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ABSTRACT 

 
SYNTHESIS AND CHARACTERIZATION OF IMIDAZOLE-CONTAINING 

CONJUGATED POLYMERS 
 

SEPTEMBER 2017 
 

JARED D. HARRIS 
 

B.S., APPALACHIAN STATE UNIVERSITY 
 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 

Directed by Prof. Kenneth R. Carter 
 

Semiconducting conjugated polymers hold tremendous promise as active layers 

for transformative electronic devices.  This materials class benefits from the 

structural variety provided by organic chemistry such that highly tunable band 

structures are attainable for as-synthesized polymers.  This dissertation describes 

the synthesis and characterization of novel imidazole-containing conjugated 

polymers for the purposes of (de)protonating the as-synthesized materials gaining 

conjugated poly(ionomer)s.  (De)protonation easily enables band structure 

�P�R�G�L�I�L�F�D�W�L�R�Q�� �W�K�U�R�X�J�K�� �P�D�Q�L�S�X�O�D�W�L�R�Q�� �R�I�� �W�K�H�� �P�D�W�H�U�L�D�O�V�¶�� �L�R�Q�L�]�D�W�L�R�Q�� �S�R�W�H�Q�W�L�D�O�� �D�Q�G��

electron affinity.  Controlled exposure to acids and bases led to reversible 

(de)protonation observable via UV-visible and photoluminescence spectroscopies.  

���'�H���S�U�R�W�R�Q�D�W�L�R�Q�¶�V�� �H�I�I�H�F�W�V�� �R�Q�� �S�R�O�\�P�H�U�L�F�� �E�D�Q�G�� �V�W�U�X�F�W�X�U�H�V�� �Z�D�V�� �H�P�S�L�U�L�F�D�O�O�\�� �D�Q�G��

computationally examined.  Additionally, we scrutinize different approaches for 

gaining end-functionalized conjugated polymers from AA/BB-type 

polycondensations and delineate requirements to obtain well-defined chain-ends.  
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CHAPTER 1 
 

INTRODUCTION TO CONJUGATED POLYMERS  

The uniquely interesting electronic properties demonstrated by conjugated 

polymers continues to motivate research decades after their discovery.  The 

impetus for this dissertation spawns from this rich history and a desire to develop 

transformative materials for energy capture and transmission.  This chapter aims 

to provide a backdrop contextualizing the research summarized in subsequent 

chapters.  First, a condensed history of material development will be presented in 

tandem with a discussion of material properties and basic characterization metrics.  

This will give way to brief descriptions of applications employing semiconducting 

conjugated polymers.  Additionally, methods for conjugated polymer preparation 

will be discussed with a particular interest in d8 transition metal catalyzed 

�S�R�O�\�F�R�Q�G�H�Q�V�D�W�L�R�Q�V���� �� �,�Q�� �N�H�H�S�L�Q�J�� �Z�L�W�K�� �W�K�L�V�� �G�L�V�V�H�U�W�D�W�L�R�Q�¶�V�� �W�K�H�P�H���� �F�R�Q�M�X�J�D�W�H�G��

poly(ionomer)s will be defined and described, followed by a dissertation outline. 

1.1 History and Properties of Conjugated Polymers  

 Conjugated polymers �P�D�U�U�\�� �W�Z�R�� �R�I�� �W�K�H�� �W�Z�H�Q�W�L�H�W�K�� �F�H�Q�W�X�U�\�¶�V�� �P�R�V�W�� �L�P�S�D�F�W�I�X�O��

material developments, semiconductors and synthetic polymers.  Semiconductors 

and the electronic devices they enable have ubiquitously and irreversibly impacted 

modern technology (communications, entertainment, data management and 

storage, transportation, etc.).  Meanwhile, synthetic polymers facilitate materials 

with properties (low density, flexible, tough, elastic, shapeable, chemically 

resistant, bio-compatible, etc.) unattainable and often at lower cost than natural 

resources.  Ever since Shirakawa, Heeger, and MacDiarmid discovered their 
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potential to conduct electricity,1 conjugated polymers have been viewed as a 

confluence of these once mutually exclusive property categories.  This dissertation 

�I�R�F�X�V�H�V�� �R�Q�� �F�R�Q�M�X�J�D�W�H�G�� �S�R�O�\�P�H�U�V�¶�� �V�H�P�L�F�R�Q�G�X�F�W�L�Q�J�� �S�U�R�S�H�U�W�L�H�V�� �Z�L�W�K�� �P�L�Q�L�P�D�O��

examination of their bulk mechanical properties (modulus, toughness, elasticity).  

Thus, this introduction will similarly concentrate on developments regarding 

electronic properties. 

1.1.1 Conjugated Polymer Band Structure  

Although recent work focuses on conjugated polymers�¶�� �V�H�P�L�F�R�Q�G�X�F�W�L�Q�J��

properties, as referenced above, this field originated with Chiang et al���¶�V���U�H�S�R�U�W���R�I��

highly conductive poly(acetylene) (PA) upon treatment with oxidizing dopants (I2, 

Br2, AsF5) 40 years ago.1  The transition from insulator to conductor resulted in an 

11 order of magnitude increase in material conductivity for hole-transporting PA.  

It appears simple to analogize these observations with doping processes in 

inorganic semiconductors wherein oxidants(reductants) remove(add) electrons 

from(to) the valence(conduction) band generating partially filled degenerate 

energy levels.  However, it was discovered early on that charges were transported 

by spinless carriers, implying completely filled bands.2  In the case of PA, this 

observation is attributed to solitons, a possibility exclusive to PA owing to its 

molecular symmetry.  However, other conjugated materials may form polarons or 

bipolarons (spin ½ or spinless carriers which form localized, geometrically distorted 

energy states in between the frontier molecular orbitals) upon oxidation or 

reduction.3 



3 
 
 

These initial studies on doping semiconducting polymers into conductors 

illuminate photo- and field-induced charge carrier conduction mechanisms through 

undoped polymeric semiconductors.  �&�R�Q�M�X�J�D�W�H�G�� �S�R�O�\�P�H�U�V�¶�� �V�H�P�L�F�R�Q�G�X�F�W�L�Q�J��

nature stems from their relatively small energy gap between the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)�²

collectively named frontier molecular orbitals (FMOs).3  This energy gap, termed 

the band gap (Eg), and its placement relative to vacuum, define a conjugated 

�V�\�V�W�H�P�¶�V���L�Q�K�H�U�H�Q�W���H�O�H�F�W�U�R�Q�L�F���I�H�D�W�X�U�H�V��4�±6  A finite Eg prevents these materials from 

being intrinsic conductors.  Figure 1.1  illustrates a commonly employed schematic 

for describing the band structure of conjugated polymers where the Eg is defined 

as the difference, ELUMO-EHOMO. 

 

Figure 1.1: A simplified band diagram for semiconducting conjugated polymers. 

  Experimentally, one may measure ELUMO and EHOMO energy levels via 

electrochemical methods by approximating the ELUMO as the reduction potential 

and the EHOMO as the oxidation potential.  These quantities may similarly be 

expressed as the electron affinity (EA) and ionization potential (IP), respectively.  

EA defines the stabilization energy gained by reducing the pristine system by one 
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electron, whereas IP describes the energy required for the system to undergo a 

one electron oxidation.  �6�H�Y�H�U�D�O���I�D�F�W�R�U�V���L�Q�I�O�X�H�Q�F�H���D���P�D�W�H�U�L�D�O�¶�V���(g magnitude and 

placement: bond-length alternation, inter-annular torsion, aromatic resonance 

energy, the electron donating or withdrawing nature of pendant substituents, and 

the interaction energy between adjacent chains in the solid state.4,5,7  As discussed 

in the following section, to minimize Eg, one should devise structures which 

mitigate bond-length alternation, inter-annular torsion, and aromatic resonance 

energy. 

1.1.2 Structure -Property Relationships  

In this dissertation, some discussion will focus on the impacts of inter-

�D�Q�Q�X�O�D�U���W�R�U�V�L�R�Q�������&�R�Q�M�X�J�D�W�H�G���S�R�O�\�P�H�U�V�¶���D�E�L�O�L�W�\���W�R���P�R�E�L�O�L�]�H���F�K�D�U�J�H�V���G�H�S�H�Q�G�V���X�S�R�Q��

the overlap and hybridization of their �Œ-(anti)bonding orbitals.  Considering most 

conjugated polymers are constructed from cyclic aromatic structures, it follows that 

the �Œ-clouds of adjacent rings must overlap to permit effective hybridization, 

enabling charge transport.7  Thus, introducing torsion invariably widens Eg due to 

loss of orbital overlap and decreased effective conjugation length.4,7�±9  Torsion 

generally arises from steric effects due to repulsions between neighboring rings 

and their bound substituents.10�±12  Thus, five-membered rings generally reduce 

inter-annular torsion.12�±14  Average chain torsion may also be reduced through 

fusion or bridging of aromatic groups.  Perhaps the simplest example of this 

�U�L�J�L�G�L�I�L�F�D�W�L�R�Q���G�H�V�L�J�Q���V�W�U�D�W�H�J�\���L�V���I�O�X�R�U�H�Q�H�����Z�K�H�U�H���E�L�S�K�H�Q�\�O���L�V���E�U�L�G�J�H�G���D�W���L�W�V�������D�Q�G�����¶��

position by a methylene.  This concept will be employed in Chapter 4 in developing 

a fused imidazole-containing monomer. 
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Single molecule torsion predicts chain planarity in thin films which 

consequently impacts thin-film morphology.  Morphology plays a large role in 

determining charge transport in a polymeric thin film, considering carriers must 

mobilize within (intrachain) and between (interchain) neighboring molecules.15  

Thus, the extent and nature of disorder often represent limiting factors for device 

performance.  Initial studies examining poly(thiophene) derivatives attributed 

device improvements to increased lamellar edge-on crystallinity.14,16,17  In these 

materials, chains orient into lamellar crystals such that their �Œ-faces lie normal to 

the substrate.  More recently, donor-acceptor polymers (discussed further below), 

have demonstrated unexpectedly high mobilities in thin-film transistors considering 

their relatively disordered morphologies.9,14  An emerging picture emphasizes in-

plane molecular orientation,18�±21 highly co-�S�O�D�Q�D�U�� �F�K�D�L�Q�V�� �W�R�� �S�H�U�P�L�W�� �F�O�R�V�H�� �Œ-�Œ��

stacking resulting in large transfer integrals,12 and cooperative side-chain 

organization.19,22 

�0�R�O�H�F�X�O�D�U�� �V�W�U�X�F�W�X�U�H�� �W�K�H�P�H�V�� �G�L�F�W�D�W�H�� �D�� �P�D�W�H�U�L�D�O�¶�V�� �X�O�W�L�P�D�W�H�� �G�H�Y�L�F�H-level 

properties.  Important observations regarding the impacts of side-chain placement 

in poly(3-hexylthiophene) (P3HT) structures epitomize early structural regularity 

studies.11,16,23  Here, consistent head to tail (H-T, Figure 1.2 ) coupling enables 

chain planarization resulting in higher degrees of crystalline order and charge 

carrier mobilities.  Additionally, side chain densities may be used as a handle to 

tune molecular packing.  By regularly spacing side chains on every-other (PBTTT) 

or every third aromatic unit (PQT), one enables chain interdigitation resulting in 

more ordered crystallites (Figure 1.2 ).17,24,25  Recent works demonstrate that 
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regioregularity plays a general role in ordering asymmetric monomers.  This is true 

even when the asymmetries are sterically non-invasive.  Several examples from 

the Bazan group substitute N for C-H in benzo-2,1,3-thiadiazole with marked 

improvements in device metrics for the regioregular over regiorandom forms.23,26�±

28  Branched side chains are often employed to mitigate many conjugated 

polymers�¶�� �L�Q�Volubility.29  This often creates unwanted out-of-plane steric bulk, 

�S�U�H�Y�H�Q�W�L�Q�J���H�I�I�H�F�W�L�Y�H���Œ-�Œ���R�Y�H�U�O�D�S���E�H�W�Z�H�H�Q���Q�H�L�J�K�E�R�U�L�Q�J���F�K�D�L�Q�V�������6�H�Y�H�U�D�O���Z�R�U�N�V���K�D�Y�H��

�G�H�P�R�Q�V�W�U�D�W�H�G�� �L�P�S�D�F�W�I�X�O�� �U�H�G�X�F�W�L�R�Q�V�� �L�Q�� �Œ-�Œ�� �V�H�S�D�U�D�W�L�R�Q�V�� �Z�K�H�Q�� �P�R�Y�L�Q�J this branch 

point away from the conjugated core.30�±33  Surprisingly, considerably less work 

addresses chain-end structure and regularity.  This potentially important feature 

will be addressed in Chapter 5. 

 

Figure 1.2:  Structural evolution of poly(thiophene) derivatives. A. Depiction of different 
coupling dyads in poly(3-alkylthiophene). B. and C. Structural relatives of poly(3-
alkylthiophene) with reduced side chain density and backbone rigidification (C. only).24,25 
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1.1.3 Donor -Acceptor Conjugated Polymers  

A common Eg control approach pairs electron rich and poor (donor and 

acceptor) moieties in an alternating fashion.4�±6,34,35  FMO hybridization and splitting 

motivates this strategy, resulting in new molecular orbitals (Figure 1.3 ).  The newly 

formed HOMO(LUMO) exist�V�� �M�X�V�W�� �D�E�R�Y�H���E�H�O�R�Z���� �W�K�H�� �G�R�Q�R�U�¶�V���D�F�F�H�S�W�R�U�¶�V���� �L�Q�W�U�L�Q�V�L�F��

EHOMO(ELUMO).  This simultaneous raising of the EHOMO and deepening of ELUMO 

reduces Eg.   

 

Figure 1.3: A simplified view of donor-acceptor frontier molecular orbital hybridization. 

This design principle offers many advantages in that one may independently 

tune the relative HOMO/LUMO placement to facilitate interfacial charge injection 

and separation.6,34,36  Through many years of development, an expansive library 

of donor and acceptor moieties has been developed.  One can largely target and 

tune FMO levels based on monomer selection; however, once synthesized these 

properties are locked-in.  The inflexibility of this approach inherently impedes 

�G�H�Y�L�F�H�� �G�H�Y�H�O�R�S�P�H�Q�W���� �� �$�� �F�R�Q�W�U�R�O�O�D�E�O�H�� �P�H�W�K�R�G�� �W�R�� �P�D�Q�L�S�X�O�D�W�H�� �D�� �P�R�L�H�W�\�¶�V�� ���D�Q�G��

�S�R�O�\�P�H�U�¶�V���D�V���D���U�H�V�X�O�W�����)�0�2�V���R�E�Y�L�D�W�H�V���W�K�L�V���V�\�Q�W�K�H�W�L�F���E�R�W�W�O�H�Q�H�F�N�������7�K�X�V�����D���V�L�Q�J�O�H���'-

A material wherein the relative strength of the donor or acceptor unit could be 
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�H�Q�K�D�Q�F�H�G���R�U���U�H�G�X�F�H�G���W�R���U�H�V�W�U�X�F�W�X�U�H���W�K�H���P�D�W�H�U�L�D�O�¶�V���)�0�2�V���U�H�S�U�H�V�H�Q�W�V���D���V�L�J�Q�L�I�L�F�D�Q�W��

departure from present materials.  This concept will be discussed in further detail 

in section 1.4 and Chapters 2-4. 

1.2 Applicati ons for Conjugated Polymers  

 Development of electronic devices boasting unprecedented physical 

functionality motivates conjugated polymer research.  As alluded to earlier, these 

�P�D�W�H�U�L�D�O�V�¶�� �S�R�O�\�P�H�U�L�F�� �Q�D�W�X�U�H�� �H�Q�G�R�Z�V�� �W�K�H�P�� �Z�L�W�K�� �S�U�R�S�H�U�W�L�H�V�� �O�D�U�J�H�O�\�� �X�Q�D�Y�D�L�O�D�E�O�H�� �W�R 

traditional inorganic semiconductors.  Principally, a desire to fabricate large-scale 

continuously manufactured electronic devices on lightweight, flexible substrates at 

lower costs than inorganic materials motivates the field. 

This section briefly discusses a few devices one may construct from 

semiconducting conjugated polymers to generally motivate this work.  Considering 

this dissertation does not present any device fabrication, descriptions will be 

cursory.  

Many of the structural factors impacting device performance were 

discussed in section 1.1.3.  The importance of proper FMO energy level alignment 

for these devices must be emphasized.  FMOs must align favorably with charge 

injecting/extracting electrodes for each of the devices discussed herein.  Thus, 

tuning the FMOs to the electrode work function, remains an important challenge.37  

Additionally, organic photovoltaic devices typically employ separate electron and 

hole transporting layers; the FMOs of these materials must be offset such that 

exciton dissociation is thermodynamically feasible.34 
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1.2.1 Thin -Film Transistors  

 Transistors function as current valves in electronic circuitry.  They enable 

logic functions and have invaluably contributed to electronic device miniaturization 

and processing speed.  Thin-film transistors (TFTs; also referred to as field-effect 

transistors, FETs) may operate under several geometries, but for brevity, a bottom-

gate/top-contact device will be described here (Figure 1.4 ).  Two potentials are 

used to drive the device: the source-gate voltage (Vg) induces polarization in the 

dielectric layer leading to charge compensation at the semiconductor-dielectric 

interface while the source-drain voltage (Vd) produces an isotropic electric field 

sweeping the charges into the drain.38,39  In device operation, varying Vg modulates 

the current through the device (Id). 

 

Figure 1.4: A general BG/TC TFT architecture. 

 There are several key metrics utilized to asses TFT performance; minimally, 

charge-carrier mobility (��), on-off ratio (Ion/Ioff), and threshold potential (Vth).40  The 

charge-carrier mobility represents the ease with which charges move through the 

semiconductor.  The magnitude of current from source to drain when the device is 

on (non-zero Vg) versus off (Vg>>Vth) is defined as the Ion/Ioff.  In principle, the 

device should have a non-zero Id when both Vg and Vd are also non-zero.  In 
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practice, device turn-on requires larger gate potentials.  Thus, Vth is the minimum 

potential to switch on the device. 

 Material development has led to polymeric TFTs reaching mobilities 

comparable to that of amorphous silicon.  These materials are swiftly approaching 

the performances needed to drive displays enabling lightweight, flexible display 

technologies.14 

1.2.2 Organic Photovoltaics  

Organic photovoltaics (OPVs), or solar cells, offer a potentially inexpensive 

route to convert solar energy into electricity.  Like mono-crystalline silicon (the 

material employed in commercial solar panels), conjugated polymers exhibit a 

photoelectric effect.  Photoexcitation occurs upon irradiation with sufficiently 

energetic light (�• Eg), generating excitons.  Excitons in polymeric semiconductors 

are bound electron-hole pairs which may diffuse through the polymer network ~10 

nm (termed the exciton diffusion length).  Current extraction requires the 

separation of electrons and holes followed by their migration to the anode and 

cathode, respectively.  High exciton binding energies (0.2-1 eV) inhibit 

dissociation;41 thus, exciton dissociation is driven by pairing donor and acceptor 

complementary active materials whose ELUMO offset (�ûELUMO) is on the order of 

exciton dissociation energy.42  Photogeneration in the donor material leads to 

excitons which may then diffuse to an acceptor interface where the electron may 

partition into the acceptor�¶�V LUMO while the hole remains in the donor�¶�V���+�2MO.  

An applied potential may then sweep the separated charges out of the device 

(Figure 1.5 ). 
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Figure 1.5: A simplified depiction of charge generation and separation in OPVs. 

Modern OPVs maximize the donor-acceptor interfacial area through bulk-

heterojunctions (BHJs).43,44  An ideal BHJ co-deposits the donor and acceptor 

material simultaneously, relying on spontaneous phase separation to form 

bicontinuous networks.  Ideally, these phases form on the dimensional order of the 

exciton diffusion length so that excitons are presented with an interface before they 

non-productively recombine.7,34  The inherent difficulty associated with controlling 

this phase segregation has provided ample job security for polymer physicists 

working in the field. 

OPVs are typically characterized by their power conversion efficiency (PCE) 

with cutting-edge devices exceeding 10 % efficiency.  PCE is a linear function of 

three key metrics: open-circuit voltage (VOC), short-circuit current (JSC), and fill-

factor (FF).  Metric optimization depends upon many factors, including quantity of 

light absorbed, charge-carrier mobility, energy level placement, etc.  Thus, new 

materials must balance several demands to improve overall device efficiencies. 
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1.2.3 Light Emitting Diodes  

Polymer light emitting diodes (PLEDs) are functionally analogous to OPVs 

operated in reverse.  PLEDs rely upon electrodes with dissimilar work functions to 

inject electrons(holes) from the cathode���D�Q�R�G�H���� �L�Q�W�R�� �W�K�H�� �D�F�W�L�Y�H�� �O�D�\�H�U�¶�V�� �/�8�0�2��

(HOMO).  The injected charges must then capture one another forming an exciton 

which ideally undergoes radiative decay emitting a photon.45  The first PLED 

employed poly(para-phenylene-vinylene) (PPV) in the active layer to emit yellow-

green light.46  Like the other devices described above, appropriate tuning of 

interfacial energies allows for more efficient devices.  This may be done through 

electrode selection,47 use of interlayers,48 �R�U���E�\���P�D�Q�L�S�X�O�D�W�L�Q�J���W�K�H���D�F�W�L�Y�H���P�D�W�H�U�L�D�O�¶�V��

FMOs. 

1.3 Conjugated Polymer Preparation  

 Many methods exist for the synthesis of conjugated polymeric materials, 

spanning from techniques for step, linear, and living growth.  This section serves 

as a summary of these methods, in light of the beautiful diversity of chemistries 

employed for polymerization and the increasingly apparent importance of well-

defined polymers for device applications.  This review begins with electrochemical 

and oxidative coupling followed by an emphasis on d8 metal catalysis, as these 

methods easily outstrip all others in usage. 

1.3.1 Electrochemical and Oxidative Coupling  

 For a variety of reasons, poly(thiophene) and its derivatives are the most 

studied class of conjugated polymers.4,7,9,23,49  Thus, this historical subsection will 

mostly address early progress made in their electrochemical and oxidative 
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coupling syntheses although it should be noted other monomer classes were 

developed simultaneously.   

 To perform an electrochemical polymerization, one generally applies an 

oxidizing potential to a monomer in electrolyte solution.  Monomer undergoes a 

one-electron oxidation in proximity to the anode leading to radical cations.  A 

radical cation pair capture each other to form a dimeric dication, followed by 

deprotonation and rearomatization yielding a neutral dimer. The dimer may then 

be further oxidized and coupled to an oxidized n-mer, eventually precipitating onto 

the anode forming an insoluble polymer film (Figure 1.6 ).49   

 

Figure 1.6: General mechanism for electrochemical polymerization of thiophene. 

Although electropolymerization offers good control over film thicknesses 

and a direct route to doped polymer films, this method�¶�V applications are somewhat 

limited, considering the generated material cannot be reprocessed.  Despite 

deposition procedure optimization, electropolymerization also suffers from poor 

regiochemical selectivity leading to losses in conductivity and thin film ordering.50�±

52 

Alternatively, one may synthesize poly(thiophene)s via chemical redox 

means.  A popular method utilized iron(III) chloride to facilitate single electron 

oxidation of monomer and oligomeric species in a mechanism roughly analogous 
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to that described above for electrochemical coupling.  However, this method tends 

to generate numerous regiochemical defects (head to head and tail to tail 

couplings) leading to 70-80 % regioregularity.  Additionally, residual oxidant 

persists in the synthesized material making it difficult to attain pristine, undoped 

polymer.53  �7�K�L�V�� �F�K�H�P�L�V�W�U�\�¶�V�� �L�U�U�H�S�U�R�G�X�F�L�E�L�O�Lty negatively impacts its potential to 

synthesize materials for device applications with low batch-to-batch variability 

tolerances.54 

1.3.2 Pd0 and Ni 0 Catalyzed Polymerizations  

 Metal-centered catalysis offers regiochemical control of C-C bond 

formation, a paramount advantage over electrochemical and oxidative coupling.  

Thus, the most powerful and widely employed routes toward conjugated polymers 

come from this reaction class.  This section describes the generally understood 

catalytic cycle for these d8-metal catalyzed couplings, addresses linear-growth 

mechanisms�² born from efforts to control poly(3-alkylthiophene) regioregularity�²

and discusses step-growth polycondensations. 

 Each of the C-C bond forming reactions described in this section follow a 

similar general catalytic cycle, depicted by Figure 1.7 .  Assuming a zero-valent 

catalyst, oxidative addition of an organic electrophile to the d8 metal initiates the 

cycle.  An aromatic halide or pseudo-halide�² most commonly bromide, in the 

context of conjugated polymer synthesis�² typically functions as the electrophile.  

In principle, this step proceeds analogously for each of the couplings presented 

herein and will be discussed more thoroughly in Chapter 5.  The following step, 

transmetallation, involves an organometallic nucleophile attacking the PdII 
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�F�R�P�S�O�H�[�������7�K�H���L�G�H�Q�W�L�W�\���R�I���W�K�H���Q�X�F�O�H�R�S�K�L�O�H�¶�V���F�D�U�E�R�Q-metal bond differentiates these 

chemistries.  Notable examples include: C-Zn (Negishi),55 C-Mg (Kumada),56  C-

Sn (Migita-Kosugi-Stille),57 C-B (Suzuki-Miyaura),58 and C-Cu (Sonogashira).59  

Depending on the specific transmetallation, trans/cis isomerization may occur prior 

to reductive elimination of the cross-coupled product and regeneration of Pd0 

active catalyst. 

 

Figure 1.7: A simplified, generalized catalytic cycle for Pd-catalyzed aryl-aryl cross-
couplings. 

 Linear-growth polymerizations employing the previously described cross-

coupling chemistries generally require asymmetric monomers such that the 

polymerizable substrate contains both organic electro- and nucleophilic moieties.  

Thus, these methods are inherently limited to homo- and random 

copolymerizations, but their ability to generate highly regioregular, controlled 

architectures has greatly advanced structure-property relationship understanding.  

Rieke and McCullough concurrently reported the synthesis of highly regioregular 
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poly(3-alkylthiophene) in 1992.60,61  �0�F�&�X�O�O�R�X�J�K�¶�V���P�H�W�K�R�G���O�L�W�K�L�D�W�H�V���W�K�H����-position 

of 2-bromo-3-alkylthiophene with the sterically hindered strong base, lithium 

diisopropylamide, followed by treatment with MgBr2 to generate a Grignard 

nucleophilic carbon at the 5-position (Figure 1.8A ).  The in situ generated reactive 

monomer is then polymerized via Ni(dppp)Cl2 catalyzed Kumada coupling to yield 

regioregular poly(3-alkylthiophene).56,61  The Rieke method relies on a 

regioselective Zn insertion at the 5-position of 2,5-dibromo-3-alkylthiophene 

followed by catalytic Negishi coupling with Ni(dppp)Cl2 (Figure 1.8B ).55,60   

 

Figure 1.8: Major synthetic pathways for regioregular poly(3-alkylthiophene)s. 

 Finally, McCullough and co-workers simplified their Kumada-based system 

such that the reactive Grignard monomer was synthesized by reaction of 2,5-

dibromo-3-alkylthiophene with an arbitrary alkyl Grignard reagent followed by 

polycondensation.  This method combines the high degrees of regioregularity 

found in the previous routes with faster reaction times, living growth, and moderate 

temperature requirements.62,63   
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Unfortunately, these highly controlled polymerization schemes do not 

permit access to diverse alternating copolymer structures.  Considering potential 

for a combinatorial panoply of structures remains a key draw of conjugated 

polymers, this lack of diversity promotes step-growth polycondensation of AA- and 

BB-type monomers.  The stability of organostannane and boronic ester(acid) 

functionalized monomers continues to facilitate rapid developments in D-A 

copolymers though their polymerization with halide substituted co-monomers. 

The organostannane nucleophiles required for the Migita-Kosugi-Stille 

cross-coupling ���R�I�W�H�Q�� �D�E�E�U�H�Y�L�D�W�H�G�� �D�V�� �V�L�P�S�O�\�� �µ�6�W�L�O�O�H�� �F�R�X�S�O�L�Q�J�¶����are usually 

synthesized from electron-rich thiophene derivatives.64  Their synthesis typically 

revolves around cryogenic treatment of the desired monomer unit with an 

organolithium base followed by quenching with either tributyltin chloride or 

trimethyltin chloride (Figure 1.9 ). 

 

Figure 1.9: General synthetic scheme toward arylstannane monomers.  Thiophene used 
as a representative example. 
 

�%�R�W�K���E�X�W�\�O���D�Q�G���P�H�W�K�\�O���R�S�W�L�R�Q�V���I�R�U���W�K�H���R�U�J�D�Q�R�V�W�D�Q�Q�D�Q�H�¶�V���D�O�N�\�O���5��groups have 

tradeoffs.  Butyl groups tend to be more stable during SiO2 column purification, but 

often hinder recrystallization and tend to react more slowly.  Although trimethyltin 

chloride enjoys higher reactivity, supporting its use in multistep syntheses, it 
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frequently undergoes destannylation on SiO2 columns and exhibits a 100-fold 

toxicity increase.64   

The first known use of this cross-coupling toward polymers synthesized 

polyaryl ethers and ketones in 1989.65  Several years later Galarini and co-workers 

polymerized 2,5-dihalothiophenes with 1,2-bis(tributylstannyl)ethylene gaining 

poly(thiophene-vinylene)s.66  The Yu group then demonstrated true alternating 

conjugated polymers in 1993 through the polycondensation of 2,5-

bis(tributylstannyl)thiophene with diiodoaryl derivatives.67  The diverse scope of 

monomers polymerizable via this reaction has promoted its universal use; 

however, it suffers from step-�J�U�R�Z�W�K�� �S�R�O�\�P�H�U�L�]�D�W�L�R�Q�¶�V�� �Z�H�D�N�Q�H�V�V�H�V�² poor control 

over molecular weight, high dispersities, and requirement of exact stoichiometries, 

leading to batch-to-batch variability.  Additionally, as will be discussed in Chapter 

5, this reaction also suffers from numerous side-reactions; namely, homocoupling, 

aryl-aryl exchange, and undesired transmetallation. 

Suzuki-Miyaura cross-coupling ���I�U�H�T�X�H�Q�W�O�\���U�H�I�H�U�U�H�G���W�R���D�V���µ�6�X�]�X�N�L���F�R�X�S�O�L�Q�J�¶�� 

between aryl (pseudo)halides and boronic esters(acids) similarly enjoys prolific 

usage in conjugated polymer syntheses.  The required activation of the aryl boronic 

ester(acid) by a base prior to transmetallation mechanistically differentiates the 

Suzuki and Stille couplings (Figure 1.10 ).  Practically speaking, this reaction finds 

further usage in polyarylene as opposed to polythiophene syntheses owing to 

�W�K�L�R�S�K�H�Q�H�¶�V���R�Y�H�U�O�\���H�O�H�F�W�U�R�Q-rich nature.68 
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Figure 1.10:  Revised transmetallation mechanism for base-activated aryl boronic 
esters(acids) to PdII.  NaOH shown as a simple representative base; however, carbonates 
are more commonly employed. 
 

The boron-containing monomers required by Suzuki polycondensations are 

typically synthesized by one of two methods.  In the first, aryl halides undergo 

halogen metal exchange�² forming either Grignard or lithiated intermediates�²

followed by quenching with trialkylborates in a manner roughly analogous to the 

previously described organostannane synthesis.68  Pd-catalyzed coupling of aryl 

halides with pinacoldiboron or pinacolborane facilitates the second, less harsh 

method.69 

Although Miyaura and Suzuki first reported their cross-coupling in 1979, it 

went unexploited by polymer chemists until 1989 for the synthesis of poly(para-

phenylene) derivatives.58,70  Like the Stille polycondensation, this polymerization 

scheme suffers from step-growth reaction shortcomings.  Aryl boronic 

esters(acids) are also susceptible to deboronation and the aryl-aryl exchange 

detailed in Chapter 5 further limits productive C-C bond formation.71,72  Both of 

these detrimental side reactions terminate polymerization.  The two-phase solvent 

systems used in Suzuki polycondensations may also limit polymer solubility.  
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Fortunately, unlike the Stille polyc�R�Q�G�H�Q�V�D�W�L�R�Q�¶�V�� �W�L�Q-containing byproducts, the 

generated boronate condensates are relatively non-toxic.68 

Sonogashira cross-coupling provides a Pd-catalyzed method toward 

poly(arylene-ethynylene)s from dihalide- and diethynyl-functionalized 

monomers.73  Distinct from the previously discussed cross-couplings, the 

organometallic nucleophile is generated in situ.  A basic amine (in stoichiometric 

quantities) deprotonates the terminal alkyne H which then nominally undergoes 

metalation with CuI (in catalytic amounts).  The putative CuI acetylide may then 

transmetallate with PdII (Figure 1.11 ).74 

 

Figure 1.11: Revised transmetallation mechanism for Sonogashira cross-couplings. 

Both Stille and Sonogashira reactions offer routes to diethynyl monomers 

via coupling of acetylene equivalents, tributylstannylacetylene or 

trimethylsilylacetylene with appropriate dihalide precursors.  The latter route 

requires an additional step, cleavage of trimethylsilane to reveal the bare ethynyl, 
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but often facilitates purification by column chromatography (see Chapter 3, 

synthesis of 3.6). 

In addition to the previously discussed issues clouding AA/BB 

polycondensations, structural scope limits this method to the synthesis of 

poly(aryleneethynylene)s. 

Finally, the Heck cross-coupling offers an important route towards 

poly(arylenevinylene)s via Pd-catalyzed coupling of divinyl and dihalide 

monomers.  Mechanistically, the Heck reaction differs from the previously 

discussed methods in that the organic nucleophile (arylenevinylene) does not 

undergo transmetallation.  Instead, the vinyl-functionalized moiety undergoes a ��-

migratory insertion facilitated by a Pd-�Œ interaction followed by ��-hydride 

elimination to release the cross-coupled product.  The resulting LnPd(H)(X) is 

scavenged by base to regenerate active LnPd0 catalyst (Figure 1.12 ).75 

�7�K�H�� �+�H�F�N�� �U�H�D�F�W�L�R�Q�¶�V�� �W�R�O�H�U�D�Q�F�H�� �I�R�U�� �D�� �Y�D�U�L�H�W�\�� �R�I�� �I�X�Q�Ftional groups and mild 

reaction conditions make it a powerful method for poly(arylene-vinylene)s, but it is 

inherently limited to these chain-types.76   



22 
 
 

 

Figure 1.12: General mechanistic cycle for Heck cross-coupling. 

1.4 Conjugated Poly(ionomer)s  

Their ability to form poly(ionomer)s provided �W�K�L�V���G�L�V�V�H�U�W�D�W�L�R�Q�¶�V���L�P�S�H�W�X�V���I�R�U��

incorporating imidazole moieties into conjugated polymers.  This largely 

understudied materials class contains formal charges along the conjugated 

backbone, separating them from conjugated poly(electrolyte)s wherein the charge 

is localized on pendant groups.77  In the following literature examples, poly(cation)s 

generated from neutral parent materials depress FMOs while often decreasing Eg.  

This may be readily rationalized recalling the FMOs in relation to EA and IP; one 

would expect cationic moieties to increase both EA (to compensate for the positive 

charge) and IP (to prevent further destabilization by forming additional cations).  

The opposite logic should apply to poly(anion)s, decreasing both the EA and IP; 

however, these examples are more difficult to find due to the instability of organic 
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anions.  Thus, poly(ionomer) formation from neutral parent polymers offers an 

enticing route toward FMO restructuring. 

Only a handful of accounts describe conjugated polymers capable of 

poly(cation) and poly(anion) formation; all of these systems rely on arylimidazole 

chemistries.78�±80  �,�P�L�G�D�]�R�O�H�¶�V�� �D�P�S�K�R�W�H�U�L�F�� �Q�D�W�X�U�H�� �P�R�W�L�Y�D�W�H�G�� �L�W�V�� �L�Q�F�R�U�S�R�U�D�W�Lon into 

conjugated polymer backbones with the intent to modulate polymeric charge and 

as a result, band structure.  This section briefly reviews published works pertaining 

to conjugated poly(ionomer)s while Chapters 2-4 provide more specific overviews 

of imidazole-containing polymers.   

1.4.1 Cationic  Poly(ionomer)s  

Conjugated poly(cation)s largely rely on generating quaternary ammonium 

centers from Schiff bases.  For example, Bunten and Kakkar reported early 

poly(diethynylpyridine) examples which could be methylated following, or prior to 

polymerization by methyl triflate or iodomethane (Figure 1.13A. ).81,82  Considering 

their materials did not include solubilizing side-chains, methylation increased 

solubility in polar media.  Quaternization generally led to bathochromic shifts in 

both UV-vis and emission spectroscopies indicating reduced Eg.  The authors also 

successfully synthesized an alternating poly(ethynylpyridine-alt-ethynylpyridinium) 

copolymer which displayed broad bimodal absorbance, typical of D-A copolymers.  

�&�R�Q�V�L�G�H�U�L�Q�J���S�\�U�L�G�L�Q�H�¶�V���H�O�H�F�W�U�R�Q���U�L�F�K���Q�D�W�X�U�H�����G�R�Q�R�U�����D�Q�G���S�\�U�L�G�L�Q�L�X�P�¶�V���H�O�H�F�W�U�R�Q���S�R�R�U��

character (acceptor) this observation makes sense.  Curtis and co-workers 

�S�X�E�O�L�V�K�H�G�� �V�H�Y�H�U�D�O�� �Z�R�U�N�V�� �L�Q�� �W�K�H�� �O�D�W�H�� �����¶�V�� �G�H�V�F�U�L�E�L�Q�J�� �W�K�H�� �T�X�D�W�H�U�Q�L�]�D�W�L�R�Q�� �R�I��

poly(bithiazole)s (Figure 1.13B. ).83,84  Methylation with methyl triflate was shown 
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to decrease crystallinity (a result of increased steric torsion), thermal stability (N-

methyl groups were thermally labile), and solubility in non-polar organic solvents.  

Consistent with the reasoning described above, poly(cation)s were more easily 

reduced (0.26-0.56 V difference depending on percent methylation) in CV 

experiments indicating a deeper ELUMO.  Four-point probe conductivity 

measurements on thin films indicated increased (ionic and electronic) conductivity 

upon methylation.  The authors suggest quaternization reduces the barrier for 

interchain electron hopping, explaining the increased conductivity. 

 

Figure 1.13:  Representative conjugated poly(cation)s. A. Poly(ethynylpyridine-alt-
ethynylpyridinium)81,82 B. Poly(nonylbithiazole)83 C. Poly(�1���1�¶-dimethylimidazol-2,4-diyl-
ethnylene-3-hexylthiophen-2,5-yl)85 D. Poly(�1���1�¶-dimethyl-2-phenyl-4,5-
bis(thiophene)imidazolium) derivative.86 

 

Toba et al.85,86 and Takagi et al.87 have explored N,�1�¶-dialkylated imidazoles 

in conjugated polymers.  The resulting imidazolium bears a positive charge 

analogous to the bithiazoles explored by Curtis and co-workers.  Toba and co-

workers investigated �Œ-bridged polymers from imidazole polymerized through the 

2,4 and 4,5 positions.  The neutral parent materials could be quaternized via 



25 
 
 

methylation with iodomethane, but the authors note a distinct change in solubility 

upon poly(cation) formation.  In imidazole-2,4-diyl-thiophene copolymers, 

bathochromic shifting was observed upon quaternization, attributable to enhanced 

D-A interactions between electron poor imidazolium and rich thiophene (Figure 

1.13C.). However, hypsochromic shifts were observed when phenyl was 

substituted for thiophene.  This demonstrates the role of co-monomer selection 

�D�Q�G�� �K�\�E�U�L�G�L�]�D�W�L�R�Q�� �L�Q�� �K�R�Z�� �D�� �S�R�O�\���L�R�Q�R�P�H�U���¶�V�� �E�D�Q�G�� �V�W�U�X�F�W�X�U�H�� �H�Y�R�O�Y�H�V�� �U�H�O�D�W�L�Y�H�� �W�R�� �L�W�V��

�S�D�U�H�Q�W�¶�V��85  X-ray crystallography indicated highly twisted structures upon 

methylation of 4,5-substituted imidazoles leading to widened band gaps.  However, 

consistent with Curtis and co-�Z�R�U�N�H�U�V�¶���R�E�V�H�U�Y�D�W�L�R�Q�V�����W�K�H���T�X�D�W�H�U�Q�L�]�H�G���P�D�W�H�U�L�D�O�V���G�L�G��

undergo reduction more readily than their neutral parents, indicating deeper 

LUMOs (Figure 1.14D. ).86  Takagi et al. similarly observed hypsochromic shifting 

in UV-vis spectra upon methylating copolymers based on imidazole-4,5-diyl and 

phenylene units.87 

1.4.2 Anionic  Poly(ionomer)s  

Poly(anionic) materials�¶���U�H�O�D�W�L�Y�H���U�D�U�L�W�\ may be attributed to the general lack 

of stability found in organic anions.  The most common approach to achieving 

these materials is to incorporate protic monomers that may be deprotonated upon 

treatment with base.  To improve ambient stability, the pKa of the proton to be 

removed would ideally be less than that of water.   

Leclerc and co-workers demonstrated deprotonation of poly(fluorene) 

derivatives containing labile protons at the 9 position leads to stable, conjugated 

poly(anion)s.88�±90  By monofunctionalizing the 9 position with electron withdrawing 
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groups, the pKa of the remaining proton is considerably lowered.  The gain in 

aromaticity upon deprotonation drives these polymers toward the anionic state.  

Absorbance spectra for each of the investigated polymers indicated significant 

growth of low energy bands upon deprotonation.  Additionally, the authors utilized 

the four-point probe technique on pressed pellets of poly(anionic) material 

measuring a 3-6 order of magnitude increase in conductivity relative to pristine 

poly(fluorene).  However, as noted by the investigators, this conductivity likely 

originates from ionic sources, evidenced by strong polarization effects.89 

 

Figure 1.14:  An example of the acidic poly(fluorene)s reported by Ranger and Leclerc.89 

1.5 Dissertation Outline  

 The original work summarized in this dissertation is divided into four 

chapters (2-5).  Chapters 2 and 3 describe initial efforts to synthesize and 

characterize copolymers containing 2-alkyl-1H-benzimidazoles and fluorene 

monomer units.  These materials are (de)protonated in a controlled and reversible 

fashion and the origins of their band structure evolution is empirically and 

computationally examined.  Chapter 4 provides detail of the preparation and 

characterization of synthetically demanding, highly planar D-A copolymers 

containing dithienobenzimidazole.  While preparing the materials described in 

Chapter 4, I became interested in end-functionalization of conjugated polymers 

prepared via polycondensation pathways.  Chapter 5 addresses this overlooked 
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issue in conjugated polymer synthesis by optimizing a model system and 

elucidating necessary considerations for high degrees of chain-end 

functionalization.  Finally, Chapter 6 serves to summarize these works while 

providing perspective on imidazole-containing conjugated polymers and their 

potential uses in poly(ionic) forms.  
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CHAPTER 2 
 

SYNTHESIS OF NOVEL BENZIMIDAZOLE CONTAINING CONJUGATED 

POLYMERSA 

2.1 Introduction  

 �7�K�L�V�� �F�K�D�S�W�H�U�¶�V�� �J�R�D�Os will be to demonstrate: (1) a synthetic method for 

obtaining gram-scale quantities of 4,7-dibromo-2-alkylbenzimidazoles in high 

yield, (2)   the efficient Suzuki-Miyaura polycondensation of these monomers, and 

(3) a framework for evaluating these materials�¶��band structure evolution in various 

stages of (de)protonation. 

Conventionally, most conjugated polymers are either p- or n-channel 

semiconductors depending on their peripheral substituents�² electron donating 

groups encourage hole transport while electron withdrawing groups enable 

electron movement.5  However, synthesizing a singular parent polymer that can 

be controllably toggled into a p- or n-channel species remains difficult.  Developing 

a single, systematically �µ�G�R�S�D�E�O�H�¶��polymer system will significantly advance the 

semiconducting polymer field.  Poly(benzimidazole) (PBI) derivatives are 

candidates for this dually-�µdopable�¶ polymer system owing to their amphiprotic 

nature which enables the formation of both poly(anion)s and poly(cation)s (Figure 

2.1).  �3�%�,�V�¶�� �D�P�S�K�L�S�U�R�W�L�F�� �Q�D�W�X�U�H�� �R�U�L�J�L�Q�D�W�H�V�� �I�U�R�P�� �W�K�H�� �L�P�L�G�D�]�R�O�H�� �K�H�W�H�U�R�F�\�F�O�H�� �Z�K�L�F�K��

bears both a Schiff base (:N) and acidic proton (NH). 

                                            
A Much of this chapter is adapted with permission from Harris, J. D.; Mallet, C.; Mueller, C.; Fischer, 
C.; Carter, K. R. Macromolecules 2014, 47, 2915. Copyright 2014 American Chemical Society  
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Figure 2 .1: Generalized (de)protonation scheme for dually-�µdopable�¶ conjugated PBIs. 

The fully protonated benzimidazole (BI) monome�U���K�D�V���D�F�F�H�V�V�L�E�O�H���S�.�D�¶�V���R�I��

~ 6.4 and 12.0; thus the cationic and anionic forms may be achieved through acidic 

or basic treatment, respectively.91  By incorporating BI into a conjugated polymer, 

it is relatively easy to achieve poly(ionomer)s from simple acid/base chemistry 

(Figure 2 .1).  Although BI monomers have been  incorporated into macromolecular 

structures for mechanical and high temperature applications as well as proton 

exchange membranes, relatively few reports document their polymerization from 

the 4,7 positions to yield electronically interesting macromolecules.92   Yamamoto 

and co-workers developed many of these conjugated systems throughout the 

���������¶�V�� �D�Q�G�� �H�D�U�O�\�� ���������¶�V, exploring poly(benzimidazole-4,7-diyl)s with various 

solubilizing side groups78,93�±95 and later venturing into copolymers incorporating 

aryleneethynylene and thiophene units.78�±80,96  Some of these early publications 

hint at the potential of (de)protonated poly(ionomer)s, but do not probe the 

fundamental transitions that occur upon treating poly(benzimidazole-4,7-diyl)s with 

strong acids or bases.  More recently, the Toppare and Takagi groups investigated 

H-bonding interactions between BI and neighboring ethers or phenols.97�±101  

Additionally, several researchers have begun to develop monomers containing 

benzimidazole fused with (hetero)cyclic rings.102�±105  These systems will be 

discussed at length in Chapter 4. 
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This chapter explores Suzuki-Miyaura cross-coupling as a novel approach 

to gain (de)protonatable polymers.  As mentioned above, these systems are 

fundamentally unique from most previously developed semiconducting polymers 

owing to their band structure alteration through post-polymerization 

(de)protonation.  For this study, we employed 9,9-dihexylfluorene-2,7-diboronic 

acid bis(1,3-propanediol) ester alongside 4,7-dibromo-2-heptyl-1H-benzimidazole 

or 4,7-dibromo-2-ethylpentyl-1H-benzimidazole in a Suzuki-Miyaura 

polycondensation.  We chose the fluorene-based co-monomer for its commercial 

availability, distinctive photoluminescent characteristics, and unexplored 

interactions with benzimidazole. We acknowledge the early efforts of Leclerc and 

co-workers on strictly acidic poly(fluorene)s and describe some similar phenomena 

here.88,89  However, this work represents a deviation from these systems owing to 

our manipulation of the BI moiety while the fluorene remains charge neutral.  This 

chapter describes an improved synthesis of 2-alkyl benzimidazoles and the 

incorporation of both n-heptyl (PBI1F) and ethyl pentyl (PBI2F) side chains on the 

BI monomer.  The polymers are prepared from a palladium catalyzed Suzuki-

Miyaura cross-coupling reaction to yield high molecular weight products.  The 

(de)protonated, poly(ionic) products are achieved through acid/base chemistry and 

probed with ultraviolet-visible spectroscopy (UV-vis) and photoluminescence (PL). 

2.2 Experimental  

2.2.1 Materials  

All chemicals, solvents, and reagents were used as received without further 

purification. The following were purchased from Sigma-Aldrich Co.: 2,1,3-



31 
 
 

benzothiadiazole, bromobenzene, 9,9-dihexylfluorene-2,7-diboronic acid bis(1,3-

propanediol) ester and ferrocene. Alfa Aesar supplied bromine, 48% w/w aq. 

hydrobromic acid solution, octanal, 2-ethylhexanal, cerium (IV) ammonium nitrate, 

and trifluoroacetic acid. Pd(PPh3)4 was obtained from Strem Chemicals. 

Anhydrous N,N-dimethylacetamide and 21 wt. % sodium ethoxide were purchased 

from  Acros Organics.  Remaining solvents, hydrogen peroxide, and sodium 

hydroxide was purchased from Fischer Scientific.  Silica gel (60 Å pore size, 40-

���������P���S�D�U�W�L�F�O�H���V�L�]�H�����Z�D�V acquired from EMD Millipore. 

2.2.2 Instrumentation  

Microwave syntheses were carried out in a CEM Discover SP.  1H NMR and 

13C NMR spectra were recorded on a Bruker DPX-300 (300 MHz) or a Bruker 

Avance 400 (400 MHz).  Chemical shifts were determined relative to residual 

peaks in the deuterated solvent.106  Chromium(III) acetylacetonate was added to 

enhance the quaternary carbon signals from 2.3.  GPC was performed at 40 °C 

and 1.0 mL min-1 using an Agilent 1260 series system equipped with a refractive 

�L�Q�G�H�[�� ���5�,���� �G�H�W�H�F�W�R�U���� �3�/�� �*�H�O�� ���� ���P�� �J�X�D�U�G�� �F�R�O�X�P�Q���� �W�Z�R�� ���� ���P�� �D�Q�D�O�\�W�L�F�D�O�� �0�L�[�H�G-C 

�F�R�O�X�P�Q�V���D�Q�G���D���������P���D�Q�D�O�\�W�L�F�D�O���0�L�[�H�G-D column (Agilent) with THF as the eluent.  

Glass transition temperatures were determined using differential scanning 

calorimetry (DSC) on a Thermal Analysis Q-2000 DSC in aluminum T-zero pans 

using a heat-cool-heat cycle at 10 °C min-1.  UV-vis absorption in DMAc, THF, and 

solid-state were done on a Cary 50 UV-vis absorption spectrometer with 1 cm path-

length quartz cuvettes or quartz plates.  Photoluminescence from solutions in 

DMAc and THF were measured with a Cary Eclipse.  Photoluminescence from 
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thin-films were measured with a Perkin-Elmer LS-50B.  Cyclic Voltammetry was 

carried out with a Bioanalytical Systems Inc. EC epsilon potentiostat in an 0.1 M 

TBAPF6 electrolyte solution in anhydrous acetonitrile using platinum wire counter 

and a 1.5 mm diameter platinum working electrodes (Bioanalytical Systems Inc.) 

along with a Ag/Ag+ reference electrode (Ag in 0.1 M AgCl solution, Bioanalytical 

Systems Inc.).   

2.2.3 Synthesis  

4,7-dibromo-2-heptyl-1H-benzo[d]imidazole (2.3) was prepared via a 

modified route from Nurioglu et al.97 4,7-dibromo-2,1,3-benzothiadiazole (2.1) was 

first synthesized in accordance with established literature in high yield.107  

Reduction to 1,2-diamine-3,6-dibromobenzene (2.2) was done in accordance with 

Tsubata et. al.108  Ring closure with an aldehyde was achieved by combining 1.5 

g (2.2, 5.6 mmol) with 18 mL acetonitrile and 0.9 mL octanal (5.7 mmol) in a 50 mL 

pear shaped flask.  Once the solid dissolved, cerium (IV) ammonium nitrate (0.3 

g, 0.55 mmol) was added along with 2.4 mL 30% H2O2 (30 mmol).  The reaction 

was heated at reflux in a CEM Discover SP Microwave reactor for 8 hours at 85 

°C (75 W maximum power).  Following the reaction, solvent was removed under 

reduced pressure and the resulting solid dried in vacuo.  The solid was then 

redissolved in CHCl3 and purified on a SiO2 column packed in 5:1 CH2Cl2:hexanes.  

The solid was recrystallized in ethyl acetate to yield white crystals (65%).  1H NMR 

(300 MHz, CDCl3, Figure 7.1 ):�/ 9.20 (s, 1H), 7.28 (d, 2H), 2.99 (t, 2H), 1.88 (p, 

2H), 1.25-1.50 (m, 8H), 0.90 (t, 3H). 13C NMR (75 MHz, CDCl3, Figure 7.2 ):�/ 
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156.7, 142.1, 134.2, 126.0, 122.5, 111.4, 102.1, 31.7, 29.6, 29.5, 29.0, 28.7, 22.7, 

14.2. 

4,7-dibromo-2-(heptan-3-yl)-1H-benzo[d]imidazole (2.4) was prepared in a 

similar fashion as 2.3 except 2-ethylhexanal was used in place of octanal.  

Additionally, microwave parameters were slightly different, running the reaction at 

88 °C (77 W maximum power) for 6 hours (71%).    1H NMR (400 MHz, CDCl3�����/, 

Figure 7.3 ) 8.95 (s, 1H), 7.26 (d, 2H), 2.98 (p, 1H), 1.82 (m, 4H), 1.32 (m, 2H), 

1.20 (m, 2H), 0.90 (t, 3H), 0.86 (t, 3H). 13C NMR (100 MHz, CDCl3, Figure 7.4 ):�/ 

159.39, 142.34, 133.76, 126.10, 125.73, 111.91, 101.99, 42.53, 34.20, 29.84, 

27.79, 22.76, 14.04, 12.21. 

Poly(2-heptyl benzimidazole-alt-9,9-dihexylfluorene) (PBI1F).  2.3 (0.25 g, 

0.67 mmol) and 9,9-dihexylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester 

(0.34 g, 0.67 mmol) were dissolved in ~25 mL toluene with 1-2 drops of Aliquat 

336 and 4 mL 2 M Na2CO3(aq) (8 mmol) in a 100 mL 3-neck flask fitted with a 

condenser.  This mixture was deoxygenated by sparging with N2 for 90 minutes.  

After 90 minutes, the remaining transformations were performed under N2 and 

Pd(PPh3)4 was added (0.04 g, 0.035 mmol).  The mixture heated at reflux for 48 

hours before adding a small portion of bromobenzene as a polymer end-capping 

reagent.  Bromobenzene was permitted to react for 1.5 hours before adding phenyl 

boronic acid as a second end-capping reagent.  After 1.5 hours, the reaction 

mixture was precipitated into ~400 mL ice cold methanol and filtered.  Solids were 

transferred to a Soxhlet thimble.  The product was then extracted under sequential 
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reflux with methanol, hexanes, and CHCl3.  1H NMR (300 MHz, CDCl3, Figure 

7.5):�/ 9.15 (s, 1H), 8.30 (m, 1H), 8.10-7.90 (m, 3H), 7.68 (m, 3H), 7.51 (m, 1H), 

3.03 (m, 2H), 2.13 (bm, 4H), 1.96 (t, 3H), 1.55- 1.05 (m, 26H), 0.92 (t, 3H), 0.80 (t, 

6H). 

Poly(2-ethylpentyl benzimidazole-alt-9,9-dihexylfluorene)  (PBI2F).  PBI2F 

was synthesized in the same manner as PBI1F by substituting 2.3 with 2.4. 1H 

NMR (300 MHz, CDCl3, Figure  7.6):�/ 9.05 (s, 1H), 8.21 (d, 2H), 7.93 (d, 2H), 7.67 

(m, 2H), 7.49 (d, 2H), 2.98 (m, 1H), 2.11 (bm, 4H), 1.86 (m, 4H), 1.46-1.06 (m, 

20H), 1.02 (t, 3H), 0.93 (t, 3H), 0.80 (t, 6H). 

2.3 Results & Discussion  

2.3.1 Synthesis  

BI monomer synthesis involved a three-step process beginning with 

bromination of commercially available 2,1,3-benzothiadiazole to achieve 4,7-

dibromo- 2,1,3-benzothiodiazole (2.1) and subsequent reduction to 1,2- diamine-

3,6-dibromobenzene (2.2) by reported methods (Scheme 2.1 ).107,108  Attempts to 

condense 2.2 with either octanal or 2-ethylhexanal by reported procedures were 

unsuccessful.78�±80,93,95,96 Using these methods, appreciable yields were 

unobtainable and only unclosed imidic acid side products were gained after 

repeated attempts. We pursued alternative synthetic methods toward 2.3 and 2.4 

using a procedure modified from Nurioglu et al.97 We reacted 2.2 with aldehyde in 

the presence of cerium ammonium nitrate and hydrogen peroxide in a microwave 

reactor to achieve modest yields (65 and 71% for 2.3 and 2.4, respectively). 

Previous studies reported similar condensations using conventional heating; 
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however, we obtained similar yields in 1/3 of the reaction time using microwave 

heating. Straight and branched C7H15 chains were used to modify solubility, 

expecting a branched chain would enhance solubility. The monomer structures 

were confirmed by 1H NMR and 13C NMR (Figures 7.���í7.4). BI monomer 

polymerization with 9,9-dihexylfluorene-2,7-diboronic acid bis(1,3-propanediol) 

ester was readily achieved via Suzuki-Miyaura cross-coupling (Scheme 2.1). 

Following polymerization, the product was treated with bromobenzene and 

phenylboronic acid intended to function as end-cappers.  End-capping was not 

analytically verified; this topic will be discussed at length in Chapter 5.   

 

Scheme 2.1:  Synthetic pathway toward monomers 2.3 and 2.4 and polymers PBI1F and 
PBI2F. i. Br2, HBr; ii. NaBH4, ethanol 0 °C to R.T. overnight; iii. octanal (2.3) or 2-
ethylhexanal (2.4), (NH4)2Ce(NO3)6, H2O2, acetonitrile; iv. Pd(PPh3)4, Aliquat 336, 2M 
Na2CO3(aq), toluene. 

Sequential Soxhlet extraction with methanol, hexanes, and chloroform 

fractionated and purified the crude polymer.  In both cases, insoluble solid material 

remained in the Soxhlet thimbles, implying higher molecular weight products. 

Hexanes and chloroform fractions were isolated and the molecular weight was 
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estimated by GPC (Table 2.1 ; THF eluent, PS standards).  Polymer structures 

were validated with 1H NMR (Figures 7. 5 and 7.6).  The hexanes fraction 

contained the majority of polymer yield�² this fraction was used for subsequent 

measurements. Within the limit of 1 mg mL-1, the solubilities of PBI1F and PBI2F 

are comparable in many common organic solvents (Table 2.2).  

Table 2.1: Synthetic characterization of PBI1F and PBI2F. 
 Mn/Mw (kg 

mol-1) 
Xn/Xw �“  Tg (°C) Yield (%) 

PBI1F      
hexanes 28.8/49.4 105/181 1.7 106 74 
chloroform 30.5/64.7 112/237 2.1 - 25 
PBI2F      
hexanes 10.3/16.2 38/59 1.6 95 69 
chloroform 17.0/23.0 62/84 1.4 - 3 
aMolar masses and degrees of polymerization separated in hexanes and 
chloroform fractions for PBI1F and PBI2F estimated by GPC against PS 
standards. Glass transitions of hexanes fractions were determined via DSC 
(H/C/H cycle at 10 °C min-1 in between 30 and 200 °C). 

Glass transition temperatures followed the expected trend, with PBI2F�¶�V��

branched pendant chains lowering the Tg by 11 °C relative to the straight-chained 

PBI1F derivative (Table 2.1 , Figures 7.7  and 7.8). The branched chains act as an 

internal plasticizer by increasing free volume, depressing Tg. The Tg disparity may 

also have origins in PBI2F�¶�V�� �O�R�Z�H�U�� �P�R�O�H�F�X�O�D�U�� �Z�H�L�J�K�W�� �Z�K�L�F�K�� �L�Q�F�U�H�D�V�H�V�� �F�K�D�L�Q-end 

concentration in turn increasing free volume. 

Table 2.2:  Solubilitya of the PBI1F and PBI2F hexanes fractions.  

 DCM hexanes NMP DMAc THF CHCl3 DMF toluene ClPh cH2SO4 

PBI1F +/+ -/* +/+ */+ +/+ +/+ */* */+ +/+ -/- 
PBI2F +/+ */* */+ */+ +/+ +/+ */* +/+ +/+ -/- 

aAssessed at 20/50 °C, respectively. Solutions were prepared at a mass concentration of 
1 mg mL-1.  Symbols denote full solubility (+), partial solubility (*), and insolubility (-). 
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2.3.2 UV-vis /Photoluminescence  

The basic optical properties of PBI1F and PBI2F were characterized 

�W�K�U�R�X�J�K�� �8�9�í�Y�L�V�� �D�Q�G�� �3�/�� �H�[�S�H�U�L�P�H�Q�W�V���� �7�K�H�� �S�R�O�\�P�H�U�V�� �D�E�V�R�U�E�� �L�Q�� �W�K�H�� �Q�H�D�U-UV with 

maximum absorbance wavelengths������max, of 385 nm for PBI1F and PBI2F in THF 

(Figure 2.2 A). Both compounds radiate blue light in THF solution with maximum 

emission bands centered at 422 nm (Figure 2.2 B). �%�R�W�K���F�R�P�S�R�X�Q�G�V�¶ fluorescence 

profile greatly resembles the well-structured emission of poly(fluorene) (PF) 

homopolymers. Three distinctive peaks at 422, 446, and 484 nm arise, presumably 

�I�U�R�P���W�K�H�����í���������í�������D�Q�G�����í�����Lntrachain singlet transitions, respectively.109  Based 

on these data, the differing alkyl side chains do not influence the conjugated 

�S�R�O�\�P�H�U�� �E�D�F�N�E�R�Q�H�¶�V��chromophore in solution. In the solid state, the absorbance 

and subsequently the optical band gaps of PBI1F and PBI2F (2.88 and 2.85 eV, 

respectively) differ minimally. 
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Figure 2.2: UV-vis and PL of PBI1F and PBI2F in solution and thin films. Normalized 
absorbance (A.) and photoluminescence (B.) of PBI1F (red) and PBI2F (black) solutions 
in THF (dot-dash) and films (solid).   

2.3.3 Solution (De)protonation  

Dilute solutions (3-4 ���J�� �P�/-1) of PBI1F and PBI2F were prepared in 

anhydrous DMAc. This experiment�¶�V���V�X�F�F�H�V�V���U�H�O�L�H�G���R�Q���M�X�G�L�F�L�R�X�V���Volvent selection; 

the neutral polymers were insoluble in solvents more polar than DMAc (i.e., 

dimethyl sulfoxide) while the (de)protonated polymers required polar solvents to 

avoid precipitation. Solubility became problematic when attempting to 

(de)protonate PBI1F solutions in chlorobenzene, tetrahydrofuran, chloroform, and 

dichloromethane.  

Protonation was achieved through the addition of 1.0 M trifluoroacetic acid 

(TFA, in DMAc���� �L�Q�� ������ ���/�� �L�Q�F�U�H�P�H�Q�W�V�� ���Q�R�W�� �D�O�O�� �L�Q�F�U�H�P�H�Q�W�V�� �V�K�R�Z�Q���� �W�R�� �D�� �V�H�S�W�X�P-

capped cuvette containing PBI1F solution (Figure 2.3A ,B).  All experiments were 
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performed under N2. The samples were given 5 minutes for acid/base equilibration 

following each acid/base aliquot prior to measuring absorbance and 

photoluminescence. Considering the evolution of positive charge within the 

conjugated chain, we expected BI to transition into a stronger acceptor as it 

becomes protonated to BI(+).  As discussed in section 1.4, this should result in a 

significant lowering of ELUMO while slightly depressing EHOMO.  However, the optical 

band gap widens from 2.91 to 2.98 eV (Figure 2.3 A). We suggest benzimidazole 

�1�í�+�� �D�Q�G�� �I�O�X�R�U�H�Q�H�� �&�í�+ steric repulsion lead to chain twisting, causing this shift 

(Figure 3.1C). This interaction would be less strongly felt in the neutral form for 

two reasons: (1) there is only one steric interaction per BI as opposed to two in the 

protonated state, and (2) the �1�í�+���E�R�Q�G�V���D�U�H���O�L�N�H�O�\���O�R�Q�J�H�U���L�Q��the protonated form, 

�L�Q�F�U�H�D�V�L�Q�J�� �W�K�H�� �1�í�+�����+�í�&F overlap (Figure 3.1B,C). Chapter 3 discusses this 

steric interaction in greater detail using molecular modeling and model polymer 

systems. The loss of PL intensity in the blue region is likely due to aggregation 

induced intramolecular nonradiative decay (Figure 2.3B ).85  Analogous 

(de)protonation spectra for PBI2F were observed and are shown in Figure 7. 9. 
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Figure 2.3:  Spectroscopy of PBI1F(+).  UV-vis absorbance (A.) and photoluminescence 
(B.) of PBI1F �D�V�������0���7�)�$���L�V���D�G�G�H�G���L�Q�����������/���L�Q�F�U�H�P�H�Q�W�V�����Q�R�W���D�O�O���L�Q�F�U�H�P�H�Q�W�V���V�K�R�Z�Q���� 10 ��L 
1 M TFA ~ 860 equivalents relative to imidazole moieties (calculated from GPC estimate 
of Mn). 

Deprotonation experiments using 0.13 M NaOEt(EtOH) were carried out in a 

similar fashion to those described above for protonation.  The absorption spectra 

�V�K�R�Z���D�Q���L�Q�L�W�L�D�O����max of 394 nm, which shifts 51 nm bathochromically to 445 nm upon 

completion of the experiment. We posit �G�H�S�U�R�W�R�Q�D�W�L�R�Q�� �R�I�� �%�,�� �X�Q�L�W�V�� �W�R�� �%�,���í�� are 

responsible for this shift. Bathochromic shifting complements observations by 

Ranger et al.88 and Nurulla et al.80 in deprotonated PFs and poly(benzimidazole-

alt- thiophene)s, respectively.  Nurulla et al. attribute their observations to strain 

relaxation planarizing backbones, which may play a role in the phenomena seen 

here (Figure 2.4A).  Considering Ranger et al���¶�V���Z�R�U�N�����Z�K�H�U�H���W�R�U�V�L�R�Q�D�O���E�D�F�N�E�R�Q�H��

strain is not alleviated through deprotonation, there is likely an electronic 
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contribution to the shift. In terms of band structure, deprotonation of PBI1F results 

in a 0.33 eV optical band gap reduction from neutral (2.91 eV) to fully deprotonated 

(2.58 eV). Any Eg decrease may be attributed to an increase in EA and/or decrease 

in IP. In this case, �G�H�S�U�R�W�R�Q�D�W�L�R�Q���O�L�N�H�O�\���O�R�Z�H�U�V���%�,�¶�V���,�3��(shallower HOMO), resulting 

�L�Q���D���F�K�D�U�J�H���W�U�D�Q�V�I�H�U�����G�R�Q�R�U�í�D�F�F�H�S�W�R�U��interaction with fluorene. 

 

Figure 2.4: Spectroscopy of PBI1F(-).  UV-vis absorbance (A.) and photoluminescence 
(B.) of PBI1F as 0.13 M NaOEt �L�V���D�G�G�H�G���L�Q�����������/���L�Q�F�U�H�P�H�Q�W�V�����Q�R�W���D�O�O���L�Q�F�U�H�P�H�Q�W�V���V�K�R�Z�Q���� 
10 ��L 0.13 M NaOEt ~ 110 equivalents relative to imidazole moieties (calculated from 
GPC estimate of Mn). 

As discussed earlier, the neutral PL spectrum profile is consistent with 

previously reported PF derivatives. Upon deprotonation���� �W�K�H�� �N�H�\�� ���í���� �H�P�L�V�V�L�R�Q��

mode at 430 nm rapidly decreases in intensity with respect to base concentration 

�X�Q�W�L�O�� ������ ���/�� �R�I��NaOEt(EtOH) has been added (2.1 mM NaOEt) when the emission 

�S�U�R�I�L�O�H���V�K�L�I�W�V���H�Q�W�L�U�H�O�\���D�Q�G���D���Q�H�Z�����í�����P�R�G�H���D�S�S�H�D�U�V���D�W�����������Q�P����Figure 2.4B). As 
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more base �L�V���D�G�G�H�G�����W�K�L�V���D�Q�G���W�K�H���R�W�K�H�U���P�R�G�H�V�������í�����D�Q�G�����í�������F�R�Q�W�L�Q�X�H���W�R���G�H�Y�H�O�R�S��

at 508 and 551 nm, respectively.  The absence of an isosbestic point in the 

photoluminescence spectra results from �F�K�D�Q�J�L�Q�J���W�K�H����ex �W�R���U�H�I�O�H�F�W���W�K�H����max shift. 

Combining equal molar volumes of �3�%�,���)���í�� and PBI1F(+) in DMAc 

�G�H�P�R�Q�V�W�U�D�W�H�G�� ���G�H���S�U�R�W�R�Q�D�W�L�R�Q�¶�V�� �U�H�Y�H�U�V�L�E�L�O�L�W�\��(Figure 2.5 ). In this scenario, 

reversion to neutral polymer may occur through excess small molecule acid (TFA) 

�D�Q�G���E�D�V�H�����í�2�(�W�����D�Q�G���R�U���W�K�U�R�X�J�K���P�D�F�U�R�P�R�O�H�F�X�O�D�U���S�R�O�\�D�F�L�G�V����PBI1F(+)) protonating 

the analogous polybase (PBI1F(-)). 

 

Figure 2.5: Spectroscopy demonstrating PBI1F�¶�V reversible (de)protonation.  UV-vis (A.) 
and photoluminescence (B.) of PBI1F(+) and PBI1F(-) (blue and red, respectively) before 
and after their recombination (PBI1F(+/-), black) in equivolume quantities. 

(De)protonated species stability was examined through an aging process 

where (de)protonated polymer solutions were passively stored under N2. As seen 
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in Figure s 2.6 and 2.7, the optical properties are largely unaffected by time, 

implying poly(ionomer) chemical stability. The protonated poly�P�H�U�¶�V fundamental 

absorbance and photoluminescence are unperturbed by aging (Figure 2.6 ). 

However, photoluminescence intensity decreased markedly, potentially arising 

from poor solvation inducing further aggregation. The absorbance and 

photoluminescence of the deprotonated species are remarkably stable within the 

experimentation window (Figure 2.7 ). This is somewhat surprising considering the 

general instability associated with organic anions. 

 

Figure 2.6: Poly(cation) stability over time. UV-vis (A.) and photoluminescence (B.) of 
PBI1F(+) at extended times. 
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Figure 2.7: Poly(anion) stability over time.  UV-vis (A.) and photoluminescence (B.) of 
PBI1F(-) at extended times. 

2.3.4 Electrochemistry  

 Cyclic voltammetry (CV) was utilized to probe the electrochemical 

transitions of both products (PBI1F and PBI2F). Films were drop-cast from 

dichloromethane onto the Pt work electrode, and the HOMO energy level, EHOMO, 

was estimated110 through external calibration with the ferrocene/ferrocenium redox 

couple (assumed to �E�H���D�W���í���������H�9���U�H�O�D�W�L�Y�H���W�R���Y�D�F�X�X�P�����X�V�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J���H�T�X�D�W�L�R�Q����

EHOMO = [(Eox �í���(1/2fc���������������@���í�T�������H�9���-��.  Eox is the analyte oxidation onset, E1/2fc is 

the measured average potential of the ferrocene/ferrocenium redox couple�¶�V 

anodic and cathodic peaks, q is the elementary charge (1.6022 × 10�í19 C), and 

eV/J represents the conversion constant (6.2415 × 1018 eV/J) from joules to 
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electronvolts. EHOMO �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �W�R�� �E�H�� �í���������� �D�Q�G�� �í���������� �H�9�� �I�R�U��PBI1F and 

PBI2F, respectively (Figure 2.8 ). 

 

Figure 2.8:  CV voltammograms of PBI1F and PBI2F.  Potential sweeps done in 
acetonitrile using 0.1 M TBAF6P electrolyte on drop-cast films. 

2.4 Conclusions  

Through an optimized microwave-assisted synthesis, this Chapter 

described the (relatively) rapid synthesis of 4,7-dibromo-2-alkylbenzimidazole in 

reasonable yields at moderate scale (2-5 g).  Additionally, 4,7-benzimidazole 

moieties were incorporated into poly(fluorene) semiconducting polymer systems 

via the Suzuki-Miyaura polycondensation.  By the addition of simple acidic or basic 

reagents, the neutral polymer was effectively (de)protonated in solution, yielding 

stable poly(ionomer)s.  (De)protonation was efficiently monitored through UV-vis 

and photoluminescence spectroscopies employed in tandem.  These materials 
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differ from traditional �µdoped�¶ conjugated polymers in that their (de)protonation 

does not involve oxidation or reduction of the conjugated core.  The neutral 

polymers were soluble in suitable solvents and could be processed into thin films. 

Although the systems presented here were not optimized, they showed the 

potential for reversibly and systematically manipulating a single polymer�¶�V�� �E�D�Q�G��

gap through postpolymerization chemical methods. Controlling the electronic band 

structure is difficult to achieve by current synthetic techniques which often require 

synthesis of distinct macromolecules to realize alternate band structures.  Through 

demonstrating their (de)protonation, we believe semiconducting 4,7-

benzimidazole-based materials represent an important evolution in conjugated 

polymers�¶ progress and offer the exciting prospect of tunable band structure 

control. 
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CHAPTER 3 
 

EXAMINING THE STERIC IMPACT OF (DE)PROTONATION ON THE 

OPTOELECTRONIC PROPERTIES OF POLY(BENZIMIDAZOLE)S B 

3.1 Introduction  

Chapter 2 introduced the possibility of (de)protonatable conjugated 

polymers based on the benzimidazole (BI) moiety polymerized from the 4 and 7 

positions with fluorene (PBI1F and PBI2F).111  Charges originate from N-H bond 

cleavage or formation at the imidazole nitrogen site(s). Although influence of 

charge carrier flavor was not demonstrated, this system unveiled tremendous 

potential for band structure manipulation through simple post-polymerization 

acid/base chemistry generating charged CPs (poly(ionomer)s). Additionally, the 

poly(ionomer)�V�¶�� �V�W�D�E�L�O�L�W�\�� �D�Q�G�� �U�H�Y�H�U�V�L�E�L�O�L�W�\�� ���I�U�R�P�� �S�R�O�\(ionomer) to neutral parent 

polymer) was demonstrated for PBI1F and PBI2F.111  We hypothesized that 

acidification �Z�R�X�O�G�� �L�Q�F�U�H�D�V�H���O�R�Z�H�U���� �W�K�H�� �V�\�V�W�H�P�¶�V�� �H�O�H�F�W�U�R�Q�� �D�I�I�L�Q�L�W�\�� ���/�8�0�2���� �Z�K�L�O�H��

deprotonation would decrease(raise) the ionization potential (HOMO).  As 

discussed in Chapter 2, the phenomena predicted by this model�² with respect to 

band gaps�² are correct for the poly(anionic) systems.  Yamamoto and co-workers 

observed a decrease in optical Eg for deprotonated poly(benzimidazole-alt-

aryleneethynylene)s,78 poly(2-alkylbenzimidazole-alt-thiophene)s,79,80 and poly(2-

heptylbenzimidazole-4,7-diyl).93  However, upon protonation, Eg decreases have 

                                            
B Large portions of this chapter are adapted with permission from Harris, J. D.; Liu, J.; Carter, K. R. 
Macromolecules 2015, 48 (19), 6970. Copyright 2015 American Chemical Society. 
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only been observed in poly(arylene-ethynylene-benzimidazole) and 

poly(dithienobenzimidazole-bithiophene) copolymers.78,103,112  

As discussed in Chapter 2 and several literature examples, �T�X�D�W�H�U�Q�L�]�D�W�L�R�Q�¶�V 

failure to decrease Eg is attributed to out-of-plane twisting arising from the 

protonation/methylation of BI moieties (Figure 3.1).80,86,93,95,111 Additionally, 

previous literature examples associate Eg reduction in deprotonated materials with 

steric strain relaxation.  However, the previous works fail to systematically probe 

the interplay between the proposed steric interactions and the band structure 

�H�Y�R�O�X�W�L�R�Q�� �R�U�L�J�L�Q�D�W�L�Q�J�� �L�Q�� �Y�D�U�\�L�Q�J�� �I�R�U�P�D�O�� �F�K�D�U�J�H�V���� �� �&�K�D�S�W�H�U�� ���¶�V�� �R�E�M�H�F�W�L�Y�H�� �L�V��to: (1.) 

computationally model the effect of (de)protonation on confirmational energy 

minima and (2.) parse the contributions of sterics and electronics from Eg 

reduction(increase) in deprotonated(protonated) PBIs through the synthesis 

sterically isolated PBIs. 

To separate sterics from electronics, we hypothesized that vinyl and/or 

ethynyl spacers between the BI and fluorene units would alleviate strain and allow 

for monitoring of Eg narrowing through acid and base treatment.  This hypothesis 

was supported by quantum chemical calculations using density functional theory 

(DFT) performed with the Gaussian 09TM program suite.113  To test this hypothesis, 

this Chapter describes the synthesis of three polymers: poly(2-n-heptyl-

benzimidazole-alt-9,9-di-n-octylfluorene) (PBIF), poly(2-n-heptyl-benzimidazole-

vinylene-9,9-di-n-octylfluorene) (PBIF-VL), and poly(2-n-heptyl-benzimidazole-

ethynylene-9,9-di-n-octylfluorene) (PBIF-EL).  Polymeric band structures were 
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determined experimentally using CV and UV-vis.  Additionally, the effects of 

(de)protonation were quantified through optical spectroscopies. 

 
Figure 3.1: Trimers of PBIF indicating the growing potential for torsional strain as the 
system is increasingly protonated.  Trimers depicting the deprotonated (A.), charge neutral 
(B.), and protonated (C.) forms and their potential energy surface (D.) calculated using 
DFT/B3LYP/6-31G(d,p). 
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3.2 Experimental  

3.2.1 Materials  

All chemicals, solvents, and reagents were used as received without further 

purification unless otherwise noted.  All materials were purchased from typical 

commercial suppliers. 

3.2.2 Instrumentation  

NMR spectra were recorded on either a Bruker Ascend 500 (500 MHz) or a 

Bruker Avance 400 (400 MHz).  Chemical shifts were determined relative to 

residual peaks in the deuterated solvent.106  NMR spectra are given in the 

Appendix (Figures 7.1 0-7.22). GPC was performed at 40 °C at a flow rate of 1.0 

mL min-1 using an Agilent 1260 series system equipped with a refractive index (RI) 

�G�H�W�H�F�W�R�U�����3�/���*�H�O���������P���J�X�D�U�G���F�R�O�X�P�Q�����W�Z�R���������P���D�Q�D�O�\�W�L�F�D�O���0�L�[�H�G-C columns and a 

���� ���P�� �D�Q�D�O�\�W�L�F�D�O�� �0�L�[�H�G-D column (Agilent) with THF as the eluent.  UV-vis 

absorption in DMF solution, and solid-state were performed on a Cary 50 UV-vis 

absorption spectrometer with 1 cm path-length quartz cuvettes or quartz plates.  

Photoluminescence from solutions in DMF were measured with a Cary Eclipse.  

Photoluminescence from thin-films were measured with a Perkin-Elmer LS-50B.  

Cyclic Voltammetry was carried out with a Bioanalytical Systems Inc. EC Epsilon 

potentiostat in a 0.1 M TBAPF6 electrolyte solution in dry acetonitrile.  A 3 mm 

diameter glassy carbon work electrode (Bioanalytical Systems Inc.) was employed 

alongside a platinum wire counter electrode (Bioanalytical Systems Inc.) and a 

Ag/Ag+ reference electrode (Ag in 0.1 M AgCl solution, Bioanalytical Systems Inc.).  
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All sweeps were done at 200 mV s-1 with a 2000 mV switching potential.  Molecular 

modeling was performed using the Gaussian 09TM suite of programs.113  

3.2.3 Synthe sis  

 4,7-dibromo-1H-2-n-heptyl-benzo[d]imidazole (2.3) and 2,7-diiodofluorene 

(3.2) were synthesized in accordance with the literature.111,114   

 2,7-Dibromofluorene (3.1) Fluorene (2.5 g, 15.04 mmol) was added to a 250 

mL round-bottomed flask with 15 mL CHCl3 and a stir bar.  This solution was stirred 

as it was cooled to 0 °C.  The flask was flushed with N2 prior to attaching an addition 

funnel containing 15 mL of acetic acid.  Acetic acid was added under N2.  After 5 

minutes, Br2 (3.9 mL, 78.2 mmol) was injected into the addition funnel (under N2) 

and added to the reaction dropwise over ~10 minutes.  At this point, the mixture 

became red/orange.  N2 was used to blanket the reaction as it proceeded for 1 

hour at room temperature.  The reaction was quenched with 30 mL 10 wt % sodium 

thiosulfate(aq) then allowed to stir for 5 minutes.  White precipitate was evident in 

red/orange liquor.  The precipitate was filtered and washed with excess 10 wt % 

sodium thiosulfate(aq).  The filtrate was neutralized with 1 M NaOH(aq) followed by 

extraction with 3x30 mL CHCl3.  The pale yellow organic fraction was dried over 

MgSO4, filtered, and its volume removed by rotary evaporation.  The resultant 

solids were recrystallized along with the previously collected precipitate in 

isopropanol to yield 4.111 g wispy white crystals (84.9 %). 1H NMR (500 MHz, 

CDCl3, Figure 7. 10):�/ 7.67 (s, 2H, Ar-H), 7.61 (d, 2H, J = 8.1 Hz, Ar-H), 7.51 (dd, 

2H, J = 0.8 Hz, 8.13, Ar-H), 3.88 (s, 2H, CH2). 13C NMR (125 MHz, CDCl3, Figure 

7.11):�/ 144.95, 139.86, 130.32, 128.48, 121.36, 121.10, 36.72. 
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2,7-Dibromo-9,9-di-n-octylfluorene (3.3) was synthesized from 2,7-

dibromofluorene (3.1).  2,7-Dibromofluorene (2.486 g, 7.72 mmol) and 

tetrabutylammonium bromide (0.251 g, 0.779 mmol) were weighed into a 100 mL 

3-neck round bottomed flask fitted with a reflux condenser and charged with a stir 

bar. Toluene (25 mL) along with 25 mL 50 wt. % NaOH(aq) were added to the 

reaction flask.  The flask was sealed under septa and the mixture was 

deoxygenated by bubbling in N2 for ~20 minutes with stirring.  1-Bromooctane (3.0 

mL, 17.37 mmol) was added �L�Q���������¶�V���D�W������-minute intervals.  Once addition was 

complete, the mixture was heated to 90°C for 20 hours.  The mixture was allowed 

to cool to room temperature.  The toluene phase was separated from the aqueous 

phase.  The water phase was extracted with 3x30 mL portions of ethyl acetate.  

The organic portions were combined and washed with 35 mL 1 M HCl and 35 mL 

brine.  The organic portions were dried over MgSO4, filtered, and the solvent 

removed under reduced pressure to yield a yellow oil.  The oil will solidify given 

time, but may be recrystallized from methanol to yield white needles (90.2%).  

Alternatively, the product can be purified by column chromatography using SiO2 

as the separation medium and hexanes as the eluent.   1H NMR (400 MHz, CDCl3, 

Figure 7.12):�/ 7.53 (d, 4H, J = 6.4 Hz, Ar-H), 7.48 (d, 2H, J = 8.4 Hz, Ar-H), 1.99 

(m, 4H, CH2), 1.03-1.32 (m, 20H, CH2), 0.88 (t, 6H, J = 7.2 Hz, CH3) 0.68 (bm, 4H, 

CH2). 13C NMR (100 MHz, CDCl3, Figure 7.13):�/ 152.40, 138.92, 130.06, 126.08, 

121.46, 120.96, 55.55, 40.07, 31.68, 29.79, 29.11, 29.06, 23.55, 22.53. 

2,7-Diiodo-9,9-di-n-octylfluorene (3.4) was synthesized from 2,7-

diiodofluorene (3.2) in the same fashion as 3.3.  Small white crystals were obtained 



53 
 
 

upon recrystallization from methanol (75.8 %). 1H NMR (500 MHz, CDCl3, Figure 

7.14):�/ 7.65 (dd, 4H, J = 1.4 Hz, 9.38 Hz, Ar-H), 7.40 (d, 2H, J = 7.9 Hz, Ar-H), 

1.89 (m, 4H, CH2), 1.01-1.28 (bm, 20H), 0.83 (t, 6H, J = 7.2 Hz, CH3), 0.58 (bm, 

4H).  13C NMR (125 MHz, CDCl3, Figure 7.15):�/ 152.63, 139.90, 136.15, 132.16, 

121.64, 93.26, 55.69, 40.21, 31.91, 29.98, 29.32, 29.27, 23.75, 22.76, 14.24. 

2,7-Divinyl-9,9-di-n-octylfluorene (3.5) was synthesized from 2,7-diiodo-9,9-

dioctylfluorene via the Stille route.  3.4 (0.6417 g, 0.999 mmol) was added to a 

cylindrical 50 mL Schlenk tube with a stir bar.  Pd(PPh3)4 (56.6 mg, 0.049 mmol) 

was then added under inert conditions in a glove box.  4 mL Anhydrous, 

deoxygenated DMF was then injected into the septum sealed Schlenk flask with a 

syringe.  Tri-n-butyl(vinyl) tin (0.65 mL, 2.22 mmol) was then injected into the 

reaction flask.  The flask was purged of O2 by bubbling N2 through the stirred 

mixture for 20 minutes.  After 20 minutes the flask was kept under N2 and placed 

in a pre-heated oil bath (80 °C) for 45 minutes.  After 45 minutes, the black reaction 

mixture was allowed to cool to room temperature.  It was then poured into 50 mL 

of DI H2O and extracted with 3x30 mL ethyl acetate.  The organic fractions were 

collected and washed with 3x30 mL H2O, dried over MgSO4, and gravity filtered.  

The resultant pale green volume was removed on a rotary evaporator.  The oily 

green residue was redissolved in DCM and adsorbed to ~ 2 g SiO2 before   

purification by column chromatography using SiO2 as the medium and hexanes as 

the eluent, resulting in a clear viscous oil that solidified upon extended drying in 

vacuo and storing in a freezer (57.4 %).  Furthermore, the product can be dissolved 

in a minimal amount of hexanes and precipitated from methanol at -77 °C to yield 
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white solids.  1H NMR (500 MHz, CDCl3, Figure 7.16�����/���������������G�������+����J = 7.8 Hz, 

Ar-H), 7.39 (dd, 2H, J = 1.3, 7.9 Hz, Ar-H), 7.35 (s, 2H, Ar-H), 6.80 (dd, 2H, J = 

10.9, 17.6 Hz, internal vinyl), 5.80 (d, 2H, J = 17.1 Hz, terminal vinyl), 5.26 (d, 2H, 

J = 10.9 Hz, terminal vinyl), 1.95 (m, 4H, CH2), 1.00-1.22 (br, 20H, CH2), 0.81 (t, 

6H, J = 7.2 Hz, CH3), 0.61 (br, 4H, CH2). 13C NMR (125 MHz, CDCl3, Figure 

7.17�����/�� ������������������������������������������ �������������� �������������� �������������� ���������������������������������������� ������������������������

30.4, 29.6, 29.5, 24.0, 22.9, 14.4. 

2,7-Diethynyl-9,9-di-n-octylfluorene (3.6) was synthesized as follows.  3.3 

(0.573 g, 1.04 mmol), triphenylphosphine (recrystallized from methanol; 0.017 g, 

0.065 mmol), and stir bar were added to a 50 mL 2-neck flask.  The flask was then 

loaded into an argon atmosphere glove box where Pd(PPh3)2Cl2 (0.022 g, 0.031 

mmol) and copper(I) iodide (0.004 g, 0.021 mmol) were added.  The flask was then 

sealed with a septum and condenser fitted with a septum.  The flask was removed 

from the glove box and N2 was used to constantly flush the system. Triethylamine 

(10 mL) and ethynyl trimethylsilane (1.2 mL, 8.68 mmol) were added via syringe.  

The mixture was stirred and deoxygenated with N2 for 20 minutes.  After 20 

minutes, N2 was used to blanket the mixture as it was heated to 50 °C for 20 hours.  

The mixture was allowed to cool to room temperature and the volatiles were 

removed under reduced pressure.  The residue was dissolved/suspended in 

diethyl ether and washed with 2x30 mL DI water and 2x30 mL brine.  The organic 

phase was dried over MgSO4, filtered, and the solvent removed, resulting in an 

orange oil.  The product was purified via column chromatography using SiO2 as 

the separation media and hexanes as eluent.  The TMS protected product was 
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obtained as a yellow oil.  1H NMR (400 MHz, CDCl3�����/���������������G�������+����J = 7.8 Hz, Ar-

H), 7.49 (dd, 2H, J = 1.3, 7.8 Hz, Ar-H), 7.47 (s, 2H, Ar-H), 1.94 (m, 4H, CH2), 1.31-

0.99 (br, 20H, CH2), 0.83 (t, 6H, J =  7.1 Hz, CH3), 0.57 (br, 4H, CH2), 0.30 (s, 18H, 

Si(CH3)3).  The product, (3.6), was obtained by stirring the oil with 2 mL 1 M 

tetrabutylammonium fluoride (in THF) at 80 °C in a 25 mL septum capped round 

bottomed flask.  After 24 hours, the volatiles were removed and the residue was 

dissolved in dichloromethane, washed with water, and dried over MgSO4.  

Dichloromethane was removed by rotary evaporation and the resultant dark 

orange oil was purified on a SiO2 column using hexanes as the eluent to afford 

0.401 g pale orange oil (87.6%).  1H NMR (400 MHz, CDCl3, Figure 7.18�����/������������

(d, 2H, J = 7.8 Hz, Ar-H), 7.49 (dd, 2H, J = 1.3, 7.8 Hz, Ar-H), 7.47 (s, 2H, Ar-H), 

3.15 (s, 2H, CH), 1.94 (m, 4H, CH2), 1.31-0.99 (br, 20H, CH2), 0.83 (t, 6H, J = 7.1 

Hz, CH3), 0.57 (br, 4H, CH2). 13C NMR (100 MHz, CHCl3, Figure 7.19�����/����������������

141.1, 131.4, 126.7, 121.0, 120.1, 84.7, 77.5, 55.4, 40.4, 31.9, 30.1, 29.3, 23.8, 

22.7, 14.2. 

 Poly(2-n-heptyl-benzimidazole-alt-9,9-di-n-octylfluorene) (PBIF) was 

synthesized via Suzuki polycondensation.  2.3 (0.1871 g, 0.500 mmol), 9,9-di-n-

octylfluorene-2,7-diboronic-acid bis(pinacol) ester (0.3213 g, 0.500 mmol), Aliquat 

336 (4 drops), and a stir bar were added to a 25 mL 2-neck round-bottomed flask.  

Pd(PPh3)4 (49.1 mg, 0.042 mmol) was added to the flask under an inert 

atmosphere in a glove box.  The flask was fitted with septa and a condenser in the 

glove box.  Upon removal from the glove box, deoxygenated toluene (10 mL) and 

2 M Na2CO3(aq) (2.0 mL) were added via syringes.  The mixture was then stirred 
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as it was purged with bubbling N2 for 20 minutes.  After 20 minutes, N2 was used 

to blanket the reaction as it was heated to 100 °C for 48 hours.  A small portion of 

bromobenzene was then dissolved in ~2 mL deoxygenated toluene and injected 

into the reaction as a polymer end-capping reagent.  After an additional 2 hours, a 

small portion of phenyl boronic acid was similarly dissolved in ~2 mL deoxygenated 

toluene and injected into the reaction mixture.  This reacted for 2 hours before 

precipitating the polymer into ~400 mL stirred acidic (~2-3 drops concentrated HCl) 

methanol (0 °C).  The precipitate was isolated by vacuum filtration and further 

purified by sequential Soxhlet extraction with methanol, hexanes, and CHCl3. 1H 

NMR (500 MHz, CDCl3, Figure 7.20�����/���������������V�������+�������������������E�V�������+�����������������P�������+������

7.66 (m, 3H), 7.48 (bs, 1H), 3.00 (m, 2H), 2.10 (m, 4H), 1.93 (m, 2H), 1.54-1.06 

(br, 34H), 0.92 (m, 3H, J = 6.1 Hz), 0.82 (t, 6H, J = 6.3 Hz). GPC (PS standards, 

CHCl3 portion) Mn: 10,200 g mol-1 Mw: 13,800 g mol-1 �“ : 1.34. 

 Poly(2-n-heptyl-benzimidazole-vinylene-9,9-di-n-octylfluorene) (PBIF-VL) 

was synthesized from 2.3 and 3.5 under Heck polymerization conditions. 2.3 

(0.1594 g, 0.426 mmol), 3.5 (0.1887 g, 0.426 mmol) and a stir bar were added to 

a 25 mL Schlenk tube.  The tube was then transferred to a dry, inert glovebox 

where Pd(OAc)2 (5.9 mg, 0.026 mmol) and P(o-tol)3 (recrystallized from methanol, 

40.8 mg, 0.134 mmol) were added.  The flask was sealed under inert conditions 

with a septum and removed from the glove box.  Deoxygenated 5:2 DMF:TEA (v:v, 

7 mL) was added to the reaction flask via syringe.  The flask was then 

deoxygenated further by bubbling N2 through the mixture for 20 minutes.  N2 was 

used to blanket the reaction as it was heated to 90 °C for 48 hours.  A small portion 
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of bromobenzene was then dissolved in ~2 mL deoxygenated DMF and injected 

into the reaction as a polymer end-capping reagent.  After an additional 2 hours, a 

small portion of styrene was similarly dissolved in ~2 mL deoxygenated DMF and 

injected into the reaction mixture.  This reacted for 2 hours before precipitating the 

polymer into ~400 mL stirred acidic (~2-3 drops concentrated HCl) methanol (0 

°C).  The precipitate was isolated by vacuum filtration and further purified by 

sequential Soxhlet extraction with methanol, hexanes, and CHCl3. 1H NMR (500 

MHz, C4D8O, Figure 7.2 1�����/�����������������V�������+��, 8.17 (m, 2H), 7.75-7.37 (m, 6H), 5.38 

(m, 2H), 2.97 (m, 2H), 2.10 (m, 4H), 1.95 (m, 2H), 1.58-1.01 (br, 34H), 0.89 (m, 

3H), 0.79 (m, 6H). GPC (PS standards, CHCl3 portion) Mn: 9,200 g mol-1 Mw: 

11,800 g mol-1 �“ : 1.28. 

 Poly(2-n-heptyl-benzimidazole-ethynyl-9,9-di-n-octylfluorene) (PBIF-EL) 

was synthesized from 2.3 and 3.6 via Sonogashira polycondensation.  2.3 (0.1719 

g, 0.459 mmol), 3.6 (0.2016 g, 0.459 mmol), PPh3 (recrystallized from methanol, 

12.8 mg, 0.0488 mmol) and a stir bar were added to a 25 mL 2-neck round-

bottomed flask.  Pd(PPh3)2Cl2 (17.0 mg, 0.0242 mmol) and CuI (6.0 mg, 0.0315 

mmol) were added to the flask under inert conditions in a glove box.  The flask was 

then fitted with septa and a condenser before removing from the glove box.  10 mL 

of a deoxygenated 2:1 v:v mixture of toluene:triethylamine was injected into the 

flask via syringe.  The mixture was further deoxygenated by bubbling N2 for 20 

minutes with stirring.  After 20 minutes, N2 was used to blanket the reaction as it 

was heated to 90 °C for 48 hours.  A small portion of bromobenzene was then 

dissolved in ~2 mL deoxygenated toluene and injected into the reaction as a 
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polymer end-capping reagent.  After an additional 2 hours, a small portion of 

ethynyl benzene was similarly dissolved in ~2 mL deoxygenated toluene and 

injected into the reaction mixture.  This reacted for 2 hours before precipitating the 

polymer into ~400 mL stirred acidic (~2-3 drops concentrated HCl) methanol (0 

°C).  The precipitate was isolated by vacuum filtration and further purified by 

sequential Soxhlet extraction with methanol, hexanes, and CHCl3. 1H NMR (500 

MHz, CDCl3, Figure 7.2 2�����/���������������E�V�������+�������������������P�������+�������������������E�U�������+�������������������E�U����

4H), 1.86 (br, 2H), 1.44-0.95 (br, 28H), 0.81 (m, 9H), 0.58 (br, 4H). GPC (PS 

standards, CHCl3 portion) Mn: 8,200 g mol-1 Mw: 11,400 g mol-1 �“ : 1.38. 

3.3 Results & Discussion  

3.3.1 Synthesis  

The benzimidazole monomer was synthesized in a previously discussed 

three step route (Scheme 2.1).97,111   

The fluorene monomers were synthesized following literature procedures 

(Scheme 3.1 ).114,115  First, fluorene was brominated in the presence of Br2 and 

acetic acid.  The product (3.1) was readily precipitated and recrystallized in high 

yield.  3.1 and 3.2 were alkylated through a SN2 reaction, where �±OH deprotonates 

at the 9 position leaving a highly nucleophilic carbanion, which subsequently 

attacks the electrophilic carbon 1 of 1-bromooctane.  The product could be purified 

by flash column chromatography using hexanes as the eluent and/or 

�U�H�F�U�\�V�W�D�O�O�L�]�D�W�L�R�Q�������:�H���I�R�X�Q�G���W�K�H���F�R�O�X�P�Q���W�R���E�H���F�K�D�O�O�H�Q�J�L�Q�J���F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���V�P�D�O�O���û�5f 

between the product and monoalkylated defect.  These spots often overlapped 
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when monitoring fractions with TLC; thus, if conversion was high enough, 

recrystallization was easier. 

 
Schem e 3.1: Fluorene monomer syntheses.  i. Br2, acetic acid; ii. I2, HIO3, H2SO4, CCl4, 
acetic acid; iii. NaOH, bromooctane; iv. Pd(PPh3)4, tri-n-butyl(vinyl) tin; v. ethynyl 
trimethylsilane, Pd(PPh3)2Cl2, PPh3, CuI, TEA; vi. Tributylammonium fluoride. 
 
 2,7-divinyl-9,9-di-n-octylfluorene (3.5) was first synthesized via Stille 

coupling116 with 2,7-dibromo-9,9-di-n-octylfluorene (3.3), but yields were lower 

than expected (~50%).  Thus, a route employing 2,7-diiodo-9,9-di-n-octylfluorene 

(3.4) was employed, but yields improved minimally.  2,7-diethynyl-9,9-di-n-

octylfluorene (3.6) was synthesized in two steps; first, the Sonogashira reaction 

was used to couple 2,7-dibromo-9,9-di-n-octylfluorene (3.3) to 

ethynyltrimethylsilane in high yields.  This product was easily purified by column 

chromatography then quantitatively deprotected by tetrabutylammonium fluoride. 

 The polymers PBIF, PBIF-VL, and PBIF-EL were readily synthesized using 

the appropriate Pd0 catalyzed coupling reactions (Scheme 3.2).  The products 

were purified by precipitation and Soxhlet extraction.  The chloroform fraction was 

used for further experiments.  GPC against PS standards in THF indicates 

respectable molecular weights were achieved for each product (Table 3.1).  DSC 

was used to define product glass transition temperatures, but no discernable 
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transition could be identified.  This may be due to the products�¶ modest molecular 

weight. 

 
Scheme 3.2:  Synthesis of bridged poly(benzimidazole-alt-fluorene)s. i. Pd(PPh3)4, 
Na2CO3; ii. Pd(OAc)2, PPh3, TEA; iii. Pd(PPh3)2Cl2, PPh3, CuI, TEA. 
 

Table 3.1: Summary of synthetic data for PBIF, PBIF-VL, and PBIF-EL. 
 Mn/Mw (kg 

mol-1)a 
xn/xw �“  Yield (%) 

PBIF     
hexanes 8.4/14.4 14/24 1.72 54.1 
chloroform 10.2/13.8 17/23 1.34 21.3 
PBIF-VL     
hexanes 3.7/4.6 5/7 1.29 63.3 
chloroform 9.2/11.8 14/18 1.28 20.7 
PBIF-EL     
hexanes 6.6/9.3 10/14 1.41 26.4 
chloroform 8.2/11.4 13/18 1.38 35.7 
aMolar masses of PBIF, PBIF-VL, and PBIF-EL product fractions as 
determined by GPC against PS standards. 
 

3.3.2 Molecular Modeling  

 Molecular modeling was used to predict the torsion angles between 

benzimidazole and fluorene moieties for the polymer products.  We hypothesized 

that PBIF-EL would have the lowest torsion angles of the three products due to 
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the relatively large separation between interacting benzoidal protons in 

comparison to PBIF.  We expected the vinyl protons of PBIF-VL to obstruct 

planarity to a lesser degree than the benzoidal protons of PBIF, placing its 

expected torsion angles in-between that of PBIF and PBIF-EL.  Density Functional 

Theory (DFT), using the B3LYP functional and the 6-31G(d,p) basis set, was 

employed to determine the torsion angles of the lowest energy confirmations on a 

set of trimers T, T-VL, and T-EL (Figures 3.2 and 3.3, Tables 3.2 and 3.3) in the 

spirit of PBIF, PBIF-VL, and PBIF-EL.  Charged trimers are denoted as either T(+)  

or T(-) to represent protonated and deprotonated products.  The alkyl substituents 

were substituted with methyl groups to reduce computational costs. 
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Figure 3.2 : Trimers depicting the modeled structures T, T-VL, and T-EL. 

 

Table 3.2: Torsion angles between BI and 
fluorene for Ta 

 �31 �32 
T(-) 18.01 18.03 
T 32.00 42.92 

T(+) 44.19 44.19 
aDetermined using DFT at the B3LYP level 
with the 6-31G(d,p) basis set. 
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Table 3.3: Torsion angles between marked carbon 
atoms in T-VL and T-ELa 
 �31,2-5,6 �33,4-5,6 �37,8-9,10 �37,8-11,12 
T-VL(-) 3.78 1.48 1.46 4.09 
T-VL 1.45 0.98 18.55 30.61 
T-VL(+) 34.28 20.28 20.29 29.64 
T-EL(-) 0.13 0.83 0.94 0.15 
T-EL 0.01 0.03 0.01 0.04 
T-EL(+) 0.22 1.75 1.32 0.23 
aDetermined using DFT at the B3LYP level with the 6-
31G(d,p) basis set. 
 

Modeling results support our hypotheses when comparing the neutral 

trimers.  The torsion angles are most severe in T on the N-H side of the 

benzimidazole moiety (42.92° and 32.00°).  This indicates that the N-H proton does 

interact with the neighboring fluorene protons, inducing torsion.  (It is important to 

note that the model does not account for tautomerization between the two N sites, 

which is known to be rapid in solution based on the unification of aromatic proton 

�U�H�V�R�Q�D�Q�F�H�V�� �L�Q�� �W�K�H�� �E�H�Q�]�L�P�L�G�D�]�R�O�H�� �P�R�Q�R�P�H�U������ �� �)�R�U�� �W�K�H�� �Œ�� �V�S�D�F�H�G�� �G�H�U�L�Y�D�W�L�Y�H�V�� �Z�H��

�U�H�S�R�U�W���W�K�H���W�R�U�V�L�R�Q���D�Q�J�O�H�V���E�H�W�Z�H�H�Q���W�K�H���%�,�� �U�L�Q�J���D�Q�G���W�K�H���Œ���E�U�L�G�J�H�����F�D�U�E�R�Q�V�������� ������9, 

and 10) in addition to the angles between the BI and fluorene rings.  In T-VL there 

is noticeable relaxation of torsion angles, particularly on the Schiff base side of BI 

where the ring torsion is only 1.45° and the BI-vinyl torsion is 0.98°.  The N-H side 

of BI remained relatively strained with a high BI-vinyl torsion angle (18.55°); the 

vinyl proton on carbon 10 further pushes the fluorene out of the BI plane elevating 

the ring torsion to 30.61°.  The torsion angles found in T-EL are effectively zero, 

indicating sufficient spacing between BI and fluorene. 
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Figure 3.3: Optimized (DFT/B3LYP/6-31G(d,p)) structures of T, T-VL, and T-EL and their 
de(protonated) forms. 

Upon deprotonation, torsion angles were considerably reduced for both T 

and T-VL.  This indicates that steric relaxation may play a role in the Eg reduction 

observed in the deprotonation regime of PBIF and PBIF-VL.  However, in the case 

of T-EL, the torsion angles are essentially unfazed by deprotonation, implying that 

sterics play little role in the Eg decrease observed by deprotonating PBIF-EL 

(Table 3.4).  Similarly, protonation of benzimidazole caused an increase in torsion 

angle for both T and T-VL, but effectively no change in T-EL.  The protonation is 

felt more strongly by T-VL, where the BI-fluorene ring torsion angle increases 

32.83° (on the newly protonated side of the ring) compared to a 12.19° increase 

for T.   
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Approaching these results from the viewpoint that all spectral changes 

induced by (de)protonation arise from steric origins, one would expect PBIF and 

PBIF-VL to experience decreases in Eg upon deprotonation and increases in Eg 

upon protonation.  Meanwhile, PBIF-EL would not experience any changes in its 

band structure.  However, as discussed below, this is not what is observed. 

3.3.3 Optical Spectroscopies  

Beginning with the UV-vis of each neutral parent polymer, the increase in 

�F�R�Q�M�X�J�D�W�L�R�Q���O�H�Q�J�W�K���H�[�S�H�U�L�H�Q�F�H�G���E�\���W�K�H���Œ-bridged PBIF-VL and PBIF-EL is easily 

observed���� �� �7�K�H�V�H�� �W�Z�R�� �S�U�R�G�X�F�W�V�¶�� ��max are shifted 48 and 9 nm, respectively, 

bathochromically in DMF solution relative to their unbridged counterpart, PBIF 

(Figure 3.4���������$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���Œ-�E�U�L�G�J�H�G���S�U�R�G�X�F�W�V�¶����max�¶�V���D�Q�G���R�Q�V�H�W�V���V�K�L�I�W���W�R���O�R�Z�H�U��

energies when spin-�F�R�D�W�H�G�� �L�Q�W�R�� �D�� �W�K�L�Q�� �I�L�O�P�� �R�Q�� �T�X�D�U�W�]�� ���W�K�H�� �S�R�O�\�P�H�U�V�¶�� �V�R�O�X�E�L�O�L�W�\�� �L�Q��

DMF was too low, thus films were spun from 1:1 THF:toluene solutions).  PBIF 

shows no significant difference between solution and solid state absorbance, 

impling a relatively high level of disorder in the solid state.  However, both PBIF-

VL and PBIF-EL display bathochromic shifts in the solid state, 433�Æ453 nm and 

393�Æ���������Q�P����maxes, respectively (Figure 3.4A).  The bathochromic shift in PBIF-

VL is likely due to aggregation effects seen across many rigid rod conjugated 

polymers.  Aggregation tends to lead toward planarization of the backbone, 

�H�[�W�H�Q�G�L�Q�J���W�K�H���Œ���F�R�Q�M�X�J�D�W�L�R�Q���O�H�Q�J�W�K������PBIF-VL also shows considerable red-shifting 

between solution and thin film photoluminescence (Figure 3.4B).  This results in 

a green solution forming a yellow thin solid film.  Similar conclusions may be drawn 

about PBIF-EL�����F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���U�H�O�D�W�L�Y�H�O�\���O�D�U�J�H���V�K�L�I�W���L�Q����em going from solution to 
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solid state photoluminence (52 nm, see Figure 3.4B).117  This results in a sky blue 

solution appearing green in the solid state. 

 

Figure 3.4: UV-vis and photoluminescence of PBIF, PBIF-VL, and PBIF-VL. Solution 
(dot-dash) and solid state (solid) normalized UV-vis absorption spectra (A.) and 
photoluminescence (B.) of PBIF (black), PBIF-VL (red), and PBIF-EL (blue).  All solution 
spectra are from dilute DMF solutions.  Films were spin cast from 5 mg mL-1 solutions in 
1:1 tetrahydrofuran:toluene. 
 
 Polymer (de)protonation in solution was achievable in both DMAc and 

DMF�² these solvents provide sufficient solvation for both the neutral and 

poly(ionic) products.  Protonation by exposing solid thin films to acidic vapor was 

avoided for this particular study due to the relatively low control in such an 

expiriment.  Acidified products were obtained by adding 1 M TFA (in DMF) in 10 

���/���L�Q�F�U�H�P�H�Q�Ws to polymer solutions (~2-�������J��mL-1) under N2 as described in section 

2.3.3 (these progessions may be viewed in Appendix B Figures 7.23 -7.25).  
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Figure 3.5A shows all three products�¶ neutral (solid) and fully acidified (dash, 

judged by UV-vis and PL) UV-vis spectra.  As anticipated, PBIF shifted 

hypsochromically upon protonation.  This observation matches the earlier studies 

on PBI1F.  As the molecular modeling discussed above suggests, this is likely due 

to steric torsion decreasing the effective conjugation length.  Suprisingly, PBIF-VL 

and PBIF-EL �G�L�V�S�O�D�\���D�O�P�R�V�W���Q�R���F�K�D�Q�J�H���L�Q���E�D�Q�G���H�G�J�H���R�U����max.  By the simple theory 

described above, we expected Eg narrowing due to an increase in electron affinity 

for these products considering they are relatively free from steric considerations.  

The experimental results can be rationalized by donor-acceptor theory wherein a 

�V�\�V�W�H�P�¶�V���+�2�0�2���F�D�Q���E�H���D�S�S�U�R�[�L�P�D�W�H�G���E�\���W�K�H���G�R�Q�R�U�¶�V���+�2�0�2�����Z�K�L�O�H���L�W�V���/�8�0�2���P�D�\��

�E�H���H�V�W�L�P�D�W�H�G���E�\���D�F�F�H�S�W�R�U�¶�V���/�8�0�2��6  Here, calculations employing an adapted Su-

Schreiffer-Heeger Hamiltonian118,119 indicate that fluorene largely controls the 

LUMO, while the BI moiety dominates the HOMO (Figure 7.26).  Thus, increasing 

the BI unit�¶�V electron affinity fails to effect �W�K�H���V�\�V�W�H�P�¶�V���R�Y�H�U�D�O�O���/�8�0�2�������3�/���R�I���W�K�H��

�Œ-bridged products shows little change in the fundemental emission modes 

(Figure s 7.24-7.25). 
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Figure 3.5: Spectroscopy of PBIF, PBIF-VL, PBIF-EL, and their (de)protonated forms.  
(A.) Normalized solution UV-vis spectra of neutral (solid), protonated (A., dashed), and 
deprotonated (B., dashed) PBIF (black), PBIF-VL (red), and PBIF-EL (blue) in DMF.   

 As expected, Eg�¶�V���Z�H�U�H���U�H�G�X�F�H�G���I�R�U���D�O�O���W�K�U�H�H��products in their poly(anionic) 

states (Figure 3.5B, Table 3.4).  These spectra were obtained in the same fashion 

as described above for the acidified materials by adding a 50 mM NaOEt(EtOH) 

solution (these progessions may be viewed in the Appendix, Figures 7.23-7.25).  

We observed 0.34, 0.20, and 0.22 eV Eg reductions for PBIF, PBIF-VL, and PBIF-

EL, respectively  These significant decreases represent a powerful post-

polymerization modification of the �V�\�V�W�H�P�V�¶�� �(g.  Steric relaxation likely plays a 

minor role in the bathochromic shifts seen from �W�K�H���Œ-bridged products.  The Eg 

reduction is notably lower in these systems (~0.1 eV).  This discrepancy may 

quantify steric relaxation�¶�V���F�R�Q�W�U�L�E�X�W�L�R�Q���W�R PBIF�¶�V Eg reduction upon deprotonation.  
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An electronic effect stemming from the increased electron density on the imidazole 

moiety potentially leads to the remaining ~0.2 eV Eg reduction. 

 Deprotonation also results in significant changes to each product�¶�V�� �3�/��

spectrum. PBIF(-) emits green light at ~73% the intensity of PBIF with major 

transitions occuring at 478, 505, and 551 nm. PBIF-VL(-) also retains vibronic 

structure, albeit at only ~56% the intensity of PBIF-VL, with major modes at 542 

and 582 nm giving a yellow solution.  PBIF-EL(-) suffers from considerable 

quenching (~26% the intensity of PBIF-EL), but retains the characteristic red shift 

�Z�L�W�K���L�W�V����em at 478 nm.  This results in a faintly green solution. 

Table 3.4: Spectral data for each of the products and their acidified (+) and 
deprotonated (-) analogs. 

 ��max (nm)a ��onset (nm)a Optical Eg (eV)a 

PBIF 384 424 2.92 
PBIF(+) 368 411 3.02 
PBIF(-) 443 481 2.58 

PBIF-VL 449 505 2.45 
PBIF-VL(+) 431 503 2.46 
PBIF-VL(-) 488 550 2.25 
PBIF-EL 393 443 2.80 

PBIF-EL (+) 394 444 2.79 
PBIF-EL(-) 419 481 2.58 

aMeasured in dilute (2-�������J��mL-1) anhydrous DMF. 
 

3.3.4 Electrochemistry  

 CV was used to determine the oxidation potential of polymeric thin films 

drop-cast from dichloromethane directly onto a 3 mm glassy carbon electrode.  CV 

was attempted for the (de)protonated species, but reliable sweeps were not 

attainable.  Each polymer showed multiple oxidation peaks, however only PBIF 

displayed any reversibility with a small reduction peak observable on the return 

sweep.  From the onset potentials, Eonset, the each material�¶�V EHOMO was 
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determined based on a ferrocene/ferrocenium redox couple (assumed to be -4.8 

eV relative to vacuum) external calibration.110  The following equation was used: 

�' �Á�È�Æ�È
L �B�@�' �â�á�æ�Ø�ç
F �' �5
�6
W�Ù�Ö�A
E�v�ä�z�C�:
F�M�;�:

�Ø�Ï

�Ã
�; where Eonset is the onset potential of the 

analyte, E1/2fc is the measured half wave potential of the ferrocene/ferrocenium 

redox couple, q is the elementary charge, and eV/J is a conversion factor.  To 

mitigate �&�9�¶�V unreliability, at least three distinct films were used to average the 

reported Eonset values.   

 EHOMO was determined to be -5.59, -5.20, and -5.75 eV for PBIF, PBIF-VL, 

and PBIF-EL, respectively (Figure 3.6, Table 3.5).  The measured value for PBIF 

agrees with the previously reported value (-5.54 eV)111 and implies good oxidative 

stability.  The shallower EHOMO of PBIF-VL makes it a more promising candidate 

as a p-channel material while retaining oxidative stability.7  The electron 

withdrawing nature of PBIF-EL�¶�V�� �V�S�� �K�\�E�U�L�G�L�]�H�G�� �F�D�U�E�R�Q�V�� �O�L�N�H�O�\��deepen its EHOMO.  

ELUMO �Z�D�V���H�V�W�L�P�D�W�H�G���E�\���D�G�G�L�Q�J���H�D�F�K���P�D�W�H�U�L�D�O�V�¶���R�S�W�L�F�D�O���(g to their EHOMO. 



71 
 
 

 

Figure 3.6: CV voltammograms of PBIF, PBIF-VL, and PBIF-EL.  Potential sweeps done 
in acetonitrile using 0.1 M TBAF6P electrolyte on drop-cast films. 

Table 3.5: Summary of band structure data for PBIF, PBIF-VL, and PBIF-EL. 
 Optical Eg 

(eV)a 
Eonset (V)b HOMO (-eV)b LUMO (-eV)c 

PBIF 2.86 1.23 5.59 2.73 
PBIF-VL 2.36 0.84 5.20 2.84 
PBIF-EL 2.71 1.39 5.75 3.04 

aDetermined by the absorption onset of thin films spun onto quartz plates. bAn average 
of at least 3 distinct films measured by CV against a Ag/AgCl ref. electrode and externally 
calibrated against the ferrocene/ferrocenium redox couple. cEstimated by the addition of 
the optical Eg to the HOMO measured by CV. 

 

3.4 Conclusions  

PBIF-VL and PBIF-EL demonstrate that the spectral effects observed upon 

(de)protonation of benzimidazole-containing conjugated polymers arise from a 

combination of steric and electronic effects.  �$�F�L�G�L�I�L�F�D�W�L�R�Q�¶�V��effect for this particular 

system appears to be of a strictly s�W�H�U�L�F���Q�D�W�X�U�H���G�X�H���W�R���W�K�H���I�O�X�R�U�H�Q�H���X�Q�L�W�¶�V���U�H�O�D�W�L�Y�H�O�\��
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low lying LUMO.  Deprotonating PBIF leads to a 0.34 eV Eg reduction�² we suggest 

that ~0.1 eV of the reduction spawns from steric relaxation, considering each of 

�W�K�H���Œ-spaced polymers demonstrated an approximately 0.2 eV Eg decrease upon 

deprotonation.  These findings suggest tailorable electronic structures of 

benzimidazole-containing polymers through simple post-polymerization methods 

leading to highly functional semiconducting materials. 
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CHAPTER 4 
 

EXPLORATION OF COMPLEX DONOR -ACCEPTOR CONJUGATED  

SYSTEMS CONTAINING DITHIENOBENZIMIDAZOLE  

4.1 Introduction  

Chapter 4 represents a capstone within this dissertation for the 

incorporation of imidazole moieties into synthetically complex conjugated 

polymers.  Chapters 2 and 3 explored 2-alkylbenzimidazoles polymerized from the 

4 and 7 positions with various fluorene-based co-monomers.  This chapter strives 

to incorporate lessons from earlier chapters and the vast body of literature studying 

conjugated polymer materials.  Thus, a new imidazole-containing monomer was 

conceived and synthesized with the ideals of geometric imidazole isolation, planar 

fused polycyclic aromatics, and high solubility.7,9,13,120  Chapter 3 detailed the 

sterically favorable motivations for geometrically isolating imidazole.  Section 1.1.3 

�G�L�V�F�X�V�V�H�G�� �S�O�D�Q�D�U�L�W�\�¶�V�� �L�P�S�R�U�W�D�Q�F�H�� �L�Q�� �W�K�H�� �F�R�Q�W�H�[�W�� �R�I�� �G�H�Y�H�O�R�S�L�Q�J�� �U�H�O�Hvant materials 

for device applications.  Meanwhile, conjugated polymers are notoriously difficult 

to solubilize, encouraging our use of relatively long and bulky side-chains.  This 

chapter focuses on the synthesis and polymerization of 5,8-dibromo-2-[5-(2-

hexyldecyl)-2-thienyl]-1H-dithieno[3,2-e:2',3'-g]benzimidazole (4.7, DTBI) with 4,

7-bis[4-hexyl-5-(trimethylstannyl)-2-thienyl]-2,1,3-benzothiadiazole (4.10, BTD) 

and 2,6-bis(trimethylstannyl)-4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-

b:4,5-b']dithiophene (4.11, BDT���� �D�V�� �Z�H�O�O�� �D�V�� �W�K�H�� �U�H�V�X�O�W�L�Q�J�� �S�R�O�\�P�H�U�V�¶�� ��PDTBI-BTD 

and PDTBI-BDT, respectively) characteristics.  

A brief review of previously synthesized DTBI-containing polymers follows 

to accompany this Introduction.  A structural isomer, (5,8-dibromo-2-[4-[(2-
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ethylhexyl)oxy]phenyl]-1-hexyl-1H-dithieno[2,3-e�����¶�����¶-g]benzimidazole), of this 

monomer core was initially synthesized and homopolymerized by Satapathy et 

al.102 �Z�L�W�K���G�L�I�I�H�U�L�Q�J���V�R�O�X�E�L�O�L�]�L�Q�J���V�L�G�H���F�K�D�L�Q�V�������%�\���S�O�D�F�L�Q�J���W�K�H���I�X�V�H�G���W�K�L�R�S�K�H�Q�H�V�¶���V�X�O�I�X�U��

atoms at the 4 and 9 positions, this monomer demonstrated an affinity for both 

Zn2+ and Hg2+.  Takagi et al. have also explored homo- and co-polymers (using 

bithiophene and fluorene co-monomers) from this monomer in addition to the 

structural isomer presented here.103,112   This work focused on the synthesis and 

general characterization of these materials, including optical spectroscopies and 

theoretical modeling.  Of particular note, the authors demonstrate small decreases 

in the bithiophene-based co-�S�R�O�\�P�H�U�V�¶���(g upon methylation103 or protonation112 of 

imidazole.  The investigators suggest the positive charge acts as an inductively 

withdrawing group facilitating intramolecular charge transfer in agreement with 

�F�K�D�S�W�H�U�� ���� �D�Q�G�� ���¶�V�� �D�U�J�X�P�H�Q�W�V���� �� �'�)�7�� �D�Q�G�� �7�'-DFT calculations also support this 

claim as the frontier molecular orbitals were deepened considerably for model 

compounds as one would expect for the installation of electron withdrawing 

groups.  

The only other known publications involving the polymerization of these 

monomers come from Keshtov et al.104,105  These works involve co-polymerization 

of the DTBI structural isomer presented herein, however they employ differing 

solubilizing side chains; namely, 4-[(2-ethylhexyl)oxy]phenyl, 5-(2-

ethylhexyl)thiophene-2-yl, and octafluorobutyl.  These dibromo monomers were 

then polymerized with either a benzodithiophene (BDT)105 or dithienyl-2,1,3-

benzothiadiazole(BTD)104 monomer via Stille coupling.  The BTD-containing 
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polymers exhibited low Eg and spectral features typically associated with D-A 

polymers leading to PCEs in the range of 4.55 �± 6.76 %.  The BDT-containing 

material showed very little photocurrent with PCEs less than 1 %.   

The polymers synthesized in this chapter bear strong resemblance to those 

reported by Keshtov et al. in terms of conjugated monomer cores.  However, each 

of the monomers described herein differ in solubilizing side chains.  Preliminary 

syntheses suggested these materials aggregate strongly, prompting the use of 

extended, branched 5-(2-hexyldecyl)thiophene-2-yl solubilizing chains on DTBI.  

Meanwhile, n-�K�H�[�\�O���F�K�D�L�Q�V���Z�H�U�H���D�G�G�H�G���W�R���W�K�H���%�7�'�¶�V���I�O�D�Q�N�L�Q�J���W�K�L�R�S�K�H�Q�H�V���D�Q�G����-(2-

ethylhexyl)thiophene-2-yl groups were appended to BDT.   

PDTBI-BTD and PDTBI-BDT were characterized by standard techniques, 

including: GPC, MALDI-ToF MS, 1H NMR, UV-vis, PL, IR, CV, TGA, and DSC.  

Additionally, trimers of each product were modeled using DFT methods to gain an 

�X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �W�K�H�� �P�D�W�H�U�L�D�O�V�¶�� �O�R�Z�H�V�W�� �H�Q�H�U�J�\�� �F�R�Q�I�L�U�P�D�W�L�R�Q�V�� �D�Q�G�� �U�H�O�D�W�L�Y�H�� �E�D�Q�G��

structure.  As described in Chapters 2 and 3, polymer (de)protonation was 

monitored by UV-vis and PL.  Finally, polymer thin films were treated with acid and 

base solutions in attempt to gain solid (de)protonated films. 

4.2 Experimental  

4.2.1 Materials  

All chemicals, solvents, and reagents were used as received without further 

purification unless otherwise noted.  All materials were purchased from typical 

commercial suppliers. 
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4.2.2 Instrumentation  

NMR spectra were recorded on either a Bruker AvanceIII 500 (500 MHz) or 

a Bruker AvanceIII 400 (400 MHz).  Chemical shifts were determined relative to 

residual peaks in the deuterated solvent.  NMR spectra are given in Appendix C 

(Figures 7.27 -7.44). GPC was performed at 40 °C at a flow rate of 1.0 mL/min 

using an Agilent 1260 series system equipped with a refractive index (RI) detector, 

�3�/�� �*�H�O�� ���� ���P�� �J�X�D�U�G�� �F�R�O�X�P�Q���� �W�Z�R�� ���� ���P�� �D�Q�D�O�\�W�L�F�D�O�� �0�L�[�H�G-�&�� �F�R�O�X�P�Q�V�� �D�Q�G�� �D�� ���� ���P��

analytical Mixed-D column (Agilent) with THF as the eluent.  Molecular modeling 

was performed using the Gaussian 09TM suite of programs.113  MALDI-ToF mass 

spectra were obtained with a Bruker MicroFlex using a 3 kV accelerating potential.  

MALDI-ToF samples were prepared in THF at a volume ratio of 1:15 sample (5 mg 

mL-1) to trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile 

(DCTB) matrix (50 mg mL-1) and drop cast on a ground steel plate.  UV-vis 

absorption in solution, and solid-state were performed on a Cary 50 UV-vis 

absorption spectrometer with 1 cm path-length quartz cuvettes or quartz plates.  

Photoluminescence from solutions were measured with a Cary Eclipse.  

Photoluminescence from thin-films were measured with a Perkin-Elmer LS-50B.  

Cyclic Voltammetry was carried out with a Bioanalytical Systems Inc. EC Epsilon 

potentiostat in an electrolyte solution of 0.1 M TBAPF6 in dry acetonitrile.  A 3 mm 

diameter glassy carbon work electrode (Bioanalytical Systems Inc.) was employed 

alongside a platinum wire counter electrode (Bioanalytical Systems Inc.) and a 

Ag/Ag+ reference electrode (Ag in 0.01 M AgNO3 solution, Bioanalytical Systems 

Inc.).  All sweeps were done at 200 mV s-1 with a 2000 mV switching potential.  
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Quantum chemical calculations were performed using the Gaussian 09TM program 

suite at the B3LYP level of DFT and the 6-31G(d,p) basis set.113 

4.2.3 Synthesis  

2-hexyldecyl bromide (4.1, NMR Figure 7.27 )121, 1,2-di(thiophen-3-

yl)ethane-1,2-dione (4.4, NMR Figure 7.31 ), benzo[1,2-b:6,5-b�¶�@�G�L�W�K�L�R�S�K�H�Q�H-4,5-

dione (4.5, NMR Figures 7.32 ), and 2,7-dibromo-benzo[1,2-b:6,5-b�¶�@�G�L�W�K�L�R�S�K�H�Q�H-

4,5-dione (4.6, NMR Figures 7.33 )122 were synthesized in accordance with the 

literature.  4,8-Bis[5-(2-ethylhexyl)-2-thienyl]-benzo[1,2-b:4,5-b']dithiophene 

remained from previous studies.123,124  

2-(2-hexyldecyl)thiophene (4.2) Thiophene (13.20 g, 156.9 mmol, 1.50 eq.) 

was weighed into an oven dried 1 L round-bottomed flask (A) containing a stir bar.  

The flask was then cooled in an isopropanol/CO2(s) bath, evacuated and backfilled 

with Ar 5x. Anhydrous, deoxygenated THF (~ 400 mL) was cannulated into A under 

Ar.  Anhydrous, deoxygenated THF (~100 mL) was cannulated into an oven dried 

500 mL round-bottomed flask (B) containing a stir bar under Ar.  A solution of n-

BuLi (2.5 M in hexanes, 50 mL) was cannulated into a 100 mL graduated cylinder 

under Ar.  n-BuLi solution (49 mL, 122.5 mmol, 1.17 eq.) was then cannulated into 

B under Ar, stirred.  B was cooled in an isopropanol/CO2(s) bath.  B was cannulated 

into A dropwise under Ar over 50 min., maintaining the temperature of both flasks 

at -78 °C.  A was stirred for 1 hr. at -78 °C, the pale-yellow solution was then 

allowed to warm to room temperature over the course of 1 hr.  Meanwhile, 2-

hexyldecyl bromide (4.2) was added to an oven dried 150 mL round-bottomed flask 

(C), sealed with a septum and put under vacuum for 1+ hr.  C was then backfilled 
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with Ar and ~50 mL anhydrous THF was cannulated into it under Ar.  After A had 

warmed to room temperature, C was cannulated into A dropwise over the course 

of 50 min under Ar.  A became orange, but remained clear.  After 1.5 hr at room 

temperature, A was warmed to 50 °C and stirred overnight. After 17 hr., the dark 

orange reaction solution was cooled to room temperature and quenched with 250 

mL water.  THF was removed via rotary evaporation.  The hazy aqueous mixture 

was then extracted with hexanes.  The extracts were washed with brine, dried over 

MgSO4, gravity filtered, and solvent removed via rotary evaporation to yield a dark 

orange/brown oil.  The oil was dissolved in hexanes and purified by flash column 

chromatography on SiO2 packed in hexanes.  The resulting oil (26.51 g) included 

product as well as bifunctional (2,5-bis(2-hexyldecyl)thiophene) and 2-hexyldecyl 

bromide.  The faintly orange oil was used without further purification. 1H NMR 

(500.13 MHz, CDCl3, Figure 7.28 �����/���������������G�������+����J = 5.2 Hz), 6.91 (t, 2H, J = 4.1 

Hz), 6.75 (d, 2H, J = 2.7 Hz), 2.75 (d, 2H, J = 6.7 Hz), 1.99 (t, 1H, J = 7.7 Hz), 1.35-

1.20 (m, 24H), 0.88 (t, 6H, J = 6.6 Hz). 

5-(2-hexyldecyl)-2-thiophenecarboxaldehyde (4.3) Anhydrous DMF (14.6 

mL, 188.6 mmol, 2.20 eq.) was added to an oven dried, septum sealed, 100 mL 

round-bottomed flask containing a stir bar under N2 via syringe.  The flask was 

then cooled to 0 °C. Phosphoryl chloride (8.0 mL, 86.1 mmol, 1.00 eq.) was added 

to the flask dropwise over 10 min via syringe.  The mixture was stirred for 20 min 

before deoxygenated 2-(hexyldecyl)thiophene (4.2, 26.51 g, 85.9 mmol, 1.00 eq.) 

was added to the flask dropwise via cannula under N2.  The flask was then heated 

at 100 °C for 3 hr.  The flask was then cooled to room temperature before pouring 
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onto ice in a separatory funnel.  The mixture was extracted with diethyl ether.  The 

extracts were washed with water and brine, dried over MgSO4, gravity filtered and 

solvent removed via rotary evaporation. The brown residue was then dissolved in 

hexanes and purified via flash column chromatography on SiO2 packed in hexanes 

using gradient elution up to 9:1 hexanes:EtOAc.  The product was recovered as 

18.95 g (53.9 % over two steps) pale orange/yellow oil. 1H NMR (500.13 MHz, 

CDCl3, Figure 7.29 ):�/���������������E�V�������+�������������������G�������+����J = 4.0 Hz), 6.87 (d, 2H, J = 3.5 

Hz), 2.80 (d, 2H, J = 7.0 Hz), 1.67 (m, 1H), 1.31-1.22 (m, 24H), 0.877 (t, 3H, J = 

6.8 Hz), 0.875 (t, 3H, J = 6.8 Hz).    13C NMR (125.76 MHz, CDCl3, Figure 7.30 �����/��

182.82, 156.78, 141.92, 137.12, 126.95, 40.18, 35.38, 33.30, 33.28, 32.03, 31.97, 

30.02, 29.71, 29.69, 29.44, 26.67, 26.65, 22.82, 22.79, 14.27, 14.25. 

5,8-Dibromo-2-[5-(2-hexyldecyl)-2-thienyl]-1H-dithieno[3,2-e:2',3'-g]

benzimidazole (4.7) 2,7-dibromo-benzo[1,2-b:6,5-b�¶�@�G�L�W�K�L�R�S�K�H�Q�H-4,5-dione (4.6, 

1.61 g, 4.01 mmol, 1 eq.), 5-(2-hexyldecyl)-2-thiophenecarboxaldehyde (4.3, 1.46 

g, 4.34 mmol, 1.08 eq.), ammonium acetate (7.41 g, 96.1 mmol, 24.0 eq.), and stir 

bar were added to a 250 mL round-bottomed flask under N2.  Glacial acetic acid 

(40 mL) was added to the mixture.  The flask was fitted with a condenser, heated 

to 110 °C, and vigorously stirred under N2.  The reaction mixture was cooled to 

room temperature after 16 hr then quenched with 40 mL water.  The mixture was 

extracted with toluene.  The extracts were combined and washed with brine and 

water then dried over MgSO4.  The mixture was filtered through a thin silica layer 

prepared atop a Celite pad and the toluene was removed via rotary evaporation.  

The yellow/brown residue was purified on a silica column packed in 17:2 v:v 
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CHCl3:hexanes. The product was then recrystallized from methanol once and 

hexanes once to yield 1.30 g off-white solids (46.8 %). JDH-5-84. 1H NMR (400.13 

MHz, DMSO-d6, Figure 7.34 ):�/�����������������E�V�������+�������������������V�������+�������������������G�������+����J = 3.6 

Hz), 6.94 (d, 1H, J = 3.6 Hz), 2.79 (d, 2H, J = 6.4 Hz), 1.65 (m, 1H), 1.32-1.20 (m, 

24H), 0.85 (t, 3H, J = 6.8 Hz), 0.82 (t, 3H, J = 6.9 Hz). 13C NMR (100.62 MHz, 

DMSO-d6, Figure 7.35 �����/ 146.98, 145.86, 131.38, 127.61, 127.17, 126.62, 

125.07, 112.97, 34.33, 33.12, 33.01, 31.77, 31.72, 29.74, 29.47, 29.38, 29.14, 

26.40, 26.35, 22.56, 14.42, 14.40. 

2-(trimethylstannyl)-4-hexylthiophene (4.8) 30 mL deoxygenated, dry THF 

(on 3A sieves 2x24 hr) was cannulated into an oven dried 150 mL RBF (A) 

containing a stir bar under Ar.  Redistilled diisoproplyamine (3.80 mL, 26.9 mmol, 

1.01 eq.) was added to A under Ar via syringe.  The clear, colorless stirred solution 

was cooled to 0 °C.  120 mL deoxygenated, dry THF was cannulated into an oven 

dried 250 mL RBF (B) containing a stir bar under Ar.  3-Hexylthiophene (4.80 mL, 

26.7 mmol, 1 eq.) was added to B by syringe, yielding a clear, colorless solution.  

Flask B was cooled to -78 °C and stirred.  n-BuLi (2.5 M in hexanes, 11.0 mL, 27.5 

mmol, 1.03 eq.) was added to A dropwise via cannula, maintaining the temperature 

at 0 °C.  The resulting faintly yellow and hazy mixture was stirred for 15 minutes 

before cannulating A into B dropwise.  The mixture quickly turned yellow, but the 

color did not intensify as addition proceeded.  After 20 minutes at -78 °C, B warmed 

to room temperature over 90 minutes.  B was then returned to -78 °C before 

cannulating trimethyltin chloride (1.0 M in THF, 28.0 mL, 28.0 mmol, 1.05 mmol) 

into the flask dropwise.  Upon completion of addition, the slightly hazy yellow 
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mixture was stirred at -78 °C for 15 minutes before warming to room temperature 

over 3.5 hours.  In this time, the mixture cleared before becoming hazy again.  The 

reaction was quenched with 50 mL DI H2O at which point the mixture became very 

hazy and heat evolved.  THF was removed by rotary evaporation and the resulting 

mixture was extracted with ether.  The combined organic fractions were washed 

with water and brine and then dried over MgSO4.  The volume of the resulting clear, 

yellow solution was removed by rotary evaporation yielding orange oil.  The oil was 

purified via Kugelrohr distillation at 100 °C under reduced pressure yielding 5.895 

g clear colorless oil (66.7 %).  1H NMR (400.13 MHz, CDCl3, Figure 7.36 �����/ 7.20 

(d, 1H, J = 0.8 Hz), 7.01 (d, 1H, J = 1.2 Hz), 2.65 (t, 2H, J = 7.8 Hz), 1.63 (p, 2H, J 

= 7.6 Hz), 1.32 (m, 6H), 0.89 (t, 3H, J = 6.8 Hz). 

4,7-bis[4-hexyl-2-thienyl]-2,1,3-benzothiadiazole (4.9) 2-(trimethylstannyl)-

4-hexylthiophene (4.8, 3.647 g, 11.01 mmol, 2.2 eq.) was weighed directly into a 

35 mL heavy walled microwave vial.  4,7-dibromo-2,1,3-benzothiadiazole (1.471 

g, 5.00 mmol, 1 eq.) was then weighed and added to the vial.  The vial was 

transferred to an Ar filled glovebox where Pd(PPh3)2Cl2 (105 mg, 0.150 mmol, 

0.030 eq.) and PPh3 (79 mg, 0.302 mmol, 0.060 eq.) were added.  6.0 mL distilled 

toluene was added to the vial which was then sealed with a septum, removed from 

the glovebox and reacted in a microwave for 60 minutes at 120 °C (200 W max 

power).  The resulting dark orange viscous solution was poured into 25 mL DI H2O 

and extracted with toluene.  The extracts were washed with H2O and brine before 

drying over MgSO4.  The solvent was removed by rotary evaporation.  The 

resulting dark orange oil was purified by flash column chromatography on SiO2 
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using 4:1 hexanes:CHCl3 as the eluent.  After removing solvent from the product 

containing fractions, the orange residue was dissolved in minimal 65 °C stirred 

EtOH then allowed to cool slowly inducing recrystallization.  Once cooled to room 

temperature the vessel was placed in a freezer overnight.  The resulting fine 

orange needles were collected by vacuum filtration and washed with cold EtOH 

(1.345 g, 57.4%).  1H NMR (400.13 MHz, CDCl3, Figure 7.37 �����/ 7.98 (d, 2H, J = 

1.2 Hz), 7.83 (s, 2H), 7.04 (d, 2H, J = 0.8 Hz), 2.70 (t, 4H, J = 7.6 Hz), 1.70 (p, 4H, 

J = 7.6 Hz), 1.43-1.30 (m, 12H), 0.90 (t, 6H, J = 7.0 Hz). 13C NMR (100.61 MHz, 

CDCl3, Figure 7.38 �����/ 152.79, 144.52, 139.16, 129.15, 126.18, 125.69, 121.68, 

31.86, 30.81, 30.63, 22.79, 14.27. 

4,7-bis[4-hexyl-5-(trimethylstannyl)-2-thienyl]-2,1,3-benzothiadiazole (4.10) 

4,7-bis[4-hexyl-2-thienyl]-2,1,3-benzothiadiazole (4.9, 0.707 g, 1.51 mmol, 1 eq.) 

and a stir bar were added to an oven dried 250 mL RBF (A).  A was sealed with a 

septum, evacuated, and backfilled with Ar.  Dry, deoxygenated THF (50 mL) was 

cannulated into A forming a bright orange solution.  A 50 mL RBF (B) was sealed 

with a septum, evacuated, and backfilled with Ar.  Dry, deoxygenated THF was 

cannulated into B followed by redistilled diisopropylamine (0.54 mL, 3.83 mmol, 

2.54 eq.) addition via syringe.  A and B were cooled to -78 and 0 °C, respectively.  

n-BuLi (2.5 M in hexanes, 1.55 mL, 3.88 mmol, 2.57 eq.) was added to B dropwise 

via syringe and the resulting faintly yellow solution was stirred for 15 minutes.  The 

freshly prepared LDA (B) was added to A dropwise via cannula.  The initially 

orange solution quickly became deep blue before turning violet.  After stirring for 1 

hour at -78 °C, A was removed from the cooling bath and stirred an additional 2 
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hours at room temperature.  The mixture was cooled to -78 °C before the dropwise 

addition of trimethyltin chloride (1.0 M in THF, 3.0 mL, 3.0 mmol, 3.0 eq) via 

syringe.  The mixture turned from violet to dark orange toward the end of addition.  

After stirring at -78 °C for 1 hour, the mixture was warmed to room temperature 

overnight.  The reaction was finally quenched with 50 mL DI H2O.  THF was 

removed through rotary evaporation and the organics extracted with hexanes.  The 

organic fractions were then washed with water and brine before drying over 

Na2SO4.  The solvent was then removed via rotary evaporation yielding orange oil.  

The oil was dissolved in 95:5 hexanes:TEA and purified by flash chromatography 

on SiO2 using 95:5 hexanes:TEA as the eluent.  Volume was removed from the 

product fractions by rotary evaporation and the resulting orange residue was 

recrystallized by recrystallization from 65 °C stirred EtOH 3 times (0.348 g, 29.0 

%).  1H NMR (400.13 MHz, CDCl3, Figure 7.39 �����/ 8.08 (s, 2H), 7.82 (s, 2H), 2.68 

(t, 4H, J = 7.6 Hz), 1.68 (p, 4H, J = 7.6 Hz), 1.45-1.30 (m, 12H), 0.90 (t, 6H, J = 6.8 

Hz), 0.434 (s, 18H). 13C NMR (100.61 MHz, CDCl3, Figure 7.40 �����/ 152.82, 152.17, 

144.68, 134.67, 130.06, 125.98, 125.80, 33.18, 32.33, 31.95, 29.54, 22.79, 14.25, 

-7.66. 

2,6-bis(trimethylstannyl)-4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-

b:4,5-b']dithiophene (4.11) 4,8-Bis[5-(2-ethylhexyl)-2-thienyl]-benzo[1,2-b:4,5-b']

dithiophene (1.738 g, 3.00 mmol, 1 eq.) and a stir bar were added to an oven dried 

500 mL RBF (A).  A was evacuated and backfilled with Ar before adding 125 mL 

dry, deoxygenated THF via syringe.  A was then cooled to -78 °C.  An oven dried 

150 mL RBF (B) was evacuated and backfilled with Ar before adding 50 mL dry, 
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deoxygenated THF via cannula.  n-BuLi (2.5 M in hexanes, 2.6 mL, 6.5 mmol, 2.17 

eq.) was then added to B via syringe under Ar and cooled to -78 °C.  B was then 

cannulated into A dropwise maintaining -78 °C.  The yellow solution slightly 

deepened in color.  After stirring for 30 minutes at -78 °C, the solution was 

permitted to come to room temperature over 90 minutes.  In this time, the solution 

became slightly green before clouding and becoming olive.  The mixture was 

cooled to 0 °C before adding trimethyltin chloride (1.0 M in THF, 7.0 mL, 7.0 mmol, 

2.33 eq.) dropwise via syringe.  The mixture cleared into a brown solution before 

evolving into lavender and finally pale yellow.  After 15 minutes at 0 °C, the solution 

was stirred at room temperature overnight.  The resulting yellow solution was 

quenched with 40 mL DI H2O, extracted with ether, washed with water and brine, 

and dried over MgSO4.  The ether was finally removed by rotary evaporation and 

the resulting residue recrystallized from 50 °C EtOH 3 times (1.427 g, 52.5 %).  1H 

NMR (400.13 MHz, CDCl3, Figure 7.41 �����/ 7.68 (s, 2H), 7.31 (d, 2H, J = 3.6 Hz), 

6.90 (d, 2H, J = 3.6 Hz), 2.87 (m, 4H), 1.70 (p, 2H, J = 6.1 Hz), 1.49-1.30 (m, 16H), 

0.96 (t, 6H, J = 7.4 Hz), 0.92 (t, 6H, J = 6.6 Hz), 0.40 (s, 18H).  13C NMR (100.61 

MHz, CDCl3, Figure 7.42 )���/ 145.53, 143.42, 142.37, 138.14, 137.45, 131.31, 

127.67, 125.42, 122.55, 41.64, 34.47, 32.67, 29.11, 25.97, 23.19, 14.33, 11.12, -

8.21. 

Poly(2-[5-(2-hexyldecyl)-2-thienyl]-1H-dithieno[3,2-e:2',3'-g]benzimidazole-

2,5-diyl-alt-4,7-bis[4-hexyl-2-thienyl]-2,1,3-benzothiadiazole) (PDTBI-BTD) 4.7 

(66.5 mg, 0.957 mmol, 0.957 eq) and 4.10 (81.8 mg, 0.103 mmol, 1 eq. (adjusted 

for impurity)) were carefully weighed and added to a 10 mL heavy-walled 
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microwave vial along with a stir bar.  The vial was loaded into an Ar-filled dry 

glovebox where Pd2(dba)3 (3.0 mg, 0.003 mmol, 0.03 eq.) and P(o-tol)3 (4.2 mg, 

0.014 mmol, 0.14 eq.) were carefully weighed and added to the vial.  Distilled 

toluene (3.0 mL) was then added to the vial via syringe.  The vial was sealed with 

a septum, removed from the glovebox, and reacted in a CEM Discover SP for 30 

seconds at 110 °C (250 W max) and 45 minutes at 150 °C (300 W max).  Following 

polymerization, the black mixture was diluted with toluene and dripped into 0 °C 

stirred, acidic methanol.  The fine black solids were filtered through a Soxhlet 

thimble and extraction began with MeOH followed by acetone, hexanes, and THF.  

THF was removed from the final fraction via rotary evaporation and the remnant 

black residue dissolved in minimal toluene before dripping into 0 °C stirred MeOH.  

The fine black flakes were vacuum filtered and washed with MeOH (59.3 mg). 

Poly(2-[5-(2-hexyldecyl)-2-thienyl]-1H-dithieno[3,2-e:2',3'-g]benzimidazole-

2,5-diyl-alt-4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophen-

2,6-diyl) (PDTBI-BDT). PDTBI-BDT was synthesized analogously to PDTBI-BTD 

except 4.11 (90.5 mg, 0.100 mmol, 1 eq.) was used in place of 4.10 to gain a dark 

maroon solid (81.5 mg). 

4.3 Results & Discussion  

4.3.1 Synthesis  

 The 5,8-Dibromo-2-[5-(2-hexyldecyl)-2-thienyl]-1H-dithieno[3,2-e:2',3'-g]

benzimidazole monomer (4.7) was synthesized in two parts (Scheme 4.1).  The 

aromatic substrate (4.6) was synthesized in accordance with Arroyave et al. in 

reasonable yields.122  First, 3-bromothiophene was lithiated under cryogenic 
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conditions and then reacted oxalyl chloride to yield 4.4.  4.4 then underwent 

oxidative ring closure with FeCl3 in high yield to form 4.5.  This substrate was easily 

brominated with the electrophilic brominating agent, N-bromosuccinimide, to 

generate 4.6.  Attempts to condense 4.6 with alkyl aldehydes in the spirit of 

Satapathy et al.102 were unsuccessful, likely due to the relatively weak nature of 

these aldehydes.  Thus, we devised a synthetic route toward the more electrophilic 

side chain (4.3).  Through an Appel reaction, 2-hexyldecyl bromide (4.1) was easily 

synthesized from the corresponding alcohol.  4.1 was then used as an electrophilic 

�D�O�N�\�O�D�W�L�Q�J�� �D�J�H�Q�W�� �I�R�U�� �.-lithiated thiophene.  Unreacted alkyl bromide (4.1) was 

removed from the crude via Kugelrhor distillation at reduced pressure.  The 

reaction generated a considerable quantity of bis-alkylated side product when 

thiophene:alkyl bromide ratios were ~1.1.  As a result, we used excess thiophene 

(1.5 eq.) and found a reduction in bis-alkylated side product.  We rigorously 

removed residual unreacted alkyl bromide from the product mixture, but deferred 

removal of bis-alkylated thiophene until the following carboxylation.  Finally, 4.2 

was carboxylated using Vilsmeier-Haack conditions and purified via column 

chromatography using gradient elution in hexanes/ethyl acetate.  The column was 

first packed, loaded, and eluted in hexanes until unreacted starting materials and 

bis-alkylated thiophene was removed.  Up to 9:1 hexanes:ethyl acetate was then 

used to elute the product. 

 The monomer, 4.7, was then synthesized using an adopted procedure from 

Satapathy et al.102  We found this monomer somewhat challenging to purify owing 
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to its tendency to drag and precipitate on the column, however we were still able 

to obtain it in modest yields.   

 

 
Scheme 4.1:  Synthetic route to gain 4.7. i. PPh3, CBr4; ii. n-BuLi, 1; iii. POCl3, DMF; iv. n-
BuLi, CuBr, LiBr, oxalyl chloride; v. FeCl3; vi. NBS; vii. NH4OAc, acetic acid, 3. 
 

The bis-stannylated comonomers, 4,7-bis[4-hexyl-5-(trimethylstannyl)-2-

thienyl]-2,1,3-benzothiadiazole (4.10) and 2,6-bis(trimethyltin)-4,8-bis(5-(2-

ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b�¶�@�G�L�W�K�L�R�S�K�H�Q�H (4.11), were synthesized 

through fairly traditional methods.  To begin, 3-hexylthiophene was selectively 

stannylated in the 5-position through lithiation via sterically hindered LDA followed 

by trimethyl(stannyl) chloride to synthesize 2-(trimethylstannyl)-4-hexylthiophene 
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(4.8).  4.8 was then Stille coupled to 4,7-dibromo-2,1,3-benzothiadiazole 

employing a Pd0 catalyst generated from the in-situ reduction of Pd(PPh3)2Cl2.  The 

resulting product, 4,7-bis[4-hexyl-2-thienyl]-2,1,3-benzothiadiazole (4.9), was 

readily purified by column chromatography followed by recrystallization.  Finally, 

this substrate was bis-lithiated and stannylated by LDA and Me3SnCl, respectively.  

1H NMR indicated reasonable yields for this transformation (65-70%); however, 

purification proved difficult by column chromatography owing to the sensitivity of 

organostannes to Lewis Acids (silica).  This necessitated the use of 5 volume % 

TEA in hexanes which hampered efficient separation due to the increased polarity.  

The purified orange solid was then recrystallized in ethanol three times. 

 Much of the synthetic load required for the generation of 4.11 was mitigated 

owing to material remaining from the studies of Homyak et al.123,124  4,8-Bis[5-(2-

ethylhexyl)-2-thienyl]-benzo[1,2-b:4,5-b']dithiophene was lithiated with n-BuLi and 

subsequently quenched with Me3SnCl to yield 4.11.  4.11 was purified by 

recrystallization from ethanol three times. 
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Scheme 4.2:  Synthetic route toward bis(stannyl) co-monomers. i. n-BuLi, Me3SnCl; ii. 4,7-
dibromo-2,1,3-benzothiadiazole, Pd(PPh3)2Cl2, PPh3; iii. LDA, Me3SnCl. iv. n-BuLi, 
Me3SnCl. 
 

The polymers, poly(2-[5-(2-hexyldecyl)-2-thienyl]-1H-dithieno[3,2-e:2',3'-g]

benzimidazole-alt-4,7-bis[4-hexyl-2-thienyl]-2,1,3-benzothiadiazole) (PDTBI-BTD) 

poly(2-[5-(2-hexyldecyl)-2-thienyl]-1H-dithieno[3,2-e:2',3'-g]benzimidazole-alt-4,8-

bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b�¶�@�G�L�W�K�L�R�S�K�H�Q�H���� ��PDTBI-BDT) 

were synthesized via Stille coupling (Scheme 4.3).  We also attempted the Stille 

polycondensation of thiophene, thieno[3,2:b]thiophene, and vinylene; however, 

these co-monomers led to sparingly insoluble oligomeric dark solids.  They were 

not characterized beyond GPC (Figure 7.45 ) The bis(stannyl) monomers were 

used in excess (1.00:0.95) to limit product molecular weight as initial reactions run 

with equal stoichiometry generated sparing soluble, presumably high molecular 

weight materials.  Assuming the extent of reaction, p, to be 0.985, this imbalance 
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should yield polymers with �� �l
$
$
$ = 20.  The materials were synthesized using 

microwave heating which not only accelerated the polymerization time (45 

�P�L�Q�X�W�H�V�������E�X�W���H�Q�D�E�O�H�G���W�K�H���X�V�H���R�I�� �W�H�P�S�H�U�D�W�X�U�H�V������������ �ƒ�&���� �H�[�F�H�H�G�L�Q�J���W�K�H���V�R�O�Y�H�Q�W�¶�V��

(toluene) boiling point.  The crude reaction mixture was then diluted with toluene 

and dripped into cold, stirred acidic methanol to precipitate the polymer and cleave 

remaining trimethyl(stannyl) end-groups.  The crude precipitate was then filtered 

directly in a Soxhlet thimble and sequentially extracted with methanol, acetone, 

hexanes, and tetrahydrofuran for at least 24 hours per solvent.  Following Soxhlet 

fractionation, the THF fraction was reprecipitated into cold, stirred methanol, 

filtered and dried in vacuum for 1 hour.  Consistent with earlier reports on similar 

polymers,105 we found that extended drying made the product largely intractable.  

PDTBI-BDT product yields outstripped those of PDTBI-BTD (85.3 vs. 59.8 %, 

�U�H�V�S�H�F�W�L�Y�H�O�\�����O�L�N�H�O�\���G�X�H���W�R���W�K�H���O�D�W�W�H�U�¶�V���O�R�Z�H�U���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W������PDTBI-BTD�¶�V���O�R�Z�H�U��

molecular weight enabled premature extraction of a greater amount of oligomeric 

material during Soxhlet purification with hexanes. 
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Scheme 4.3:  Synthesis of PDTBI derivatives. i. Pd2(dba)3, toluene, microwave heating. 

 
 The polymers enjoyed reasonable solubility in chlorinated benzene 

derivatives, THF, and warm toluene, chloroform, and 2-methyltetrahydrofuran.  

�7�K�H���S�R�O�\�P�H�U�V�¶���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W���Z�D�V���H�V�W�L�P�D�W�H�G���Y�L�D���*�3�&���X�V�L�Q�J���7�+�)���H�O�X�H�Q�W���D�J�D�L�Q�V�W��

poly(styrene) standards (Table 1, Figure 7.45 ).  As referenced earlier, the 

employed stoichiometric imbalance should produce polymers where �� �l
$
$
$ = 20.  For 

PDTBI-BTD and PDTBI-BDT this would lead to polymers with �� �l
$
$
$
$ = 10.5 and 11.7 

kg mol-1, respectively.  At first glance, the GPC results for PDTBI-BTD seem to 

reflect this prediction well.  However, several reports document comparisons 

between the hydrodynamic volume of a random coil poly(styrene) to rigid-rod 

polymers tend to exaggerate molecular weights.125�±127  In light of this, PDTBI-
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BTD�¶�V���W�K�H�R�U�H�W�L�F�D�O���P�Rlecular weight likely exceeds its as-synthesized weight while 

PDTBI-BDT�¶�V�� �D�V-synthesized molecular is probably on-par or less than its 

theoretical. 

 Polymer 1�+���1�0�5���Z�D�V���O�L�P�L�W�H�G���E�\���W�K�H���P�D�W�H�U�L�D�O�V�¶���D�J�J�U�H�J�D�W�L�Y�H���W�H�Q�G�H�Q�F�L�H�V���D�Q�G��

insolubility leading to broad, largely featureless spectra (Figure 7.43 -7.44).  Matrix 

assisted laser desorption/ionization time of flight mass spectrometry (MALDI-ToF 

MS) proved to be a more useful tool in evaluating polymer structure.  While MALDI-

ToF MS often provides poor representations of molecular weight distributions for 

disperse samples, it may be used to differentiate chain-end populations for low 

molecular weight chains.128   

MALDI-ToF was used to determine relative stoichiometries of BTD/BDT 

and DTBI units as well as end-group composition (Figures 4.1 and 7.46).  While 

the expected stoichiometry was (n+1)BTD/BDT:(n)DTBI, we found significant 

evidence of aryl stannane homocoupling leading to BTD/BDT rich polymers.  As 

discussed in Chapter 5, this side reaction is believed to occur through an errant 

transmetallation that results in stannylation and elimination of DTBI in place of 

Br.129,130  This results in a LnPd(BTD/BDT)(Br) species amenable to appropriate 

transmetallation of Me3SnBTD/BDTZ (where Z is any group) and subsequent 

reductive elimination of the homocoupled defect.  BTD appears to exacerbate 

homocoupling in this system where we suspect 2,1,3-�E�H�Q�]�R�W�K�L�D�G�L�D�]�R�O�H�¶�V���H�O�H�F�W�U�R�Q��

withdrawing nature contributed to this side reaction.  The Stille mechanism 

depends on the C-�6�Q�� �F�D�U�E�R�Q�¶�V�� �Q�X�F�O�H�R�S�K�L�O�L�F�� �Q�D�W�X�U�H���� ����������-benzothiadiazole likely 

deactivates this bond, slowing transmetallation and rendering detrimental 
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mechanisms competitive. MALDI-ToF also revealed a large percentage of peaks 

with a HDTBI(X-DTBI)nH architecture (where X = BTD or BDT) despite 

(intentionally) favoring Me3SnXSnMe3 moieties.  These observations imply 

relatively poor control over the polymerization mechanism which may be alleviated 

through less extreme reaction conditions and increased monomer purity.   

 

 
Figure 4.1:  Reflected path MALDI-ToF MS of PDTBI-BTD and PDTBI-BDT.  Samples 
were prepared by drop-casting 1:5 (v:v) solutions of 5 mg mL-1 product and 50 mg mL-1 
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) in THF 
onto a ground steel target. 
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The thermal characteristics of each polymer were evaluated by thermal 

gravimetric analysis (TGA) and differential scanning calorimetry (DSC).  The 

thermal decomposition was first evaluated via TGA under N2 at a 10 °C min-1 

heating rate.  Both polymers demonstrated relatively robust thermal stabilities, 

having 5% mass losses at 388 and 406 °C for PDTBI-BTD and PDTBI-BDT, 

respectively.  DSC samples were prepared by weighing dry samples into aluminum 

DSC pans and then adding ~ 30 ��L THF to wet the solids.  The resulting slurry was 

�W�K�H�Q���O�L�J�K�W�O�\���F�R�P�S�U�H�V�V�H�G���Z�L�W�K���D���'�6�&���O�L�G���L�Q���D�W�W�H�P�S�W���W�R���I�O�D�W�W�H�Q���V�D�P�S�O�H���D�O�R�Q�J���W�K�H���S�D�Q�V�¶��

bottom.  Samples were then dried in vacuum and fully crimped.  No observable 

transitions occurred in heat/cool/heat cycles spanning from -80 °C to 350 °C for 

either product (Figures 7.51  and 7.52).  

4.3.2 Molecular Modeling  

 Density Functional Theory (DFT) was used to calculate an energetically 

minimized geometry for hexamers (n = 3) of both polymer systems�² labeled 

(DTBI-BTD)3 and (DTBI-BDT)3.  The model shortened the solubilizing side chains 

to methyl groups, reducing the computational load.  Both materials were relatively 

planar compared to the T and T-VL models discussed in 3.3.2.  Table 4.2 

Table 4.1: Synthetic data for PDTBI-BTD and PDTBI-BDT 
 Mn/Mw (kg 

mol-1)a 
Xn/Xwa �� a Yield 

(%)b 
Tg (°C)c Td (°C)d 

PDTBI-
BTD 

9.88/22.3 20/45 2.30 59.8 - 388 

PDTBI-
BDT 

15.3/38.1 28/69 2.49 85.3 - 406 

aEstimated by GPC in THF against PS standards. bCalculated based on quantity 
obtained from THF fraction of Soxhlet extraction. cNo transitions were visible by DSC at 
a heating rate of 10 °C min-1. dBased on temperature at 5% mass loss in air. 
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documents the torsion angle between each pair of adjacent rings (Labelled in 

Figure 4.2 ).  Importantly, little disparity exists between the protonated and Schiff 

base sides of DTBI, suggesting that the fusion of flanking thiophenes sufficiently 

minimizes the steric effects of (de)protonation.  The inter-annular rotations appear 

to be quite low with the largest contributor to torsion being the alkyl groups at the 

��-positions of the thiophene units appended to 2,1,3-benzothiadiazole (angles a, 

d, e, h, and i). 

The predicted frontier molecular orbitals indicate localization of the LUMO 

on the electron accepting 2,1,3-benzothiadiazole unit, and a delocalized HOMO 

spread over the conjugated backbone in (DTBI-BTD)3 (Table 4.3 ).  These results 

are consistent with classical donor-acceptor type systems wherein the LUMO is 

controlled by the accepting unit.  However, both LUMO and HOMO are delocalized 

across the entire (DTBI-BDT)3 backbone, indicating a general lack of donor-

acceptor character.  Not surprisingly, the calculations predict a narrower Eg (ELUMO-

EHOMO) for (DTBI-BTD)3 compared to (DTBI-BDT)3 (1.84 vs. 2.53 eV, 

respectively).  Again, consistent with donor-acceptor theory, BTD considerably 

deepens the ELUMO in comparison to the BDT-containing trimer (-2.80 vs. -2.23 eV, 

respectively).  
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Figure 4.2 : Trimers depicting the modeled structures (DTBI-BTD)3 and (DTBI-BDT)3
. 

Table 4.2: Calculated torsion angles of (DTBI-BTD)3 and 
(DTBI-BDT)3. 

angle  (DTBI-BTD)3 (DTBI-BDT)3 
 �-  (°) 
a 21.66 9.04 
b 1.47 9.43 
c 2.27 10.87 
d 18.83 1.01 
e 18.34 3.77 
f 1.92 - 
g 1.68 - 
h 18.81 - 
i 19.84 - 
j 4.22 - 
k 10.83  
Bond angles are determined by energy minimization 
calculations employing DFT/B3LYP/6-31G(d,p). 
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Figure 4.3:  Calculated frontier molecular orbitals of (DTBI-BTD)3 and (DTBI-BDT)3.  
LUMOs (A. and C.) and HOMOs (B. and D.) were predicted using DFT/B3LYP/6-31G(d,p) 
for (DTBI-BTD)3 and (DTBI-BDT)3, respectively. 
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4.3.3 Optical Spectroscopy  

 The polymers were characterized by UV-vis and photoluminescence 

spectroscopies in both the solution and solid state.  Sample solutions prepared in 

�7�+�)�� �K�D�G�� ��max values of 329 and 552 nm for PDTBI-BTD and PDTBI-BDT, 

respectively (Figure 4. 4).  However, both products exhibited multiple 

absorbances.  Two principle absorbances exist for PDTBI-BTD, a featureless, 

broad low energy peak centered at 535 nm and the aforementioned ��max at 329 

nm which contained subtle shoulders at 364 and 410 nm.  The lower energy broad 

absorbance is typical of donor-acceptor polymer systems owing to intramolecular 

charge transfer events.  Interestingly, these spectra differ considerably from those 

reported by Keshtov et al. for similar polymers.104  PDTBI-BDT displays highly 

structured absorbance in solution (and thin films) with notable peaks (552, 510, 

418, and 347 nm) and a shoulder (475 nm) more in line with Keshtov et al.�¶�V��

previously reported system.105  The high degree of vibronic structure visible in the 

spectra indicates localized excited states.131   

 The optical Eg was determined from the solid-state spectra to be 1.78 and 

2.08 for PDTBI-BTD and PDTBI-BDT, respectively.  The observed relative 

magnitudes are consistent with the DFT predictions, but as expected the 

calculations overestimated the Eg, likely due to the limits of a single-chain trimer 

model.  However, it is interesting to note the scalar difference between theory and 

observation; the observed BDT-containing system Eg is ~18 % smaller than theory, 

while the same metric in the BTD case is 3 %.  The trimer model more accurately 

describes PDTBI-BTD�¶�V���E�D�Q�G���V�W�U�X�F�W�X�U�H���G�X�H���W�R���L�W�V���U�H�O�D�W�L�Y�H�O�\���O�R�Z���P�R�O�H�F�X�O�D�U���Z�H�L�J�K�W������
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Homocoupling in PDTBI-BTD, mitigating the expected donor-acceptor 

hybridization may also explain the smaller overestimate in the BTD case.   

 
Figure 4. 4: UV-vis spectra of PDTBI-BDT (red) and PDTBI-BTD (black) in THF (dot dash) 
and thin films (solid). 

 Interestingly, the band-edge of PDTBI-BDT�¶�V�� �V�R�O�X�W�L�R�Q�� �D�Q�G�� �V�R�O�L�G-state 

spectra occur at nearly identical energies.  Also, its lowest energy absorbance 

decreases in relative intensity.  These features imply a fairly rigid system that does 

not gain planarization upon film deposition. 

 Photoluminescence of PDTBI-BTD and PDTBI-BDT solutions in THF 

(Figure 7.48 ) indicated ��em �R�I�����������D�Q�G�����������Q�P�����U�H�V�S�H�F�W�L�Y�H�O�\�����6�W�R�N�H�¶�V���V�K�L�I�W�V���R�I����������

and 45 nm).  PDTBI-BTD displayed very broad photoluminescence (FWHM = 135 

�Q�P�����Z�L�W�K���D���V�L�Q�J�O�H���Y�L�E�U�R�Q�L�F���V�K�R�X�O�G�H�U���R�Q���W�K�H���V�S�H�F�W�U�X�P�¶�V���K�L�J�K-energy side (687 nm).  

In contrast, PDTBI-BDT�¶�V���V�S�H�F�W�U�X�P���L�V���U�H�O�D�W�L�Yely well-defined with the 0-0, 0-1, and 
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0-2 transitions evident at 597, 637, and 716 nm, respectively.  Thin-film 

photoluminescence was immeasurably low for both materials. 

4.3.4 Electrochemistry  

 �7�K�H���S�R�O�\�P�H�U�V�¶���L�R�Q�L�]�D�W�L�R�Q���S�R�W�H�Q�W�L�D�O���Z�D�V���P�H�D�V�X�U�H�G���X�V�L�Q�J���F�\�F�O�Lc voltammetry 

as an approximation of EHOMO.  Thin-films were drop-cast from THF solution onto 

a glassy carbon work electrode which was employed alongside Pt wire and 

Ag/AgNO3 counter and reference electrodes, respectively.  Sweeps were 

performed in ambient conditions using TBAF6P as the carrier electrolyte in 

acetonitrile (Figure 4. 5). EHOMO was approximated from the oxidation onset after 

external calibration against the ferrocene/ferrocenium redox couple.  As predicted 

by DFT modeling (discussed in section 4.3.2), PDTBI-BTD (-5.21 eV) had a 

relatively shallow EHOMO relative to PDTBI-BDT (-5.43 eV).  The ELUMO level was 

approximated by adding the optical Eg to EHOMO. This estimation agrees with the 

prediction and rational put forth in 4.3.2.  
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Figure 4.5:  Cyclic voltammograms of PDTBI-BTD and PDTBI-BDT.  Sweeps performed 
at 200 mV s-1 on thin films in acetonitrile using TBAF6P as the carrier electrolyte against a 
Ag/AgNO3 reference electrode. 
 
Table 4.3: Summary of Band Structure Data  
 optical 

Eg (eV)a 
Eox, 

onset (-
V)b 

EHOMO (-
eV)b 

ELUMO (-
eV)c 

Calc. 
EHOMO (-

eV)d 

Calc. 
ELUMO (-

eV)d 

Calc. 
Eg (-
eV)d 

PDTBI-
BTD 

1.78 0.52 5.21 3.43 4.64 2.80 1.84 

PDTBI-
BDT 

2.08 0.72 5.43 3.35 4.76 2.23 2.53 

aCalculated from the absorption onset of thin films prepared by spin-casting on quartz 
plates. bAn average of at least three films drop-cast onto a glassy carbon electrode 
against a Ag/AgNO3 reference electrode. cEstimated by adding the optical Eg to EHOMO. 
dCalculated using the Gaussian 09 suite with DFT at the B3LYP level of theory and 6-
31G (d,p) basis set. 

 

4.3.5 Solution (De)protonation   

 The polymers were (de)protonated in the same manner described in 

Chapter 2; namely through the addition of 1 M TFA(DMF) or 0.1 M NaOEt(EtOH).  

Product insolubility in anhydrous DMF or DMAc forced the use of a mixed solvent 
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system wherein the material was first dissolved in THF and then diluted with DMF 

such that the final composition was 99 % DMF by volume (7-���������J���P�/-1).   

Beginning with the protonation of PDTBI-BTD and PDTBI-BDT, little 

change is evident in the UV-vis spectra (Figure 4.6 , for incremental spectra see 

Figures 7.53, 7.54 ������ �� �,�Q�� �N�H�H�S�L�Q�J�� �Z�L�W�K�� �&�K�D�S�W�H�U�� ���� �D�Q�G�� ���¶�V�� �G�L�V�F�X�V�V�L�R�Q�� �Z�H�� �E�H�O�L�H�Y�H��

�G�H�S�U�R�W�R�Q�D�W�L�R�Q�� �V�K�R�X�O�G�� �O�H�D�G�� �W�R�� �D�Q�� �L�Q�F�U�H�D�V�H�� �L�Q�� �W�K�H�� �V�\�V�W�H�P�¶�V�� �H�O�H�F�W�U�R�Q�� �D�I�I�L�Q�L�W�\�� �L�I�� �W�K�H��

LUMO is localized in the imidazole-containing unit.  Thus, one should not expect 

significant band structure changes for PDTBI-BTD, considering its LUMO is 

predicted (Section 4.3.2) to be confined to BTD.  It is unclear why PDTBI-BDT 

does not demonstrate Eg narrowing considering its well dispersed LUMO and the 

results of Takagi et al.112 who note bathochromic shifts upon protonation of PDTBI-

BT (bithiophene) copolymers.  They suggest the shift originates from an enhanced 

ICT between electron-rich bithiophene and cationic DTBI and we expected a 

similar observation here.  However, the predicted electron densities shown in 

Figure 4.3  �G�R���Q�R�W���V�K�R�Z���Z�D�Y�H�I�X�Q�F�W�L�R�Q���O�R�F�D�O�L�]�D�W�L�R�Q���R�Q���W�K�H���L�P�L�G�D�]�R�O�H�¶�V���1���D�W�R�P�V�����W�K�X�V����

proto�Q�D�W�L�R�Q�¶�V���L�P�S�D�F�W�V���D�U�H���P�L�Q�L�P�L�]�H�G�� 
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Figure 4.6:  Spectroscopy of PDTBI-BTD and PDTBI-BDT and their (de)protonated forms.  
Solution UV-vis spectra of neutral (solid), acid-doped (A., dashed), and base-doped (B., 
dashed) PDTBI-BTD (black) and PDTBI-BDT (red). 
 
 Mirroring observations from Chapters 2 and 3, spectral changes upon 

deprotonation were more dramatic for both polymers.  Notably the �0 increases for 

both systems, we suspect poly(anion) solubility improves in 99:1 DMF:THF 

compared to the neutral parent material.  PDTBI-BTD(-) absorbs at considerably 

lower wavelengths (band-edge 1.55 �Æ 2.06 eV) suggesting significant disruption 

in conjugation length, potentially due to polymer degradation.  Meanwhile, PDTBI-

BDT(-) maintains its vibronic structure with a minor shift in band-edge (2.06 �Æ 2.05 

eV).  Again, we rationalize the apparent lack of D-A, charge transfer activity upon 

deprotonation by turning to the modelling results which indicate minimal 

�Z�D�Y�H�I�X�Q�F�W�L�R�Q���G�H�Q�V�L�W�\���R�Q���W�K�H���L�P�L�G�D�]�R�O�H�¶�V���1���D�W�R�P�V�� 
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Table 4.4: �6�X�P�P�D�U�\���R�I�����G�H���S�U�R�W�R�Q�D�W�L�R�Q�¶�V���H�I�I�H�F�W���R�Q���(g 
 Eg (eV)a 

PDTBI-BTD 1.55 
PDTBI-BTD(+) 1.57 
PDTBI-BTD(-) 2.06 
PDTBI-BDT 2.06 

PDTBI-BDT(+) 2.06 
PDTBI-BDT(-) 2.05 

aEg estimated by UV-vis absorbance in solution. 
 
4.3.6 Thin -Film (De)protonation  

 Due to poor poly(ionomer) solubility preventing direct solution casting, thin-

films of pristine material were treated with acid/base in attempt to gain thin-films of 

(de)protonated product.  Films were prepared by dropcasting filtered solutions of 

PDTBI-BTD or PDTBI-BDT onto octadecyltriethoxysilane-treated glass slides 

from 1.5 mg mL-1 solutions in 3:1 (v:v) 1,2,4-trichlorobenzene:THF at 60 °C under 

a N2-rich dome.  After four hours at 60 °C, smooth continuous films were obtained.  

Films were then overcoated with 0.15 mL of TFA or 0.5 M NaOEt(EtOH) under a N2-

rich dome at room temperature.  After one hour, remnant TFA was blown off with 

a N2 jet and excess NaOEt solution rinsed away with 2-propanol followed by drying 

with a N2 jet.  During this drying process, films consistently cracked preventing an 

assessment of their conductivity (Figure 4.7 ).  Chapter 6 details potential routes 

to obviate film cracking such that morphologically stable poly(ionomer) films may 

�E�H�� �R�E�W�D�L�Q�H�G���� �� �,�Q�� �E�U�L�H�I���� �W�K�H�� �S�U�R�G�X�F�W�V�¶�� �O�R�Z�� �P�R�O�Hcular weight may contribute to 

cracking; thus, synthesis of higher molecular weight products would likely increase 

film robustness.  Additionally, crosslinking the films would augment their 

mechanical strength to mitigate cracking. 
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Figure 4. 7: Photograph of PDTBI-BTD and PDTBI-BDT pristine and acid/base treated 
thin films. 

4.4 Conclusion  

 Through the synthesis and characterization of PDTBI-BTD and PDTBI-

BDT, this chapter demonstrates the potential to incorporate imidazoles into 

complex D-A type co-polymers.  The polymers were synthesized in reasonable 

yields, but likely would have benefitted from smaller stoichiometric imbalances and 

higher purity monomers considering the obtained molecular weight distributions.  

MALDI-TOF MS revealed structural abnormalities in both products which probably 

arose from the extreme polymerization conditions�² although Chapter 5 will 

discuss this in further detail, I note here that this is a severely understudied issue 

ripe for optimization.  DFT calculations, in conjunction with spectroscopic evidence, 

suggests BTD hybridizes with DTBI �P�R�U�H�� �H�I�I�H�F�W�L�Y�H�O�\�� �W�R�� �O�R�Z�H�U�� �W�K�H�� �S�R�O�\�P�H�U�¶�V�� �(g.  

Solution (de)protonation led to less dramatic band-edge shifts than those observed 

in Chapters 2 and 3 for poly(2-alkylbenzimidazole-alt-fluorene) derivatives.  
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However, I note that the characterization methods deployed herein provide no 

information positioning the EHOMO and ELUMO of PDTBI-BTD/BDT (+/ -).  Thus, the 

EHOMO(ELUMO) may still elevate(deepen) relative to their as-synthesized levels upon 

deprotonation(protonation).  Finally, pristine thin-films lacked the mechanical 

robustness necessary for direct exposure to acid or base.  Chapter 6 will describe 

potential remedies for this issue. 
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CHAPTER 5 
 

A SYSTEMATIC APPROACH TO CHAIN-END FUNCTIONALIZATION IN  

MIGITA-KOSUGI-STILLE POLYCONDENSATIONS  

5.1 Introduction  

 As discussed in 1.1.3, significant device performance improvements have 

resulted from a developing understanding of structure-property relationships and 

enhanced control over materials syntheses.132  The interplay between these two 

concepts may be demonstrated by poly(3-hexylthiophene)s (P3HT).  Regioregular 

hexyl side-chain placement in P3HT leads to marked improvements in device 

performance over regiorandom P3HT�² a structure-property relationship.  This 

observation was enabled through advances in poly(thiophene) synthetic 

methods�² notably methods by the Rieke60 and McCullough61,62 groups. 

A relatively small body of work has been devoted to refining synthetic 

methods to gain well-defined chain-ends.  Chain-end functionalization is achieved 

relatively easily through controlled polymerization techniques such as Grignard 

metathesis (GRIM)133, but end-capping efficiency within the more commonly 

employed metal-catalyzed polycondensation routes (Stille, Suzuki, Heck, 

Yamamoto) proves more evasive.  Many researchers have worked to functionalize 

conjugated polymer chain-ends with reactive,134,135 or photoactive136,137 moieties.  

Some evidence suggests that end-capping may be important for device 

performance; whether it be through removal of potential trapping sites138�±140 or 

improved thin film ordering.141  Several general methods exist to illicit chain-end 

functionalization, but the majority of publications describe some form of post-

polymerization modification of latently reactive chain ends with monofunctional 
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end-capping reagents (ECRs).140,141  Unfortunately, direct quantification of end-

groups is often difficult in these situations due the preponderance of possible chain 

ends.  For instance, an AA/BB type polymerization undergoing post-polymerization 

end-capping may have 11 different end group combinations if one ignores 

(common) side reactions.  This often complicates MALDI-ToF spectra making it 

difficult to discern end-capping efficiencies.  Thus, some reports provide the 

disappearance of halide and tin atoms from XPS spectra as indirect evidence for 

chain-end functionalization.138,140,142,143  �$�S�D�U�W���I�U�R�P���;�3�6�¶�V���S�R�R�U���O�L�P�L�W�V���R�I���G�H�W�H�F�W�L�R�Q��

(~0.1 atom %) rendering this practice rather dubious, it provides no information 

determining what the end-groups are.  1H NMR has also been used to provide 

evidence of end-capping.134,136,141  While this direct method is preferable to XPS, 

�P�D�Q�\�� �F�R�Q�M�X�J�D�W�H�G�� �S�R�O�\�P�H�U�V�¶�� �O�R�Z�� �V�R�O�X�E�L�O�L�W�\�� �F�R�P�S�O�L�F�D�W�H��1H NMR, obscuring end-

groups and preventing accurate integrations due to overlapping peaks and/or poor 

resolution. 

Where possible, MALDI-ToF is likely the most reliable method for evaluating 

the success of an end-capping reaction.  There has been some debate in the 

literature pertaining to the effect that varying chain-ends has on ionizability with 

some reports documenting no dependence on chain-ends144,145 and others 

indicating the contrary.146  However, despite the challenges posed by this 

technique�² such as low ionizability and low molecular weight biasing�² numerous 

reports employ MALDI-ToF MS to estimate conjugated polymer chain-end 

distributions.133,147�±151  Herein, we assume chain-end composition negligibly 
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�L�P�S�D�F�W�V�� �V�S�H�F�L�H�V�¶�� �L�R�Q�L�]�D�E�L�O�L�W�\���� �W�K�X�V�� �U�H�O�D�W�L�Y�H�� �P�D�V�V�� �L�Q�W�H�Q�V�L�W�L�H�V�� �D�U�H�� �D�V�V�X�P�H�G�� �W�R�� �E�H��

directly proportional to sample composition. 

This chapter aims to demonstrate the impact of (1) initial monomer 

concentration, (2) a one-pot ternary feed relative to a post-polymerization ECR 

addition, and (3) relative oxidative addition rates of ECR to monomer on end-

capping efficiency in Migita-Kosugi-Stille polycondensations.  

5.2 Experimental  

5.2.1 Materials  

 All materials and reagents were purchased from commercial sources.  

Namely: Pd2(dba)3 and P(o-tol)3 were purchased from Strem and used without 

further purification; end-capping reagents, potassium t-butoxide, fluorene, and 

dimethyl sulfoxide were purchased from Alfa Aesar and used without further 

purification; iodomethane, 2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene, and 2-

ethylhexylbromide were purchased from Sigma-Aldrich and used without further 

purification (except 2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene, which was 

recrystallized from acetonitrile under N2). Toluene was purchased from Fisher 

Scientific, dried over 3A molecular sieves, distilled, and deoxygenated with Ar 

before use.   

5.2.2 Instrumentation  

 Polymerization was carried out with a CEM Discover SP microwave.  

MALDI-ToF MS spectra were collected with a Bruker MicroFlex using an 

accelerating voltage of 3.0 kV.  MALDI-ToF samples were prepared using a 1:15 

v:v ratio of sample solution (5 mg mL-1) to matrix (terthiophene 50 mg mL-1) in THF 

and drop-cast onto a ground steel plate. NMR spectra were obtained using a 
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Bruker AvanceIII 400 or 500 MHz spectrometer.  Chemical shifts were calibrated 

by vestigial CHCl3 (1H 7.26 ppm, 13C 77.16 ppm) or toluene (1H 2.08 ppm) in the 

deuterated solvent.106  NMR of precursors and monomers was performed at 298 

K while polymer samples were analyzed at 318 K to improve solubility.  GPC was 

performed at 40 °C at a flow rate of 1.0 mL/min using an Agilent 1260 series system 

�H�T�X�L�S�S�H�G���Z�L�W�K���D���U�H�I�U�D�F�W�L�Y�H���L�Q�G�H�[�����5�,�����G�H�W�H�F�W�R�U�����3�/���*�H�O���������P���J�X�D�U�G���F�R�O�X�P�Q�����W�Z�R������

���P���D�Q�D�O�\�W�L�F�D�O���0�L�[�H�G-�&���F�R�O�X�P�Q�V���D�Q�G���D������ ���P���D�Q�D�O�\�W�L�F�D�O���0�Lxed-D column (Agilent) 

with THF as the eluent.   

 Kinetics experiments were performed using a Bruker AvanceIII 400 MHz 

spectrometer in toluene-d8.  Pd2(dba)3 (45.8 mg, 0.0500 mmol) and P(o-tol)3 

(121.7 mg, 0.3998 mmol) were added to individual septum vials in an Ar-filled 

glovebox.   Deoxygenated toluene-d8 (10.0 mL) was added to each vial.  ECR 

solutions were prepared in 2 mL GC vials through the addition of 0.120 mmol ECR.  

The vials were then fitted with septa and deoxygenated with Ar.  Deoxygenated 

toluene-d8 �����������������/�����Z�D�V���W�K�H�Q���D�G�G�H�G���W�R���H�D�F�K���Y�L�D�O���Y�L�D���V�\�U�L�Q�J�H�������7�R���G�H�R�[�\�J�H�Q�D�W�H�G��

NMR tubes fitted with rubber septa under Ar, P(o-tol)3 (0.30 mL) and Pd2(dba)3 

(0.30 mL) solutions were added.  After six hours, kinetics experiments were 

performed to monitor the disappearance of the phosphine-coordinated Pd 

�F�R�P�S�O�H�[�¶�V���W�R�O�\�O���S�H�D�N�������7�R���E�H�J�L�Q���N�L�Q�H�W�L�F�V���H�[�S�H�U�L�P�H�Q�W�V���D���W0 spectrum was taken prior 

�W�R�� �W�K�H���D�G�G�L�W�L�R�Q���R�I�� �(�&�5�� �V�R�O�X�W�L�R�Q���� �� �������� �V�H�F�R�Q�G�V�� �D�I�W�H�U�� �(�&�5�� �V�R�O�X�W�L�R�Q�� ������������ ���/���� �Z�D�V��

added, scans were taken every 60 seconds totaling 16 slices.  The rate of oxidative 

addition of each ECR was measured three times. 
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5.2.3 Synthesis  

 2,7-Dibromofluorene (3.1) refer to Chapter 3. 

 2,7-dibromo-9,9-bis(2-ethylhexyl)fluorene (Fl) 2,7-Dibromofluorene (3.1, 

3.00 g, 9.3 mmol, 1 eq.) was added to an oven dried 250 mL round-bottomed flask 

with a stir bar.  The RBF was sealed with a septum and purged with N2.  Dry THF 

(~75 mL) was cannulated into the flask under N2.  The resulting colorless solution 

was stirred as it was chilled to 0 °C.  Potassium t-butoxide (2.69 g, 23.9 mmol, 2.57 

eq.) was added to the solution in one portion during N2 positive pressure.  The 

solution immediately became orange and ppt. formed. 2-Ethylhexyl bromide (6.75 

mL, 38.0 mmol, 4.08 eq.) was added to the mixture dropwise via syringe over ~10 

min.  The mixture was permitted to warm to room temperature as it stirred overnight 

(14.5 hr.).  Water (75 mL) was added to the pink/magenta mixture, stirred for 

another 15 min.  The mixture was transferred to a separatory funnel and extracted 

with diethyl ether.  The extracts were washed with 1 M HCl(aq) and brine yielding a 

yellow/orange organic layer.  Extracts were dried with MgSO4, gravity filtered, and 

solvent removed via rotary evaporation.  The resulting orange oil was dissolved in 

hexanes and passed through a short SiO2 �F�R�O�X�P�Q�� ���a���´������ �� �6�R�O�Y�H�Q�W�� �Z�D�V�� �D�J�D�L�Q��

removed via rotary evaporation.  Remnant 2-ethylhexanol and 2-ethylhexyl 

bromide were removed from the colorless oil via Kugelrohr distillation at 120 °C 

and 145 °C, respectively.  The product, a clear, colorless oil, remained in the still 

pot 4.32 g (84.7 %). 1H NMR (Figure 7.55 , 500.13 MHz, CDCl3�����/���������������G�������+����J = 

8.1 Hz), 7.49 (dt, 2H, J = 1.6, 5.9 Hz), 7.45 (dd, 2H, J = 1.7, 8.1 Hz), 1.93 (m, 4H), 

0.96-0.66 (m, 22H), 0.54 (t, 3H, J = 7.3 Hz), 0.54 (t, 3H, J = 7.4 Hz), 0.47 (p, 2H, J 
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= 5.6 Hz). 13C NMR (Figure 7.56 , 125.76 MHz, CDCl3):�/��������������������������������������������������

127.53, 121.20, 121.07, 55.51, 44.46, 34.82, 33.75, 33.71, 28.17, 28.15, 27.21, 

27.18, 22.86, 14.18, 10.47, 10.45. 

2-bromo-9,9-dimethylfluorene (5.1) 2-Bromofluorene (0.956 g, 3.90 mmol, 1 eq.) 

and potassium iodide (65.1 mg, 0.392 mmol, 0.1 eq.) were added to a 50 mL 2-

neck RBF along with 10 mL DMSO under N2 rich environment.  Purged the 

resulting solution with N2 for 5-10 min before adding methyl iodide (0.55 mL, 8.52 

mmol, 2.19 eq.) via syringe.  Potassium t-butoxide (1.751 g, 15.6 mmol, 4 eq.) was 

added in thirds at thirty-minute intervals during N2 over pressure.  The resulting 

deep red mixture was stirred over night at room temperature.  Reaction progress 

was monitored using SiO2 TLC in hexanes.  An additional portion of methyl iodide 

(0.55 mL, 8.52 mmol, 2.19 eq.) was added dropwise via syringe and the reaction 

was permitted to continue for another day.  The reaction was quenched with 10 

mL H2O and stirred for ~1 hour before extracting with diethyl ether.  The combined 

extracts were washed with water and brine.  The ethyl ether solution was then 

dried over MgSO4 and filtered.  The solvent was removed via rotary evaporation to 

yield an amber oil.  The oil was dissolved in hexanes and purified on a short SiO2 

column packed in hexanes to yield 0.683 g (64.2 %) colorless oil. 1H NMR (Figure 

7.57, 400.13 MHz, CDCl3�����/���������������P�������+�������������������G�������+����J = 8.0 Hz), 7.56 (d, 1H, J 

= 1.7 Hz), 7.46 (dd, 1H, J = 1.8, 8.1 Hz), 7.42 (m, 1H), 7.34 (m, 2H), 1.48 (s, 6H).  

13C NMR (Figure 7.58 , 100.61 MHz, CDCl3):�/�� ���������������� ���������������� ���������������� ����������������

130.21, 127.80, 127.31, 126.30, 122.79, 121.52, 121.15, 120.20, 47.25, 27.15. 
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 General Polymerization: 2,7-dibromo-9,9-bis(2-ethylhexyl)fluorene (Fl, 52.5 

mg, 0.0957 mmol, 0.957 eq.) was carefully weighed directly into a clean, dry 10 

mL microwave vial.  2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene (TT, 46.6 mg, 

0.100 mmol, 1.00 eq.) was then carefully weighed on paper and added to the vial.  

End-capping reagent (see Table 7.1 ) was carefully weighed and added to a vial.  

The vials were then loaded into an Ar-filled glovebox.  Pd2(dba)3 (3.0 mg, 0.0033 

mmol, 0.033 eq.) and P(o-tol)3 (4.2 mg, 0.014 mmol, 0.14 eq.) were carefully 

weighed and added to the microwave vial.  Distilled toluene (0.80 mL, 1.80 mL, or 

2.80 mL depending on the polymerization) was added to the microwave vial.  A 

stock solution was prepared for each end-capping reagent via dissolution in 5.00 

mL distilled toluene in the glovebox (Table 7.1).  End-capping reagent solution was 

then added to the microwave vial via syringe.  The vial was sealed with a septum, 

removed from the glovebox, and immediately reacted in the microwave for 30 

seconds at 110 °C (200 W max) then 45 min at 150 °C (300 W max).  Following 

polymerization, the dark green mixture was poured into 10 mL 3:2 v:v toluene:THF.  

The resulting yellow/green mixture was heated with a heat gun until precipitated 

polymer went into solution.  The solution was then filtered through a 5 cc pad of 

Celite packed in a disposable syringe to remove Pd black.  The pad was washed 

with ~5 mL 3:2 toluene:THF.  Most solvent was removed via rotary evaporation.  

The resulting yellow/green mixture was heated with a heat gun until dissolution.  

The hot, concentrated polymer solution was then precipitated into 75 mL 0 °C 

stirred acidic methanol (3-4 vol % HCl). The polymer immediately precipitated into 
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bright yellow flakes.  The mixture was vacuum filtered and the solids washed with 

methanol and acetone.  The product was dried in vacuum for several hours.  

P1: 1H NMR (Figures 7.59, 7.60 , 400.13 MHz, CDCl3, 318 K):�/����������-7.61 (m, 6H), 

7.54 (s, 2H), 2.10 (s, 4H), 0.98-0.80 (m, 16H), 0.70-0.56 (m, 14H). GPC (THF, PS 

stand.): Mn: 13.5 kg mol-1, Mw: 26.9 kg mol-1�������������������� 

P2: 1H NMR (Figure 7.61 , 400 MHz, CDCl3).  GPC (THF, PS stand.): Product 

below calibration window (2,000 g mol-1). 

P3: 1H NMR (Figures 7.62, 7.63 , 400 MHz, CDCl3���� �������� �.�����/��7.77-7.60 (m, 6H), 

7.53 (s, 2H), 2.10 (s, 4H), 1.00-0.78 (m, 16H), 0.70-0.55 (m, 14H).  GPC (THF, PS 

stand.): Mn: 14.6 kg mol-1, Mw: 33.8 kg mol-1�������������������� 

P4: 1H NMR (Figure 7.64 , 400 MHz, CDCl3).  GPC (THF, PS stand.): Product 

below calibration window (2,000 g mol-1). 

P5: 1H NMR (Figures 7.65, 7.66 , 400 MHz, CDCl3���� �������� �.�����/�� ��������-7.62 (m, 6H), 

7.54 (s, 2H), 2.11 (s, 4H), 0.99-0.80 (m, 16H), 0.70-0.56 (m, 14H).  GPC (THF, PS 

stand.): Mn: 18.4 kg mol-1, Mw: 43.2 kg mol-1�������������������� 

P6: 1H NMR (Figure 7.67 , 400 MHz, CDCl3).  GPC (THF, PS stand.): Product 

below calibration window (2,000 g mol-1). 

P7: 1H NMR (Figures 7.68,7.69 , 400 MHz, CDCl3, 318 K):�/�� ��������-7.61 (m, 6H), 

7.54 (s, 2H), 2.11 (s, 4H), 1.00-0.79 (m, 16H), 0.70-0.56 (m, 14H). GPC (THF, PS 

stand.): Mn: 16.4 kg mol-1, Mw: 33.4 kg mol-1�������������������� 

P8: 1H NMR (Figures 7.70, 7.71 , 400 MHz, CDCl3, 318 K):�/�� ��������-7.61 (m, 6H), 

7.54 (s, 2H), 2.11 (s, 4H), 0.98-0.80 (m, 16H), 0.70-0.56 (m, 14H).  GPC (THF, PS 

stand.): Mn: 13.5 kg mol-1, Mw: 34.7 kg mol-1����������2.57. 
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5.3 Results & Discussion  

5.3.1 Synthesis  

To develop this methodology we chose two readily accessible monomers 

2,7-dibromo-9,9-bis(2-ethylhexyl)fluorene (Fl���� �P�R�Q�R�P�H�U�� �µBB�¶���� �D�Q�G�� ������-

bis(trimethylstannyl)-thieno[3,2-b]thiophene (TT�����P�R�Q�R�P�H�U���µAA�¶���������2�X�U���Dpproach is 

based on a ternary system guided by the Carothers relationship (Equation 5.1 )152 

where favg, the average functionality is defined by Equation 5.2 .153  By setting favg 

to be less than 2, we can tune the theoretical degree of polymerization through the 

addition of excess TT, critical for obtaining bis(trimethylstannyl) macromolecules 

which may then be end-capped.  Equation 5.3  defines the molar ratio between TT 

(NAA), Fl (NBB), and ECR (NB).  In contrast to the work of Robb et al.136, we chose 

a NBB coefficient < 2 to build in an uncertainty tolerance with regards to precisely 

weighing monomers.  Thus, there should theoretically be a slight excess of ECR 

relative to the ideal number of chain-end trimethylstannyl moieties.  This minor 

adjustment led to more consistent degrees of end-capping in comparison to the 

previously described methodology. 

     (5.1) 

 
(5.2) 

 
(5.3) 

 
 We selected eight monofunctional aryl halides to act as ECRs in the ternary 

reaction mixture. The ECRs bore either bromo- or iodo- functionalities with the 
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116 
 
 

hypothesis that the aryl iodides would be more reactive.  The halides were 

activated by varying degr�H�H�V�� �E�D�V�H�G�� �R�Q�� �W�K�H�� �D�U�\�O�� �J�U�R�X�S�¶�V�� �Q�D�W�X�U�H���� �� �0�R�U�H�� �H�O�H�F�W�U�R�Q��

withdrawing aryls were expected to enhance the electrophilicity of the ECR 

rendering them more thermodynamically inclined to undergo oxidative addition to 

Pd0.  The expected reactivity ordered: 4-bromoto�O�X�H�Q�H�� ���� �E�U�R�P�R�E�H�Q�]�H�Q�H�� ���� �������¶-

bromobiphenyl < 2-bromo-9,9-dimethylfluorene < 4-(trifluoromethyl) 

bromobenzene < 4-�L�R�G�R�W�R�O�X�H�Q�H�������L�R�G�R�E�H�Q�]�H�Q�H�������������¶-iodobiphenyl.  Scheme 5.1  

depicts the general polymerization methodology for P5.1-P5.8.  Reactions were 

carried out at 150 °C in toluene using microwave irradiation employing a 

Pd2(dba)3/P(o-tol)3 (1:4) catalyst system.  Following polymerization, reaction 

mixtures were diluted in THF/toluene and filtered through a Celite pad to remove 

Pd black.  The polymer solutions were reduced in volume and then precipitated 

into cold, stirred 5% HCl in methanol.  We intentionally cleaved remnant C-Sn 

bonds with acidic methanol to simplify the MALDI-ToF analysis.  Each 

polymerization was run in duplicate to demonstrate reproducibility. 

 �:�H�� �I�L�U�V�W�� �H�[�D�P�L�Q�H�G�� �P�R�Q�R�P�H�U�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�¶�V�� �L�Q�I�O�X�H�Q�F�H�� �R�Q���������¶-

bromobiphenyl�¶�V���H�Q�G-capping efficiency by changing the solvent volume such that 

[TT]o varied between 1.0, 0.50, or 0.33 M (P51.0, P5, and P50.33, respectively).  

MALDI-ToF for each of these products indicated a strong concentration 

dependence where [TT]o = 0.50 M easily achieved the highest degree of end-

capping (Figure 5.1 ).  We hypothesize that high concentrations lead to premature 

polymer precipitation while overly dilute conditions retard the rate of end-capping 
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through dilution of reactive groups.  Thus, all remaining polymerizations were 

carried out with [TT]o = 0.50 M. 

 
Scheme 5.1:  Reaction conditions to gain P1-P8.  In terms of expected end-units, P1 = P2, 
P3 = P4, and P5 = P6. 
 

 
Figure 5.1: MALDI-ToF mass spectra to optimize monomer concentrations.  Initial 
monomer concentration, [TT]o, was varied from 0.33 M, 0.50 M, and 1.0 M (top, purple; 
middle, aqua; and bottom, red, respectively) to optimize polymerization conditions for high 
degrees of end-capping. 



118 
 
 

The first immediately apparent feature of these polymerizations was the 

ability of aryl iodides to disrupt propagation leading to highly soluble, low molecular 

weight materials.  We �V�X�J�J�H�V�W���W�K�L�V���L�V���G�X�H���W�R���W�K�H���D�U�\�O���L�R�G�L�G�H�V�¶���U�D�S�L�G���R�[�L�G�D�W�L�Y�H���D�G�G�L�W�L�R�Q��

outcompeting the dibromide monomer restricting chain-growing C-C bond 

formation.  This competition will be discussed in further detail below.  GPC of the 

products corroborates this initial observation (Figure 5.2 ) where each of the 

�³�S�R�O�\�P�H�U�V�´�� �V�\�Q�W�K�H�V�L�]�H�G�� �L�Q�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �D�U�\�O�� �L�R�G�L�G�H�� ���3������ �3������ �3������ �G�L�V�S�O�D�\�� �O�R�Z��

molecular weight, multimodal peaks below the calibration window.  In contrast, 

GPC from the products polymerized in the presence of aryl bromide indicates 

relatively consistent molecular weights and monomodal peaks.  The theoretical Xn 

(25) corresponds to molecular weights (Mn) ranging from 6878 to 7110 g mol-1 for 

the least (Ph) to most (9,9-dimethylfluorene) massive end groups.  Table 5.1 

presents 2-run averages for the molecular weight of each product.  Comparing the 

elution volume of relatively rigid-rod conjugated polymers to that of polystyrene 

GPC standards is known to inflate molecular weights.125�±127  Thus, we are not 

surprised by the molecular weights of P1, P3, P5, P7, and P8 estimated via GPC 

exceeding the theoretical Mn.  �*�3�&���D�O�V�R���L�Q�G�L�F�D�W�H�V���U�H�D�V�R�Q�D�E�O�H���G�L�V�S�H�U�V�L�W�L�H�V�����������I�R�U��

the polymers (1.99-������������ �F�R�Q�V�L�G�H�U�L�Q�J�� �W�K�H�� �6�W�L�O�O�H�� �S�R�O�\�F�R�Q�G�H�Q�V�D�W�L�R�Q�¶�V�� �V�W�H�S-growth 

nature. 
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Figure 5.2: Representative GPC traces of P1-P8 run in THF at 40 °C. 

Table 5.1: Molecular weighta data for P1-P8. 
 Mn/M w (kg mol-1) ��  yield (%) 

P1 13.5/26.9 2.00 63.0 
P2 - - - 
P3 14.6/33.8 2.32 43.2 
P4 - - - 

P50.33 10.4/20.7 1.99 40.6 
P5 18.4/43.2 2.35 46.2 

P51.0 12.7/28.1 2.21 45.8 
P6 - - - 
P6* 13.4/28.5 2.13 48.9 
P7 16.4/33.4 2.03 44.6 
P8 13.5/34.7 2.57 40.5 

aDetermined by THF GPC against PS standards. Yield values are based on isolated, 
purified polymer. Each entry represents a two run average. 

 
5.3.2 Evaluation of selected ECRs via MALDI -ToF MS 

MALDI-ToF MS was used to characterize and quantify the end-groups for 

each polymer (Figures 7.72 -7.80).  Figure 5.3  provides representative spectra for 

�H�D�F�K�� �S�U�R�G�X�F�W�� �V�\�Q�W�K�H�V�L�]�H�G�� �Z�L�W�K�� �D�U�\�O�� �E�U�R�P�L�G�H�� �(�&�5�V�� �Z�K�H�U�H�� �³A�´���� �³B�´���� �D�Q�G�� �³E�´��

represent TT, Fl, and the appropriate end-group, respectively.  MALDI spectra for 
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�3������ �3������ �D�Q�G�� �3���� �Z�L�O�O�� �Q�R�W�� �E�H�� �G�L�V�F�X�V�V�H�G�� �K�H�U�H�� �G�X�H�� �W�R�� �W�K�H�L�U�� �(�&�5�V�¶�� �L�Q�D�E�L�O�L�W�\�� �W�R�� �I�R�U�P��

polymers but are available in Appendix D.  The ideal series of peaks are defined 

by the set E(AB)nAE, marked by green stars.  Figure 5.3 clearly demonstrates the 

difficulty associated with generating this structure no matter which ECR is used.  

�(�Y�H�Q�� �I�R�U�� �W�K�H�� �K�L�J�K�O�\�� �H�I�I�L�F�L�H�Q�W�� �(�&�5�V�� ���������¶-bromobiphenyl and 2-bromo-9,9-

�G�L�P�H�W�K�\�O�I�O�X�R�U�H�Q�H�������W�K�H�U�H���D�U�H���V�H�Y�H�U�D�O���³�G�H�I�H�F�W�´���V�S�H�F�L�H�V���Z�K�L�F�K���F�R�P�S�O�L�F�D�W�H���W�K�H���V�S�H�F�W�U�D������

P1, P3, and P7 all largely share the same general chain type distributions.  The 

most populous groups being the singly-functionalized series (E(AB)nAH, blue 

circle) and a variable quantity of the non-functionalized group (H(AB)nAH, purple 

square) in relation to the target set (E(AB)nAE, green star).  Detailed average peak 

distributions are listed in Table 7.3 , but in brief P1, P3, P5, P7, and P8 have 

average percent distributions of 24.5/55.2/9.0, 8.5/50.6/28.3, 64.0/18.5/-, 

28.5/40.1/8.4, and 66.7/13.8/0.5 for the sets E(AB)nAE/E(AB)nAH/H(AB)nAH 

where n=2-6, respectively.  Thus, these data lead us to conclude each of the aryl 

bromides may functionalize the chain-ends with a clear efficacy hierarchy.  

Additionally, the absence of significant Z(AB)nZ and ZB(AB)nZ (Z being any group) 

chain type quantities suggests that the stoichiometric imbalance chosen was 

largely effective in generating chains bearing nB and (n+1)A monomers.   
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Figure 5.3 : Representative MALDI-ToF MS for polymers P1, P3, P5, P7, and P8 using a 
terthiophene matrix at 150:1 m:m matrix:polymer. 

 
For comparison, a post-polymerization modification strategy was also 

�H�P�S�O�R�\�H�G���E�\���D�G�G�L�Q�J���D�Q���H�[�F�H�V�V���T�X�D�Q�W�L�W�\���R�I���������¶-iodobiphenyl immediately following 

polymerization of TT and Fl (P6*).  The mixture was then further heated in a 

�P�L�F�U�R�Z�D�Y�H�� �U�H�D�F�W�R�U�� �X�Q�G�H�U�� �W�K�H�� �V�D�P�H�� �F�R�Q�G�L�W�L�R�Q�V�� �X�V�H�G�� �I�R�U�� �S�R�O�\�P�H�U�L�]�D�W�L�R�Q���� �� �������¶-

Iodobiphenyl was chosen for its assumed, highest reactivity.  Figure 5.4  

demonstrates via MALDI-ToF MS the inferiority of this end-functionalization 

scheme in comparison to product prepared in the described one-pot fashion with 

�������¶-bromobiphenyl (P5).  We attribute the moderate degrees of end-capping for 

these reactions to premature polymer precipitation preventing effective end-

functionalization. 
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Figure 5.4: Quantitative comparison of end-capping procedures via MALDI-ToF MS.  P6* 
(top, magenta) prepared through post-�S�R�O�\�P�H�U�L�]�D�W�L�R�Q���P�R�G�L�I�L�F�D�W�L�R�Q���Z�L�W�K���������¶-iodobiphenyl 
while P5 (bottom, pink) prepared via one-�S�R�W���S�R�O�\�P�H�U�L�]�D�W�L�R�Q���Z�L�W�K���������¶-bromobiphenyl. 
 
5.3.3 Defects in Stille Polycondensations  

The MALDI-ToF mass spectra also illuminate two principle, terminating, 

side reactions that may occur during Stille polycondensations: (1) aryl-aryl 

exchange of aryl halide monomers or ECRs and the o-tolyl substituents found on 

phosphine ligands and (2) undesirable transmetallation of a methyl group instead 

of thienothiophene.  Both side reactions lead to premature termination, either by 

insertion of a non-polymerizable tolyl or methyl group.  Hence it is not uncommon 

to observe small quantities of E(AB)nATol (black upside-down triangle) or 

H(AB)nATol (these products being obscured when tolyl is the desired end-group 

as in P3).  This side reaction has been studied by Goodson et. al. and is believed 
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to occur through the formation of a phosphonium cation via reductive elimination 

of phosphine and a Pd-bound aryl group.   The phosphonium may then undergo 

oxidative addition through a different C-P bond, scrambling the aryl groups.  Use 

of bulky phosphines (tri-o-tolylphosphine) was shown to minimize this side 

reaction, thus we expect these defects would increase with commonly employed 

triphenylphosphine.71   

Premature chain death was more commonly observed through methylation 

of chain ends (~5-10% of all chains).  This is believed to occur via transmetallation 

of the wrong Sn-C bond, leading to a Pd-bound methyl group.  The subsequent 

reductive elimination produces a methylated chain end.  However, this reaction 

may only occur at fluorene terminated chains as the groups bound to Pd prior to 

the faulty transmetallation would be a halide, the aryl group associated with that 

halide (fluorene in this instance), and Ln ligands.  Thus, it is surprising to observe 

this defect on chains of the nominal structures Me(AB)nAH and Me(AB)nAE.  

Consider the lowest mass molecule of this set, MeABAH (681.09 g mol-1), which 

may also take on the reasonable sequences, MeBAAH or MeAABH.  In the two 

cases where Me is bound to A, a methyl group must have been bound to Pd prior 

to transmetallation of Me3SnAZ.  The only pathway to generate this species 

depends upon the a faulty transmetallation where Me3SnAZ would need to transfer 

a methyl to PdII while removing BZ to generate LnPd(Br)(Me) and 

Sn(Me)2(BZ)(AZ).  The proposed organostannane generation seems highly 

unlikely, thus we feel this pathway is doubtful.  The MeBAAH sequence appears 

to be a more probable candidate.  This structure requires two side reactions, a 



124 
 
 

homocoupling of two Me3SnAZ structures and transmetallation of a methyl group 

instead of AZ.  Observation of small populations of chains with (n+2)A and nB 

monomers confirm the existence of homocoupling and support this hypothesis 

(Table 7.3 ).  This leads us to believe that homocoupling is significant under these 

�F�R�Q�G�L�W�L�R�Q�V�� �D�Q�G�� �I�X�U�W�K�H�U�� �V�W�X�G�\�� �L�Q�� �W�K�L�V�� �D�U�H�D�� �L�V�� �Q�H�H�G�H�G�� �W�R�� �H�O�X�F�L�G�D�W�H�� �W�K�H�V�H�� �G�H�I�H�F�W�V�¶��

origin(s). 

Homocoupling arises from faulty transmetallation where the LnPd(Br)(Ar) 

species that follows oxidative addition undergoes an aryl-exchange with R3�6�Q�$�U�¶��

yielding Ln�3�G���%�U�����$�U�¶�����D�Q�G���53SnAr (Scheme 5.2 ).129,130  Once generated there are 

�I�R�X�U���S�R�V�V�L�E�O�H���R�X�W�F�R�P�H�V���I�R�U���W�K�H�V�H���V�S�H�F�L�H�V�����.-�/���������7�K�H���W�Z�R���F�U�R�V�V-coupled products 

������ �D�Q�G�� �/���� �D�U�H�� �L�Q�F�R�Q�V�H�T�X�H�Q�W�L�D�O�� �I�R�U�� �V�\�P�P�H�W�U�L�F�� �P�R�Q�R�P�H�U�V���� �K�R�Z�H�Y�H�U, both 

homocoupled products may impact functional group stoichiometry, limiting 

polymer molecular weight.  Additionally, several groups have demonstrated 

homo�F�R�X�S�O�L�Q�J�¶�V���G�H�W�U�L�P�H�Q�W�D�O���H�I�I�H�F�W�V���R�Q���G�H�Y�L�F�H���S�H�U�I�R�U�P�D�Q�F�H��130,154�±159  While these 

defects rarely present themselves in traditional scattering-based structural 

characterization techniques, their existence can be confirmed by MALDI-

ToF,155,159 high resolution 1H NMR,158 and UV-vis.130,154   

Investigators have uniformly found these defects to be detrimental to OPV 

device efficiencies likely due to localized energy minima resulting in charge 

trapping.130,154,158,160  These observations further highlight the need to improve 

upon the synthetic protocols used to obtain D-A type alternating co-polymers. 
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Scheme 5.2:  Potential outcomes from transmetallation of organostannanes to PdII. 
 
5.3.4 Oxidative Addition Kinetics  

We hypothesized that effective end-�F�D�S�S�L�Q�J���L�V���G�H�W�H�U�P�L�Q�H�G���E�\���(�&�5�V�¶���D�E�L�O�L�W�\��

to compete with halide terminated growing chains or dihalide monomer for 

oxidative addition to Pd0 metal centers.  From this perspective, it is not surprising 

�W�R���I�L�Q�G���������¶-bromobiphenyl and 2-bromo-9,9-dimethylfluorene as the most effective 

ECRs considering their structural similarity�² and thus comparable 

electrophilicity�² to the monomer Fl. To generalize ECR selection criteria for a 

given polymerization, we measured the oxidative addition rates of each aryl 

bromide ECR and the monomer Fl in the spirit of Hartwig and Paul.161  However, 

instead of formally synthesizing the [Pd(P(o-tol)3)2] catalyst believed to be active 

in Pd2(dba)3/P(o-tol)3 catalytic systems, we simply employed Pd2(dba)3/P(o-tol)3 

as one would in a typical polymerization.  We quantified disappearance of the 

c�R�P�S�O�H�[�¶�V���W�R�O�\�O���S�U�R�W�R�Q�V���D�V���D���I�X�Q�F�W�L�R�Q���R�I���W�L�P�H���L�Q���W�R�O�X�H�Q�H-d8 using 1H NMR at 298 K.  

Representative spectra are presented in Figure 7.81 .  The oxidative addition 

reactions demonstrated 1° kinetics evidenced by the linear relationship between -

ln[Pd0] and time (Figure 5.5 , rate constants listed in Table 7.4 ).  We attempted to 
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measure the oxidative addition of iodobenzene, however the reaction proceeded 

too quickly to capture under the experimental conditions, further supporting our 

earlier assertion that aryl iodides disrupt propagation. 

 
Figure 5.5: Kinetic plots for the decay of Pd-bound P(o-tol)3 (A).  Concentration of Pd0 
catalyst is defined as 100 at t = 0 s.  Each experiment was done in triplicate, error bars 
represent standard deviation of the three trials.  Dashed lines indicate the linear fit used 
to calculate kobs. 
 

Assuming oxidative addition rates are the critical indicator for end-capping 

efficacy, we expect three regimes of kECR/kmonomer data points.  At low ratios 

(kECR/kmonomer < 0.5), the ECR is ineffective due to its inability to compete for 

oxidative addition to Pd0 (Regime I).  As the ratio approaches 1, the ECR can begin 

to compete for Pd0 centers, enabling incorporation and chain-end formation 

(Regime II).  However, once the ratio exceeds 1, the ECR disrupts effective 

propagation leading to oligomeric products as we observe with P2, P4, and P6 

(Regime III).  To define the first two regimes, Figure 5. 6 plots percent doubly (left 
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axis, open symbols) and singly plus doubly (right axis, filled symbols) end-

functionalized species as a function of kECR/kmonomer.  The data are largely as 

expected with p-bromotoluene (blue diamond) and bromobenzene (maroon left 

triangle) having low relative rates (0.27 and 0.32, respectively) and 

commensurately low degrees of end-functionalization. 

 
Figure 5.6: Relating relative oxidative addition rates to end-capping success.  Percent 
doubly (left axis) and doubly plus singly (right axis) end-capped chains against the relative 
oxidative addition rate of ECR to monomer (kECR/kmonomer).  ECRs are abbreviated as 
follows: 2-bromo-9,9-dimethylfluorene (BrFl), 4-(trifluoromethyl) bromobenzene 
(BrPhCF3������ �������¶-bromobiphenyl (BrBPh), p-bromotoluene (BrTol), and bromobenzene 
(BrPh). Percent end-functionalization was determined through analysis of MALDI spectra 
in the m/z range n=2-6 while kECR/kmonomer was measured via 1H NMR. 
 

�������¶-bromobiphenyl (pink triangle), 4-(trifluoromethyl) bromobenzene (red circle), 

and 2-bromo-9,9-dimethylfluorene (black upside-down triangle) exist in the 

intermediate relative kinetic range 0.57, 0.70, and 0.74, respectively.  These data 
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largely follow an expected trend apart from 4-(trifluoromethyl) bromobenzene, 

which underperforms as an ECR considering its ease of oxidative addition.   

 
This prompted a Hammett analysis of bromobenzene, p-bromotoluene, 

�������¶-bromobiphenyl, and 4-(trifluoromethyl) bromobenzene (Figure 5. 7).  The 

�+�D�P�P�H�W�W�� �S�O�R�W�� �L�Q�G�L�F�D�W�H�V�� �D�� �G�H�Y�L�D�W�L�R�Q�� �L�Q�� �O�L�Q�H�D�U�L�W�\�� �I�R�U�� �������¶-bromobiphenyl, with a 

greater than expected rate constant.  The origin of this deviation likely lies within 

�E�L�S�K�H�Q�\�O�¶�V�� �D�E�L�O�L�W�\�� �W�R�� �G�H�O�R�F�D�O�L�]�H�� �W�K�H�� �G�H�Y�H�O�R�S�L�Q�J�� �Q�H�J�D�W�L�Y�H�� �F�K�D�U�J�H�����!� ������������ �W�R�� �D�Q��

extent not possible in the other substrates via resonance.  When bromobiphenyl is 

�H�[�F�O�X�G�H�G�� �I�U�R�P�� �W�K�H�� �I�L�W���� �D�� �V�W�U�R�Q�J�� �F�R�U�U�H�O�D�W�L�R�Q�� �Z�L�W�K�� �D�� �S�R�V�L�W�L�Y�H�� �!�� �������������� �52=0.998) is 

obtained.  We suggest that access to extended conjugation in the organic 

electrophile not only facilitates oxidative addition to an unexpected degree, but also 

enables smooth procession through the remainder of the catalytic cycle. 

It is interesting to note an apparent saturation in terms of end-capping 

efficiency as negligible improvement is seen between relative rates of 0.57 and 

0.74.  
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Figure 5.7: Hammett plot for the oxidative addition of ECRs to Pd0.  The dashed red line 
includes all four ECR�V���Z�K�L�O�H���W�K�H���E�O�D�F�N���G�D�V�K�H�G���O�L�Q�H���H�[�F�O�X�G�H�V���������¶-bromobiphenyl from the 
fit.  k/kH �Z�D�V���P�H�D�V�X�U�H�G���E�\���G�H�S�O�H�W�L�R�Q���R�I���W�K�H���F�R�R�U�G�L�Q�D�W�H�G���O�L�J�D�Q�G�V�¶��o-tolyl peak in 1H NMR. 
 
5.4 Conclusion  

In conclusion, we find there are several requirements to achieve high 

degrees of end-functionalization in materials synthesized via Stille 

polycondensations.  There appears to be an ideal monomer concentration (0.50 

M) which likely depends upon polymer solubility in the reaction medium.  Higher 

(1.0 M) and lower (0.33 M) concentrations failed to generate highly end-capped 

chains reproducibly, presumably due to premature precipitation and overly dilute 

chain-ends, respectively.  Additionally, the commonly employed post-

polymerization modification of end-groups led to underwhelming end-capping 

degrees, suggesting premature precipitation plays a role in this instance as well.  

Finally, a clear difference in the end-capping efficiency of several model aryl 
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halides was observed.  We suggest relative ECR oxidative addition rates in the 

range of 0.55 �± 0.80, coupled with extended conjugation as metrics for predicting 

whether a given aryl halide will effectively end-cap a given polymer.  At relative 

rates below this range, ECR cannot kinetically compete with other reactions 

whereas accelerated relative rates disrupt monomer addition, crippling chain 

propagation.  
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CHAPTER 6 
 

CONCLUSIONS AND OUTLOOK  

6.1 Dissertation Summary  

 This work endeavored to investigate an underexploited heteroaromatic 

moiety, imidazole, with particular attention to its ability to stably take on positive 

and negative formal charges (Chapters 2-4).  Frustrations arising from my attempts 

to end-cap these materials with cross-linkable functionalities led to a systematic 

examination of end-capping reactions in AA/BB type polycondensations (Chapter 

5).  Chapter 2 addressed some questions of poly(ionomer) stability and reversibility 

while refining a synthetic procedure for 4,7-dibromo-2-alkyl-1H-benzimidazoles 

and demonstrating a successful Suzuki polycondensation of these monomers.  

This work inspired the approach taken in Chapter 3 to empirically determine the 

origins of the spectral changes observed in Chapter 2 upon (de)protonation of 

benzimidazole-fluorene copolymers.  As m�\�� �Z�R�U�N�¶�V�� �F�X�O�P�L�Q�D�W�L�R�Q�� �Z�L�W�K�� �L�P�L�G�D�]�R�O�H-

containing systems, Chapter 4 incorporated modern structural design principles 

into an imidazole containing monomer and subsequent polymers.  Finally, Chapter 

5 demystified the requirements one must consider to achieve high degrees of end-

functionalization in AA/BB-type polycondensations. 

6.2 Outlook  

6.2.1 Outlook for Imidazole -Containing Conjugated Polymers  

 This dissertation serves as a starting point to explore applications for 

conjugated poly(ionomer)s.  Perhaps the largest challenge toward applying these 

materials remains their processing.  Here, I will discuss potential solutions to this 

issue. 
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 The mechanical failure of films exposed to acids and bases may be 

circumvented through increasing molecular weight in tandem with crosslinking the 

free 1-D semiconductors into networks.  These network systems would enjoy the 

electrical and photophysical properties of their parent polymers while gaining 

resistance to otherwise good solvents.  Additionally, they may be photopatterned 

enabling more complex device architecture through multi-step layer-by-layer 

depositions.  Crosslinking stabilizes favorable morphologies, having the effect of 

consistent electroluminescence in light emitting diodes,134,162�±164 deterring phase 

separation in bulk-heterojunction solar cells,165�±168 and creating insoluble 

semiconductor surfaces for layered depositions in top contact FETs.169 

Investigators have explored numerous chemistries to achieve crosslinked 

architectures, including, thermally activated radical crosslinking through terminal 

alkenes167 or styrenic groups,163,170 photoinitiated multicomponent systems (using 

tethered acrylates171 or oxetanes164), and photocatalyzed benzophenone,172 thiol-

ene,134,162,173 azide,165 or radical bromide166 reactions.  Each of these reactions 

comes with their own peculiarities.  Many of them require oxygen free 

environments (i.e. thermally initiated styrenics and alkenes and photoinitiated 

radical bromide and acrylate side-chain reactions), additives (as in the case of 

acrylates and oxetanes requiring a radical photoinitiator or photoacid generator, 

respectively), or generate contaminants (photoreacted azides and cured bromides 

generate nitrogen gas or bromine, respectively).  While these systems effectively 

crosslink conjugated polymers, they lack precision and control over the final 

microstructure or, in some cases, what bonds form upon curing. 
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Thiol-ene chemistry sidesteps some of these issues by offering a rapid, 

thermally inexpensive, oxygen insensitive route to cured, insoluble polymeric 

semiconductors.162  Although these systems require additional multifunctional 

thiols, this can be advantageous, as Davis and Carter demonstrated tunable film 

microstructure via the crosslinker type (bulkiness, f, miscibility, length, etc.) 

employed.173  Thus to bolster film integrity, I suggest synthesizing imidazole-

containing conjugated polymers end-functionalized with styrene, rendering chains 

amenable to crosslinking via thiol-ene chemistry.  Utilizing this strategy allows one 

the freedom to swell a network with good solvents, enabling penetration with acids 

and bases, while retaining mechanical robustness.   

One might also consider spatially controlling poly(cationic) and 

poly(anionic) regions within the same film.  Junctions of dissimilar doping in 

inorganic semiconductors are termed p-n junctions, which enable diodes, including 

photo- and light emitting diodes.  Although (de)protonation of imidazole containing 

conjugated polymers should not lead to free carriers, the restructured FMOs could 

lead to p- and n-channel interfaces potentially useful in many of the same diode-

type applications.  The lithography industry has long employed photoacid and 

photobase generators to alter resist solubility.  It follows that these developments 

could be appropriated to gain spatial control over (de)protonation.  Additionally, 

dosing could be used to control the (de)protonation level, enabling gradients to fine 

tune band structures. 
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�7�K�H�V�H�� �P�D�W�H�U�L�D�O�V�¶�� �S�U�R�G�L�J�L�R�X�V�� �S�R�W�H�Q�W�L�D�O�� �K�L�Q�J�H�V�� �R�Q�� �U�H-envisioning their 

processing to gain control over their mechanical and electronic properties.  

Development in this area should be prioritized ahead of expanding upon more 

synthetically demanding monomer units, such as the DTBI described in Chapter 

4. 

6.3.2 Outlook for End -Capping Conjugated Polymers  

 Chapter 5 establishes several critical design parameters to consider when 

performing a Pd0-catalyzed polycondensation.  However, it also illuminates many 

�R�I���W�K�H���G�H�I�H�F�W�V���W�K�D�W���F�U�L�S�S�O�H���V�H�P�L�F�R�Q�G�X�F�W�L�Q�J���S�R�O�\�P�H�U�V�¶���F�R�P�P�H�U�F�L�D�O�L�]�D�W�L�R�Q�������:�K�L�O�H���Q�H�Z��

material development remains a critical component of device improvement, it is 

clear that batch-to-batch consistency in polymer micro- and macrostructure 

requires further investigation.  Catalyst development offers exciting opportunities 

to improve upon these issues.  Despite the impressive works of organometallic 

chemists developing catalysts for small molecule cross-couplings,174 the polymer 

community continues to use outdated, error-prone ligand systems.  Rational 

catalyst selection will undoubtedly permit milder reaction conditions, leading to 

greater control over polymer microstructure.  This extends to improving control 

over polymer chain-ends, an unavoidable defect in polymeric semiconducting thin 

films.  However, proper end-functionalization offers an opportunity to mitigate the 

detrimental effects of chain-ends.  
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APPENDIX A 
 

CHAPTER 2 SUPPLEMENTAL INFORMATION  

 

Figure 7.1: 1H NMR of 4,7-dibromo-2-heptyl-1H-benzo[d]imidazole (2.3) in CDCl3. 

 

Figure 7.2: 13C NMR of 4,7-dibromo-2-heptyl-1H-benzo[d]imidazole (2.3) in CDCl3 with 
chromium(III) acetylacetonate. 
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Figure 7.3: 1H NMR of 4,7-dibromo-2-(heptan-3-yl)-1H-benzo[d]imidazole (2.4) in CDCl3. 

 

Figure 7.4: 13C NMR of 4,7-dibromo-2-(heptan-3-yl)-1H-benzo[d]imidazole (2.4) in CDCl3 
with chromium(III) acetylacetonate. 
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Figure 7.5: 1H NMR of PBI1F in CDCl3. 

 

Figure 7.6: 1H NMR of PBI1F in CDCl3. 
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Figure 7.7:  DSC heating cycle of PBI1F.  Sample was subjected to a heat/cool/heat cycle 
at 10 °C min-1 in between 30 and 200 °C. 

 

Figure 7.8:  DSC heating cycle of PBI2F.  Sample was subjected to a heat/cool/heat cycle 
at 10 °C min-1 in between 30 and 200 °C. 
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Figure 7.9:  Spectroscopy of PBI2F(+/-).  A. UV-vis and PL of PBI2F base-doped with 
NaOEt in DMAc. B. UV-vis and PL of PBI2F acid-doped with TFA in DMAc.  All PL spectra 
were collected with ��ex=��max.  
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APPENDIX B 
 

CHAPTER 3 SUPPLEMENTAL INFORMATION  

 

Figure 7.10:  1H NMR of 2,7-dibromofluorene (3.1) in CDCl3. 

 

Figure 7.11: 13C NMR of 2,7-dibromofluorene (3.1) in CDCl3. 

 

Figure 7.12: 1H NMR of 2,7-dibromo-9,9-di-n-octylfluorene (3.3) in CDCl3. 
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Figure 7.13: 13C NMR of 2,7-dibromo-9,9-di-n-octylfluorene (3.3) in CDCl3. 

 

Figure 7.14:  1H NMR of 2,7-diiodo-9,9-di-n-octylfluorene (3.4) in CDCl3. 

 

Figure 7.15: 13C NMR of 2,7-diiodo-9,9-di-n-octylfluorene (3.4) in CDCl3. 
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Figure 7.16:  1H NMR of 2,7-divinyl-9,9-di-n-octylfluorene (3.5) in CDCl3. 

 

Figure 7.17:  13C NMR of 2,7-divinyl-9,9-di-n-octylfluorene (3.5) in CDCl3. 

 

Figure 7.18: 1H NMR of 2,7-diethynyl-9,9-di-n-octylfluorene (3.6) in CDCl3. 
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Figure 7.19: 13C NMR of 2,7-diethynyl-9,9-di-n-octylfluorene (3.6) in CDCl3. 

 

Figure 7.2 0: 1H NMR of poly(2-n-heptyl-benzimidazole-alt-9,9-di-n-octylfluorene) (PBIF) 
in CDCl3. 

 

Figure 7.21 : 1H NMR of poly(2-n-heptyl-benzimidazole-vinylene-9,9-di-n-octylfluorene) 
(PBIF-VL) in THF-d8. 
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Figure 7.22:  1H NMR of poly(2-n-heptyl-benzimidazole-ethynyl-9,9-di-n-octylfluorene) 
(PBIF-EL) in CDCl3. 

 

 

 

 

 

 

 



145 
 
 

 

 

Figure 7.23:  Spectroscopy of PBIF(+/-). A. UV/Vis (top) and corresponding PL (bottom) 
of PBIF �L�Q�� �'�0�)�� �S�U�R�W�R�Q�D�W�H�G�� �Z�L�W�K�� ���� �0�� �7�)�$�� �L�Q�� ������ ���/�� �G�R�V�H�V���� ��B. UV/Vis (top) and 
corresponding PL (bottom) of PBIF �L�Q���'�0�)���G�R�S�H�G���Z�L�W�K���������P�0���1�D�2�(�W���L�Q�����������/���L�Q�F�U�H�P�H�Q�W�V�� 
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Figure 7.24:  Spectroscopy of PBIF-VL(+/-). A. UV/Vis (top) and corresponding PL 
(bottom) of PBIF-VL �L�Q���'�0�)���S�U�R�W�R�Q�D�W�H�G���Z�L�W�K�������0���7�)�$���L�Q�������� ���/�� �G�R�V�H�V������B. UV/Vis (top) 
and corresponding PL (bottom) of PBIF-VL �L�Q���'�0�)���G�R�S�H�G���Z�L�W�K���������P�0���1�D�2�(�W���L�Q�������� ���/��
increments. 
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Figure 7.25:  Spectroscopy of PBIF-EL(+/-). A. UV/Vis (top) and corresponding PL 
(bottom) of PBIF-EL �L�Q���'�0�)���S�U�R�W�R�Q�D�W�H�G���Z�L�W�K�������0���7�)�$���L�Q�������� ���/�� �G�R�V�H�V������B. UV/Vis (top) 
and corresponding PL (bottom) of PBIF-EL �L�Q���'�0�)���G�R�S�H�G���Z�L�W�K���������P�0���1�D�2�(�W���L�Q�������� ���/��
increments. 
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Figure 7.26:  Density of states diagram as a function of energy.  Poly(fluorene) 
homopolymer is plotted in green, poly(benzimidazole) in blue, while poly(benzimidazole-
alt-fluorene) is given in red.  The LUMO of poly(fluorene) is shown to be slightly lower lying 
than that of poly(benzimidazole) while the HOMO of poly(benzimidazole) is slightly higher 
than that of poly(fluorene). Their hybridized structure indicates the LUMO level 
predominately along the benzoidal backbone with a HOMO localized on the benzimidazole 
moiety.  Each calculation used 20 repeat units, representing the long-polymer limit.  The 
red and blue spheres represent wavefunctions of opposite phase.  Their size reflects the 
electron density at that locale. 
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APPENDIX C 
 

CHAPTER 4 SUPPLEMENTAL INFORMATION  

 

Figure 7.27:  1H NMR of 2-hexyldecyl bromide (4.1) in CDCl3. 

 

Figure 7.28: 1H NMR of 2-(2-hexyldecyl)thiophene (4.2) in CDCl3. 

 

Figure 7.29:  1H NMR of 5-(2-hexyldecyl)-2-thiophenecarboxyaldehyde (4.3) in CDCl3. 
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Figure 7.30:  13C NMR of 5-(2-hexyldecyl)-2-thiophenecarboxyaldehyde (4.3) in CDCl3. 

 

Figure 7. 31: 1H NMR of 1,2-di(thiophen-3-yl)ethane-1,2-dione (4.4) in CDCl3. 

 

Figure 7.32 : 1H NMR of benzo[1,2-b:6,5-b�¶�@�G�L�W�K�L�R�S�K�H�Q�H-4,5-dione (4.5) in CDCl3. 
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Figure 7.33 : 1H NMR of 2,7-dibromo-benzo[1,2-b:6,5-b�¶�@�G�L�W�K�L�R�S�K�H�Q�H-4,5-dione (4.6) in 
CDCl3. 

 

Figure 7.34 : 1H NMR of 5,8-dibromo-2-[5-(2-hexyldecyl)-2-thienyl]-1H-dithieno[3,2-e:2',3'-
g]benzimidazole (4.7) in DMSO-d6. 

 

Figure 7.3 5: 13C NMR of 5,8-dibromo-2-[5-(2-hexyldecyl)-2-thienyl]-1H-dithieno[3,2-e:2',
3'-g]benzimidazole (4.7) in DMSO-d6. 
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Figure 7.36 : 1H NMR of 2-(trimethylstannyl)-4-hexylthiophene (4.8) in CDCl3. 

 

Figure 7.37 : 1H NMR of 4,7-bis[4-hexyl-2-thienyl]-2,1,3-benzothiadiazole (4.9) in CDCl3. 

 

Figure 7.38 : 13C NMR of 4,7-bis[4-hexyl-2-thienyl]-2,1,3-benzothiadiazole (4.9) in CDCl3. 
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Figure 7.39 : 1H NMR of 4,7-bis[4-hexyl-5-(trimethylstannyl)-2-thienyl]-2,1,3-
benzothiadiazole (4.10) in CDCl3. 

 

Figure 7.40 : 13C NMR of 4,7-bis[4-hexyl-5-(trimethylstannyl)-2-thienyl]-2,1,3-
benzothiadiazole (4.10)  in CDCl3. 

 

Figure 7.41 : 1H NMR of 2,6-bis(trimethylstannyl)-4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b:4,5-b']dithiophene (4.11) in CDCl3. 
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Figure 7.42 : 13C NMR of 2,6-bis(trimethylstannyl)-4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b:4,5-b']dithiophene (4.11) in CDCl3. 

 
Figure 7.43: 1H NMR of PDTBI-BTD in THF-d8 at 35 °C. 

 
Figure 7.44:  1H NMR of PDTBI-BDT in CDCl3 at 40 °C. 
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Figure 7.4 5: GPC of PDTBI-BTD, PDTBI-BDT, PDTBI-V, PDTBI-TT, and PDTBI-T run 
in THF at 40 °C. 

 
Figure 7.46 : Expanded view of Figure 4.1.  
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Figure 7.47: Grazing Attenuated Internal Reflectance Fourier Transform IR spectroscopy 
(GATR-FTIR) of PDTBI-BTD and PDTBI-BDT.  Thin films were dropcast from 1.5 mg mL-

1 solutions in 3:1 1,2,4-trichlorobenzene:THF onto glass substrates at 60 °C. 

 

Figure 7.48 : Photoluminescence spectra of PDTBI-BTD and PDTBI-BDT in THF solution. 
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Figure 7.4 9: Thermal decomposition of PDTBI-BTD in N2 at a 10 °C min-1 heating rate. 

 
Figure 7.50 : Thermal decomposition of PDTBI-BDT in N2 at a 10 °C min-1 heating rate. 
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Figure 7.51 : Final heating segment from H/C/H DSC of PDTBI-BTD. 

 

Figure 7.5 2: Final heating segment from H/C/H DSC of PDTBI-BDT. 
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Figure 7.53:  Spectroscopy of PDTBI-BTD (+/-). A. UV/Vis (top) and corresponding PL 
(bottom) of PDTBI-BTD in 99:1 DMF:THF protonated with 2 M �7�)�$�� �L�Q�� ������ ���/�� �G�R�V�H�V����B. 
UV/Vis (top) and corresponding PL (bottom) of PDTBI-BTD in 99:1 DMF:THF 
�G�H�S�U�R�W�R�Q�D�W�H�G���Z�L�W�K�����������P�0���1�D�2�(�W���L�Q�����������/���L�Q�F�U�H�P�H�Q�W�V�� 



160 
 
 

 

Figure 7.54: Spectroscopy of PDTBI-BDT (+/-). A. UV/Vis (top) and corresponding PL 
(bottom) of PDTBI-BDT �L�Q�� ���������� �'�0�)���7�+�)�� �S�U�R�W�R�Q�D�W�H�G�� �Z�L�W�K�� ���� �0���7�)�$�� �L�Q�� ������ ���/�� �G�R�V�H�V����B. 
UV/Vis (top) and corresponding PL (bottom) of PDTBI-BDT in 99:1 DMF:THF 
deprotonated with 200 mM NaOEt �L�Q�����������/���L�Q�F�U�H�P�H�Q�W�V��  
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APPENDIX D 
 

CHAPTER 5 SUPPLEMENTAL INFORMATION  

Table 7.1: Mass table used for end-capping reagent stock solutions in polymerizations. 
 mass (mg) conc. (mg mL-1) ���P�R�O eq. 
bromobenzene 37.6 7.52 9.58 0.0958 
p-bromotoluene 40.9 8.18 9.57 0.0956 
4-bromobiphenyl 55.8 11.2 9.58 0.0957 
4-(trifluoromethyl) 
bromobenzene 

53.9 10.8 9.58 0.0958 

iodobenzene 48.8 9.76 9.57 0.0956 
p-iodotoluene 52.2 10.4 9.58 0.0957 
4-iodobiphenyl 67.0 13.4 9.57 0.0956 
2-bromo-9,9-
dimethylfluorene 

65.4 13.1 9.58 0.0957 

Each solution diluted in 5.00 mL distilled, deoxygenated toluene. 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7.2: Summary of GPC data from all trials. 
 Mn (kg mol -1) Mw (kg mol -1) ��  

P1 A 9.92 21.8 2.50 
P1 B 17.0 32.0 2.15 
P2 A - - - 
P2 B - - - 
P3 A 14.3 32.0 2.24 
P3 B 14.8 35.6 2.41 
P4 A - - - 
P4 B - - - 
P5 A 19.4 47.3 2.44 
P5 B 17.3 39.0 2.25 
P6 A - - - 
P6 B - - - 
P7 A 20.2 38.2 2.36 
P7 B 12.6 28.5 2.26 
P8 A 13.5 34.1 2.53 
P8 B 13.5 35.3 2.62 
P51.0 Aa 13.8 32.8 2.37 
P51.0 Ba 11.6 23.4 2.02 
P50.33 Ab 11.9 22.4 1.89 
P50.33 Bb 8.86 18.9 2.53 
P6* Ac 13.0 27.8 2.14 
P6* Bc 13.7 29.1 2.12 
[TT] was 0.50 M for all reactions unless otherwise indicated.  a. 
[TT] = 1.0 M; b. [TT] = 0.33 M; c. ECR was added post-
polymerization. 
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Figure 7.55: 1H NMR of 2,7-dibromo-9,9-bis(2-ethylhexyl)fluorene (Fl) in CDCl3, 500.13 
MHz. 

 
Figure 7.56: 13C NMR of 2,7-dibromo-9,9-bis(2-ethylhexyl)fluorene (Fl) in CDCl3, 125.76 
MHz. 

 
Figure 7.57: 1H NMR of 2-bromo-9,9-dimethylfluorene (5.1) in CDCl3, 400.13 MHz. 
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Figure 7.58: 13C NMR of 2-bromo-9,9-dimethylfluorene (5.1) in CDCl3, 100.61 MHz. 

 

 
Figure 7.59: Representative 1H NMR spectrum of P1 in CDCl3 at 318 K. 

 
Figure 7.60: Expanded view of the aromatic region found in Figure 7.59. 
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Figure 7.61: Representative 1H NMR spectrum of P2 in CDCl3 at 298 K. 

 

 
Figure 7.62: Representative 1H NMR spectrum of P3 in CDCl3 at 318 K. 

 
Figure 7.63 : Expanded view of the aromatic region found in Figure 7.62.  
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Figure 7.64 : Representative 1H NMR spectrum of P4 in CDCl3 at 298 K. 

 
 

 
Figure 7.65: Representative 1H NMR spectrum of P5 in CDCl3 at 318 K. 

 
Figure 7.66 : Expanded view of the aromatic region found in Figure 7.65.  
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Figure 7.67: Representative 1H NMR spectrum of P6 in CDCl3 at 298 K. 

 

 
Figure 7 .68: Representative 1H NMR spectrum of P7 in CDCl3 at 318 K. 

 
Figure 7.69 : Expanded view of the aromatic region found in Figure 7.68.  
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Figure 7.70: Representative 1H NMR spectrum of P8 in CDCl3 at 318 K. 

 

 
Figure 7.71 : Expanded view of the aromatic region found in Figure  7.70. 
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Figure 7.72:  MALDI-ToF MS spectra for both (A, bottom black and B, top red) trials of P1.  
Samples were prepared at 5 mg ml-1 in THF and mixed with a 50 mg ml-1 terthiophene 
(matrix) solution 1:15 (v:v). 

 
Figure 7.73: MALDI-ToF MS spectra for both (A, bottom black and B, top red) trials of P2.  
Samples were prepared at 5 mg ml-1 in THF and mixed with a 50 mg ml-1 terthiophene 
(matrix) solution 1:15 (v:v). 
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Figure 7.74:  MALDI-ToF MS spectra for both (A, bottom black and B, top red) trials of P3.  
Samples were prepared at 5 mg ml-1 in THF and mixed with a 50 mg ml-1 terthiophene 
(matrix) solution 1:15 (v:v). 

 
Figure 7.75:  MALDI-ToF MS spectra for both (A, bottom black and B, top red) trials of P4.  
Samples were prepared at 5 mg ml-1 in THF and mixed with a 50 mg ml-1 terthiophene 
(matrix) solution 1:15 (v:v). 
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Figu re 7.76:  MALDI-ToF MS spectra for both (A and B) trials of P50.33 (second green and 
top navy), P5 (fourth blue and third pink), and P51.0 (bottom black and fifth red).  Samples 
were prepared at 5 mg ml-1 in THF and mixed with a 50 mg ml-1 terthiophene (matrix) 
solution 1:15 (v:v). 

 
Figure 7.77:  MALDI-ToF MS spectra for both (A, bottom black and B, top red) trials of P6.  
Samples were prepared at 5 mg ml-1 in THF and mixed with a 50 mg ml-1 terthiophene 
(matrix) solution 1:15 (v:v). 
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Figure 7.78:  MALDI-ToF MS spectra for both (A, bottom black and B, top red) trials of 
P6*.  Samples were prepared at 5 mg ml-1 in THF and mixed with a 50 mg ml-1 terthiophene 
(matrix) solution 1:15 (v:v). 

 
Figure 7.79:  MALDI-ToF MS spectra for both (A, bottom black and B, top red) trials of P7.  
Samples were prepared at 5 mg ml-1 in THF and mixed with a 50 mg ml-1 terthiophene 
(matrix) solution 1:15 (v:v). 
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Figure 7.80:  MALDI-ToF MS spectra for both (A, bottom black and B, top red) trials of P8.  
Samples were prepared at 5 mg ml-1 in THF and mixed with a 50 mg ml-1 terthiophene 
(matrix) solution 1:15 (v:v). 
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Table 7.3: Distribution of chain-types as determined by MALDI-ToF MS. 
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Figure 7.81:  Alternate views of representative kinetic evolution plots focused on the o-
tolyl peak of the Pd-bound P(o-tol)3 ligand.  As oxidative addition proceeds, this resonance 
�E�H�F�R�P�H�V���E�X�U�L�H�G���L�Q���W�K�H���I�U�H�H���O�L�J�D�Q�G�¶�V��o-tolyl proton peak (2.38 ppm). 

 
Table 7.4:  Experimental rate constantsa for 
ECRs and monomer. 
Substrate  kobs (x 10-3 s-1) k/kmonomer 

Br 2Fl 1.99 1.0 
BrFl  1.47 0.74 

BrBPh  1.14 0.57 
BrPhCF 3 1.39 0.70 

BrTol  0.539 0.27 
BrPh  0.630 0.32 

aMeasured via decay of Pd-bound P(o-tol)3 via 1H 
NMR. 
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