples of WSCPs for organic electronic application.

32-35
 

To form WSCPs, most researchers attach a surfactant-like pendant group to a conjugated 

polymer, which serves to increase the water/alcohol-solubility, whereas charge propagation 

occurs along the π-conjugated backbone.
3
 The Swager group, however, has produced a number 

of WSCPs
16, 35

 with quaternary ammonium groups incorporated into the polymer backbone, 

which not only renders the polymer water-soluble, but also induces electron-deficiency. In fact, 

these polymers have been demonstrated as n-type semiconductors with several desirable 

properties such as high electron affinity, good electron mobility, reversible redox behavior, and 

the facile formation of multilayer polymer structures.
35

 A few examples of previously published 

WSCPs that have been demonstrated in optoelectronic applications are shown in Chart 5-1. In 

another publication,
16

 the Swager group wanted to study the impact that different counter anions, 

paired against a pyridinium-based polymer, would have on the properties of the polyelectrolyte, 

and they discovered that the choice of counter-ion significantly affected the polymer’s solubility 

as well as its optical properties. 

In addition to the optoelectronic applications mentioned earlier, organic semiconductors 

are also gaining popularity in thermoelectric (TE) applications, which require materials that 

possess good electrical conductivity, yet low thermal conductivity.
36-37

 Most of the research on 

high-performance TE materials solely focuses on inorganic minerals, which easily out-perform 

most organic-based systems, but require toxic and rare elements such as Bi, Te, Sb, and Pb that 

can be prohibitively expensive and inaccessible for large-area applications.
37

 In contrast, organic 
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semiconductor TE materials are low-cost, easily processed, flexible, and non-toxic, so the 

production of highly-efficient organic TE materials could, for example, help increase the 

efficiency of industrial processes by reducing the energy lost through heat transfer.
36

 

Similar to optoelectronic applications, organic TE devices require complimentary p/n-

type semiconductive materials,
38

 and the development of new n-type materials has suffered 

several setbacks, including insufficient electron affinity, low conductivity, weak processability, 

and air-instability.
39

 Vapor-doped fullerenes, for example, have been demonstrated as efficient n-

type TE materials, but are not amenable to solution processing.
38

 To counter this, Segalman and 

coworkers
38

 produced an n-type TE semiconductor, featuring intrinsically-doped quaternary 

amines, with the highest n-type TE performance of any solution-processed organic material to 

date. The future development of efficient organic TE devices will require an increase in the 

production of new n-type semiconductors to compliment the already-growing library of p-type 

materials, and a strong emphasis on material stability and processability may be instrumental to 

their applications. 

The high-performance materials, produced by Segalman,
38

 showed that conjugated 

polymers, featuring quaternary amines incorporated into the polymer backbone, are well-suited 

for n-type TE semiconductor applications. These polyelectrolytes are generally air-stable due to 

their low reactivity,
40

 and are often amenable to eco-friendly aqueous-bases solution processing. 

Example of these polymers have previously demonstrated great success in forming WSCPs
3
 as 

well as increasing the efficiency of TE materials,
38

 and inducing electron-deficiency when 

incorporated into conjugated systems.
16, 35

 Quaternized carbazolium polymers should be able to 

meet all of these expectations, yet no example of this type of polymer has been produced to date, 

and only a handful of carbazolium small molecules have been published (Chart 5-2b).
41-45

 In fact, 
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polycarbazole has already been highlighted as a possible p-type semiconductor for TE devices,
36

 

so it is reasonable to believe that the quaternized ammonium congener (polycarbazolium) would 

possess a much higher electron affinity, and make an exemplary n-type TE semiconductor. 

 
Chart 5-2. Trivalent carbazole (a) and examples of previously published tetravalent carbazolium 

small molecules (b).
41-45

 

5.3. Results and Discussion 

5.3.1. Synthesis of carbazolium model compound (Cz
+
) 

 In order to demonstrate the feasibility of a quaternized carbazolium polymer, a 

quaternized carbazolium model compound (Cz
+
) was first synthesized following an altered 

procedure by Jung and coworkers
46

 (Scheme 5-1). In the final synthesis step, a triflate leaving-

group was attached to the end of an alkyl chain, appended to the bridging nitrogen atom, and the 

solution was heated in toluene to induce intramolecular cyclization through nucleophilic 

substitution. A five-carbon pendant chain was chosen so that a low-strain six-member ring would 

be formed upon cyclization.
47

 This strategy was successful, and the model compound 

(Cz
+
(OTf)) was purified and characterized by 

1
H NMR, 

13
C NMR, and single-crystal XRD. 
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Scheme 5-1. Synthesis of model compound Cz

+
 and demonstrated swapping of counter ion. 

 
Figure 5-1. XRD images of model compound Cz

+ 
with counter-ion (OTf) and (Br). 

After characterization, a small sample of Cz
+
(OTf) was stirred in a solution of excess 

tetrabutylammonium bromide (TBAB) so that ion exchange could occur between the triflate 

counter-ion and bromide ion. This exchange was also successful, forming a new salt compound 

pair Cz
+
(Br), which was confirmed by single-crystal XRD (Figure 5-1). The purpose of this ion 

exchange was to demonstrated that a specific counter anion could be chosen and paired with the 

 

           Cz
+
(OTf)        Cz

+
(Br) 
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carbazolium group in a model system, which may prove to be a valuable method in tuning the 

physical and electronic properties of future carbazolium polymers, such as improving solubility 

and conductivity, similar to the work on polyelectrolytes demonstrated by Swager and 

coworkers.
16

 

5.3.2. Synthesis of carbazole polymer (pCz1) 

 The successful and high-yielding production of a Cz
+
 model compound helped validate 

the proposed synthetic route, but synthesis of a Cz
+
 polymer would be more difficult, and 

introduce obstacles that were not encountered with the model system. First, quaternary 

ammonium compounds are susceptible to thermal decomposition and Hofmann eliminations,
48

 

so a carbazolium monomer would be incompatible with the polymerization process chosen for 

this study, which features a transition-metal-catalyzed cross coupling, and is performed at 

elevated temperatures. To avoid destruction of the monomer during polymerization, a non-ionic 

carbazole monomer can be used to form a polymer, and conversion of the subsequent polymer to 

its polyelectrolytic form can be completed at a later stage. This technique has shown success in 

the production of polyelectrolytes by Swager and coworkers.
35

 Second, analyzing the size of 

polyelectrolytes by gel-permeation chromatography (GPC) can be difficult, and require 

specialized solvents, columns, and standards that were not available at the time of this research. 

However, GPC analysis on a non-ionic polymer could be obtained after polymerization of a non-

ionic monomer to confirm polymer size, and formation of the desired polyelectrolyte could be 

completed after characterization and analysis. 

The synthesis of Cz
+
(OTf) followed a route where three non-ionic intermediate carbazole 

species were formed, and this process demonstrates that an ionic carbazolium compound can be 

formed from a non-ionic carbazole precursor. Similarly, a non-ionic carbazole monomer could 
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be used to form a carbazole polymer as an intermediate structure, and then the monomer sub-

units could be cyclized after polymerization to form the desired polyelectrolyte. More 

importantly, by following this synthetic route, the previously-mentioned obstacles associated 

with polymerizing and characterizing a carbazolium polyelectrolyte could be avoided. Of the 

three non-ionic intermediate structures produced in the synthesis of Cz
+
(OTf), the carbazole 

intermediate compound featuring an ester end-group would likely form the most stable monomer 

structure to undergo polymerization and analysis without interfering with the polymerization 

process or GPC results.  

 
Scheme 5-2. Synthesis of pCz1. 

 The synthesis of carbazole monomer (Cz1) was carried out, starting with the alkyl 

addition of dibromopentane to 2,7-dibromo-9H-carbazole, followed by conversion of the 

terminal alkyl bromide to an ester end-group, in a similar manner to that of the model compound. 

Cz1 was polymerized through Yamamoto cross-coupling technique
49

 to yield the corresponding 

poly(carbazole) (pCz1) (Scheme 5-2). Unfortunately, the resulting polymer product 

demonstrated poor solubility in common organic solvents. This can cause problems when 

characterizing the product of a polymerization for the distribution of polymer chain sizes, 
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because the smaller, more soluble chain fractions will likely be over-represented, while the 

larger, less soluble chain fractions will be under-represented or may not show up at all. However, 

as long as a portion of the reaction product can be solubilized, 
1
H NMR analysis can be used to 

confirm that a successful polymerization occurred by comparing the spectra of the reaction 

product to that of the starting material. The 
1
H NMR spectra of pCz1 (Figure 5-S20) showed 

peak broadening across all alkyl and aryl chemical shifts, when compared to the spectra of the 

monomer, which is consistent with polymer formation. 

5.3.3. Synthesis of propyl-substituted carbazole polymer (pCz2) 

In order to address the issue of low polymer solubility, we proposed the attachment of 

solubilizing substituents to the pendant five-carbon (C5) group. While alky substituents should 

increase the solubility of the monomer and polymer in organic solvents, they may also decrease 

the water solubility and limit WSCP applications. For this reason, a small propyl group was 

chosen as the solubilizing substituent, aimed at increasing the solubility of the resulting polymer 

in organic solvents while not dramatically reducing water solubility. In addition, substitution to 

the center of the C5 chain will introduce a new stereocenter to the monomer structure, which is a 

strategy known to disrupt polymer chain packing and increase polymer solubility.
50
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Scheme 5-3. Synthesis of pCz2. 

3-propyl-substituted dibromopentane was prepared according to literature
51-52

 and 

processed in an identical manner as the first carbazole monomer to create the propyl-substituted 

carbazole monomer (Cz2). Monomer Cz2 was then polymerized by Yamamoto cross-coupling to 

yield the corresponding poly(carbazole) (pCz2) (Scheme 5-3). Similar to the first Cz polymer, 

pCz2 showed minimal solubility in common organic solvents. However, analysis by GPC was 

still attempted by suspending the polymer sample in GPC-grade solvent, then filtering away the 

insoluble fraction and analyzing the soluble fraction of the polymer sample. The results of this 

analysis showed the polymer sample was less than 5 kDa in size, signifying that only small 

oligomers were soluble enough to be analyzed through this method. In spite of the low solubility 

of the polymer product, a saponification reaction was attempted on pCz2 (Scheme 5-3) in order 

to continue post-polymerization modifications and try to achieve a fully cyclized system. 

Unfortunately, the 
1
H NMR spectra of the polymer sample, taken before and after the attempted 

saponification reaction (Figure 5-S22), showed that there were no changes to the polymer 
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structure, signifying that modification to the carboxyl group was unsuccessful and that the 

polymer was not soluble enough to allow the sample to be converted to the polyelectrolyte form.  

5.3.4. Synthesis of 2-ethylhexyl-substituted carbazole polymer (pCz3) 

 Since a small alkyl group was ineffective at solubilizing pCz2, we chose to attach a much 

larger alkyl group in order to boost the organic solubility of the resulting polymer. Attachment of 

a 2-ethylhexyl group should increase the organic solubility and introduce two stereocenters to the 

monomer structure to help prevent polymer chain-packing. The new 3-substituted C5 compound 

was made in a similar manner as the propyl congener (Scheme 5-4), with additional preparation 

of the 2-ethylhexyl Grignard reagent. We also chose to change the reaction route and bypass 

several intermediate compounds so that the end-group on the solubilizing substituent could 

readily be converted to an alcohol, after attachment to the carbazole monomer, and would only 

need a single modification step to produce a cyclized compound. It was in this manner that the 

third carbazole monomer (Cz3) was formed and polymerized to yield the corresponding 

poly(carbazole) (pCz3) (Scheme 5-4). Surprisingly, the much larger alkyl substituents on pCz3 

were just as ineffective at solubilizing the polymer product in common organic solvents as the 

smaller alky chains. GPC analysis only produced a peak consistent with small oligomers with a 

molecular weight of less than 5 kDa. 
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Scheme 5-4. Synthesis of pCz3. 

5.3.5. Attempt to synthesize a pendent group with PEG solubilizing substituent 

 The issue of polymer solubility had, thus far, limited the development of a 

polyelectrolyte, and attachment of long alkyl chains with multiple stereocenters had done little to 

progress development. In light of these setbacks, we began to redesign the solubilizing 

substituent in order to realize a carbazole polymer soluble enough in organic solvents to undergo 

post-polymerization modifications. Polyethylene glycol (PEG) is a very attractive solubilizing 

pendent group due to its high solubility in both polar organic solvents as well as aqueous 
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solvents. The extensive use of PEG in medical applications
53

 is a testament to its low toxicity, 

but perhaps its most attractive quality is its broad availability and low cost, which is an import 

fact to consider for manufacturing purposes. In addition, the utilization of longer PEG 

substituents to enhance polymer solubility in organic solvents would not hinder the polymer’s 

water solubility or use in WSCP applications, unlike long alkyl substituents. 

 
Scheme 5-5. Proposed synthetic route for PEG-C5 substituent. 

 A cheap and convenient route was drawn up for the synthesis of a PEG-appended C5 

compound (Scheme 5-5) to be attached to a carbazole monomer. The desired C5 compound was 

designed to features a PEG substituent attached at the 3-position, a tosylate group attached at one 

end of the C5 chain as a leaving group, and a triisopropylsiloxy (TIPS) groups at the other end of 

the C5 chain. The TIPS group is a stable functional group capable of withstanding 

polymerization conditions, and was designed to be converted to an alcohol group after 

polymerization had taken place. This quick and easy conversion would help limit the amount of 

synthetic steps during post-polymerization modification. 
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Scheme 5-6. Attempted synthesis of PEG-C5 compound. 

Although the synthetic route appeared to be simplistic, and the first few synthetic steps 

were high yielding (Scheme 5-6), the attachment of the PEG group to the C5 compound proved 

to be problematic, despite rigorous investigation into reaction conditions and alternative reaction 

pathways being explored (Scheme 5-7). Several bases were used to deprotonate the diethyl-3-

hydroxypentanedioate intermediate compound, ranging from the very strong (NaH) to mild 

(K2CO3), and a large range of reaction temperatures were tested. Despite these efforts, 

attachment of the PEG substituent was not achieved and a carbazole monomer with this 

solubilizing group appeared inaccessible. 
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Scheme 5-7. Reaction conditions for attempted synthesis of PEG-C5 compound. 

 After accepting that a PEG-C5 substituent was inaccessible through the synthetic route 

that was originally chosen, and that the rigorous investigation of alternative reaction conditions 

had not produced the desired compound, the progress of the project was reevaluated. Synthesis 

of the model Cz
+
 compound showed that our methods were well-founded and that a carbazolium 

polyelectrolyte should be accessible through a similar route, as long as a carbazole polymer 

could be formed and modified after analysis. However, in order to convert the carbazole polymer 

to the desired polyelectrolyte, the polymer must be soluble in organic solvents and none of the 

carbazole polymers, produced up to this point, matched this description. Attachment of alkyl 

substituents to the monomer structure did not improve polymer solubility, and attempts at using 

alternative solubilizing groups, namely PEG, were unfruitful. 
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5.4. Conclusion 

 In conclusion, we attempted to synthesize a carbazolium polyelectrolyte featuring a 

quaternized ammonium group incorporated into the polymer’s conjugated backbone in order to 

realize an n-type WSCP for possible applications in TE devices. A model carbazolium 

compound was successfully synthesized and characterized, and exchange of the counter anion 

was successfully demonstrated. Due to sensitive reaction conditions and limitations with 

analytical equipment, it was necessary to form a polymer using trivalent carbazole monomers, 

with the intention of cyclizing each monomeric unit through post-polymerization modifications. 

Although three carbazole polymers were synthesized, none were soluble enough in common 

organic solvents to undergo cyclization, and GPC analysis only identified low molecular weight 

oligomers. In a final attempt to combat low polymer solubility, we attempted to form a 

solubilizing substituent featuring a low-cost PEG functional group, but we were unsuccessful 

despite exhaustive efforts. Although the project was unsuccessful at producing the desired 

polymer within a reasonable project timeframe, several alternative directions could still be 

explored in order to produce the first known carbazolium polymer, including (a) adding 

solubilizing substituents directly to the heterofluorene moiety, (b) testing a range of 

polymerization techniques, such as Suzuki or Stille coupling, and (c) testing the polymerization 

on a cyclized monomer and sending the reaction samples to a research lab capable of analyzing 

polyelectrolytes by GPC. 

5.5. Supporting Information 

5.5.1. General information 

All manipulations were carried out under an anhydrous N2 atmosphere using standard 

Schlenk line and glove box techniques.   Solvents were dried by passing through an alumina 
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column and then stored over 4 Å molecular sieves. 2,7-dibromo-9H-carbazole
54

, 1-bromo-3-(2-

bromoethyl)hexane
51-52

, diethyl 3-hydroxypentanedioate
55

, 2-(2-(2-methoxyethoxy)ethoxy)ethyl-

4-methylbenzenesulfonate
56

, and 1-bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane
57

 were 

synthesized as previously reported. All other chemicals were purchased commercially and used 

as received.  Gel permeation chromatography (GPC) was performed using a Malvern Viscotek 

VE 2001 Triple-Detector Gel Permeation Chromatograph equipped with an automatic sampler, a 

pump, an injector, an inline degasser, a column oven (30 °C), and two in-series Malvern T6000M 

SEC columns.  Detection was conducted by means of a photodiode array detector operating 

between 190 nm and 500 nm, and calibrated against polystyrene standards. 

Single crystal x-ray diffraction data were collected using a Bruker diffractometer 

equipped with a 3-circle PLATFORM goniometer and an APEX II CCD camera (Bruker-AXS).  

The crystal was mounted on a glass fiber using silicone grease and cooled to 100 K under a cold 

nitrogen stream using an Oxford N-Helix cryostat (Oxford Cryosystems).  The crystal was 

irradiated with graphite monochromated Mo-Kα radiation and a hemisphere of diffraction data 

was measured using a strategy of phi and omega scans with 0.5 
o
 frame widths.  Data collection, 

unit cell determination, data reduction, and integration, absorption correction, and scaling were 

performed using the Apex 2 software suite from Bruker.
58

  The crystal structure was solved by 

direct methods and refined by full-matrix least squares refinement against F
2
.  Non-hydrogen 

atoms were located from the difference map.  Hydrogen atoms were placed in calculated 

positions and allowed to ride on the carrier atom.  Hydrogen atoms on methyl groups were 

refined using a riding rotating model.  Space group determination, structure solution, and 

refinement were carried out using the Bruker SHELXTL software package.
59
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5.5.2. Synthetic supporting information 

Synthesis of model compounds Cz
+
(OTf) and Cz

+
(Br) 

 

Synthesis of 9-(5-bromopentyl)-9H-carbazole
46

 

 

4.78 g of sodium hydride (60% dispersion in mineral oil) (120 mmol), 111 g 1,5-dibromopentane 

(482 mmol), and 15.2 g carbazole (90.8 mmol) were dissolved in 110 mL of DMF under 

nitrogen atmosphere overnight. The solution was gravity filtered and the solvent was removed 

under vacuum while being heated to 40°C. The crude material was resuspended in DCM and 

gravity filtered again before the solvent was removed to yield 26.8 g of white solid product 

(93.2% yield). 
1
H NMR (360 MHz, Chloroform-d) δ 8.11 (dt, J = 7.8, 1.0 Hz, 2H), 7.48 (ddd, J 

= 8.2, 7.0, 1.2 Hz, 2H), 7.40 (dt, J = 8.2, 1.0 Hz, 2H), 7.28 – 7.20 (m, 2H), 4.33 (t, J = 7.2 Hz, 

2H), 3.36 (t, J = 6.8 Hz, 2H), 1.99 – 1.82 (m, 4H), 1.61 – 1.48 (m, 2H). These results closely 

match literature values.
60
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Synthesis of 5-(9H-carbazol-9-yl)pentyl acetate
46

 

 

26.8 g of 9-(5-bromopentyl)-9H-carbazole (84.7 mmol) and 13.2 g of potassium acetate (134 

mmol) were suspended in 210 mL of DMF under nitrogen atmosphere and heated to 110°C for 

four days. The solvent was removed by vacuum and gentle heating. The crude material was 

suspended in ethyl acetate and washed with water, and the organic layer was dried over MgSO4 

and filtered before the solvent was removed to yield 22.4 g of product (89.6% yield). 
1
H NMR 

(360 MHz, Chloroform-d) δ 8.11 (dt, J = 7.8, 1.0 Hz, 2H), 7.47 (ddd, J = 8.2, 7.0, 1.3 Hz, 2H), 

7.40 (dt, J = 8.3, 0.9 Hz, 2H), 7.25 – 7.20 (m, 2H), 4.32 (t, J = 7.1 Hz, 2H), 4.03 (t, J = 6.6 Hz, 

2H), 2.01 (s, 3H), 1.92 (tt, J = 9.6, 6.5 Hz, 2H), 1.72 – 1.60 (m, 2H), 1.50 – 1.39 (m, 2H). These 

results are similar to the C4 derivative produced by Choi and coworkers.
46

 

Synthesis of 5-(9H-carbazol-9-yl)pentane-1-ol
46

 

 

22.4 g of 5-(9H-carbazol-9-yl)pentyl acetate (75.8 mmol) was dissolved in 150 mL THF along 

with 7.64 g of sodium hydroxide (191 mmol) and a small amount of water to help the hydroxide 

dissolve. The reaction was heated to reflux overnight, and the solvent then removed by rotary 

evaporation. The crude material was suspended in DCM and washed with water. The aqueous 
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portion was extracted with additional DCM (2X). The organic layers were combined, dried over 

MgSO4, gravity filtered, and the solvent was removed by reduced pressure. The semi-purified 

crude was recrystallized in boiling hexane to yield 14.8 g of product (77.3% yield). 
1
H NMR 

(360 MHz, Chloroform-d) δ 8.11 (dt, J = 7.8, 1.0 Hz, 2H), 7.47 (ddd, J = 8.2, 6.9, 1.2 Hz, 2H), 

7.41 (dt, J = 8.3, 1.1 Hz, 2H), 7.23 (ddd, J = 8.0, 6.9, 1.2 Hz, 2H), 4.33 (t, J = 7.1 Hz, 2H), 3.61 

(td, J = 6.4, 5.3 Hz, 2H), 1.92 (dt, J = 14.9, 7.3 Hz, 2H), 1.66 – 1.56 (m, 2H), 1.52 – 1.41 (m, 

2H), 1.19 (t, J = 5.3 Hz, 1H). These results closely match literature values.
61

 

Synthesis of spiro[carbazole-9,1'-piperidin]-9-ium (triflate as counter anions) 

 

1.00 g of 5-(9H-carbazol-9-yl)pentane-1-ol (3.95 mmol) was dissolved in 75.0 mL DCM before 

199 mg sodium hydride (60% dispersion in mineral oil) (4.98 mmol) was added. The solution 

was cooled to 0°C and 0.650 mL of trifluoromethanesulfonic anhydride (3.96 mmol) was added 

dropwise. The solution was allowed to stir at 0°C, warming to room temperature overnight. The 

solvent was then removed and the crude material was dissolved in a minimal amount of toluene 

(20 mL), filtered, and heated to 105°C for 2 days. The deep-blue product precipitated out of 

solution and sank to the bottom of the flask, which was extracted by pipette and dried under high 

vacuum to yield 0.892 g of viscous oil carbazolium/triflate product (59.0% yield). 
1
H NMR (360 

MHz, DMSO-d6) δ 8.48 (d, J = 8.3 Hz, 2H), 8.29 (dd, J = 7.6, 1.4 Hz, 2H), 7.86 – 7.79 (m, 2H), 

7.72 (ddd, J = 8.7, 7.4, 1.4 Hz, 2H), 3.98 (t, J = 5.8 Hz, 4H), 2.27 (dt, J = 12.0, 5.9 Hz, 4H), 2.04 
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(dt, J = 11.3, 5.6 Hz, 2H). 
13

C NMR (126 MHz, DMSO-d6) δ 148.49, 131.57, 130.18, 129.93, 

122.60, 120.60, 64.51, 20.29, 19.11.   

spiro[carbazole-9,1'-piperidin]-9-ium (bromide as counter anions) 

460 mg of spiro[carbazole-9,1'-piperidin]-9-ium (triflate) (1.21 mmol) was dissolved in 7 mL 

THF along with 393 mg tetrabutylammonium bromide (TBAB) (1.22 mmol). The solution was 

stirred for 1 hour and cooled to -20°C for 2 days before being filtered. The solid precipitated 

product was not weighed, but was analyzed by XRD to confirm the triflate counter anion had 

been exchanged for a bromide counter anion. 

Synthesis of monomer Cz1 

 

Synthesis of 2,7-dibromo-9-(5-bromopentyl)-9H-carbazole
46

 

 

1.01 g 2,7-dibromo-9H-carbazole (3.11 mmol) and 2.2 mL 1,5-dibromopentane (16.1 mmol) 

were dissolved in 5 mL DMF before adding 211 mg sodium hydride (60% dispersion in mineral 

oil) (5.28 mmol). The reaction was allowed to stir under nitrogen at room temperature for 2 days 

before the solvent was removed by high vacuum and mild heating. The fairly pure crude material 

was recrystallized in boiling hexane to yield 689 mg of purified crystalline product (46.7% 

yield). 
1
H NMR (360 MHz, Chloroform-d) δ 7.90 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 1.6 Hz, 2H), 
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7.35 (dd, J = 8.3, 1.7 Hz, 2H), 4.22 (t, J = 7.3 Hz, 2H), 3.39 (t, J = 6.7 Hz, 2H), 1.89 (h, J = 8.0, 

7.4 Hz, 4H), 1.61 – 1.48 (m, 2H); 
13

C NMR (126 MHz, Chloroform-d) δ 141.44, 122.86, 121.70, 

121.50, 119.94, 112.08, 43.29, 33.25, 32.48, 28.16, 25.95; HRMS (EI/sector) m/z [M]
+
 Calcd for 

C17H16Br3N 470.8833; Found 470.8841. 

Synthesis of 5-(2,7-dibromo-9H-carbazol-9-yl)pentyl acetate (Cz1)
46

 

 

403 mg of 2,7-dibromo-9-(5-bromopentyl)-9H-carbazole (0.850 mmol) and 163 mg potassium 

acetate (1.66 mmol) were dissolved/suspended in 5 mL DMF and heated to 110°C under 

nitrogen atmosphere for 2 days. The solvent was removed by high vacuum and mild heating 

before the crude was dissolved in DCM and washed with water. The organic layer was then dried 

over MgSO4, gravity filtered, and the solvent was removed to yield 242 mg of purified product 

(63.3% yield).
 1

H NMR (360 MHz, Chloroform-d) δ 7.90 (d, J = 8.3 Hz, 2H), 7.53 (d, J = 1.5 

Hz, 2H), 7.35 (dd, J = 8.3, 1.6 Hz, 2H), 4.22 (t, J = 7.3 Hz, 2H), 4.04 (t, J = 6.6 Hz, 2H), 2.03 (s, 

3H), 1.89 (p, J = 7.4 Hz, 2H), 1.68 (p, J = 14.3, 6.8 Hz, 2H), 1.50 – 1.38 (m, 2H); 
13

C NMR (126 

MHz, Chloroform-d) δ 171.26, 141.47, 122.82, 121.69, 121.49, 119.92, 112.10, 64.18, 43.35, 

28.63, 28.51, 23.86, 21.09; HRMS (EI/sector) m/z [M]
+
 Calcd for C19H19Br2NO2 450.9783; 

Found 450.9792. 

 

 

 



125 
 

Synthesis of monomer Cz2 

 

Synthesis of 2,7-dibromo-9-(3-(2-bromoethyl)hexyl)-9H-carbazole
46

 

 

453 mg 2,7-dibromo-9H-carbazole (1.39 mmol) and 1.75 g 1-bromo-3-(2-bromoethyl)hexane 

(6.43 mmol) were dissolved in 1.5 mL DMF before 311 mg sodium hydride (60% dispersion in 

mineral oil) (7.78 mmol) was added. The reaction was allowed to stir at room temperature, under 

nitrogen atmosphere overnight. The solvent was removed under reduced pressure and the crude 

material was dissolved in DCM, washed with water, dried over MgSO4, gravity filtered. The 

solvent was removed and the semi-pure crude was purified by flash chromatography (eluting 5% 

DCM, 95% hexanes) to yield 199 mg of purified product (27.7% yield).
 1

H NMR (360 MHz, 

Chloroform-d) δ 7.89 (d, J = 8.3 Hz, 2H), 7.51 (d, J = 1.6 Hz, 2H), 7.35 (dd, J = 8.3, 1.7 Hz, 

2H), 4.28 – 4.18 (m, 2H), 3.41 (t, J = 7.1 Hz, 2H), 2.00 – 1.86 (m, 2H), 1.84 – 1.74 (m, 2H), 1.69 

(p, J = 6.0 Hz, 1H), 1.45 – 1.26 (m, 4H), 0.93 (t, J = 7.0 Hz, 3H); 
13

C NMR (126 MHz, 

Chloroform-d) δ 141.29, 122.86, 121.73, 121.57, 119.95, 112.01, 41.49, 37.03, 35.42, 34.60, 

32.20, 31.37, 19.66, 14.45; MS (EI) m/z: Calcd for C20H22Br3N 516.93; Found 516.92. 
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Synthesis of 3-(2-(2,7-dibromo-9H-carbazol-9-yl)ethyl)hexyl acetate (Cz2)
46

 

 

123 mg of 2,7-dibromo-9-(3-(2-bromoethyl)hexyl)-9H-carbazole (0.238 mmol) and 38.6 mg 

potassium acetate (0.393 mmol) were dissolved/suspended in 2 ml DMF and refluxed at 110°C, 

under nitrogen atmosphere, for 3 days. The solvent was removed under reduced pressure and the 

crude material was dissolved in DCM, washed with water, dried over MgSO4, gravity filtered, 

and the solvent was again removed under reduced pressure to yield 99.5 mg of purified product 

(84.4% yield). 
1
H NMR (360 MHz, Chloroform-d) δ 7.89 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 1.7 

Hz, 2H), 7.35 (dd, J = 8.3, 1.6 Hz, 2H), 4.28 – 4.18 (m, 2H), 4.16 – 4.02 (m, 2H), 2.02 (s, 3H), 

1.86 – 1.76 (m, 2H), 1.75 – 1.66 (m, 2H), 1.61 – 1.52 (m, 1H), 1.45 – 1.26 (m, 4H), 0.92 (t, J = 

6.9 Hz, 3H). 

Synthesis of monomer Cz3 
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Synthesis of dimethyl 3-(2-ethylhexyl)pentanedioate 

 

This reaction follows a modified reaction scheme by Kaszynski et al.
51

 with added preparation of 

the Grignard reagent. 

To a 3-neck roundbottom flask was added 0.509 g magnesium turnings (21.2 mmol), 10 mL 

THF, and a single iodine crystal. The flask was cooled to 0°C and 3.40 mL 2-ethylhexylbromide 

(19.1 mmol) was added dropwise. The solution was allowed to warm to room temperature, and 

then heated to reflux for 2 hours under nitrogen atmosphere. In a separate flask 0.378 g CuI (1.98 

mmol) was suspended in 50 mL THF. The warm Grignard solution was transferred by cannula to 

the flask containing the CuI suspension and the flask was cooled to 
-
78°C before adding 3.20 mL 

trimethylsilylchloride (TMSCl) (25.2 mmol) dropwise. 0.90 mL dimethyl glutaconate (6.40 

mmol) was added to the cold solution and allowed to react at 
-
78°C, warming to room 

temperature overnight. The crude reaction solution was washed with saturated NH4Cl solution, 

the biphasic solution was separated, and the aqueous layer was extracted with fresh Et2O three 

times. The organic layers were combined, dried over MgSO4, gravity filtered, and the solvent 

was removed by rotary evaporation. The crude reaction material was purified by silica plug, 

eluting with hexanes (400 mL) and DCM (1200 mL), keeping the elution portions separate. The 

DCM portion was dried under reduced pressure to yield 812 mg of semi-pure product as viscous 

oil (46.6% yield). The semi-pure product was used without further purification. 
1
H NMR (360 

MHz, Chloroform-d) δ 3.66 (s, 6H), 2.46 – 2.26 (m, 5H), 1.32 – 1.19 (m, 11H), 0.89 (t, J = 6.9 
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Hz, 3H), 0.82 (t, J = 7.1 Hz, 3H). MS (EI) m/z: Calcd for C15H28O4 272.20; Found 241.1804 (M-

CH3O) 

Synthesis of 3-(2-ethylhexyl)pentane-1,5-diol
51

 

 

273 mg lithium aluminum hydride (LAH) (7.19 mmol) was suspended in 23 mL THF and cooled 

to 0°C. 801 mg of dimethyl 3-(2-ethylhexyl)pentanedioate (2.94 mmol), dissolved in 5 mL THF, 

was added to the chilled LAH suspension dropwise and allowed to react under nitrogen 

atmosphere at 0°C for 20 min, before being heated to reflux overnight. The reacted was cooled to 

room temperature and 417 mg potassium hydroxide (7.43 mmol), dissolved in 4.8 mL of water, 

was added to the reaction solution and allowed to stir in open air, at room temperature, for 30 

min. The clear solution was decanted from the solid precipitate, dried over excess MgSO4, 

gravity filtered, and the solvent was removed by rotary evaporation to yield 622 mg of semi-

viscous oily product (97.8% yield). 
1
H NMR (360 MHz, Chloroform-d) δ 3.70 (q, J = 8.2, 6.9 

Hz, 4H), 1.94 (s, 2H), 1.67 (p, J = 6.1 Hz, 1H), 1.62 – 1.44 (m, 4H), 1.33 – 1.19 (m, 9H), 1.16 

(td, J = 6.4, 3.3 Hz, 2H), 0.88 (t, J = 6.9 Hz, 3H), 0.83 (t, J = 7.1 Hz, 3H); 
13

C NMR (126 MHz, 

Chloroform-d) δ 61.03, 39.56, 37.20, 37.11, 36.20, 33.16, 29.14, 28.93, 26.06, 23.29, 14.29, 

10.70; HRMS (EI/sector) m/z [M]
+
 Calcd for C13H28O2 216.2089; Found 197.1905 [M-H2O-H]. 
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Synthesis of 3-(2-ethylhexyl)pentane-1,5-diyl bis(4-methylbenzenesulfonate)
62

 

 

214 mg of 3-(2-ethylhexyl)pentane-1,5-diol (0.989 mmol) was dissolved in 0.8 mL of pyridine 

and cooled to 0°C before a solution of tosyl chloride (Ts-Cl) (409 mg, 2.15 mmol, in 0.6 mL of 

pyridine), was added dropwise. The reaction was stirred at 0°C for 2.5 hours, then warmed to 

room temperature and allowed to stir for an additional 2.5 hours. The crude reaction solution was 

then washed with water two times, and the organic layer was removed by reduced pressure to 

yield 439 mg of viscous oily product (84.6% yield), which was used without further purification. 

1H NMR (360 MHz, Chloroform-d) δ 7.81 – 7.74 (m, 4H), 7.35 (d, J = 8.0 Hz, 4H), 3.99 (t, J = 

6.1 Hz, 4H), 2.45 (s, 6H), 1.65 – 1.45 (m, 5H), 1.23 (q, J = 8.0, 5.9 Hz, 2H), 1.13 (ddd, J = 12.8, 

9.1, 5.7 Hz, 7H), 1.00 (s, 2H), 0.87 (t, J = 7.2 Hz, 3H), 0.74 (t, J = 7.1 Hz, 3H). 

Synthesis of 3-(2-(2,7-dibromo-9H-carbazol-9-yl)ethyl)-5-ethylnonyl-4-methylbenzenesulfonate
46

 

 

2.89 g of 3-(2-ethylhexyl)pentane-1,5-diyl bis(4-methylbenzenesulfonate) (5.51 mmol) was 

dissolved in 1 mL DMF before 91.6 mg sodium hydride (60% dispersion in mineral oil) (2.29 

mmol) was added to the solution. In a separate vial, 598 mg 2,7-dibromo-9H-carbazole (1.84 

mmol) was dissolved in 2 mL DMF. The carbazole solution was added to the hydride 
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suspension, dropwise, and allowed to react at room temperature overnight. The solvent was then 

removed under reduced pressure and the crude material was purified by silica gel liquid 

chromatography, eluting with 1:1 (DCM/Hexanes) and monitored by TLC analysis. The product 

band was collected and the solvent was removed by rotary evaporation to yield 1.14 g of semi-

pure product as a clear viscous oil (91.5% yield). The semi-pure product was used in the next 

reaction without further purification. MS (EI) m/z: Calcd for C32H39Br2NO3S 675.1017; Found 

677.0980. 

Synthesis of 3-(2-(2,7-dibromo-9H-carbazol-9-yl)ethyl)-5-ethylnonan-1-ol (Cz3) 

 

112 mg of 3-(2-(2,7-dibromo-9H-carbazol-9-yl)ethyl)-5-ethylnonyl 4-methylbenzenesulfonate 

(0.165 mmol), 87.9 mg 18-crown-6 (0.333 mmol), and 26.5 mg potassium hydroxide (0.472 

mmol) were dissolved in 3 mL dioxane. 0.5 mL of water was added to help dissolve the 

hydroxide and the reaction was heated to reflux overnight. The reaction was allowed to cool to 

room temperature before Et2O and water were added to the reaction solution, and the biphasic 

mixture was shaken and separated. The organic layer was dried over MgSO4, gravity filtered, 

and the solvent was removed under reduced pressure. The crude product was then purified by 

silica gel liquid chromatography, eluting with 100% DCM, and monitored by TLC analysis. The 

solvent band, containing the product, was dried by rotary evaporation to yield 49.4 mg of product 

(57.0 % yield). 
1
H NMR (360 MHz, Chloroform-d) δ 7.89 (d, J = 8.3 Hz, 2H), 7.54 (d, J = 1.8 

Hz, 2H), 7.34 (dd, J = 8.3, 1.7 Hz, 2H), 4.24 (t, J = 7.8 Hz, 2H), 3.80 – 3.64 (m, 2H), 1.82 (q, J = 
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13.4, 10.8 Hz, 2H), 1.72 – 1.61 (m, 3H), 1.33 – 1.15 (m, 10H), 0.91 – 0.72 (m, 7H); 
13

C NMR 

(126 MHz, Chloroform-d) δ 141.34, 122.73, 121.66, 121.50, 119.86, 112.14, 60.94, 41.40, 38.80, 

38.74, 37.28, 37.21, 36.44, 36.38, 33.24, 32.92, 32.88, 30.56, 30.53, 29.13, 28.83, 26.33, 25.91, 

23.26, 23.22, 14.30, 11.00, 10.63; MS (EI) m/z: Calcd for C25H33Br2NO 523.09; Found 523.1. 

Synthesis of polymers pCz1, pCz2, and pCz3 

 

Representative polymer synthesis. (General Yamamoto polymerization procedure)
49

 

In a three-necked flame-dried round bottom flask fitted with a condenser were added, in order, 

2.4 eq of 2,2′-bipyridyl (BiPy), 2.4 eq of bis(1,5- cyclooctadiene)nickel(0) (Ni(COD)2), 2.4 eq of 

1,5-cyclooctadiene (COD), anhydrous N,Ndimethylformamide (DMF) and anhydrous toluene. 

The resulting solution was stirred at 60 – 65 °C for 30 min in absence of light. In a second flame 

dried round bottom flask, 1.0 eq of monomer (Cz1), (Cz2), or (Cz3) was dissolved in anhydrous 

toluene. The monomer solution was added to the catalyst solution and the resulting mixture was 

stirred at 60 – 70 °C for three days in absence of light. When needed, 2 or 3 mL of toluene were 

added to ensure a constant solvent concentration. The mixture was cooled and quenched into a 

500 mL MeOH / HCl (4:1) solution. After a few minutes, the color of the suspension changed 

from black to light yellow. The resulting solution was stirred for two hours to destroy any 

residual catalyst before it was filtered through a 0.45 µM Teflon filter to afford a solid. The 

resulting polymer was put into a Soxhlet apparatus and was washed with acetone, hexanes and 

chloroform. The chloroform fraction (550-600 mL) was then removed under reduced pressure. 
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5.5.3. Supporting figures 

 

Figure 5-S1. 
1
H NMR spectrum of 9-(5-bromopentyl)-9H-carbazole in CDCl3. 
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Figure 5-S2. 
1
H NMR spectrum of 5-(9H-carbazol-9-yl)pentyl acetate in CDCl3. 
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Figure 5-S3. 
1
H NMR spectrum of 5-(9H-carbazol-9-yl)pentane-1-ol in CDCl3. 
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Figure 5-S4. 
1
H NMR spectrum of model compound Cz

+
(OTf) in DMSOd6. 
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Figure 5-S5. 
13

C NMR of model compound Cz
+
(OTf) in DMSOd6. 
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Figure 5-S6. 
1
H NMR spectrum of 2,7-dibromo-9-(5-bromopentyl)-9H-carbazole in CDCl3. 
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Figure 5-S7. 
13

C NMR spectrum of 2,7-dibromo-9-(5-bromopentyl)-9H-carbazole in CDCl3. 
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Figure 5-S8. 
1
H NMR spectrum of monomer Cz1 in CDCl3. 
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Figure 5-S9. 
13

C NMR spectrum of monomer Cz1 in CDCl3.  



141 
 

 

Figure 5-S10. 
1
H NMR spectrum of 2,7-dibromo-9-(3-(2-bromoethyl)hexyl)-9H-carbazole in 

CDCl3. 
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Figure 5-S11. 
13

C NMR spectrum of 2,7-dibromo-9-(3-(2-bromoethyl)hexyl)-9H-carbazole in 

CDCl3. 
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Figure 5-S12. 
1
H NMR spectrum of monomer Cz2 in CDCl3. 
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Figure 5-S13. 
1
H NMR spectrum of 3-(2-ethylhexyl)pentanedioate in CDCl3. 
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Figure 5-S14. 
1
H NMR spectrum of 3-(2-ethylhexyl)pentane-1,5-diol in CDCl3. 
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Figure 5-S15. 
13

C NMR spectrum of 3-(2-ethylhexyl)pentane-1,5-diol in CDCl3. 
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Figure 5-S16. 
1
H NMR spectrum of 3-(2-ethylhexyl)pentane-1,5-diyl bis(4-

methylbenzenesulfonate) in CDCl3. 
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Figure 5-S17. 
1
H NMR spectrum of 3-(2-(2,7-dibromo-9H-carbazol-9-yl)ethyl)-5-ethylnonyl 4-

methylbenzenesulfonate in CDCl3. 
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Figure 5-S18. 
1
H NMR spectrum of monomer Cz3 in CDCl3. 
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Figure 5-S19. 
13

C NMR spectrum of monomer Cz3 in CDCl3 
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Figure 5-S20. 
1
H NMR spectrum of polymer pCz1 in CDCl3. 
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Figure 5-S21. 
1
H NMR spectrum of polymer pCz2 in CDCl3. 
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Figure 5-S22. 
1
H NMR spectra in CDCl3 (overlay) of pCz2 before (bottom/red) and after 

(top/green) attempted saponification with LiOH. Vertical lines added for clarity. 
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Figure 5-S23. GPC data of pCz2 vs PS standards (solvent: THF. Detector: Uv absorption at 240 

nm). 
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Figure 5-S24. 
1
H NMR spectrum of polymer pCz3 in CDCl3. 
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Figure 5-S25. GPC data of pCz3 vs PS standards (solvent: THF. Detector: Uv absorption at 240 

nm). 
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CHAPTER 6: FUTURE WORK 

 

6.1. Introduction 

 Over the course of my dissertation research at The University of Alabama, I was part of a 

number of research projects that presented intriguing results worthy of further investigation. 

Unfortunately, some of these discoveries could not be explored within a reasonable period of 

time and were deprioritized, while other projects presented obstacles that restrained progress or 

appeared inviable. The knowledge and experience I have gained has continually augmented my 

understanding and approach to academic research, and allowed me to reevaluate the work I have 

performed. This chapter will present potentially exciting research projects that were left 

unexplored, as well as address issues that impeded progress in other projects. 

6.2. Stabilizing Indafluorene 

 The lack of scientific literature, demonstrating 3-coordinate indium heteroatoms in 

organic conjugated polymers, makes the prospect of forming the first known 3-coordinate 

polyindafluorene both exciting and understandably challenging. Work performed by Alan 

Cowley’s research group
1
 in the mid 1990’s demonstrated some of the first known gallium and 

indium-based heterofluorenes, but impurities present in the indafluorene sample (Chart 6-1) 

prevented any structural data from being acquired, and no optical characterization was reported. 

More importantly, there was no mention of compound stability under ambient conditions for 

either heterofluorene, leaving future researchers to wonder if the protective substituent that 

Cowley used (2,4,6-tri-tert-butylphenyl, Mes*) was successful in producing air-stable Group-13 

heterofluorenes. My research was able to clarify this ambiguity, regrettably finding that Mes*-
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InF was not stable under ambient conditions, and would likely be too difficult to use as a 

building block for conjugated polymers. 

 
Chart 6-1. Previous efforts to stabilize indium heteroatoms in π–conjugated systems.

2-3
 

 More recently, Muller and coworkers
2
 utilized 2,4-di-tert-butyl-6-

[(dimethylamino)methyl]phenyl (Mamx) as a protective substituent for indium heteroatoms, and 

were successful in forming the first known indium-bridged [1]ferrocenophane (Chart 6-1). The 

Mamx substituent was able to decrease the Lewis acidity of indium through electron donation 

from an amine group, forming a coordinated complex, and provided a combination of steric and 

electronic stabilization. Soon after, the Chujo group
3
 used Mamx to synthesize four novel 

Group-13 heterofluorenes, including an indafluorene (Chart 6-1), which provided a range of 

stability to air and water, depending on the heteroatom used. In a separate publication,
4
 the Chujo 

group used this strategy to form a series of air-stable gallafluorene polymers, demonstrating the 

capability to make air-stable heterofluorene polymers, with Group-13 heteroatoms heavier than 

boron, by using a coordinated complex to stabilize the heteroatom. Complimenting these results, 

my borafluorene research also showed that 2,6-bis(methoxymethyl)phenyl BMMP protective 

substituent was effective at stabilizing a boron heteroatom through a coordinated complex, 

though no other Group-13 heterofluorenes were tested in this manner. I believe that BMMP 

could be used as a protective substituent for indium heteroatoms, and to potentially form some of 
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the first known stable indafluorene small molecules and polymers. Scheme 6-1 demonstrates a 

realistic synthetic route towards realizing these compounds, which is supported by a similar 

reaction pathway performed by the Chujo group.
3
  

 
Scheme 6-1. Proposed synthetic route towards BMMP-InF model compound and polymers. 

6.3. Decreased Stability in BMtBP-BF 

 
Figure 6-1. Observed degradation of BMtBP-BF in solid state, under ambient conditions. 
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 The stability of BMMP-BF in ambient conditions and at elevated temperatures is a 

testament to how well coordinated protection of boron works in these systems. So, it was 

surprising to discover that the tert-butoxy analog, BMtBP-BF, was less stable, and witnessed 

signs of degradation over extended periods of time (Figure 6-1). The purpose of the t-butyl 

groups was to reduce the energy lost through non-radiative processes by forming a less flexible 

structure, but the cumbersome nature of the coordinating substituents appears to have impeded 

its stabilizing ability. The exact source and mechanism leading to the degradation of BMtBP-BF 

is difficult to determine, given the range of compounds that could potentially be present in a 

laboratory setting, so a tangentially separate research project would be necessary to determine 

the extent of sensitivity and causes of degradation. 

 
Chart 6-2. Examples of borafluorenes possessing a range of air-stability.

5
 

To test the stability of BMtBP-BF in solid-state, small aliquots could be taken and stored 

in close proximity to known, volatile Lewis bases, and the sample could be regularly analyzed 

for signs of degradation. To test the stability in solution, a sample of BMtBP-BF could be 

dissolved in a dry solvent and titrated with a Lewis base, such as ammonia, while being observed 

through a Uv-Vis spectrophotometer for signs of decreased compound absorption. In addition, a 

sample could be dissolved in a hygroscopic solvent, such as Et2O or methanol, and exposed to 

open air for extended periods of time to determine the extent and sensitivity to hydrolysis when 

exposed to air. For the sake of comparison, samples of highly-stable BMMP-BF and moderately 
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stable Tip-BF
5
 (Chart 6-2) should also be synthesized, processed, and analyzed in tandem with 

BMtBP-BF. 

6.4. Intriguing Blue Color in Carbazolium Small Molecule 

 In chapter 5, we aimed to form the first known electron-deficient carbazolium polymer, 

and we started by producing a model system that could demonstrate our ability to quaternize a 

carbazole small molecule through intramolecular cyclization. Thankfully, the proposed synthetic 

route initially chosen for this project worked as intended, producing a carbazolium small 

molecule as a model system (Chart 6-3 (left)) and granting legitimacy to the project goals. 

However, the model compound also demonstrated an unexpected physical property that could 

not initially be explained: it formed a dark blue-black solution when dissolved in organic 

solvents, such as THF. Most heterofluorenes absorb well into the Uv region of the EM spectrum, 

and are colorless both in solution and in solid state. In fact, all of the trivalent carbazole 

monomers made in that project were colorless or white, leaving us to wonder why quaternization 

would lead to a deeply-colored compound. 

 
Chart 6-3. Carbazolium small molecules.

6
 

Characterizing the compound’s optoelectronic properties may ultimately clarify the 

mystery, but was beyond the scope of the original project goals. Furthermore, very few 

carbazolium compounds have been produced in which to compare results, and even less has been 

published on their optical behavior. The exception to this is phenacyl ethyl carbazolium, 
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produced by the Yagci group
6
 (Chart 6-3 (right)), that absorbs in the Uv region, and peaks 

around 350 nm. A deeper understanding behind the blue coloration of the carbazolium small 

molecule produced in chapter 5 could be beneficial to future researchers, especially those 

involved in photosensitized applications. 

6.5. Addressing Issues with Polymer Solubility 

 The solubility of organic conjugated polymers in common organic solvents is import for 

allowing powerful processing techniques to be utilized. In addition, limited solubility during the 

polymerization process can restrict chain grown and limit chain length as well as impact the 

ability to fully characterize the resulting polymer. Polythiophenes, for example, represent an 

important class of conjugated material that suffered major drawbacks from limited solubility, 

until researchers discovered that the addition of long alky groups to the polymer backbone 

resulted in a remarkable increase in polymer solubility.
7
 Tuning the physical properties of a 

polymer on the molecular level is one of the key advantages to working with organic conjugated 

systems and, in the case of polythiophenes, the production of solution-processable polymers that 

are easier to characterize. 

 The issue of poor polymer solubility is difficult to address, since it is often depended on 

the polymer’s molecular weight. Successful chain propagation leads to high molecular weight 

polymers, which can are difficult to dissolve, but low molecular weight polymers tend to not 

form high-quality amorphous films.
8
 In addition, longer polymer chains result in extended 

conjugation pathways, which can leads to higher device efficiency. Ultimately, the goal is to 

produce conjugated polymers that are soluble in common organic solvents, possess long 

effective conjugated pathways, and form amorphous films when processed. Short oligomers are 

often more soluble than polymers, but they may not form appropriate films upon processing. 
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However, when polymers become too large they generally have poor insolubility and cannot be 

processed at all. Nearly all of the polymerizations explored in my research resulted in low 

molecular weight oligomers (<10 kDa), rather than fully-formed polymers. However, these 

results are similar to previously published heterofluorenes,
4, 9

 and may be attributed to an 

increase in π–π stacking character. 

Another possibility is that large polymer chains were actually formed during the 

polymerizations, but removal of the solvent upon workup caused the polymer chains to strongly 

stack together, making it very difficult to re-dissolve the polymers for analysis. In fact, most of 

my precipitated polymer products contained a portion of the sample that remained insoluble in 

solvents used for GPC analysis, and required filtration of the insoluble fractions before being 

injected into the instrument. Benchtop sonicators can be used to break up polymer precipitates 

that are strongly bound together, and work very well in re-solubilizing the polymer chains. 

However, ultrasonic blasts can also carry enough mechanical force to break polymer chains, and 

sonicators have been known to cause chain scission, resulting in polymer fragments showing up 

during analysis of the polymer sample.
10

 For this reason, the use of a sonicator was only used on 

the most stubborn polymer samples in my research. 

 
Chart 6-4. Ideas for solubilizing future polyheterofluorenes. 
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 To produce more soluble high-molecular weight polyheterofluorenes, solubilizing groups 

could be attached to the body of the heterofluorene monomer before polymerization (Chart 6-4 

(blue)). This strategy was exploited when designing the indafluorene monomer precursors in 

chapter 2, but a polymer was never produced so the impact on polymer solubility could not be 

verified. In addition, copolymerization with highly-soluble comonomers should help to achieve 

the same outcome. A few examples of comonomers, that have recently been used to form soluble 

borafluorene copolymers, are shown in pink in Chart 6-4.
11

 Finally, the choice of polymerization 

technique has also been shown to have an impact on polymer molecular weight. For example, the 

Suzuki cross-coupling method has been shown to lead to higher molecular weight polymers 

compared to Yamamoto cross-coupling, but it is also more synthetically demanding.
8
 By 

designing a monomer structure that can be used in a range of polymerization techniques, a series 

of polymerizations can be performed on the same monomer, and a more accurate depiction of the 

impact of each technique can be realized. Implementing one or more of these strategies in future 

polyheterofluorene research may help to produce longer, more soluble polymers that can be 

easily characterized and undergo multiple processing techniques, as well as increase performance 

and efficiency when applied to photovoltaic devices. 
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