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Abstract 

 

Synthesis of multicomponent nanoscale structures with precisely addressable function is critical 

to discover new phenomena and new applications in nanotechnology. Though self-assembly offers 

a route such materials, these methods often require building blocks with particular structural 

motifs, limiting the scope of nanomaterials that can be prepared. Work described in the thesis uses 

a bottom-up approach based on covalent chemistry to synthesize a series of bottlebrush copolymers 

(BBCPs) – polymeric side chains attached covalently to a linear backbone – from organic 

semiconductors. Methods are also presented for the efficient synthesis of planar thermally 

activated delayed fluorescence (TADF) materials and stable organic fluorophores, incorporating 

them into nanoscale systems for biological imaging. A series of acrylic monomers was synthesized 

based on p-type organic semiconductor motifs found commonly in organic electronic devices. 

These monomers were polymerized by Cu(0)-reversible deactivation radical polymerization 

(RDRP), the kinetics of which are described in detail. By combining Cu(0)-RDRP and ring 

opening metathesis polymerization, narrowly dispersed multiblock bottlebrush fibers were 

prepared from monotelechelic dye-functionalized acrylate polymers with polymerizable 

norbornene end-functions (macromonomers). This strategy was used to construct nanofibers with 

the structure of phosphorescent organic light emitting diodes (OLEDs) on single macromolecules, 

such that the photophysical properties of each component of an OLED could be independently 

observed. Red, green, and blue (RGB) luminescent macromonomers were prepared using Cu(0)-

RDRP, which were used to prepare multiblock organic nanofibers structurally analogous to 

nanoscale RGB pixels and multilayer white OLEDs. Changes in energy transfer efficiency and 

interchromophore distance were quantified using a Förster resonance energy transfer model. 
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Additionally, donor-acceptor dyes were prepared using a novel acceptor based on N-

phenylbenzimidazole constrained in a coplanar fashion with a methylene tether (IMAC). Emitters 

were designed with a twisted conformation between donor and acceptor resulting in effective 

spatial separation of the highest occupied molecular orbital and lowest unoccupied molecular 

orbital and small singlet-triplet energy gaps to give TADF. In fluorescent IMAC derivatives, 

locking these chromophores into planar configurations was demonstrated to improve their cross-

section for two-photon excited fluorescence and reduce the rate of photobleaching. Proof-of 

concept studies incorporating these dyes into water-soluble polymer dots suitable for biological 

imaging was also demonstrated. 
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Lay Summary 

 

Organic light emitting diodes (OLEDs) are an emerging technology that have the potential to 

significantly reduce the energy consumption of artificial lighting. They consist of a series of 

stratified thin films of emissive organic semiconducting compound that are situated between two 

electrodes. The work described in this thesis focuses on preparing organic semiconductors with 

novel optical properties and morphologies. The preparation of polymer nanowires, termed 

‘bottlebrush’ polymers, from organic semiconducting materials is described. Emphasis is placed 

on how the bottlebrush architecture can be used to control optical and electronic interactions in 

these materials, giving unique photonic properties with potential for application in electronic 

devices such as OLEDs and in encryption/encoding. Novel luminescent dyes were also prepared 

that exhibit a special type of fluorescence, termed ‘thermally activated delayed fluorescence’. Due 

to this, these materials should find application in OLEDs with improved efficiency. Highly 

planarized versions of these dyes were prepared and found to have improved lifetimes when 

irradiated with light. Proof-of-concept studies incorporating these dyes into water-soluble 

nanoparticles suitable for biological imaging were also demonstrated. 
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Chapter 1: Introduction 

1.1 Overview 

Emerging methods for the fabrication of multifunctional nanostructures from soft matter have led 

to rapid innovation in nanoscience. Self-assembly techniques have been at the forefront of these 

efforts, giving low-entropy structures when molecular or polymeric building blocks are exposed 

to specific environmental conditions. This research has provided routes to polymer nanomaterials 

with diverse and ordered morphologies, including multicompartment platelets,1–4 scarf-like 

nanoribbons,5–7 and micelle superlattices.8,9 The fabrication of multicompartment nanowires in 

particular has attracted significant attention, due to their unique applications in electronics,10,11 

data encoding,12–14 and nanomedicine.15–17 Most importantly, the study of these structures has 

uncovered entirely new phenomena, for example long-range exciton transport through self-

assembled nanowires.18 As new morphologies, properties and applications of polymer 

nanomaterials emerge, the need for robust methods for their fabrication will only continue to rise. 

Overall this thesis focuses on the incorporation of luminescent and charge-transport materials into 

soft-matter nanostructures, as well as development of novel organic luminescent materials.  

 

1.2 Methods to Fabricate Soft-Matter Nanowires 

Nature routinely generates complex materials with advanced functionality across a wide range of 

sizes with a high degree of precision.19 Taking inspiration from this, scientists have greatly 

increased the diversity and structural complexity of nanomaterials which can be formed by tuning 

the topology of synthetic polymers. However, it remains difficult to form cylindrical 

nanostructures using common self-assembly protocols, despite it being entirely routine in Nature. 

Advanced methods such as crystallization driven self-assembly (CDSA), supramolecular 
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polymerization, polymerization induced self-assembly (PISA) and hierarchical solution self-

assembly (HSSA) have been recently developed to prepare cylindrical nanomaterials with 

impressive complexity and function.  

 

1.2.1 Crystallization Driven Self-Assembly 

In 1998, Manners, Winnik and coworkers discovered amphiphilic copolymers composed of a 

soluble poly(dimethylsiloxane) block and a crystalline poly(ferrocenylsilane) (PFS) block could 

readily assemble into cylindrical nanostructures when placed in a selective solvent for the former.20 

In the years since, their group and others have found that crystallization of the core PFS block 

drives the self-assembly to form low-curvature structures such as cylinders and platelets. 

Additionally, it was found that the exposed ends of the cylindrical micelle remained active toward 

addition of free block copolymer chains. Using a seeded growth approach, analogous to living 

polymerization, micelles with exact length and very low dispersity could be obtained (Figure 

1.1).21 This process, termed “living” CDSA, has been extended to other semicrystalline polymer 

systems, including poly(L-lactide),22 poly(ε-caprolactone),23 and polyethylene.24,25 Further, CDSA 

has been extended to semicrystalline π-conjugated materials such as poly(3-hexylthiophene),26 

oligo(p-phenylenevinylene),27 and polyselenophene28 with potential applications in organic 

electronics. 
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Figure 1.1. Schematic for bi-directional seeded growth of amphiphilic PFS-containing copolymers to form 

monodisperse cylindrical micelles. The polymers used in the study are shown in orange (PFS), red 

(poly(dimethylsiloxane)) and blue (polyisoprene). Reproduced from reference 21 with permission from Springer 

Nature © 2010. 

 

Polymer-based nanowires prepared using CDSA are promising for use in organic 

electronics due to their anisotropic charge-transport properties. For example, Manners and 

coworkers prepared electroactive fibre-like micelles made of a crystalline regioregular poly(3-

hexylthiophene) core and a solubilizing, amorphous regiosymmetric poly(3-hexylthiophene) or 

polystyrene corona.29 They demonstrated that the individual fibres exhibit appreciable 

conductivity by using tunnelling atomic force microscopy. Further, by incorporating the fibres as 

the active layer in field-effect transistors they found charge carrier mobilities to be dependent on 

both the degree of polymerization of the core-forming block and the fibre length. Friend, Manners 

and coworkers also developed organic semiconducting nanofibers made of a crystalline poly(di-

n-hexylfluorene) core with a central polyethylene glycol corona and terminal polythiophene 

coronas.18 The well-ordered, crystalline nanofiber core allowed for exciton transfer from the core 

to the terminal polythiophene coronas to occur over a far greater length (>200 nm) than is typical 

for organic semiconductors.   

 



4 

 

1.2.2 Living Supramolecular Polymerization 

Supramolecular polymerization has also been used to generate conductive nanofibers via well-

controlled noncovalent interactions, giving fibers up to several hundred nanometers in length.30,31 

Living supramolecular polymerization (LSP) effectively works in the same manner as CDSA 

whereby a seed nucleus is added to a solution of kinetically trapped monomer units yielding 

narrowly disperse fibres of controllable length.32 First developed for porphyrin-bisamides by 

Takeuchi and coworkers, the LSP protocol has been extended to a large range of other metasatable 

supramolecular assemblies. For example, Würthner and coworkers utilized LSP of a perylene 

bisimide dye to afford fluorescent nanowires33 and Takeuchi and coworkers were able to regulate 

the LSP of an amide-functionalized azobenzene using light.34 

Drawing analogy between supramolecular polymerization and covalent polymerization, 

researchers identified making well-defined supramolecular copolymers as an intriguing 

challenge.35,36  Supramolecular block copolymers of Cu and Zn porphyrins has been reported, 

giving a B-A-B triblock-type structure.37 Meijer, Palmans and coworkers reported the noncovalent 

synthesis of triarylamine triamide-based supramolecular copolymers which possess fluorescence 

and are potentially semiconductive.38 In addition, the Würthner group expanded their work on LSP 

of perylene bisimide dyes. They found that perylene bisimides, functionalized in the bay position 

with Cl, OMe or SMe, could be copolymerized to form A-B-A and B-A-B supramolecular block 

copolymer patterns (Figure 1.2).39 It should be noted however that in all copolymer examples the 

monomer structures have to be very similar, severely limiting the scope of materials that may be 

made. 
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Figure 1.2. Schematic illustration of the two-component seeded living polymerization to obtain supramolecular 

triblock copolymers with A-B-A or B-A-B pattern under kinetic control. Reproduced from reference 39 with 

permission from the American Chemical Society © 2019. 

 

1.2.3 Hierarchical Solution and Polymerization Induced Self-Assembly 

Complex wormlike materials have also been prepared via hierarchical solution self-assembly 

(HSSA) and polymerization induced self-assembly (PISA), by restricting the conformational space 

of multiblock copolymers with differing solubilities.8,40,41 Recently, Müller and co-workers 

established methodology wherein multicompartment micelles are used as soft colloidal building 

blocks (CBBs), which can be assembled to higher levels of hierarchy (Figure 1.3). In this way, 

they were able to access well-ordered, compartmentalized materials on the micron scale. To 

accomplish this, they guided the self-assembly of ABC triblock terpolymers in selective solvents 
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to form mono- and divalent CBBs. If kept separate, the CBBs underwent self-assembly into 

spherical or linear superstructures, while when two or more CBBs differing in size were combined, 

they underwent co-assembly into mixed superstructures.  

 

Figure 1.3. Dispersion of ABC triblock terpolymers in a non-solvent for B yields B-core particles with A/C corona 

patches.8 During transfer into a non-solvent for A and B, these develop into monovalent and divalent units with sticky 

A patches (CBBs). The CBBs were further assembled into linear, spherical and mixed superstructures. 

 

Polymerization-induced self-assembly represents an attractive alternative self-assembly 

method as it can be performed at high concentration (10-50% w/w) in one-pot.42,43 Leveraging in 

situ self-assembly of amphiphilic block copolymers, the majority of reports on PISA involve either 

reversible deactivation radical polymerization (RDRP) or ring opening metathesis polymerization 

(ROMP) techniques.44–47 PISA worms have found use as light-responsive drug delivery 

vehicles48,49 and as ice-crystallization inhibitors for cryopreservation.50 Similar to HSSA, the 

morphology obtained in PISA is primarily controlled by the relative volume fractions of the 

soluble corona and insoluble core-forming blocks.51 Thus, while it is possible to obtain cylindrical 
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architectures, doing so often requires the laborious process of constructing complete morphology 

diagrams. 

 

1.3 Bottlebrush Copolymers 

As discussed previously, approaches to nanomaterials based on self-assembly often face several 

limitations. Most notably, reliance on noncovalent interactions between building blocks means 

that specific solvents, temperatures, or concentrations are required if the desired local energy 

minimum conformation is to be maintained. As a result, while self-assembled nanomaterials may 

be highly stable under specific conditions, changes in the environment can cause the structure to 

fragment, change shape, or redissolve. Since self-assembly generally relies on intermolecular 

interactions (typically <25 kJ/mol) they are much more sensitive to changes in environmental 

conditions52–54 compared to covalently bound species (typical energy >150 kJ/mol). This 

metastability both limits the range of applications that a material can access and complicates the 

measurement of emergent properties they may exhibit. Motivated by these challenges, we sought 

to develop methods for the fabrication of multifunctional polymer nanofibers using covalent 

chemistry, giving robust structures while maintaining a high degree of control over the material’s 

components and their arrangement along the nanofiber. 

 

1.3.1 Strategies to Prepare Bottlebrush Copolymers 

Bottlebrush copolymers (BBCPs) provide one such route to nanofibers without relying on 

noncovalent self-assembly. Formed from polymeric side chains attached to a linear backbone, 

BBCPs adopt extended conformations due to steric interactions between the densely packed side 

chains (Figure 1.4).55–57 Several strategies exist for the preparation of BBCPs, commonly referred 
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to as “grafting-to”, “grafting-from”, and “grafting-through” methods (Figure 1.5).58–62 Grafting-to 

synthesis involves the preparation of a polymer backbone with multiple reactive sites, to which 

polymer side chains are directly coupled. Grafting-from synthesis involves first preparing a 

“polyinitiator” backbone, then conducting a second, orthogonal polymerization to grow the side 

chains off this backbone at each initiator site. Finally, grafting-through methods involve the 

synthesis of linear side chains, or “macromonomers,” functionalized with a reactive handle 

amenable to a second, orthogonal polymerization. This second polymerization generates the 

bottlebrush backbone, maximizing grafting density and increasing the rigidity of the BBCP. These 

bottom-up, covalent approaches provide routes to nanofibers with complex function that can be 

isolated without compromising the structural order in the material.  

 

Figure 1.4. The conformation and physical properties of bottlebrush polymers are controlled by the steric repulsion 

of the densely grafted side chains.  
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Figure 1.5. Schematic of the three grafting strategies most commonly used to prepare BBCPs. Reproduced from 

reference 62 with permission from Elsevier © 2016. 

 

1.3.2 Applications of Bottlebrush Copolymers 

Due to their unique morphology and limited chain entanglement, bottlebrush polymers have now 

been explored for a wide variety of applications.63–66 Their large sizes and low-entropy 

conformations allow BBCPs to rapidly self-assemble into photonic crystals, with tunable domain 

sizes capable of selective reflection throughout the visible spectrum.67–69 Grubbs and others have 

recently found that blending BBCPs with linear polymers,70 brush polymers,71 or nanoparticles72 

represents a facile methodology to rapidly tune the photonic band gap (Figure 1.6). 
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 Figure 1.6. (A) BBCPs consisting of polystyrene (PS) and polylactic acid (PLA) blocks self-assemble into lamellar 

arrays with large periodicities. Adding small PS and PLA homopolymers swells these arrays, increasing their domain 

spacing. (B) UV-vis spectra of a BBCP with increasing homopolymer wt%. Reproduced from reference 70 with 

permission from the American Chemical Society © 2014. 

 

BBCPs have also attracted interest for biological applications, as cylindrical nanostructures 

have been shown to exhibit longer residence times in the body than spheres of equivalent molecular 

weight.73 Specifically, they have recently been developed as dual-responsive materials for 

Magnetic resonance imaging (MRI) and fluorescence imaging74 as well as polymer carriers for 

drug delivery.75,76 Grubbs and coworkers have also explored BBCPs as materials for polymer 

electrolyte membranes, using the bottlebrush morphology to separate conductive polymer domains 

from those required for mechanical support.77 Finally, BBCPs are unique building blocks for 
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solution self-assembly in their own right, behaving as ‘giant polymeric surfactants’ to give 

micelles in selective solvents.78–81   

 

1.3.3 Bottlebrush Polymers from Organic Electronic Materials 

With well-known applications in organic solar cells and thin film transistors, polythiophenes are 

perhaps the most widely studied class of organic semiconducting polymer. Several groups have 

described the incorporation of polythiophenes into BBCPs in the past five years, using a 

combination of grafting-to and grafting-through strategies. For example, Brochon and 

Hadziioannou used both grafting-through and grafting-to methods to synthesize BBCPs with 

polyisoprene, poly(vinyl alcohol), or poly(butyl acrylate) backbones grafted with poly(3-

hexylthiophene) (P3HT) side chains.82 Shortly after, Thelakkat used nitroxide-mediated 

polymerization to synthesize an azide-functionalized polystyrene (PS) backbone, which was then 

functionalized to give PS-g-P3HT using a copper-catalyzed azide-alkyne cycloaddition 

(CuAAC).83 These authors found a strong correlation between the charge carrier mobility of PS-

g-P3HT bottlebrushes and their side-chain lengths, with mobility increasing by five orders of 

magnitude as Mn for the P3HT side chains increased from 1.4 to 15.9 kDa (Figure 1.7A). Tang84 

and Kilbey85 have also studied polythiophene-based bottlebrushes formed from the ring-opening 

metathesis polymerization of norbornenes, utilizing these materials in dielectrics and self-

assembled micelles, respectively. These works exemplify nonconjugated graft copolymers – 

bottlebrush polymers in which the backbone itself is not conjugated.  

By contrast, BBCPs in which the backbones and side chains are both formed from 

conjugated polymers remain rare. In 2013, Higashihara and coworkers reported all-conjugated 

graft copolymers composed of P3HT side chains connected to either p-type or n-type conjugated 
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backbones (Figure 1.7B). These were achieved in a two-step method combining Stille coupling 

and Kumada catalyst-transfer polycondensation, and subsequently employed as the active layer in 

organic thin film transistors.86 The following year, Luscombe and coworkers reported a graft-

through synthesis for all-conjugated graft copolymers, using a Suzuki coupling polymerization to 

construct carbazole-diketopyrrolopyrrole backbones with appended P3HT side chains.87 More 

recently, Seferos and coworkers reported the grafting of poly(3-alkylselenophene) (P3AS) side-

chains to poly(3-alkylthiophene) (P3AT) backbones to give all-conjugated P3AS-g-P3AT 

polymers using CuAAC (Figure 1.7C).88 This architecture was a particularly attractive target, as 

Seferos has previously shown that block copolymers of P3HT and P3AS can be used 

advantageously in organic solar cells.89,90 This strategy was found to be most effective at low to 

moderate grafting densities, while high grafting densities proved a challenge even when short side 

chains were used. An additional important finding of this study was that the use of the organic-

soluble catalyst [Cu(CH3CN)4]PF6−/tris-(benzyltriazolylmethyl)amine for the CuAAC reaction 

was successful in suppressing  unwanted Glaser coupling of the alkyne side chains, greatly 

improving the efficiency of the grafting reaction. 
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Figure 1.7. (A) Chemical structure of PS-g-P3HT (left) and a diagram highlighting the dependency of μOFET on the 

P3HT chain length (right). (B) Chemical structure of an all-conjugated graft copolymer composed of P3HT side chains 

connected to an n-type conjugated backbone. (C) Chemical structure of all-conjugated P3AS-g-P3AT polymers. 

 

1.4 Polymerization Methods 

Reversible deactivation radical polymerization (RDRP) techniques such as nitroxide-mediated 

polymerization,91 atom transfer radical polymerization (ATRP),92,93 and reversible 

addition−fragmentation polymerization (RAFT),94 offer significant advantages in terms of 

architectural control when compared to conventional radical polymerization. As such, RDRP has 

been widely employed for the synthesis of structurally diverse families of polymers and various 

advanced materials.95,96 While each of the three major RDRP techniques has certain advantages 
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and limitations, they all rely on the concept of dynamic equilibrium to furnish polymers with 

precise molecular weights, narrow molecular weight distributions (MWDs), and high end-group 

fidelity.97 A major distinction between the three techniques is the mechanism by which they attain 

their dynamic equilibrium. All three mechanisms fundamentally rely upon a mediating species to 

balance the equilibrium between propagating macroradicals and dormant species, allowing 

monomer units to be added to the propagating chain incrementally. Nitroxide-mediated 

polymerization employs stable radical species as its mediator, while ATRP is usually mediated 

catalytically by transition metal complexes. In contrast, RAFT employs the use of a chain transfer 

agent which facilitates degenerate transfer between propagating radicals and a dormant species. 

 Copper-catalyzed ATRP is one of the most popular RDRP techniques researchers 

commonly employ.98 Mechanistically, dormant species in the form of initiating alkyl 

halides/macromolecular species (Pn–X) react periodically with low oxidation state Cu(I) 

complexes (rate constant = kact) forming the corresponding propagating radicals (Pn•) and higher 

oxidation state Cu(II) halide complexes (Scheme 1.1). In this way, the Cu(I) species acts as an 

activator of the polymer chain and the Cu(II) acts as a deactivator. In the analogous reverse 

reaction, the deactivator can react with the propagating radical to reform the dormant species and 

the activator (rate constant = kdeact). It should be noted that ATRP is considered to proceed through 

an energetically favored inner sphere electron transfer (ISET) mechanism, where the radical and 

the deactivating species are formed through the concerted homolytic atom transfer of the halogen 

radical from the dormant species to the activating species. 
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Scheme 1.1. Copper-catalyzed ATRP mechanism. 

 

1.4.1 Cu(0)-mediated Reversible Deactivation Radical Polymerization 

Traditional ATRP obeys the persistent radical effect:99 propagating radicals that are irreversibly 

terminated through reaction with species other than the CuIIX/L (eg. disproportionation) result in 

a slight excess of deactivating species. In turn, PRE shifts the equilibrium toward the dormant 

species. The importance of this effect is that traditional ATRP has required relatively high catalyst 

concentrations (>1000 ppm) to preserve a high polymerization rate. Efforts to reduce catalyst 

loading below this limit has led to the development of more advanced ATRP techniques,98 which 

use different methods to regenerate the Cu(I) complex. These include activator (re)generated by 

electron transfer ATRP (A(R)GET-ATRP),100,101 initiators for continuous activator regeneration 

ATRP (ICAR-ATRP),100 electrochemically mediated ATRP,102 and photochemically mediated 

ATRP.103,104 In addition to these methods, zerovalent metals have also been used, with the most 

common being Cu(0).  

 The mechanism of RDRP in the presence of Cu(0) is significantly complicated by the 

introduction of a third possible oxidation state for the Cu species. This has resulted in a passionate 

debate in literature between two proposed models (Scheme 1.2);105–109 single electron transfer 

living radical polymerization (SET-LRP) and supplemental activator and reducing agent atom 

transfer radical polymerization (SARA-ATRP). The SET-LRP mechanism suggests that Cu(0) or 

“nascent” Cu(0) particles act as the major activator of alkyl halides and no major activation occurs 

Pn–X + CuI/L Pn• + X–CuII/L
kact

kdeact M
kp

kt Pn–Pn
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by Cu(I) complexes due to their rapid and instantaneous disproportionation. Meanwhile, the 

SARA-ATRP mechanism names Cu(I) species as the major activator, with Cu(0) acting as a 

supplemental activator and reducing agent of alkyl halides. Another key difference in their 

mechanisms is that the activation step in SET-LRP is suggested to occur via an outer-sphere 

electron transfer (OSET) mechanism through a radical anion intermediate, while in SARA-ATRP 

activation occurs through an ISET, in concordance with traditional ATRP.  

 
Scheme 1.2. SARA ATRP and SET-LRP mechanisms. Bold, filled, and dashed lines represent major, minor, and 

negligible contributors to the mechanism, respectively. Reproduced from reference 105 with permission from the 

Royal Society of Chemistry © 2014. 

 

Regardless of the Cu(0)-RDRP mechanism, techniques using Cu(0) have now been widely 

explored for the polymerization of acrylates, methacrylates, styrenes, acrylamides and others.108–

115 This method offers a facile route to materials with low polydispersity and high end-group 

fidelity, typically retaining first-order polymerization kinetics at high monomer conversion. 

Furthermore, the technique is particularly advantageous in situations where a simple set-up is 
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required, harsh reaction conditions must be avoided, or high conversions are necessary. Cu(0)-

RDRP thus presents an attractive tool for the polymerization of high-value monomers which are 

either costly to prepare or difficult to remove from the polymer product following the reaction. 

 

1.4.2 Ring-opening Metathesis Polymerization 

Ring-opening metathesis polymerization (ROMP) is a type of olefin metathesis chain-growth 

polymerization.116 The main driving force of ROMP is the release of ring strain in cyclic olefins 

such as norbornenes. The ROMP method is a living polymerization in which the chain ends remain 

active to further polymerization once all the available monomer is consumed, providing a 

convenient route to block copolymers if a second monomer is added. Mechanistically ROMP 

involves three key steps: initiation, propagation, and termination (Figure 1.8). Initiation begins 

with coordination of a cyclic olefin to a metal alkylidene, followed by a [2+2] cycloaddition to 

produce a metallacyclobutane intermediate which then undergoes cycloreversion. During 

propagation the same analogous steps are repeated until either the monomer is completely 

consumed or the reaction is terminated. Termination is typically achieved by the addition of an 

alkene such as ethyl vinyl ether which removes the metal from the polymer chain end.  
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Figure 1.8. Mechanism of ROMP. 

 

 Catalyst 1.1, known as Grubbs first-generation catalyst, is capable of catalyzing a wide 

scope of monomers and substrates for metathesis chemistry (Figure 1.9).117,118 Improving on their 

design, Grubbs and coworkers introduced nitrogen-heterocyclic carbene (NHC) ligands in place 

of the weaker sigma-donating and more labile phosphines to give catalyst 1.2.119 This second-

generation catalyst was far more stable and possessed higher activity in ROMP because the NHC 

ligand increased dissociation of the trans-phosphine ligand from the Ru to give the metathesis-

active species. However, the slow initiation by 1.2 yields poor control over molecular weight and 

polydispersity (PDI) in resultant polymers. By incorporating the strongly ligating NHC and weakly 

coordinating brominated pyridines the Grubbs third-generation ruthenium catalyst (1.3) offers 

many advantages.120–122 The fast initiation and high reactivity of this catalyst make it ideal for the 

polymerization of macromonomers, which are typically difficult to polymerize due to the 

demanding steric hindrance of side chains. Furthermore, the catalyst has shown great functional 

group tolerance, allowing for the polymerization of a wide range of monomers. 
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Figure 1.9. Chemical structures of Grubbs first, second and third-generation Ru metathesis catalysts. 

 

1.5 Principles of Luminescence 

A type of cold-body radiation, luminescence is the emission of light not resulting from heating. 

The principle driving force of this process is the release of energy in the form of an emitted photon. 

To understand luminescent processes further the different possible electronic states must be 

considered. Depending on the nature of the electronic excited state luminescence is divided into 

two categories – fluorescence and phosphorescence. In fluorescence the excited state is a singlet 

(denoted ‘S’), meaning the excited electron and ground state electron maintain their antiparallel 

spins. As a result, relaxation to the ground state (S0) is spin allowed and occurs rapidly (~108 s–1). 

In the rare case of doublet emission (D1→D0) from an excited state radical species, this process 

would also be spin-allowed and thus termed fluorescence. In contrast, phosphorescence is the 

emission of a photon from a triplet excited state (denoted ‘T’), meaning the excited electron and 

ground state electron have unpaired parallel spins. Relaxation in this case would violate the Pauli 

exclusion principle, requiring a spin-forbidden T1→S0 transition. Spin-forbidden transition can 

still occur in quantum mechanics, however they are kinetically unfavored with much slower 

emission rates (103 to 100 s–1 or less).  
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 Jablonski diagrams are typically used to discuss the processes occurring from absorption 

and emission of light and a typical diagram is provided in Figure 1.10. The singlet ground, first, 

and second electronic states are depicted by S0, S1, and S2, respectively. Absorption of light by a 

material is represented by the transition S0→S1 or from S0 to a higher-energy excited state (S2, S3, 

etc.). At each electronic energy level, the molecule can exist in a number of vibrational energy 

levels, depicted by 0, 1, 2, etc. Non-radiative relaxation from S2→S1 or from a higher vibrational 

energy level to a lower vibrational energy level is known as internal conversion (IC) and normally 

occurs within 10–12 s or less. Intersystem crossing (ISC) is the process by which a molecule in the 

S1 state is converted to the first triplet state T1. As the S1→T1 transition is spin-forbidden the rate 

of ISC in purely organic molecules is generally low. Molecules containing heavy atoms such as 

bromine, iodine or transition metals benefit from spin-orbit coupling which enhances the rate of 

ISC.  

 

Figure 1.10. Jablonski diagram illustrating the typical processes involved in luminescence. 
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  Many emissive molecules contain both an electron-donating and an electron-accepting 

group which allows formation of an internal charge transfer (CT) state. In such molecules, 

following excitation there is an increase in charge separation and significant redistribution of 

electron density. Emission from a CT transition is typically broad and featureless compared to π→ 

π* or n→ π* transitions. Additionally, the large transition dipole moment of CT transitions makes 

this class of emission highly sensitive to the polarity of the environment.  Polar media effectively 

stabilize the excited CT state, lowering it in energy and reducing the S0-S1 gap. The result is a 

further broadened and red-shifted emission spectrum. 

 

1.6 Thermally Activated Delayed Fluorescence 

1.6.1 Organic Light Emitting Diodes 

Organic light emitting diodes (OLEDs) are an emerging technology that have the potential to 

significantly reduce the energy consumption of artificial lighting.1 They consist of a series of 

stratified thin films of emissive organic compounds that are situated between two electrodes. Their 

light weight, durability and excellent efficiencies compared to traditional fluorescent light sources 

make them excellent candidates for use in solid-state lighting applications. However, there are 

several weaknesses such as high power consumptions and short lifetimes of current OLED devices 

that have significantly hindered their broad implementation. One of the key parameters affecting 

an OLED’s power consumption is described by its internal quantum efficiency (IQE) – defined as 

the ratio of photons generated to the number of electrons injected. 

 Luminescence in OLED devices originates from the recombination of electrically 

generated electron-hole pairs, called excitons, in the emissive layer. Since electrons and holes are 

produced with uncorrelated spins, singlet and triplet excitons are formed with 25% and 75% 
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probabilities, respectively. First-generation OLEDs utilized fluorescent emitters which resulted in 

a maximum IQE of about 25%.123–125 To overcome this challenge second-generation OLEDs 

leveraged phosphorescent heavy metal complexes (typically Ir and Pt) to achieve IQEs of near 

100%.126 

More recently the implementation of thermally activated delayed fluorescence (TADF) has 

revolutionized organic light-emitting diode (OLED) technology, enabling the fabrication of 

OLEDs with 100% internal quantum efficiencies using purely organic emitters.127–131 Capable of 

converting triplet excitons to singlets through reverse intersystem crossing (RISC), TADF 

compounds have attracted significant recent attention as robust, efficient and scalable emissive 

materials.132–136 To achieve efficient RISC, TADF materials are typically designed to minimize 

the energy difference between the lowest triplet (T1) and lowest singlet (S1) excited states, termed 

ΔEST. 

1.6.2 Principle of Thermally Activated Delayed Fluorescence 

Prior to its application in OLED technology TADF was known as E-type delayed fluorescence, 

named for the molecule eosin. In E-type delayed fluorescence triplet excitons can be converted to 

singlet excitons via RISC, which is activated by thermal energy (Figure 1.11). TADF materials 

typically show two-component emission lifetimes as a result of the ISC/RISC process. The first 

component is generally very fast (comparable to fluorescence), originating from prompt emission 

from the singlet excited state.  The second component arises from the ISC/RISC process and results 

in an extended lifetime (usually on the order of microseconds). 
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Figure 1.11. Jablonski diagram illustrating key processes involved in TADF, where PF is prompt fluorescence and 

DF is delayed fluorescence. 

 

1.6.3 Design Strategy for Thermally Activated Delayed Fluorescence Materials 

While T1 states are substantially lower in energy than their S1 counterparts in the vast majority of 

molecules, a small ΔEST can be achieved by minimizing the Pauli repulsion (or exchange energy) 

between ground and excited state electrons. In practical terms, this is commonly achieved by 

designing materials with minimal overlap between their HOMO and LUMO, such that the 

electrons of the frontier orbitals will occupy different regions of space when the material is excited. 

This is often obtained by the coupling of donor and acceptor units in a twisted conformation,137,138 

sometimes using steric bulk to ensure that the π systems of the donor and acceptor remain 

orthogonal, as exemplified by 4CzIPN (Figure 1.12).127 This type of conformation also results in 

emitters with large transition dipoles and significant charge-transfer character, including broad 

emission bands and large Stokes shifts.  



24 

 

 

Figure 1.12. Select examples of molecules that exhibit TADF. Donor and acceptor moieties are coloured blue and 

red, respectively. 

 

An alternative approach is a through-space interaction wherein the donor (D) and acceptor 

(A) are physically separated but are spatially close together. This design separates the HOMO and 

LUMO sufficiently to achieve small ΔEST with the advantage of higher radiative decay rates. 

Swager, Baldo and coworkers have utilized triptycene and xanthene as scaffolds to hold donor and 

acceptor fragments in close proximity, achieving high efficiency through space charge transfer 

(TSCT) TADF emitters such as XPT (Figure 1.12).139,140 Lu and coworkers placed carbazole on 

the ortho position of a triarylborane achieving TADF in a similar fashion.141 Blue TADF polymers 

with non-conjugated polyethylene backbones, as in P-Ac95-TRZ05, have also been recently 

reported by Wang and coworkers.142,143 

Multiple resonance effects have recently been proposed as a way to promote efficient 

TADF with very narrow emission spectra and small Stokes shifts.  Hatakeyama and coworkers 

leveraged the organoboron compound DABNA-1, possessing two nitrogen atoms, in a rigid 

polycyclic aromatic framework and related compounds to produce ultrapure blue TADF emitters 

in this fashion (Figure 1.12).130,144,145 Following their discovery, theoretical and computational 

efforts were made to examine the origin for the reduced ΔEST in such molecules.146 Zysman-
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Colman and others have since doped other polyaromatic hydrocarbons such as heptacene with B 

and N to yield new multiresonant TADF compounds with exciting luminescent properties.147 

 

1.7 Thesis Scope 

The work described herein focuses on preparing organic semiconductors with novel optoelectronic 

properties and morphologies. Emphasis is placed on how the bottlebrush architecture can be used 

to control optoelectronic interactions in these materials, giving unique photonic properties. The 

work described will also address interesting problems of closely related fields, including the 

efficient synthesis of planar TADF materials and stable organic fluorophores. 

 Chapter 2 describes a series of acrylic monomers synthesized based on p-type organic 

semiconductor motifs found commonly in organic electronic devices. These monomers were 

polymerized by Cu(0)-RDRP, the kinetics of which are described in detail. The title polymers were 

obtained in high yield with low polydispersities and display first-order polymerization kinetics up 

to high (>90%) monomer conversion. The optical, electrochemical and thermal properties for each 

of these p-type materials are also described. 

 Chapter 3 describes methods for the preparation of fiber-like nanomaterials that mimic the 

multilayer structure of organic electronic devices on individual polymer chains. By combining 

Cu(0)-RDRP and ROMP, narrowly dispersed multiblock bottlebrush fibers were prepared from 

materials commonly used as the hole transport, electron transport, and host materials in organic 

electronics. This strategy was used to construct nanofibers with the structure of phosphorescent 

OLEDs on single macromolecules, such that the photophysical properties of each component of 

an OLED can be independently observed.  



26 

 

Chapter 4 expands on the work in chapter 3, describing the synthesis of a series of 

bottlebrush copolymers from red, green, and blue luminescent macromonomers, which were then 

used to prepare multiblock organic nanofibers structurally analogous to nanoscale RGB pixels. 

Changes in energy transfer efficiency and interchromophore distance were quantified using a 

Förster resonance energy transfer (FRET) model. Preliminary demonstration of these materials as 

polarity-sensitive inks for encryption and encoding were also demonstrated using a red/blue 

fluorescence switch upon exposure to solvent. Finally, the potential complexity of optoelectronic 

materials accessible with these methods was demonstrated by combining these building blocks 

with charge-transporting materials to give organic nanofibers with ordered structures mimicking 

that of multilayer white OLEDs.  

Chapter 5 describes the design of an N-phenylbenzimidazole constrained in a coplanar 

fashion with a methylene tether (IMAC) that was used to prepare a series of emitters exhibiting 

thermally activated delayed fluorescence (TADF). The twisted conformation between donor and 

acceptor in these molecules resulted in effective spatial separation of the HOMO and LUMO and 

small singlet−triplet energy gaps. Crystallographic properties, electronic structures, thermal 

stabilities, photophysical properties, and energy levels were studied systematically.  

Chapter 6 describes the synthesis of three donor-acceptor dyes based on benzimidazole 

acceptors and triphenylamine donors. These materials have deep blue emission, International 

Commission on Illumination (CIE) (x, y) < (0.17, 0.09), quantum yields above 95 % and narrow 

emission spectra. We demonstrate that restriction of rotational freedom in these compounds, 

particularly in the triarylamine donor, reduces the rate of photobleaching by up to a factor of 4. 

Locking these chromophores into planar configurations also improves their cross-section for two-
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photon excited fluorescence. Proof-of concept studies incorporating these dyes into water-soluble 

polymer dots suitable for bio-imaging was also demonstrated. 
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Chapter 2: Cu(0)-RDRP of acrylates based on p-type organic semiconductors 

2.1 Introduction 

Reversible deactivation radical polymerization (RDRP) techniques using Cu(0) have opened new 

avenues for the synthesis of structurally diverse families of polymers.108–115 Now widely explored 

for the polymerization of acrylates, methacrylates, styrenes, acrylamides and others, the technique 

offers a facile route to materials with low polydispersity and high end-group fidelity, typically 

retaining first-order polymerization kinetics at high monomer conversion. Alternatively referred 

to as SET-LRP or SARA-ATRP,105–107 the technique is particularly advantageous in situations 

where a simple set-up is required, harsh reaction conditions must be avoided, or high conversions 

are necessary. Cu(0)-RDRP thus presents an attractive tool for the polymerization of high-value 

monomers which are either costly to prepare or difficult to remove from the polymer product 

following the reaction.  

As such, this technique is very well-suited to the polymerization of many of the classes of 

π-conjugated organic semiconductors now widely used in plastic electronics. While organic 

semiconductors often require extensive conjugation through the polymer backbone, useful 

electronic properties can also be achieved with π-conjugated pendant side chains connected to a 

styrenic or (meth)acrylic all-carbon main chain.148–151 Polymers bearing electron-rich triarylamine 

side chains, for example, have found widespread use as p-type materials in organic electronics, 

including organic light-emitting diodes (OLEDs),150,152–155 solar cells,156–160 and organic thin-film 

transistors.161 These materials offer flexible, lightweight alternatives to inorganic semiconductors 

which can be easily processed over large areas at low cost. Previous work exploring the RDRP of 

triarylamines has examined their polymerization by free-radical polymerization, reversible 

addition/fragmentation chain transfer polymerization (RAFT),162–166 traditional atom-transfer 
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radical polymerization (ATRP),150,151 and light-mediated ATRP.167 Due to the low cost, scalability, 

and reduced monomer waste offered by Cu(0)-RDRP, this technique is advantageous for the 

polymerization of such materials. Investigations to date on the Cu(0)-RDRP of optoelectronic 

materials has been limited, though a recent report by Gohy and coworkers demonstrated the utility 

of the technique in the synthesis of electroactive polymers based on 2,2,6,6-

tetramethylpiperidinyloxyl (TEMPO) radicals.168  

Here we describe optimized conditions for the Cu(0)-RDRP of a series of four new p-type 

organic semiconductor monomers, giving polymers with low polydispersity in high yield (Scheme 

2.1). These polymerizations are simple to carry out and can be conducted at room temperature. 

Furthermore, the reactions display linear first-order kinetics up to high monomer conversion 

(≥93% in all cases), and can be run to near-complete conversion without significant broadening of 

the PDI. In this way, Cu(0)-RDRP is shown to be an effective method for the controlled 

polymerization of high-value semiconductor monomers requiring multiple steps to prepare, 

minimizing unused monomer waste from the reaction. In addition to kinetic data for each of these 

polymerizations, the optical, electrochemical, and thermal properties of this series of p-type 

polymeric materials are also discussed. 

 

Scheme 2.1. General scheme for Cu(0)-mediated RDRP of p-type organic acrylates. 
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2.2 Monomer Synthesis 

Four p-type monomers were synthesized based on triarylamine motifs used frequently as p-type 

semiconductors in organic electronic devices (Scheme 2.2). Triarylamine-based materials such as 

2.5a-c are the most common class of materials used in the hole-transporting layer of OLEDs169,170 

and perovskite solar cells,160 and have also been used as the donor material in organic photovoltaic 

devices and organic thin film transistors (OTFTs).161 Carbazoles such as 2.5d are commonly used 

as both hole-transport and host materials in OLEDs,170,171 and 2.5d is also a structural homologue 

of polyvinylcarbazole (PVK), a material used in photocopiers as a photoconductive material. 

   

Scheme 2.2. Synthesis of acrylate monomers prepared based on commercial p-type organic semiconductors. 
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protocol.172,173 Reduction with NaBH4 and reaction with acryloyl chloride gives monomers 2.5a-

d in reasonable overall yields, with syntheses that were readily scaled to yield >50 g of each 

product in our laboratory. 

 It is noteworthy that the p-alkyl substituents in 2.5b and 2.5c markedly improve the 

stability of these monomers relative to 2.5a, which must be purified on silica quickly to avoid 

decomposition over time. In contrast, monomers 2.5b-d are more robust and thus easier to purify; 

in addition, 5d can be recrystallized readily from CH2Cl2/hexanes. To simplify naming in future 

chapters compounds 2.5a-d have also been assigned names based on their structure and/or function 

in an OLED (Scheme 2.2). 

 

2.3 Polymer Synthesis 

Selecting an appropriate solvent for the Cu(0)-RDRP of 2.5a-d proved challenging, as these highly 

hydrophobic monomers exhibited limited solubility in the highly polar solvents typically used to 

promote the disproportionation of Cu(I) to Cu(0) and Cu(II) in this reaction, such as DMF, 

dimethylsulfoxide (DMSO), or isopropanol. We determined that N-methyl-2-pyrrolidone (NMP) 

provided an adequate balance of solubility while still supporting catalyst activity174–176 and proved 

to be an effective solvent for the polymerization of all four arylamine monomers.  

 To avoid the introduction of oxygen impurities, these reactions were carried out in a 

nitrogen-atmosphere glovebox and sampled throughout the reaction. Polymerizations were 

conducted with 0.5 cm of 18 gauge Cu(0) wire per 10 µmol of ethyl α-bromoisobutyrate (EBiB), 

pre-treated with HCl for 15 minutes to remove surface impurities, then washed with water and 

acetone, and dried in vacuo. Using [EBiB]/[CuBr2]/[Me6TREN] in 1:0.065:0.068 molar ratios, the 
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amount of monomer was chosen to give polymers with molecular weights of 10 kDa at full 

conversion (Table 2.1). These reactions gave polymers with narrow PDIs ranging from 1.12-1.28.  

 

Table 2.1. Synthesis of donor-type polymers by Cu(0)-RDRP. 

Entrya	 kp	(10–5	s–1) t (h) Mn, SECb Mn, NMRc Mn, theory Đ Conv. (%)c 

2.5a10k 1.14 70 10800 10100 9900 1.23 99 

2.5b10k 3.78 26 9500 9000 9400 1.13 94 

2.5c10k 8.56 26 9400 8600 9000 1.28 90 

2.5d10k 6.93 26 9800 10900 9700 1.12 97 
aReaction conditions: Monomer/EBiB/CuBr2/Me6TREN = M/1/0.065/0.068; NMP = 1.15 mL; 18 gauge Cu(0) wire = 
1.15 cm (2.5a: M = 26, 2.5b: M = 23, 2.5c: M = 28, 2.5d: M = 30). b Determined by gel permeation chromatography 
(GPC) in tetrahydrofuran (THF). c Determined by 1H NMR in CDCl3. 

 

Upon completion of the polymerizations of 2.5a-d, reactions were removed from the 

glovebox and quenched by the addition of water, then isolated by centrifugation. Further 

purification by preparatory size exclusion chromatography to remove residual monomer gave 

polymers 2.5a-d10k, which were then characterized by nuclear magnetic resonance (NMR), UV-

visible and fluorescence spectroscopy, cyclic voltammetry, differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA). These polymers can also be conveniently purified 

by reprecipitation in methanol (2.5a-2.5c) or hexanes (2.5d). 

 

2.4 Photophysical and Electrochemical Properties 

Polymers 2.5a-d10k all show strong absorption in the UV region, with absorption maxima ranging 

from 293 nm (2.5d10k) to 303 nm (2.5c10k). 2.5a10k and 2.5d10k are highly fluorescent, with 

quantum yields of 0.29 and 0.20 and emission in the blue (λmax = 431 nm) and ultraviolet (λmax = 
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347 nm) regions of the spectrum, respectively (Figure 2.1). Interestingly, 2.5b10k and 2.5c10k show 

highly red-shifted emission spectra, with maxima at 543 and 548 nm, respectively. Coupled with 

their exceedingly low quantum yields (Table 2.2), this behavior indicates the formation of 

excimers along the polymer backbone in CH2Cl2. Consistent with this hypothesis, structured 

emission bands at 345 and 367 nm can be seen in the emission spectra of 2.5b10k and 2.5c10k, more 

closely resembling the emission spectrum of 2.5d10k which shows no excimer behavior. 2.5a10k, 

possessing the lower-bandgap naphthyl substituent, behaves as a conventional blue emitter with 

π-π* character. 

 

Figure 2.1. Normalized absorbance (solid) and photoluminescence (PL, dashed) spectra of polymers 2.5a10k (a), 

2.5b10k (b), 2.5c10k (c), 2.5d10k (d). 
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Table 2.2. Photophysical properties of semiconducting monomers and their corresponding polymers. 

Entry lmax, abs lmax, em FF e (104 M–1 cm–1) 

2.5a 301 432 0.31 2.2 

2.5b 304 528 0.09 2.8 

2.5c 303 367 <0.01 3.1 

2.5d 293 347 0.25 2.5 

2.5a10k 302 431 0.29 79 

2.5b10k 294 543 0.02 39 

2.5c10k 303 548 <0.01 53 

2.5d10k 293 347 0.20 39 
 

In a promising sign for optoelectronic applications of these materials, all four polymers 

underwent highly reversible one-electron oxidation by cyclic voltammetry in CH2Cl2, using 

tetrabutylammonium hexafluorophosphate as electrolyte (Table 2.3). The most electron-rich of 

these materials, 2.5a10k underwent oxidation at 0.41V relative to FeCp20/+, while 2.5d10k showed 

two reversible oxidation waves in the electrochemical window of CH2Cl2.  

These trends in electrochemical behavior were further confirmed by density functional 

theory on individual monomers of 2.5a-d, substituting the vinyl group found in these acrylates 

with a sec-butyl substituent to simulate the saturated carbon-carbon backbone in 2.5a-d10k. 

Calculations at the B3LYP/6-31+g(d) level of theory showed significant electron density on the 

nitrogen atom in the HOMO in all cases, with the lowest energy transitions in all materials showing 

π-π*character in the absence of excimer formation.  
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Table 2.3. Simulated and experimental electronic properties of polymers 2.5a-d10k. 

Entry E1/2ox[a] 
HOMO (eV) LUMO (eV) 

Calc. Exp.b Calc. Exp.c 

2.5a10k 0.412 –5.41 –5.21 –1.57 –1.10 

2.5b10k 0.419 –5.21 –5.21 –0.86 –0.99 

2.5c10k 0.417 –5.21 –5.22 –0.89 –1.13 

2.5d10k 0.535 –5.66 –5.34 –1.09 –1.11 
a In CH2Cl2 relative to FeCp0/+. b Calculated from E1/2ox relative to the 
FeCp0/+ HOMO level (4.80 eV). c Calculated from the HOMO level and 
the optical energy gap, Eg. Eg was determined from the low-energy UV-
vis absorption band edge.  

 

2.5 Thermal Properties 

Finally, the thermal properties of 2.5a-d10k were evaluated by thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC, Figure 2.2) to assess the stability of these materials 

for practical use in optoelectronics. Polymer 2.5a10k proved to be the least thermally stable by 

TGA, reaching a temperature of 200 °C, where relatively slow degradation occurred in two steps. 

The first step (200 − 490 °C) involved a mass loss of 34%, the second (490 − 800 °C) 35% to give 

an overall char yield of 31%. DSC studies of polymer 2.5a10k revealed a Tg of 109 °C. The most 

thermally stable polymer, 2.5b10k, was stable up to a temperature of 287 °C, where rapid 

degradation occurred in one step involving a mass loss of 92% to give a char yield of 8%. DSC 

studies on this polymer gave a Tg of 109 °C. TGA revealed that polymer 2.5c10k was thermally 

stable up to a temperature of 259 °C, where rapid degradation occurred in two steps. The first step 

(260 − 360 °C) involved a mass loss of 19%, the second (360 − 800 °C) 68% to give an overall 

char yield of 13%. DSC studies of polymer 2.5c10k revealed a Tg of 71 °C. TGA revealed that 

polymer 2.5d10k was thermally stable up to a temperature of 256 °C, where rapid degradation 
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occurred in two steps. The first step (255 − 500 °C) involved a mass loss of 35%, the second 

(500 − 800 °C) 25% to give an overall char yield of 40%. DSC studies of polymer 2.5d10k revealed 

a Tg of 76 °C. 

 

Figure 2.2. DSC traces of polymers 2.5a10k, 2.5b10k, 2.5c10k, 2.5d10k, run at a rate of 10 °C min-1 under a 50 mL min-

1 flow of nitrogen. Three consecutive heating and cooling cycles were performed, the second (d) or third (a, b, c) is 

shown 

 

2.6 Synthesis of High Molecular Weight Polymers 

In NMP, all monomers show linear first-order behaviour up to ~85% conversion (Figure 2.3), with 

propagation rates kp between 1.14 x 10–6 and 8.56 x 10–5 s–1. Above this limit, linear behaviour in 

the semilogarithmic plots of ln([M0]/[M]) are no longer observed, indicating that the concentration 

of the active species is not constant towards the end of the reaction (Figure 2.3). Similar behaviour 

has been observed previously for the Cu(0)-RDRP of methyl acrylate in MeCN using 
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Me6TREN,177,178 where it was noted that similar constraints on chain-end livingness were present 

above ~65% conversion. Interestingly, an induction period was reproducibly observed in the 

kinetic plot for the polymerization of monomer 2.5a in NMP. This was not seen for control 

polymerizations performed simultaneously on 2.5b-c using the same batch of copper wire, and as 

such we rule out the presence of a copper oxide layer in this reaction as the likely cause of this 

phenomenon. As the presence of trace impurities which can act as polymerization inhibitors are 

known to induce such induction periods by Cu(0)-RDRP,179,180 combined with the observation that 

2.5a shows only modest stability we speculate that trace impurities from monomer decomposition 

are the cause, even when 2.5a is purified on silica immediately prior to use. These issues are 

effectively alleviated by substitution of these electron-rich triarylamines with alkyl groups at the 

nucleophilic para-position in 2.5b and 2.5c. Monomer 2.5d, in contrast, has a HOMO energy 300 

mV lower in energy than 2.5a, which may explain its added stability in the absence of alkylation.  
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Figure 2.3.  Kinetic study comparison of the synthesis by Cu(0)-RDRP of 2.5a10k (a), 2.5b10k (b), 2.5c10k (c), 2.5d10k 

(d) in NMP and DMAc: ln([M0]/[M]) vs. time plot. At high conversion in NMP, the rate becomes non-linear with 

respect to [M]. 

 

 When conducted in N,N dimethylacetamide (DMAc), however, the polymerizations of 

2.5a-5d were found to remain living throughout the polymerization, displaying linear first-order 

kinetics until maximum conversion (93-97%) was reached. This was accompanied by an increase 

in rate constant kp for all materials (Figure 2.3, Table 2.4). Most importantly, the improved 

livingness of these four polymerizations in DMAc facilitated the preparation of higher molecular 

weight materials, which could be obtained only as ill-defined polymers with broad PDI in NMP 

(Figure 2.4). 
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Figure 2.4.   Example polymerizations of (2.5d) in NMP (red) and DMAc (black) with a target Mn of 50,000 Da at 52 

h. Reaction conditions: 2.5d/EBiB/CuBr2/Me6TREN = 152/1/0.065/0.068, DMAc or NMP = 1.15 mL; 18 gauge Cu(0) 

wire = 0.23 cm. Target degree of polymerization (DPn) is indicated above the trace, while GPC data indicates an Mn 

of 15,700 and a PDI of 1.77. 

 

Table 2.4 Synthesis of high molecular weight donor-type polymers by Cu(0)-RDRP 

Entry kp	(10–5	s–1) t (h) Mn, SECd Mn, theory Đ Conv. (%)e 

2.5a10ka 5.6 18 10100 9700 1.43 97 

2.5b10ka 8.42 9 10900 9300 1.14 93 

2.5c10ka 15.5 6 9900 9700 1.15 97 

2.5d10ka 14.7 8 10100 9600 1.11 96 

2.5a50kb 0.53 96 43200 42200 1.87 84 

2.5b50kc 1.14 24 29800 31400 1.44 63 

2.5c50kb 1.99 30 43300 43800 1.34 88 

2.5d50kb 1.22 48 43000 44400 1.34 89 
Reaction conditions: Monomer/EBiB/CuBr2/Me6TREN = M/1/0.065/0.068. a DMAc = 1.15 mL; 18 
gauge Cu(0) wire = 1.15 cm (2.5a: M = 26, 2.5b: M = 23, 2.5c: M = 28, 2.5d: M = 30). b DMAc = 
1.15 mL; 18 gauge Cu(0) wire = 0.23 cm (2.5a: M = 132, 2.5c: M = 140, 2.5d: M = 152). c DMAc = 
4.6 mL; 18 gauge Cu(0) wire = 4.6 cm 2.5b: M = 113. d Determined by GPC in THF. c Determined by 
1H NMR in CDCl3. 

 

Polymers with Mn = 50,000 were then targeted, with degrees of polymerization ranging 

from 113 to 152 (Figure 2.5). These polymers reached high conversion in case of 2.5a, 2.5c and 
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2.5d (84-89%), with some broadening in polydispersity from 1.11-1.43 in the case of the Mn = 

10,000 polymers to 1.34-1.87 in their larger analogues. In the case of 2.5b, however, the solubility 

of the polymer worsened as the molecular weight increased, consistent with the highly 

hydrophobic structure of this monomer. Nonetheless, conversion of 63% for a final molecular 

weight of 29,800 could be achieved if the amount of solvent and Cu(0) wire was increased (Table 

2.4). These results indicate that the use of DMAc is preferable in the polymerization of these 

materials, resulting in faster polymerization rates, improved chain-end livingness, and permitting 

the synthesis of high molecular weight materials. Importantly, we note that the living 

polymerizations facilitated by DMAc can also be used in the preparation of block copolymers. 

Polymerization of methyl acrylate (MA) in DMAc for 8 h under identical conditions 

(MA/EBiB/CuBr2/Me6TREN = 100/1/0.065/0.068) gave a well-defined polymer with PDI = 1.03, 

which was then chain-extended upon addition of 2.5d in DMAc with additional CuBr2/Me6TREN 

catalyst and Cu(0) wire (Figure 2.6). The resulting PMA10k-b-2.5d10k block copolymer showed a 

monomodal distribution and PDI = 1.11, indicating minimal termination before the addition of the 

functional block. This result indicates that Cu(0)-RDRP should facilitate the facile preparation of 

multiblock copolymers based on functional organic semiconductors, which could lead to materials 

with applications as redox-active gels, luminescent polymer dots (Pdots),181 or lithographic resists. 
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Figure 2.5. Molecular weight distribution plots of 2.5a10k-50k (a), 2.5b10k-50k (b), 2.5c10k-50k (c), 2.5d10k-50k (d). Target 

DPn is indicated above each trace. 

 

  
Figure 2.6. GPC chromatogram of in situ block copolymer PMA10k–2.5d10k (red) and PMA10k homopolymer 

(black). 

 

2.7 Application to n-type Semiconducting Monomers and Iridium Phosphors 

Concurrently, our group sought to develop analogous protocols for the polymerization of 

electron-transporting (n-type) acrylic monomers and phosphorescent transition-metal complexes. 
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We disclosed our findings in a pair of separate publications,182,183 and I describe the key results 

briefly below. 

Electron-transporting materials, frequently containing electron-deficient heterocycles such 

as pyridines, triazines, oxadiazoles or benzimidazoles, are a critical component of many organic 

devices, such as organic light-emitting diodes (OLEDs),184,185 organic thin-film transistors 

(OTFTs)186 and organic photovoltaics (OPVs).187 These represent challenging targets for Cu(0)-

RDRP, as in these cases the monomers often possess σ-donating nitrogen atoms, giving polymers 

capable of acting as polyvalent ligands for the copper species present in the reaction.188  

We demonstrated the use of Cu(0)-RDRP in the synthesis of polymeric materials based on 

a series of challenging substrates containing n-type semiconductor moieties (Figure 2.7). 

Polymerizations gave materials with narrow PDIs ranging from 1.14–1.39 at conversions ≥92%. 

The polymerization kinetics of these substrates was shown to be complex, which we attributed to 

the presence of N-donor atoms on all of the substrates studied which may interfere with the RDRP 

equilibria involving Cu(0), Cu(I) and Cu(II) in the reaction. Furthermore, the thermal, optical and 

electronic properties of the resultant polymers were studied in detail. 

 

Figure 2.7. Chemical structures of n-type organic acrylate polymers produced by Cu(0) RDRP. 
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 We also reasoned that Cu(0)-RDRP would be ideal for the polymerization of acrylic 

monomers based on phosphorescent transition-metal complexes. Such complexes, particularly 

those based on Os, Ir, or Pt, have found widespread use as emitters for OLED displays,155,189–192 

light-emitting electrochemical cells,193,194 and chemosensors,195–198 with quantum yields often 

approaching 100%. Due to the high cost of these materials, a polymerization method that 

minimizes waste, maximizes yield, and simplifies purification is highly desirable. Thus, we 

copolymerized red, green, and sky-blue iridium complexes with a carbazole-based host to produce 

polymers that showed good color purity in the solid state (Figure 2.8). Resulting polymers showed 

dispersities as low as 1.08 with conversions reaching 93%, providing a low-cost route to 

phosphorescent metallopolymers with minimal waste. High-molecular-weight polymers with Mn 

approaching 40 kDa were also successfully prepared, as well as block copolymers by chain 

extension of methyl acrylate (MA) in one pot. 

 

Figure 2.8. Chemical structures of phosphorescent iridium-containing acrylate copolymers produced by Cu(0) 

RDRP. 
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2.8 Conclusions 

Here we have demonstrated that Cu(0)-RDRP is an effective method for preparing functional 

acrylate-based polymers with p-type organic semiconductors as side chains. It was shown that 

first-order kinetics are exhibited by these polymers up to ~85% conversion in NMP and ≥93% in 

DMAc, using Me6TREN as ligand. Chain-end livingness was also substantially improved in 

DMAc, facilitating the synthesis of higher molecular weight polymers with Mn approaching 

50,000. Moreover, all polymers prepared here show highly reversible one-electron oxidation by 

cyclic voltammetry and reasonable stability by TGA, making them good candidates for further 

studies in optoelectronic applications in which triarylamine-based polymers have previously found 

widespread use. Furthermore, we applied our polymerization method to n-type semiconducting 

monomers and iridium-containing phosphors. Future investigations will expand upon these 

methods, with the aim to increase end-group fidelity at higher monomer conversions, towards the 

synthesis of increasingly complex multiblock copolymers for optoelectronics. 

 

2.9 Experimental Details 

General Considerations. All reactions and manipulations were carried out under a nitrogen 

atmosphere using standard Schlenk or glove box techniques unless otherwise stated. Solvents were 

obtained from Caledon Laboratories, dried using an Innovative Technologies Inc. solvent 

purification system, collected under vacuum, and stored under a nitrogen atmosphere over 4 Å 

molecular sieves. All reagents were purchased from Sigma-Aldrich or Alfa Aesar and used as 

received unless otherwise stated. Tris[2-(dimethylamino)ethyl]amine (Me6TREN), ethyl a-

bromoisobutyrate (EBiB), and dry dimethylformamide (DMF) were degassed by three freeze-

pump-thaw cycles, then stored under a nitrogen atmosphere. 4-(9H-carbazol-9-yl)benzaldehyde 



45 

 

(3d) was prepared according to literature procedures.172,173 N-methyl-2-pyrrolidone (NMP) and 

N,N dimethylacetamide (DMAc) were distilled, then degassed and stored under N2 atmosphere. 

CH2Cl2 was freshly distilled from P2O5 prior to use. Et3N was dried by distillation on CaH2 onto 

activated molecular sieves then degassed and stored under an N2 atmosphere. The 1H and 13C{1H} 

nuclear magnetic resonance (NMR) spectra were measured on a Bruker AV III HD 400 MHz 

spectrometer with chloroform-d (CDCl3) or dichloromethane-d2 (CD2Cl2) as the solvent. 

Absorbance measurements were made on a Cary 60 spectrometer and fluorescence measurements 

were made on an Edinburgh Instruments FS5 spectrofluorometer. Absolute photoluminescence 

quantum yields were determined using an Edinburgh Instruments SC–30 Integrating Sphere 

Module; CH2Cl2 was used as the solvent and the optical density at lex was kept between 0.05–

0.15. Mass spectra were recorded on a Kratos MS-50 instrument using electron impact (EI) 

ionization. 

 

Gel Permeation Chromatography (GPC). GPC experiments were conducted in 

chromatography-grade THF at concentrations of 2.5 – 5 mg mL−1 using a Malvern OMNISEC 

GPC instrument equipped with a Viscotek TGuard guard column (CLM3008), and Viscotek T3000 

(CLM3003) and T6000 (CLM3006) GPC columns packed with porous poly(styrene-co-

divinylbenzene) particles regulated at a temperature of 35 °C. Signal response was measured using 

differential viscometer, differential refractive index, photodiode array and right-angle and low 

angle light scattering detectors. Calibration was performed using polystyrene standards.  

 

Thermal Analysis. Thermal degradation studies were performed using a NETZSCH TG 209F1 

Libra instrument. Samples were placed in an Al2O3 crucible and heated at a rate of 10 °C min–1 
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from 25 to 800 °C under a flow of nitrogen (50 mL min–1). Glass transition temperatures were 

determined using differential scanning calorimetry (DSC) on a NETZSCH DSC 214 Polyma 

instrument. The polymer samples were placed in an aluminum pan and heated from 25 to 200 °C 

at 10 °C min–1 under a flow of nitrogen for three heating/cooling cycles. 

 

Electrochemical Methods. Cyclic voltammograms were recorded using a CH Instruments 660D 

potentiostat at room temperature using a standard three-electrode configuration (working 

electrode: 2 mm diameter Pt disc; reference electrode: RE-5B Ag/AgCl electrode in saturated 

aqueous KCl (BASi Inc.), referenced externally to ferrocene/ferrocenium (0.519 V vs Ag/AgCl in 

CH2Cl2);199 counter electrode: Pt wire) in 0.2 M tetrabutylammonium hexafluorophosphate in 

dichloromethane. Experiments were run at a scan rate of 100 mV s–1 in dry degassed electrolyte 

solution with ~2 mg mL–1 of analyte.  

 

Density Functional Theory (DFT). Calculations were performed using the Gaussian 09 software 

package. Ground state geometries and energies were calculated at the B3LYP/6-31+g(d) level of 

theory. To simulate electronic properties of these polymeric materials, analogous versions of each 

monomer were calculated in which the vinyl end group of the acrylate functionality is replaced 

with a sec-butyl group to more closely mimic the structure of the corresponding polymer chain. If 

this approximation is not made, the LUMO lies on the acrylate moiety in all cases.  

 

2.9.1 Synthetic Procedures 

General Procedure for Cu(0)-RDRP of a polymer with Mn = 10,000:  
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In a nitrogen atmosphere glovebox, a 4 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was filled with monomer (230 mg), 89.7 μL of a solution of 

ethyl α-bromoisobutyrate in NMP or DMAc (CEBiB = 50 mg mL–1; EBiB: 4.49 mg, 2.3 x 10–2 

mmol, 1 eq.), 89.0 μL of a solution of CuBr2/Me6TREN in NMP or DMAc (CCu = 3.75 mg mL–1; 

CuBr2: 0.334 mg, 1.5 x 10–3 mmol, 0.065 eq.; Me6TREN: 0.362 mg, 1.57 x 10–3 mmol, 0.068 eq.), 

and 1,3,5–trimethoxybenzene (3 eq.) as an internal standard. The total polymerization volume was 

kept to 1.15 mL of solvent. The mixture was stirred at room temperature for 10 minutes to allow 

all reagents to fully dissolve. A 1.15 cm piece of 18 gauge copper (0) wire was soaked in 

concentrated HCl for 15 minutes to remove surface impurities, then washed with water followed 

by acetone, dried in vacuo and taken into the glovebox. The wire was added to the mixture to 

initiate the polymerization. The polymerization was stirred until completion (see Table 1 and Table 

4), then quenched by addition of water followed by centrifugation. The polymer was taken up in 

CH2Cl2, dried over MgSO4 and concentrated in vacuo. The residue was purified by SEC (Bio-Rad 

Bio-Beads S-X1 Support) in THF and fractions containing polymer were determined by GPC 

analysis. All fractions containing polymer were collected and dried in vacuo overnight. 

Alternatively, polymers can be purified by reprecipitation into MeOH (5a-5c) or hexanes (5d). 

 

Chain extension of methyl acrylate (MA) with 2.5d: 

The general procedure for the homopolymerization of a 10k MW polymer by Cu (0)-RDRP 

was followed as given above. Homopolymerization of MA was allowed to proceed for 8h (~90% 

conversion by 1H NMR) before addition of a mixture of 5d (230 mg, 0.70 mmol, 30 eq.), DMAc 

(1 mL), 103.4 μL of a solution of CuBr2/Me6TREN in DMAc (CCu = 3.75 mg mL–1; CuBr2: 0.390 

mg, 1.7 x 10–3 mmol, 0.065 eq.; Me6TREN: 0.421 mg, 1.82 x 10–3 mmol, 0.068 eq.), and 1.15 cm 
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Cu(0) wire. Samples were taken at 2 h intervals for a total of 10 h and passed through a short 

column of neutral alumina to remove dissolved copper salts prior to analysis by 1H NMR and GPC. 

 

General Goldberg Reaction (A):  

Modified from a previously reported procedure.200 Diarylamine (10.0 mmol, 1 eq.), copper (I) 

iodide (190 mg, 1.0 mmol, 0.1 eq.), and 1,10-phenanthroline (180 mg, 1.0 mmol, 0.1 eq.) were 

added to a three-neck round bottom flask with an attached condenser and magnetic stir bar. The 

headspace was evacuated and backfilled with N2 three times. p-xylene (10 mL) and iodobenzene 

(2.45 g, 12.0 mmol, 1.2 eq) were added and the reaction mixture was heated to reflux. KOH (3.93 

g, 70 mmol, 7 eq.) was then ground to a fine powder using a mortar and pestle and added at reflux. 

The reaction was stirred at reflux until complete by TLC (approximately 24 h), then neutralized 

with 1 M acetic acid until the aqueous layer reached pH 7. The mixture was then extracted into 

CH2Cl2 (3 x 200 mL), after which the organic fractions were combined, dried over MgSO4, and 

concentrated in vacuo. The crude residue was purified on silica and the product was recrystallized 

from MeOH.  

 

General Vilsmeier-Haack Formylation (B):  

Modified from a previously reported procedure.200 Triarylamine (10.0 mmol) was added to a 100 

mL round bottom flask equipped with a magnetic stir bar. The headspace was evacuated and 

backfilled with N2 three times. DMF (6.2 mL, 80 mmol, 8 eq.) and chlorobenzene (12 mL) were 

added and the flask was heated to 65 ºC in an oil bath. At 65 ºC, POCl3 (5.6 mL, 60 mmol, 6 eq.) 

was added dropwise to the reaction mixture. The reaction was stirred overnight and then quenched 

by pouring the solution onto ice. The remaining acid was neutralized with solid K2CO3, added in 
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small portions, until the pH reached 7, and extracted into CH2Cl2 (3 x 100 mL). The organic 

fractions were combined, dried over MgSO4, and concentrated in vacuo. The crude residue was 

purified on silica.  

 

General NaBH4 Reduction (C):  

Modified from a previously reported procedure.201 Pure aldehyde-functionalized compound (10 

mmol) was added to a round bottom flask and dissolved in CH2Cl2. Once all starting material was 

dissolved, one part EtOH was added for every three parts CH2Cl2. Solid NaBH4 (0.45 g, 12 mmol, 

1.2 eq.) was then added to the solution and the reaction was monitored by TLC. When no starting 

material remained by TLC (approximately 24 h) the reaction was quenched by addition of water 

followed by extraction using CH2Cl2 (3 x 50 mL). The organic fractions were combined, dried 

over MgSO4, and concentrated in vacuo. The crude residue was then purified on a short silica 

column. 

 

General Acrylation (D): 

The alcohol-functionalized compound (10 mmol) and a magnetic stir bar were added to a flame 

dried round bottom flask which was evacuated and backfilled three times with N2. CH2Cl2 (100 

mL) and triethylamine (1.8 mL, 13 mmol, 1.3 eq.) were then added to the round bottom flask and 

stirred until all solid had dissolved. The reaction flask was cooled to 0  C in an ice bath for 30 

minutes, then acryloyl chloride (0.96 mL, 1.2 mmol, 1.2 eq.) was added to the reaction mixture 

dropwise over 10 minutes. The reaction was then protected from light using foil and allowed to 

stir in the ice bath for 6, 8 or 24 hrs as indicated below. The reaction was quenched by addition of 

water and extracted with CH2Cl2 (3 x 50 mL). The organic fractions were combined, dried over 
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MgSO4, and concentrated in vacuo without added heat. The crude residue was purified on a short 

silica column, taking care to elute the product as quickly as possible to avoid decomposition on 

silica.  

 

  

4-(naphthalen-1-yl(phenyl)amino)benzaldehyde (2.3a)  

Prepared according to general reaction B, using 2.2a as the starting material. Purified on silica 

using CH2Cl2. Yield 75%.1H NMR and 13C{1H} NMR spectra match literature values.202 

 

 

(4-(naphthalen-1-yl(phenyl)amino)phenyl)methanol (2.4a) 

Prepared according to general reaction C using 2.3a as the starting material. Purified on silica 

using a gradient from 2% to 10% MeOH in CH2Cl2. Yield 95%. 

O

N
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1H NMR (400 MHz, Chloroform-d): δ 7.92 (ddt, J = 16.1, 8.2, 0.9 Hz, 2H), 7.79 (dt, J = 8.2, 1.1 

Hz, 1H), 7.53 – 7.43 (m, 2H), 7.42 – 7.31 (m, 2H), 7.22 (ddd, J = 8.7, 4.7, 2.3 Hz, 4H), 7.08 – 7.00 

(m, 4H), 6.99 – 6.93 (m, 1H), 4.63 (s, 2H) ppm. 

13C{1H} NMR (101 MHz, Chloroform-d): δ 148.4, 147.9, 143.5, 135.4, 134.5, 131.2, 129.0, 

128.4, 128.1, 127.3, 126.5, 126.4, 126.3, 126.1, 124.0, 121.8, 121.7, 121.6, 64.8 ppm. 

HRMS (EI) m/z: [M+•] calcd for [C23H19NO]+•, 325.14666; found, 325.14626; difference: 1.3 

ppm. 

 

 

4-(naphthalen-1-yl(phenyl)amino)benzyl acrylate (2.5a) 

Prepared according to general reaction D (8 h) using 2.4a as the starting material. Purified on silica 

using 6:1 hexanes/ethyl acetate. Yield 97%.  

1H NMR (400 MHz, Methylene Chloride-d2): δ 7.96 (ddd, J = 7.6, 4.5, 1.1 Hz, 2H), 7.88 – 7.82 

(m, 1H), 7.57 – 7.32 (m, 4H), 7.29 – 7.19 (m, 4H), 7.12 – 7.05 (m, 2H), 7.04 – 6.88 (m, 3H), 6.43 

(dd, J = 17.3, 1.5 Hz, 1H), 6.18 (dd, J = 17.3, 10.4 Hz, 1H), 5.86 (dd, J = 10.4, 1.5 Hz, 1H), 5.12 

(s, 2H) ppm. 

13C{1H} NMR (101 MHz, Methylene Chloride-d2): δ 166.0, 148.7, 148.2, 143.4, 135.5, 131.4, 

130.7, 129.6, 129.3, 128.9, 128.6, 127.5, 126.8, 126.5, 126.3, 124.1, 122.4, 122.3, 121.1, 66.2 ppm. 

O O

N
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HRMS (EI) m/z: [M+•] calcd for [C26H21NO2]+•, 379.15727; found, 379.15723; difference: –0.1 

ppm. 

 

 

4-(tert-butyl)-N-(4-(tert-butyl)phenyl)-N-phenylaniline (2.2b)  

Prepared according to general reaction A, using bis(4-(tert-butyl)phenyl)amine as the diarylamine. 

Purified on silica using 1:3 CH2Cl2/hexane. Yield 81%. 1H NMR and 13C{1H} NMR spectra match 

literature values. 203  

 

 

4-(bis(4-(tert-butyl)phenyl)amino)benzaldehyde (2.3b)  

Prepared according to general reaction B, using 2.2b as the starting material. Purified on silica 

using CH2Cl2. Yield 95%.1H NMR and 13C{1H} NMR spectra match literature values. 204  
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(4-(bis(4-(tert-butyl)phenyl)amino)phenyl)methanol (2.4b)  

Prepared according to general reaction C using 2.3b as the starting material. Purified on silica 

using 1% MeOH in CH2Cl2. Yield 90%. 1H NMR and 13C{1H} NMR spectra match literature 

values. 205  

 

 

4-(bis(4-(tert-butyl)phenyl)amino)benzyl acrylate (2.5b) 

Prepared according to general reaction D (24 h) using 2.4b as the starting material. Purified on 

silica using CH2Cl2. Yield 96%. 

1H NMR (400 MHz, Chloroform-d): δ 7.39 (s, 1H), 7.33 – 7.20 (m, 6H), 7.10 – 7.00 (m, 6H), 

6.48 (dd, J = 17.3, 1.5 Hz, 1H), 6.19 (dd, J = 17.3, 10.4 Hz, 1H), 5.87 (dd, J = 10.4, 1.5 Hz, 1H), 

5.16 (s, 2H), 1.34 (s, 18H) ppm. 

13C{1H} NMR (101 MHz, Chloroform-d): δ 166.2, 148.4, 145.9, 144.9, 130.9, 129.5, 128.6, 

128.5, 128.3, 126.1, 124.1, 122.5, 66.3, 34.3, 31.4 ppm. 
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HRMS (EI) m/z: [M+•] calcd for [C30H35NO2]+•, 441.26678; found, 441.26711; difference: -0.8 

ppm. 

 

 

4-methyl-N-phenyl-N-(p-tolyl)aniline (2.2c)  

Prepared according to general reaction A, using di-p-tolylamine as the diarylamine. Purified on 

silica using 1:4 CH2Cl2/hexane. Yield 62%.1H NMR and 13C{1H} NMR spectra match literature 

values. 202  

 

 

4-(di-p-tolylamino)benzaldehyde (2.3c)  

Prepared according to general reaction B, using 2.2c as the starting material. Purified on silica 

using a gradient from 1:1 CH2Cl2/hexane to CH2Cl2. Yield 80%.1H NMR and 13C{1H} NMR 

spectra match literature values.202  
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(4-(di-p-tolylamino)phenyl)methanol (2.4c) 

Prepared according to general reaction C using 2.3c as the starting material. Purified on silica using 

CH2Cl2. Yield 93%.1H NMR and 13C{1H} NMR spectra match literature values.206 

 

 

4-(di-p-tolylamino)benzyl acrylate (2.5c) 

Prepared according to general reaction D (8 h) using 2.4c as the starting material. Purified on silica 

using CH2Cl2. Yield 73%. 

1H NMR (400 MHz, Chloroform-d): δ 7.28 – 7.20 (m, 2H), 7.11 (d, J = 8.2 Hz, 4H), 7.07 – 6.99 

(m, 6H), 6.49 (dd, J = 17.3, 1.5 Hz, 1H), 6.21 (dd, J = 17.3, 10.4 Hz, 1H), 5.88 (dd, J = 10.4, 1.5 

Hz, 1H), 5.16 (s, 2H), 2.35 (s, 6H) ppm. 

13C{1H} NMR (101 MHz, Chloroform-d): δ 166.8, 148.4, 145.1, 132.8, 130.9, 129.9, 129.5, 

128.5, 128.4, 124.8, 122.1, 66.3, 20.8 ppm. 

HRMS (EI) m/z: [M+•] calcd for [C24H23NO2]+•, 357.17293; found, 357.17288; difference: -0.1 

ppm.ac t ions  
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(4-(9H-carbazol-9-yl)phenyl)methanol (2.4d)  

Prepared according to general reaction C using 2.3d as the aldehyde. Purified on silica using 

CH2Cl2. Yield 90%.1H NMR and 13C{1H} NMR match literature values.207 

 

 

4-(9H-carbazol-9-yl)benzyl acrylate (2.5d) 

Prepared according to general reaction D (6 h) using 2.4d as the starting material. Purified on silica 

using CH2Cl2 and recrystallized twice from CH2Cl2/hexanes. Yield 96%. 

1H NMR (400 MHz, Chloroform-d): δ 8.18 (d, J = 7.7 Hz, 2H), 7.63 (q, J = 8.5 Hz, 4H), 7.48 – 

7.38 (m, 4H), 7.32 (ddd, J = 8.0, 5.1, 3.1 Hz, 2H), 6.56 (dd, J = 17.3, 1.4 Hz, 1H), 6.27 (dd, J = 

17.3, 10.4 Hz, 1H), 5.95 (dd, J = 10.4, 1.4 Hz, 1H), 5.36 (s, 2H) ppm. 

13C{1H} (101 MHz, Chloroform-d): δ 166.0, 140.8, 137.7, 135.1, 131.5, 129.8, 128.2, 127.2, 

126.0, 123.4, 120.3, 120.0, 109.7, 65.8 ppm. 

HRMS (EI) m/z: [M+•] calcd for [C22H17NO2]+•, 327.12576; found, 327.12593; difference: 0.5 

ppm. 
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Chapter 3: Multiblock Bottlebrush Nanofibers from Organic Electronic 

Materials 

3.1 Introduction 

Techniques for the assembly of hierarchical nanostructures from soft matter have opened the door 

to many new applications of nanotechnology. Methods such as crystallization-driven self-

assembly (CDSA),3,14,18,29,208,209 living supramolecular polymerization,32,34,210–212 and hierarchical 

solution self-assembly (HSSA)8,40,213 have leveraged low-cost solution processing to address 

scalability challenges, while the complexity of materials prepared in these ways continues to 

improve.  Despite these achievements, synthetic methods in nanotechnology that rely on self-

assembly continue to face several challenges. Most importantly, self-assembly can be highly 

dependent on conditions such as solvent and temperature, which must be kept within certain ranges 

if the integrity of the nanomaterial is to be maintained. Furthermore, methods for the precise 

synthesis of soft-matter nanomaterials often require building blocks with highly specific 

properties. For example, CDSA makes use of polymers amenable to epitaxial crystallization, 

supramolecular polymerization must precisely balance Van der Waals forces, and HSSA uses 

building blocks with differing solubilities to achieve complex, well-defined nanomaterials. While 

each has been used to prepare nanomaterials with impressive complexity and function, the 

chemical requirements of each technique narrow the potential scope of materials that might be 

investigated. 

We therefore sought methods based on efficient and orthogonal covalent chemistry for 

preparing nanostructures with well-defined components, which would circumvent many of the 

challenges associated with nanomaterials synthesis by self-assembly. Bottlebrush copolymers 
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(BBCPs) are ideally suited for this goal, and have recently emerged as a powerful route to large 

macromolecules with molecular weights exceeding 106 Da.58,62,65 Consisting of polymeric side-

chains attached covalently to a linear backbone, these materials have found numerous applications 

in photonic crystals,67,68,214 templating,215–217 and nanomedicine74–76,218,219 as a result of their 

unique physical properties. Due to the steric demands of the side chains, bottlebrush polymers 

occupy a relatively low-entropy conformational space, adopting extended conformations that limit 

chain entanglement in solution and the solid state.55,56 As a result, this class of polymers have 

recently been used to prepare nanostructures with complex and unique morphologies, including 

Janus particles,220 toroids,221 dumbbells,222 and brushes with tailored graft distributions.78,223–225 

As a result of their size, bottlebrush polymers also make unique building blocks for larger 

structures, and have been investigated in self-assembled materials themselves.81,226,227 

Multiblock bottlebrush copolymers provide a compelling bottom-up approach to the 

synthesis of hierarchical nanostructures from soft material. Their block-by-block synthesis allows 

for the preparation of multicompartment structures that remain nanosegregated by virtue of their 

covalent chemistry, irrespective of environmental conditions such as temperature or solvent. 

Furthermore, bottlebrush copolymers may be used to form nanostructures from a vast array of 

monomers, removing the need to consider factors such as crystallization or selective solvation that 

a self-assembly approach might require. This would facilitate the preparation of hierarchical 

materials with multiple, complex functionalities difficult to achieve by existing methods.  

Here we prepared bottlebrush copolymers which mimic the structure of multilayer organic 

electronic devices on single polymer chains. Bottlebrush polymers based on polythiophenes have 

recently shown promise as dielectric materials,84,85,88 and similar structures composed of multiple 

organic semiconductors would provide a unique tool for the study of charge transport at nanoscale 
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junctions.228,229 Using a series of macromonomers prepared from p- and n-type organic 

semiconductors, fiber-like nanomaterials of tunable length were prepared with molecular weights 

from 470 – 2050 kDa. This approach was then used to access diblock nanofibers analogous to 

organic p-n junctions, which displayed the reversible electrochemistry of each of their components 

(Figure 3.1). Finally, bottlebrush copolymers were prepared in which individual polymer chains 

exhibited the multilayer structure of four-component phosphorescent organic light-emitting diodes 

(OLEDs), such that the photophysical properties of each of the four organic semiconductors could 

be independently observed. 

 

Figure 3.1. Schematic illustration of a diblock bottlebrush copolymer composed of p-type (blue) and n-type (orange) 

organic semiconductors. 

 

3.2 Results and Discussion 

A series of macromonomers (MMs) were first synthesized from acrylates bearing organic 

semiconductor moieties as side-chains, representative of materials used in the emissive layer 

(EML), hole-transport layer (HTL) and electron-transport layer (ETL) of organic devices such as 
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OLEDs or organic thin-film transistors (OTFTs). MMs were prepared via direct growth from a 

norbornene-functionalized initiator via Cu(0) reversible-deactivation radical polymerization 

(RDRP),105,106,108 which provides a scalable route to multigram quantities of these materials at 

room temperature with dispersities (Ð) as low as 1.12 (Figure 3.2). Competing vinyl addition to 

the norbornene group during the RDRP process can be suppressed by halting the polymerization 

at conversions ≤ 60%,230 after which residual monomer can be successfully removed and recycled.  

Grafting-through ring-opening metathesis polymerization (ROMP) of each macromonomer was 

then used to give bottlebrushes with target backbone degrees of polymerization (DPn’s) of 100 and 

400 from CzBA-MM, ETL-MM and tBuHTL-MM. The grafting-through approach using 

Grubbs’ third-generation catalyst (1.3) was chosen to ensure 100% grafting density of side chains 

to the bottlebrush backbone, and gave bottlebrushes with Mn > 2 x 106 Da (Table 3.1). Consistent 

with the results of Matson and coworkers,231 the conversion observed during ROMP decreases and 

dispersity increases as longer bottlebrushes are targeted, particularly given the considerable steric 

bulk of the semiconductor side chains employed here. Bottlebrushes formed from ETL-MM 

consistently showed molecular weights higher than those anticipated by theory, perhaps due to 

interactions from the coordinating nitrogen atoms on the ETL monomer with the ruthenium 

catalyst.  
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Figure 3.2. Synthesis of norbornene-functionalized macromonomers from a series of organic semiconductors, and 

their reaction to form bottlebrush polymers by grafting-through ROMP. 

 

We also note that the addition of a C11 spacer between the norbornene-dicarboxamide and 

the polyacrylate was critical in achieving high backbone DPn’s, as earlier efforts using only a C2 

linker gave bottlebrushes with a maximum DPn of ≈ 50. Importantly, we determined that residual 

macromomomer can be completely removed from these mixtures by passing the reaction over a 

reusable methacrylic resin in THF, a critical detail if the properties of individual nanowires are to 

be electrically interrogated. Atomic force microscopy (AFM) images of bottlebrushes prepared 

from each of these organic semiconductors on highly oriented pyrolytic graphite (HOPG) 

substrates are shown in Figure 3, with fiber-like morphologies up to several hundred nanometers 

in length in each case. All bottlebrushes are fluorescent with emission maxima of 347, 412, and 

469 nm and quantum yields of 0.21, 0.02 and 0.56 for  CzBA100-BB, ETL100-BB and tBuHTL100-

BB respectively, mirroring the photophysical properties of their respective homopolymers.182,232  
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Figure 3.3. Schematic illustrations and AFM height images of a) tBuHTL400-BB, b) CzBA400-BB and c) ETL400-BB 

(right) on HOPG substrates (scale bars = 200 nm). 

 

Table 3.1. Synthesis of bottlebrush homopolymers. 

Entrya Mn, SECb 

(kDa) 
Mn, theory 
(kDa) Đ Conv. (%)b 

tBuHTL100-BB 570 499 1.14 78 

CzBA100-BB 701 500 1.17 83 

ETL100-BB 473 504 1.12 71 

tBuHTL400-BB 1530 1770 1.35 69 

CzBA400-BB 1990 2040 1.32 85 

ETL400-BB 2050 1620 1.31 57 
aSubscript indicates target DPn. 
bDetermined by SEC in THF after purification by preparatory SEC. 
 

This Cu(0)-RDRP/ROMP strategy was then used to prepare diblock copolymers with 

structures analogous to nanoscale junctions between chemically distinct organic semiconductors 

(Figure 3.4). By sequential reaction of macromonomers, diblock BBCPs (CzBA75-b-tBuHTL75)-
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BB, (CzBA75-b-ETL75)-BB, and (ETL75-b-tBuHTL75)-BB were successfully prepared. Cyclic 

voltammetry shows the diblock bottlebrushes to be capable of the reversible reduction and 

oxidation of their individual components, showing promise for investigating these materials as thin 

films for ambipolar charge transport or as individual nanoscale diode-like structures. Notably, 

monomodal molecular weight distributions with dispersities of 1.21 and 1.17 are obtained for 

(CzBA75-b-tBuHTL75)-BB and (CzBA75-b-ETL75)-BB respectively, while significant chain 

death is consistently observed upon addition of the second block for the bulkier (ETL75-b-

tBuHTL75)-BB. This indicates that the steric bulk of the reactive macronomomers plays a key role 

in achieving well-defined diblock copolymers from organic semiconductors via ROMP.  

 

Figure 3.4. Schematics (left) and SEC chromatograms (right) of diblock bottlebrushes (a) (CzBA75-b-ETL75)-BB (b) 

(CzBA75-b-tBuHTL75)-BB (c) (ETL75-b-tBuHTL75)-BB showing the refractive index (RI) response after the 

addition of each block, and following purification by preparatory SEC. (d-f) Cyclic voltammograms (CVs) of  (ETL75-

b-tBuHTL75)-BB, (CzBA75-b-ETL75)-BB and (CzBA75-b-tBuHTL75)-BB relative to FeCp20/+. CVs of tBuHTL100-

BB (blue), CzBA100-BB (purple) and ETL100-BB (orange) are shown for comparison. 
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To demonstrate the potential of this approach in preparing hierarchical nanostructures from 

optoelectronic materials, we next prepared triblock BBCPs such that the structure of each 

individual macromolecule would mimic the design of a four-component OLED, composed of ETL, 

HTL, a host material, and a phosphorescent iridium dopant.  Such nanostructures would allow for 

control at three levels of hierarchy: 1) the structures of the monomers used; 2) the arrangement of 

these monomers within macromonomer strands, and 3) the arrangement of macromonomer strands 

into a multiblock bottlebrush, mimicking the structure of macroscopic devices. 

To this end, a fourth macromonomer IrPPY-MM was synthesized consisting of CzBA 

doped with 8 wt% of an iridium-containing monomer based on the commonly used OLED emitter 

Ir(ppy)2(acac) (Mn = 9300, Đ = 1.22). Sequential ROMP of ETL-MM, IrPPY-MM, and tbuHTL-

MM gave (ETL50-b-IrPPY30-b-tBuHTL50)-BB (Figure 3.5). This material shows bright green 

phosphorescence (Figures 5e and S12, τ = 5.0 µs) alongside the reversible reduction and oxidation 

of the ETL and HTL blocks at -2.32 and 0.48 V, respectively. While copolymers consisting of 

multiple OLED materials have been synthesized previously,233 (ETL50-b-IrPPY30-b-tBuHTL50)-

BB is composed of individual domains with discrete interfaces that remain nanosegregated due to 

the unique morphology of the bottlebrush structure (Mn = 296 kDa, Đ = 1.21). Furthermore, the 

energy levels of the four components of the structure match the typical ‘staircase’ arrangement of 

a four-component OLED, (Figure 5b, Table S2) designed to facilitate charge-transport of both 

electrons and holes from each end of the structure to the active layer at its center. SEC analysis 

shows that narrow dispersity is maintained at each stage of the polymerization, indicating that 

separation of the bulky HTL and ETL blocks with the smaller CzBA block allows for the synthesis 

of triblock BBCPs from organic semiconductors with minimal chain death (Table S3). 
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Figure 3.5. (a) Schematic illustration of (ETL50-b-IrPPY30-b-tBuHTL50)-BB, showing the structure of the IrPPY 

side chains in the middle block. (b) Energy level diagram for the four components of the triblock BBCP. (c) Cyclic 

voltammogram of this BBCP showing the reduction of the ETL block (orange) and oxidation of the tBuHTL block 

(blue). (d) SEC RI chromatograms after the addition of each block. (e) PL decay of the BBCP (λex = 340 nm) showing 

the phosphorescent decay of the Ir dopant. f) AFM height images of these BBCPs on HOPG (scale bar = 200 nm).  

 

3.3 Conclusions 

In summary, the grafting-through synthesis of BBCPs has been shown to be an effective 

route to multiblock structures formed from optoelectronic materials. Multicomponent 

nanomaterials similar in architecture to block co-micelles can be prepared by covalent chemistry, 

adapting a cylindrical morphology that does not require environment-dependent self-assembly 

steps. This work opens the door to research on nanoscale wires and junctions from arbitrary organic 

semiconductors regardless of their crystallinity or solvophilicity, providing methods for the 

incorporation of diverse optoelectronic materials into hierarchical nanofibers. Future work will 

examine the electrical properties of individual wires and multiblock structures by conductive 

scanning probe microscopy techniques, as well as assess the use of these materials in 

semiconducting thin films.  
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3.4 Experimental Details 

General Considerations. All reactions and manipulations were carried out under a nitrogen 

atmosphere using standard Schlenk or glove box techniques unless otherwise stated. Dry solvents 

were obtained from Caledon Laboratories, dried using an Innovative Technologies Inc. solvent 

purification system, collected under vacuum, and stored under a nitrogen atmosphere over 4 Å 

molecular sieves. All reagents were purchased from Sigma-Aldrich or Alfa Aesar and used as 

received unless otherwise stated. 2.5b,232 2.5d,232 3.1,182 3.2183 (see Section 3.4.7), 11-

aminoundecan-1-ol,234 and dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene] 

(benzylidene)bis(pyridine)ruthenium(II)122 (1.3) were prepared according to literature procedures. 

N-methyl-2-pyrrolidone (NMP) was distilled, then degassed and stored under an N2 atmosphere. 

CH2Cl2 was freshly distilled from P2O5 prior to use. Et3N was dried by distillation on CaH2 onto 

activated molecular sieves then degassed and stored under an N2 atmosphere. The 1H and 13C{1H} 

nuclear magnetic resonance (NMR) spectra were measured on a Bruker AV III HD 400 MHz 

spectrometer with chloroform-d (CDCl3) or dichloromethane-d2 (CD2Cl2) as the solvent. 

Absorbance measurements were made on a Cary 60 spectrometer and fluorescence measurements 

were made on an Edinburgh Instruments FS5 spectrofluorometer. Absolute photoluminescence 

quantum yields were determined using an Edinburgh Instruments SC–30 Integrating Sphere 

Module; toluene was used as the solvent and spectra obtained at concentrations of 0.01 mg mL–1. 

Mass spectra were recorded on a Kratos MS-50 instrument using electron impact ionization. 

 

Atomic Force Microscopy (AFM). Atomic force microscopy (AFM) images were obtained using 

an Asylum Instruments Cypher S AFM system in tapping mode at scan rates of 0.1 Hz. Samples 

were prepared by spin-coating solutions of polymer onto freshly cleaved highly-oriented pyrolytic 
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graphite (HOPG) at 2500 rpm for 30 s at concentrations of ~0.001 mg mL–1. For best results, 1,2-

dichloroethane was used as the solvent for tBuHTL400-BB, ETL400-BB, and (ETL50-b-IrPPY30-

b-tBuHTL50)-BB while 2:1 chloroform/chlorobenzene was used as the solvent for CzBA400-BB. 

Samples were placed in a vacuum oven (60 ºC) for at least 2 h before images were obtained using 

Mikromasch HQ:NSC14/No Al or HQ:NSC19/No Al probes, with typical resonance frequencies 

f and spring constants k of (f = 160 kHz, k = 5 N/m) and (f = 65 kHz, k = 0.5 N/m) respectively. 

 

Size Exclusion Chromatography (SEC). SEC experiments were conducted in chromatography-

grade THF at concentrations of 0.5 – 2 mg mL−1 using a Malvern OMNISEC GPC instrument 

equipped with a Viscotek TGuard guard column (CLM3008), and Viscotek T3000 (CLM3003) 

and T6000 (CLM3006) GPC columns packed with porous poly(styrene-co-divinylbenzene) 

particles regulated at a temperature of 35 °C. Signal response was measured using differential 

viscometer, differential refractive index, photodiode array and right-angle and low angle light 

scattering detectors. Calibration of interdetector distances was performed using a polystyrene 

standard from Malvern Inc. Refractive index increments (dn/dc) were determined using 100% mass 

recovery methods from Malvern OMNISEC software version 10.2 with each polymer sample being run 

at least five times to ensure reproducibility of the calculated refractive index increment. 

 

Thermal Analysis. Glass transition temperatures were determined using differential scanning 

calorimetry (DSC) on a NETZSCH DSC 214 Polyma instrument. The polymer samples were 

placed in an aluminum pan and heated from 25 to 175 °C at 10 °C min–1 under a flow of nitrogen 

for 3 heating/cooling cycles. 
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Electrochemical Methods. Cyclic voltammograms were recorded using a BASi Epsilon Eclipse 

potentiostat at room temperature using a standard three-electrode configuration (working 

electrode: 3 mm diameter glassy carbon; reference electrode: RE-5B Ag/AgCl electrode in 

saturated aqueous KCl (BASi Inc.), referenced externally to ferrocene/ferrocenium (0.543 V in 

1,2-difluorobenzene);199 counter electrode: Pt wire) in 0.2 M tetrabutylammonium 

hexafluorophosphate in 1,2-difluorobenzene. Experiments were run at a scan rate of 100 mV s–1 

in dry degassed electrolyte solution with ~4 mg mL–1 of analyte. Polymers ETL100-BB, CzBA100-

BB, and (CzBA75-b-ETL75)-BB were sparingly soluble and run as saturated solutions. 

 

Density Functional Theory. Calculations were performed using the Gaussian 09 software 

package.235 Ground state geometries and energies were calculated at the B3LYP/6-31+g(d) level 

of theory for all atoms except iridium, for which the LANL2DZ basis set was used. To simulate 

electronic properties of these polymeric materials, analogous versions of each monomer were 

calculated in which the vinyl end group of the acrylate functionality was replaced with a sec-butyl 

group to more closely mimic the structure of the corresponding polymer chain. If this 

approximation is not made, the LUMO lies on the acrylate moiety in all cases.  

 

3.4.1 Synthetic Procedures 
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Synthesis of N-(hydroxyundecanyl)-cis-5-norbornene-exo-2,3-dicarboximide (3.3) 

Prepared according to a modified literature procedure.236 A 100 mL round-bottomed flask 

equipped with a magnetic stir bar, a Dean-Stark trap and a condenser was charged with cis-5-

norbornene-exo-2,3-dicarboxylic anhydride (0.96 g, 5.8 mmol, 1 eq.), 1-aminoundecan-1-ol (1.2 

g, 6.4 mmol, 1.1 eq.) and Et3N (59 mg, 0.58 mmol, 0.1 eq.) and 20 mL toluene. The mixture was 

heated to reflux and left for 22 h before cooling back to room temperature. The reaction was 

extracted with CH2Cl2 and washed with 0.1 M HCl (20 mL) and brine (20 mL), dried over MgSO4, 

filtered and concentrated in vacuo to yield 3.3 as a yellow oil. Yield = 1.63 g (76 %). 

1H NMR (400 MHz, Chloroform-d): δ 6.29 (t, J = 1.9 Hz, 2H), 3.65 (t, J = 6.6 Hz, 2H), 3.46 (t, 

J= 7.3 Hz, 2H), 3.28 (t, J = 1.8 Hz, 2H), 2.68 (d, J = 1.5 Hz, 2H), 1.59 – 1.51 (m, 5H), 1.35 – 1.20 

(m, 16H) ppm. 

13C{1H} NMR (101 MHz, Chloroform-d): δ 178.3, 137.9, 63.2, 47.9, 45.32, 42.8, 38.9, 32.9, 

29.6, 29.5, 29.5, 29.5, 29.2, 27.9, 27.0, 25.8 ppm. 
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HRMS (EI) m/z: [M+•] calcd for [C20H31NO3]•, 333.23039; found, 333.23014; difference: 0.8 

ppm. 

 

 

Synthesis of N-(undecanyl 2-bromo-2-methylpropionate)-cis-5-norbornene-exo-2,3-

dicarboximide (3.4) 

Prepared according to a modified literature procedure.236 A 100 mL round-bottomed flask 

equipped with a magnetic stir bar was charged with 3.3 (1.4 g, 4.2 mmol, 1 eq.), Et3N (59 mg, 0.58 

mmol, 0.1 eq) and 50 mL dry CH2Cl2. The solution was sparged with N2 for 10 min and cooled to 

0 °C in an ice bath. α-Bromoisobutyryl bromide (1.2 g, 6.4 mmol, 1.1eq.) was added dropwise 

with a syringe over 2 min. The reaction was warmed to room temperature slowly, then left stirring 

under N2 overnight. A colour change from light yellow to orange was observed. To quench the 

reaction 20 mL of H2O was added. The organic layer was collected and washed with 20 mL brine, 

dried over MgSO4, filtered and concentrated in vacuo. The crude residue was purified with silica 

gel chromatography (3:1 CH2Cl2/Hexanes) to yield 3.4 as a colourless oil. Yield = 0.814 g (84 %). 

1H NMR (400 MHz, Chloroform-d): δ 6.29 (t, J = 1.9 Hz, 2H), 4.17 (t, J = 6.6 Hz, 2H), 3.46 (d, 

J = 7.5 Hz, 2H), 3.28 (t, J = 1.8 Hz, 2H), 2.68 (d, J = 1.3 Hz, 2H), 1.94 (s, 6H), 1.67 (dt, J = 8.0, 

6.5 Hz, 2H), 1.60 – 1.49 (m, 3H), 1.42 – 1.20 (m, 15H) ppm. 

13C{1H} NMR (101 MHz, Chloroform-d): δ 178.1, 171.7, 137.8, 66.1, 56.0, 47.8, 45.1, 42.7, 

38.7, 30.8, 29.4, 29.4, 29.3, 29.1, 29.1, 28.3, 27.7, 26.9, 25.8 ppm. 
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HRMS (EI) m/z: [M+•] calcd for [C24H36NO479Br]•, 481.18277; found, 481.18310; difference: 0.7 

ppm. 
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Synthesis of tBuHTL-MM by Cu(0)-RDRP:  

In a nitrogen atmosphere glovebox, to a 20 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added 2.5b (2.00 g, 4.5 mmol, 23 eq.), 1.93 mL of a solution 

of 3.4 in NMP (CS2 = 50 mg mL–1; 3.4 96.5 mg, 0.20 mmol, 1 eq.), and 775.0 μL of a solution of 

CuBr2/Me6TREN in NMP (CCu = 3.75 mg mL–1; CuBr2: 2.90 mg, 1.3 x 10–2 mmol, 0.065 eq.; 

Me6TREN: 3.14 mg, 1.4 x 10–2 mmol, 0.068 eq.). The total polymerization volume was kept to 

7.3 mL of solvent. The mixture was stirred at room temperature for 10 minutes to allow all reagents 

to fully dissolve. A 10 cm piece of 18 gauge copper (0) wire was soaked in concentrated HCl for 

15 minutes to remove surface impurities, then washed with water followed by acetone, dried in 

vacuo and taken into the glovebox. The wire was added to the mixture to initiate the 

polymerization. Each hour a 25 μL aliquot was taken and diluted with CDCl3, and the conversion 

monitored by 1H NMR. At approximately 50 % conversion, the polymerization was quenched by 

addition of water followed by filtration. The polymer was taken up in CH2Cl2, dried over MgSO4 

and concentrated in vacuo. The residue was purified by preparatory SEC (Bio-Rad Bio-Beads S-

X1 Support) in THF and fractions containing polymer were determined by SEC analysis. All 

fractions containing polymer were collected and dried in vacuo overnight. Yield = 950 mg. 
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Synthesis of CzBA-MM by Cu(0)-RDRP:  

In a nitrogen atmosphere glovebox, to a 20 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added 2.5d (2.00 g, 6.1 mmol, 30.5 eq.), 1.93 mL of a 

solution of 3.4 in NMP (CS2 = 50 mg mL–1; 3.4: 96.5 mg, 0.20 mmol, 1 eq.), and 775.0 μL of a 

solution of CuBr2/Me6TREN in NMP (CCu = 3.75 mg mL–1; CuBr2: 2.90 mg, 1.3 x 10–2 mmol, 

0.065 eq.; Me6TREN: 3.14 mg, 1.4 x 10–2 mmol, 0.068 eq.). The total polymerization volume was 

kept to 9.2 mL of solvent. The mixture was stirred at room temperature for 10 minutes to allow all 

reagents to fully dissolve. A 10 cm piece of 18 gauge copper (0) wire was soaked in concentrated 

HCl for 15 minutes to remove surface impurities, then washed with water followed by acetone, 

dried in vacuo and taken into the glovebox. The wire was added to the mixture to initiate the 

polymerization. Each hour a 25 μL aliquot was taken and diluted with CDCl3, and the conversion 

monitored by 1H NMR. At approximately 50 % conversion, the polymerization was quenched by 

addition of water followed by filtration. The polymer was taken up in CH2Cl2, dried over MgSO4 

and concentrated in vacuo. The residue was purified by preparatory SEC (Bio-Rad Bio-Beads S-

X1 Support) in THF and fractions containing polymer were determined by SEC analysis. All 

fractions containing polymer were collected and dried in vacuo overnight. Yield = 753 mg. 

N

O

O

O

O

9

Br

OO

N

n

12 14 16 18 20
0.0

0.5

1.0

Retention volume (mL)

R
I (

a.
u.

)

Mn

6000
PDI
1.19



74 

 

  

Synthesis of ETL-MM by Cu(0)-RDRP:  

In a nitrogen atmosphere glovebox, to a 40 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added 3.1 (2.00 g, 4.0 mmol, 20 eq.), 1.93 mL of a solution 

of 3.4 in NMP (CS2 = 50 mg mL–1; 3.4: 96.5 mg, 0.20 mmol, 1 eq.), and 775.0 μL of a solution of 

CuBr2/Me6TREN in NMP (CCu = 3.75 mg mL–1; CuBr2: 2.90 mg, 1.3 x 10–2 mmol, 0.065 eq.; 

Me6TREN: 3.14 mg, 1.4 x 10–2 mmol, 0.068 eq.). The total polymerization volume was kept to 

17.3 mL of solvent. The mixture was stirred at room temperature for 10 minutes to allow reagents 

to dissolve, however the polymerization can be initiated before all 3.1 is in solution. A 20 cm piece 

of 18 gauge copper (0) wire was soaked in concentrated HCl for 15 minutes to remove surface 

impurities, then washed with water followed by acetone, dried in vacuo and taken into the 

glovebox. The wire was added to the mixture to initiate the polymerization. Each hour a 25 μL 

aliquot was taken and diluted with CDCl3, and the conversion monitored by 1H NMR. At 

approximately 50 % conversion, the polymerization was quenched by addition of water followed 

by filtration. The polymer was taken up in CH2Cl2, dried over MgSO4 and concentrated in vacuo. 

The residue was purified by preparatory SEC (Bio-Rad Bio-Beads S-X1 Support) in THF and 
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fractions containing polymer were determined by SEC analysis. All fractions containing polymer 

were collected and dried in vacuo overnight. Yield = 973 mg. 

  

Synthesis of IrPPY-MM by Cu(0)-RDRP:  

In a nitrogen atmosphere glovebox, to a 20 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added 2.5d (920 mg, 2.8 mmol, 40 eq.), 3.2 (80 mg, 0.114 

mmol, 1.1 eq.), 0.966 mL of a solution of 3.4 in NMP (CS2 = 50 mg mL–1; 3.4: 48.3 mg, 0.10 

mmol, 1 eq.), and 390.0 μL of a solution of CuBr2/Me6TREN in NMP (CCu = 3.75 mg mL–1; CuBr2: 

1.45 mg, 6.5 x 10–3 mmol, 0.065 eq.; Me6TREN: 1.5 mg, 6.8 x 10–3 mmol, 0.068 eq.). The total 

polymerization volume was kept to 4.6 mL of solvent. The mixture was stirred at room temperature 

for 10 minutes to allow all reagents to fully dissolve. A 5 cm piece of 18 gauge copper (0) wire 

was soaked in concentrated HCl for 15 minutes to remove surface impurities, then washed with 

water followed by acetone, dried in vacuo and taken into the glovebox. The wire was added to the 

mixture to initiate the polymerization. Each hour a 25 μL aliquot was taken and diluted with 

CDCl3, and the conversion monitored by 1H NMR. At approximately 60 % conversion, the 

polymerization was quenched by addition of water followed by filtration.  The polymer was taken 

up in CH2Cl2, dried over MgSO4 and concentrated in vacuo. The residue was purified by 
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preparatory SEC (Bio-Rad Bio-Beads S-X1 Support) in THF and fractions containing polymer 

were determined by SEC analysis. All fractions containing polymer were collected and dried in 

vacuo overnight. Yield = 500 mg.  

 

Synthesis of tBuHTL100-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added tBuHTL-MM (100 mg, 1.6 x 10–2 mmol, 100 eq.) 

and 400 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 28 

μL of a solution of 1.3 in THF (C1.3 = 4 mg mL–1; 1.3: 0.11 mg, 1.3 x 10–4 mmol, 1 eq.) was added 

to the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 

1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, and the polymerization was 

removed from the glove box, quenched with one drop of ethyl vinyl ether, and immediately 

purified by preparatory SEC (Toyopearl HW-55F resin) in THF and fractions containing polymer 

were determined by SEC analysis. All fractions containing polymer were collected and dried in 

vacuo overnight. Yield = 64 mg. 

 

Synthesis of tBuHTL400-BB by ROMP:  

 Prepared as above, using C1.3 = 1 mg mL–1. Yield = 43 mg. 
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Synthesis of CzBA100-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added CzBA-MM (75 mg, 1.3 x 10–2 mmol, 100 eq.) and 

187.5 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 23 

μL of a solution of 1.3 in THF (C1.3 = 4 mg mL–1; 1.3: 0.092 mg, 1.3 x 10–4 mmol, 1 eq.) was 

added to the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature 

for 1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, and the polymerization was 

removed from the glove box, quenched with one drop of ethyl vinyl ether, and immediately 

purified by preparatory SEC (Toyopearl HW-55F resin) in THF and fractions containing polymer 

were determined by SEC analysis. All fractions containing polymer were collected and dried in 

vacuo overnight. Yield = 57 mg. 

Synthesis of CzBA400-BB by ROMP:  

 Prepared as above, using C1.3 = 1 mg mL–1. Yield = 52 mg. 
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Synthesis of ETL100-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added ETL-MM (100 mg, 1.4 x 10–2 mmol, 100 eq.) and 

500 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 26 μL 

of a solution of 1.3 in THF (C1.3 = 4 mg mL–1; 1.3: 0.10 mg, 1.4 x 10–4 mmol, 1 eq.) was added to 

the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 1 h. 

Two 5 μL aliquots were taken for 1H NMR and SEC analysis, and the polymerization was removed 

from the glove box, quenched with one drop of ethyl vinyl ether, and immediately purified by 

preparatory SEC (Toyopearl HW-55F resin) in THF and fractions containing polymer were 

determined by SEC analysis. All fractions containing polymer were collected and dried in vacuo 

overnight. Yield = 41 mg. 

Synthesis of ETL400-BB by ROMP:  

 Prepared as above, using C1.3 = 1 mg mL–1. Yield = 20 mg. 
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Synthesis of (tBuHTL75-b-ETL75)-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added ETL-MM (50 mg, 7.0 x 10–3 mmol, 75 eq.) and 250 

μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 34 μL of a 

solution of 1.3 in THF (C1.3 = 2 mg mL–1; 1.3: 0.07 mg, 9.3 x 10–5 mmol, 1 eq.) was added to the 

dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 1 h. 

Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before addition of tBuHTL-MM 

(47 mg, 7.0 x 10–3 mmol, 75 eq.) dissolved in 250 μL of THF. The mixture was stirred at room 

temperature for an additional 1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, 

and the polymerization was removed from the glove box, quenched with one drop of ethyl vinyl 

ether, and immediately purified by preparatory SEC (Toyopearl HW-55F resin) in THF and 

fractions containing polymer were determined by SEC analysis. All fractions containing polymer 

were collected and dried in vacuo overnight. Yield = 60 mg. 
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Synthesis of (CzBA75-b-tBuHTL75)-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added CzBA-MM (53 mg, 8.8 x 10–3 mmol, 75 eq.) and 

250 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 44 μL 

of a solution of 1.3 in THF (C1.3 = 2 mg mL–1; 1.3: 0.09 mg, 1.2 x 10–4 mmol, 1 eq.) was added to 

the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 1 h. 

Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before addition of tBuHTL-MM 

(59 mg, 8.8 x 10–3 mmol, 75 eq.) dissolved in 250 μL of THF. The mixture was stirred at room 

temperature for an additional 1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, 

and the polymerization was removed from the glove box, quenched with one drop of ethyl vinyl 

ether, and immediately purified by preparatory SEC (Toyopearl HW-55F resin) in THF and 

fractions containing polymer were determined by SEC analysis. All fractions containing polymer 

were collected and dried in vacuo overnight. Yield = 62 mg. 
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Synthesis of (CzBA75-b-tBuHTL75)-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added CzBA-MM (47 mg, 7.8 x 10–3 mmol, 75 eq.) and 

250 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 40 μL 

of a solution of 1.3 in THF (C1.3 = 2 mg mL–1; 1.3: 0.08 mg, 1.0 x 10–4 mmol, 1 eq.) was added to 

the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 1 h. 

Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before addition of ETL-MM (55 

mg, 7.8 x 10–3 mmol, 75 eq.) dissolved in 250 μL of THF. The mixture was stirred at room 

temperature for an additional 1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, 

and the polymerization was removed from the glove box, quenched with one drop of ethyl vinyl 

ether, and immediately purified by preparatory SEC (Toyopearl HW-55F resin) in THF and 

fractions containing polymer were determined by SEC analysis. All fractions containing polymer 

were collected and dried in vacuo overnight. Yield = 63 mg. 
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Synthesis of (ETL50-b-IrPPY30-b-tBuHTL50)-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added ETL-MM (50 mg, 7.0 x 10–3 mmol, 50 eq.) and 250 

μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 26 μL of a 

solution of 1.3 in THF (C1.3 = 4 mg mL–1; 1.3: 1.0 mg, 1.0 x 10–4 mmol, 1 eq.) was added to the 

dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 1 h. 

Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before addition of IrPPY-MM (40 

mg, 4.3 x 10–3 mmol, 30 eq.) dissolved in 250 μL of THF. The mixture was stirred at room 

temperature for 1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before addition 

of tBuHTL-MM (47 mg, 7.0 x 10–3 mmol, 50 eq.) dissolved in 250 μL of THF. The mixture was 
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stirred at room temperature for an additional 1 h. Two 5 μL aliquots were taken for 1H NMR and 

SEC analysis, the polymerization was removed from the glove box and quenched with one drop 

of ethyl vinyl ether. The polymer was collected and dried in vacuo overnight. Yield = 130 mg. 2.5 

mg of this polymer was further purified for AFM analysis using the silylated Toyopearl HW-55F 

resin described below.  

 

Silylation of HW-55F Resin: 

To a 250 mL Erlenmeyer flask was added 50 mL of THF-saturated Toyopearl HW-55F resin 

followed by a further 50 mL of THF. Et3N (0.80 g, 1.1 mL, 7.9 mmol) and trimethylsilyl chloride 

(0.86 g, 1 mL, 7.9 mmol) were then added sequentially with gentle mixing. The mixture was left 

to stand for 16 h, then transferred to a filtration funnel with glass frit and washed with 200 mL 

THF:EtOH (1:1 v/v) followed by 200 mL THF. This re-usable resin can then be used to purify 

(ETL50-b-IrPPY30-b-tBuHTL50)-BB with no observed retention of the iridium complex.   
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Chapter 4: Aggregation-Induced Energy Transfer in Color-Tunable 

Multiblock Bottlebrush Nanofibers 

4.1 Introduction 

Achieving precise control over the assembly of soft materials into multifunctional nanostructures 

is critical to the discovery of both new phenomena and new applications in nanotechnology. 

Advancements in self-assembly have led to many impressive examples of each, offering ever-

increasing control over nanoparticle shape and composition. Techniques such as crystallization-

driven self-assembly (CDSA),3,14,21,29,208 living supramolecular polymerization,32,210 and 

hierarchical solution self-assembly (HSSA)8,19,81,211,237 offer routes to complex morphologies such 

as multicompartment spheres,40,213 scarf-like nanoribbons,5,6 and supramolecular block 

copolymers,35,37–39,238 leveraging low-cost solution processing under ambient conditions. 

Furthermore, studying such structures has led to the discovery of entirely new phenomena, such 

as long-range exciton transport through self-assembled nanowires,18 the use of hydrogel actuators 

as photonic crystals,239 or the control of living self-assembly using light.208 As the complexity and 

order of nanomaterials prepared by self-assembly improves, the range of applications they can 

address will only continue to grow.  

However, self-assembly approaches for the fabrication of nanomaterials commonly 

encounter several limitations and addressing these would substantially broaden the potential 

applications of soft-matter nanotechnology. For instance, the self-assembly of non-

centrosymmetric nano-objects with anisotropic shapes remains a significant challenge, despite 

being entirely routine in molecular synthesis.240 In addition, many self-assembly methods require 

building blocks with precisely tuned solvophilicity, crystallinity, or hydrogen-bonding to function, 
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limiting the scope of nanomaterials that can be prepared in these ways. Finally, self-assembled 

structures must often be kept within specific temperatures or solvation environments to hold their 

shapes, losing order or disassembling entirely if these conditions are not maintained. While some 

of these challenges can be overcome with post-assembly treatments such as chemical 

crosslinking,14,241,242 methods for preparing robust, precise, and multifunctional nanostructures 

from general building blocks remain highly sought after.  

Bottom-up approaches to nanomaterials based on covalent chemistry are ideally suited to 

this goal, and benefit from the use of large building blocks when designing materials with well-

defined nanoscale domains. Bottlebrush copolymers (BBCPs) are one example of such an 

architecture, whereby polymeric side-chains are attached covalently to a linear backbone.41,58,62,65 

Due to the steric demands of the side chains, BBCPs occupy a relatively low-entropy 

conformational space, adopting extended conformations that limit chain entanglement in solution 

and the solid state.55,56 As a result, they have emerged as unique nanostructures with controllable 

size, shape and function, with molecular weights for individual bottlebrushes commonly exceeding 

106 Da. Due to their unique morphology, these materials have found numerous applications in 

photonic crystals,68,214,243,244 templating,216,245,246 and nanomedicine.74–76,219,247 Their block-by-

block synthesis allows for the preparation of multicompartment structures that remain segregated 

on the nanoscale, regardless of solvent or temperature. Furthermore, polymer growth in a single 

direction provides a convenient route to non-centrosymmetric structures with significant shape 

anisotropy, without the need for additional crosslinking steps.14,240  

Using BBCPs as a platform, we described in Chapter 3  that it is possible to prepare 

nanofibers that mimic the structure of multilayer organic electronic devices on single polymer 

chains.248 This approach was used to access nanofibers analogous to organic p−n junctions, as well 
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as phosphorescent organic light emitting diodes (OLEDs) in which the photophysical properties 

of each organic semiconductor component could be independently observed. This versatile method 

now allows us to prepare multicomponent nanofibers with improved complexity, as well as to 

study how optoelectronic functions interact between and within bottlebrush polymer blocks. 

The organization of chromophores into supramolecular and nanoscale structures is critical 

to enabling the energy and electron-transfer processes found in light-harvesting systems in 

Nature.249–251 We reasoned that the well-defined interfaces in BBCPs could not only be used to 

prepare nanofibers with tunable optoelectronic segments, but also to regulate energy transfer 

processes between these segments as a function of chain collapse. By installing chromophores in 

discrete blocks along the length of a bottlebrush nanofiber, these chromophores can be kept outside 

their Förster distances when the bottlebrush is dissolved and the individual domains are free to 

expand. When the BBCPs are aggregated by changing the polarity of the solvent, Förster resonance 

energy transfer (FRET) can be observed with significant accompanying colour change. By 

combining fluorescent and phosphorescent chromophores on a single bottlebrush, this 

aggregation-induced energy transfer can be further enhanced, as well as time-resolved.  

Herein we prepare a series of bottlebrush copolymers from red, green and blue luminescent 

macromonomers using a carbazole-based host. These building blocks are then combined to give 

diblock and triblock luminescent BBCPs, which show aggregation-induced changes in energy 

transfer from one block to another as the solvent polarity is varied. We then quantify these changes 

in energy transfer efficiency and inter-chromophore distance upon aggregation and demonstrate 

that these phenomena can be used to produce solvent-responsive luminescent encoded patterns.  

Finally, we combine these emissive macromonomers with hole transport and electron transport 

materials to give pentablock nanofibers mimicking the structure of white light-emitting diodes 
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with multiple discrete emission zones. This work describes the preparation of robust, ordered 

nanofibers from up to six distinct optoelectronic materials, combining their properties in ways that 

can be both reversibly switched and temporally resolved.  

 

4.2 Results and Discussion 

 We first prepared red, green and blue emissive macromonomers IrPIQ-MM, IrPPY-MM, 

and tBuODA-MM based on commonly used two-component emissive layers for OLEDs. Using 

a norbornene-functionalized initiator and a carbazole-based acrylic monomer (CzBA) as host 

material, copolymerization with 8 wt% of emissive material gave macromonomers with tunable 

colour by Cu(0)-RDRP105,106,108,182,232 (Figure 4.1). Acrylic monomers based on Ir(ppy)2(acac), 

Ir(piq)2(acac), and the donor-acceptor material 4-(5-([1,1'-biphenyl]-4-yl)-1,3,4-oxadiazol-2-yl)-

N,N-di-p-tolylaniline were used to provide the green, red, and blue macromonomers, respectively 

(ppy = 2-phenylpyridine, piq = 2-phenylisoquinoline).   
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Figure 4.1. Synthesis of red, green and blue emissive norbornene-functionalized macromonomers by Cu(0)-RDRP. 

CzB = p-(N-carbazolyl) benzyl. NMP = N-methyl-2-pyrrolidone.  

 

We then used grafting-through ring-opening metathesis polymerization (ROMP)236,252,253 

to give bottlebrush polymers with backbone degrees of polymerization of 150. The resulting 

polymers showed molecular weights between 0.8–1.1 × 106 Da with dispersities as low as 1.14. 

Residual macromomomer was completely removed from these mixtures by passing the products 

over a reusable methacrylic resin (silylated HW-55F resin, vide infra) in THF. Atomic force 

microscopy (AFM) images of each bottlebrush prepared on an HOPG substrate are shown in 

Figure 4.2, and fiber-like morphologies approximately 100 nm in length can be seen in each case. 

All bottlebrushes are photoluminescent with emission maxima of 448, 516, and 624 nm, and 

Commission internationale de l'eclairage (CIE) 1931 coordinates of (0.16, 0.14), (0.30, 0.62), and 

(0.66, 0.33). Quantum yields of 0.84, 0.21, and 0.28 (thin films) for tBuODA150-BB, IrPPY150-

BB, and IrPIQ150-BB were measured, in agreement with the photophysical properties of their 
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respective linear homopolymers.183,254 Per the naming conventions used in this chapter, the suffix 

-BB denotes that the polymer in question is a bottlebrush, with the subscript indicating the target 

backbone degree of polymerization. 

  

 

Figure 4.2. a) Schematic illustrations of luminescent bottlebrush polymers. b-d) SEC chromatograms after 

purification. Inset: AFM height images on HOPG (scale bar = 50 nm). e) Solid state PL spectra, f) CIE 

1931chromaticity diagram g) photo of bottlebrush films spin cast on quartz substrates irradiated with 254 nm light. a-

g): blue = tBuODA150-BB, green = IrPPY150-BB, red = IrPIQ150-BB. 
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Table 4.1.  Synthesis of bottlebrush polymers. 

Entrya	 Mn, B1b 

(kDa) 
DPn 
B1b 

DPn 
B2c 

DPn 
B3c 

Mn,total e 

(kDa) 
Mn,theorya 

(kDa) Đ b Conv. 
(%)b 

IrPPY150-BB 1040 150 -- -- -- 1035 1.20 85 
IrPIQ150-BB 1100d 148d -- -- -- 1110 1.39 83 

tBuODA150-BB 823 125 -- -- -- 990 1.17 81 
IrPPY100-b-IrPIQ50-BB 460 67 46 -- 800 1060 1.14 77 
tBuODA75-b-IrPPY75-

BB 375 57 59 -- 782 1013 1.27 81 

tBuODA60-b-IrPIQ90-BB 327 50 77 -- 897 1062 1.29 81 
tBuODA50-b-IrPPY50-b-

IrPIQ50-BB 231 35 41 41 817 1045 1.29 80 
aSample names and listed Mn,theory values refer to the theoretical degree of polymerization (DPn) rather than 
measured values. 
b Determined by SEC in THF using triple detection. 
c Determined by 1H NMR. 
d Determined by SEC in THF using conventional calibration with CzBA standards.183 Using polystyrene standards, 
Mn = 237 kDa, DPn = 62. 
e Determined by 1H NMR using the degree of polymerization determined for the first block by SEC. B1, B2, B3 = 
first, second, and third block added. DPn = degree of polymerization of poly(norbornene) backbone. 
 

 Using this grafting-through synthetic strategy, diblock copolymers were then synthesized 

to give tBuODA75-IrPPY75-BB, tBuODA60-IrPIQ90-BB, and IrPPY100-IrPIQ50-BB, with block 

ratios chosen to give colours intermediate between the two constituent homopolymers. 

Incorporating these chromophores along a single BBCP gives two-color structures with a well-

defined interface between emission zones, the interaction of which can be controlled by solvent 

polarity. In dilute solutions of THF, both tBuODA75-IrPPY75-BB and tBuODA60-IrPIQ90-BB 

exhibit strong blue fluorescence, with minimal emission from the iridium components. As the 

fraction of water (fw) in the solution increases from 0 to 98%, phosphorescence from the red and 

green iridium chromophores increase substantially, with an accompanying decrease in blue 

fluorescence (Figure 4.3). It should be noted that all materials containing a tBuODA block first 

experience a mild polarity-induced solvatochromatic red shift at low water fraction, consistent 
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with the charge-transfer character of the tBuODA dye. Based on DLS data from tBuODA75-

IrPPY75-BB (Figure 4.4), it appears that as the solvent polarity increases, the polymer arms begin 

to collapse, initiating the formation of small aggregates with approximately 50-100 nm radii, 

dramatically improving the efficiency of energy transfer from both the CzBA host and the blue 

fluorophore to the iridium-based emitters. The diblock BBCP IrPPY100-IrPIQ50-BB diblock does 

not experience significant changes in chromaticity upon aggregation, as the intensity of emission 

is low from both iridium chromophores initially, and increase concomitantly upon aggregation. 

Finally, we prepared a triblock BBCP containing each of the blue, green and red emitters, giving 

a structure analogous to an RGB pixel on individual nanofibers (Figure 4.3G-I). Additionally, we 

determined the polar vectors along which the CIE changes occur (Figure 4.3B,E,H) for each of 

tBuODA100-IrPPY50-BB, tBuODA60-IrPIQ90-BB, and tBuODA50-IrPPY50-IrPIQ50-BB. While 

the magnitudes of the changes in each case are similar, the angle of these vectors show that the 

colour change of the triblock lies between that for each of tBuODA60-IrPIQ90-BB and tBuODA75-

IrPPY75-BB. 
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Figure 4.3. PL spectra, chromaticity coordinates, and photographs of 0.01 mg mL−1 solutions of tBuODA100-IrPPY50-

BB (a-c), tBuODA60-IrPIQ90-BB (d-f), and tBuODA50-IrPPY50-IrPIQ50-BB (g-i), with fw increasing from 0% (blue 

line) in 10% increments up to 98% (green/red line). λex = 365 nm.  

 

 

Figure 4.4. Dynamic light scattering data for tBuODA75-b-IrPPY75-BB A) autocorrelation function b) plot of Z-

average size distribution. The formation of relatively small aggregates can be observed. 
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  These data also present opportunities to study energy transfer processes in these 

luminescent nanofibers, as well as to quantify how these processes change as a function of 

aggregation. First, the FRET efficiency for energy transfer E from the CzBA host to the dopant in 

each of the tBuODA150-BB, IrPPY150-BB, and IrPIQ150-BB bottlebrushes can be calculated based on 

equation (1), where 𝐹!"  and 𝐹! are the fluorescence intensities of the CzBA host with and without 

an acceptor respectively. 

 
𝐸 = 1 −

𝐹!"

𝐹!
 (1) 

𝐹! was measured from the emission spectrum of a homopolymer bottlebrush CzBA-BB sythesized 

previously,248 at equal concentrations of CzBA chromophores (0.01 mg mL–1) and with identical 

instrument parameters. The donor-acceptor separation distance 𝑟 and the Förster distance 𝑅# in 

each bottlebrush can also be calculated from equations (2) and (3),255 where 𝜅 is the dipole-dipole 

orientation factor, and QD is the quantum yield of the energy donor in the absence of transfer. J(λ) 

is the spectral overlap integral as calculated from equation (4), where	𝐹!/// is the donor emission 

spectrum normalized to an area of 1, 𝜀$ is the acceptor molar extinction coefficient, and n is the 

refractive index of the solvent.  

 𝐸 =
1

1 + (𝑟 𝑅#⁄ )% (2) 

 
𝑅#% = 9.79 × 10&

𝜅'𝑄!
𝑛( 𝐽(𝜆) (3) 

 𝐽(𝜆) = ;𝐹!///(𝜆)𝜀$(𝜆)𝜆(𝑑𝜆 (4) 

For the tBuODA150-BB, IrPPY150-BB, and IrPIQ150-BB bottlebrushes, QD = 0.25, n = 1.4, and 

J(λ) was found to be 2.43 × 10-14, 9.45 × 10-15, and 2.50 × 10-14 cm6 mmol-1 respectively. 𝜅' was 
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assumed to be 2/3 based on rapid rotational relaxation of the chromophores along the bottlebrush 

side chains.255 For these parameters, 𝑅# was calculated to be 21.3, 18.2 and 21.4 Å, respectively 

in THF (Figure 4.5a-c). Finally, the rate of energy transfer 𝑘)* from CzBA to each dopant was 

calculated based on equation (5) where 𝑘+ +∑𝑘, was determined from the inverse lifetime of the 

CzBA-BB.  

 𝐸 =
𝑘)*

𝑘+ + 𝑘)* + ∑𝑘,
 (5) 

With detailed data regarding energy transfer in each of the single-emitter bottlebrush 

nanofibers, it is possible to characterize the energy transfer processes in multichromophore 

bottlebrushes in detail. Given the good spectral separation between the emission profiles of the 

tBuODA and IrPIQ emitters, the tBuODA60-IrPIQ90-BB system is ideally suited to this 

quantification (Figure 4.5d-f). It was found that in dilute solutions of THF there is no observable 

energy transfer from the tBuODA emitter to the IrPIQ emitter. As the fraction of water in the 

solution was increased from 0 to 98% however, the energy transfer efficiency increased, with r = 

R0 at fw = 0.5, and E reaching a final value of 81% at fw = 0.98. In a similar fashion, energy transfer 

efficiency from the IrPPY emitter to the IrPIQ emitter in IrPPY100-IrPIQ50-BB was found to 

increase from approximately 0 to 60%. Energy transfer efficiencies could not readily be obtained 

for tBuODA75-IrPPY75-BB due to the extensive spectral overlap of the tBuODA and IrPPY 

emission profiles. 
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Figure 4.5. a) Energy transfer (ET) efficiency b) inter-chromophore distance, and c) rate of energy transfer as a 

function of fw for tBuODA150-BB (blue), IrPPY150-BB (green), and IrPIQ150-BB (red). d) Schematic representation 

of tBuODA60-IrPIQ90-BB dissolved in THF (left) and aggregated in 98% water (right). e) ET processes in tBuODA60-

IrPIQ90-BB, where (1) is photoexcitation of CzBA, (2) is ET from CzBA to tBuODA and IrPIQ, (3) is ET from 

tBuODA to IrPIQ, (4) is PL of tBuODA, and (5) is PL of IrPIQ. f) ET efficiency vs. fw for the CzBA host to both 

dopants (purple) and for tBuODA to IrPIQ (blue). 

 

The combination of fluorescent and phosphorescent components in each block provides 

further photophysical differentiation as the polymers exclude solvent. The photoluminescence 

(PL) lifetimes of tBuODA150-BB, IrPPY150-BB, and IrPIQ150-BB in 98% water are 4.1 ns, 2.6 μs 

and 1.2 μs, respectively. The diblock bottlebrush polymer tBuODA60-IrPIQ90-BB has a lifetime 

of 4.0 ns in THF, due to the fluorescent emission of the tBuODA block only (Figure 4.6). As the 

water fraction of the solution is increased up to 98% water, a second lifetime component begins to 
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appear with a lifetime of 1.2 μs. A similar phenomenon occurs for tBuODA100-IrPPY50-BB, 

where only one component can be detected initially with a 4.1 ns lifetime and a second component 

(1.6 μs) appears as more efficient energy transfer begins to occur within and between blocks.  

 

Figure 4.6. Time-dependent PL spectra showing an increase in PL lifetime with aggregation and photograph of 100% 

THF and 2% THF for a) tBuODA60-b-IrPIQ90-BB and b) tBuODA100-b-IrPPY50-BB. 

 

Furthermore, the colour change upon aggregation is made more pronounced by the use of 

phosphorescent acceptor chromophores, which can also be quenched by dissolved O2 if the 

bottlebrush is in an extended conformation in solution.256 When dissolved in THF, the intensity of 

red phosphorescence in tBuODA60-IrPIQ90-BB is reduced by 65% under an air atmosphere 

relative to an N2-sparged solution (Figure 4.7). Aggregation of the polymers in 98% water, 

however, causes exclusion of O2, leading to enhanced red phosphorescence even in aerated 

solution.  
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Figure 4.7. PL spectra of tBuODA60-b-IrPIQ90-BB at 1 x 10-5 M under an air atmosphere (solid) or N2 atmosphere 

(dashed) in a) THF and b) water.  

 

The aggregation-induced changes that we observe in our system are similar, yet distinct 

from aggregation-induced emission (AIE) – a process by which a luminophore is initially non-

emissive, but becomes highly luminescent when intramolecular motion is restricted due to 

aggregation.257,258 Owing to this property, molecules exhibiting AIE, or AIEgens, have found 

diverse applications as biological probes,259,260 chemical sensors,261–263 OLED materials,264 and 

stimuli-responsive compounds.265 Rather than restricting rotations within a single chromophore, 

colour changes in these BBCPs are induced by restricting the relative positions of two 

chromophores on nearby polymer side-chains. The reorganization of nanoscopic domains has 

recently proven to be an effective strategy for inducing changes in FRET in diverse nanoscale 

systems, including ionic liquid crystals,266 surfactant-responsive polymers,250 and carbon dots.267 

Such materials have applications as reversibly-switchable luminescent inks for use in anti-

counterfeiting and encryption,267 and we envisioned that aggregation in multichromophore BBCPs 

could be used in a similar fashion. Aggregation-induced colour changes have also been observed 

in linear polymers,142 and many polymers containing AIEgens demonstrate AIE.257 To demonstrate 

this, the diblock tBuODA60-b-IrPIQ90-BB was dissolved in toluene solution (ca. 0.5 mg mL–1) and 
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loaded into an empty softliner pen (Molotow, 1 mm brush). This pen was used to draw images that 

when partially masked reveal unique patterns when exposed to solvent (toluene), or impose 

fluorescent changes on the image. These changes in emission colour are fully reversible when the 

substrate is dried (Figure 4.8 and 4.9).  

 

 

Figure 4.8. Photographs of tBuODA60-b-IrPIQ90-BB drawn on filter paper when completely dried (a) and after 

exposure to toluene spray (b) through a mask. The filter paper was allowed to dry for 2 min to give (c) and exposed 

to solvent again (d). This process was repeated again to give (e) and (f). The blue fluorescent areas indicate the area 

affected by the solvent.  
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Figure 4.9. Photographs of tBuODA60-b-IrPIQ90-BB drawn on filter paper when completely dried (a, c) and after 

exposure to toluene spray (b, d, e, f) through a mask. The blue fluorescent areas indicate the area affected by the 

solvent, revealing the fluorescent structure of the bottlebrush in b), the message “WE THE NORTH” in d) and the 

silouette of a Stellar’s Jay in e) and f).268  λex = 254 nm.  

 

 In addition to the potential applications above, these BBCPs also allow for the preparation 

of multicompartment nanofibers which mimic the ordered structure of macroscale optoelectronic 

devices on single macromolecules, with many of their observable functions. To demonstrate this 

potential, we prepared linear ‘pentablock’ nanofibers mimicking the design of a white OLED, with 

discrete red, green and blue emissive zones. Attributes such as high energy efficiency, diffuse 

lighting, and an ultrathin form factor have made white OLEDs a promising technology for next-

generation solid-state lighting, and they commonly make use of several layers of emissive 

materials between charge-transporting layers to achieve the desired chromaticity.269 To this end, 
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we reasoned that it should be possible to replicate this five-layer structure on a single polymer 

strand while maintaining discrete interfaces between the blocks. Two additional macromonomers 

MeHTL-MM (Mn = 6400, Đ = 1.12) and ETL-MM (Mn = 6800, Đ = 1.19) were synthesized to 

serve as the hole transport and electron transport layers, based on an electron-rich triarylamine and 

electron-deficient triazine, respectively. Sequential ROMP of MeHTL-MM, tBuODA-MM, 

IrPPY-MM, IrPIQ-MM and ETL-MM gave MeHTL30-b-tBuODA30-b-IrPPY30-b-IrPIQ30-

ETL30-b-BB (Figure 4.10), incorporating the six distinct optoelectronic functions of a white 

OLED onto single bottlebrush fibers. SEC analysis reveals narrow dispersity is maintained at each 

stage of the polymerization with minimal chain death (small shoulder observed at ~15.2 mL) upon 

addition of each block and only a small amount of residual macromonomer (peak at 19.5 mL), 

which can be purified using the reusable methacrylic resin discussed previously. Overall the 

material shows light pink luminescence in the solid state (Figures 4.10d) with CIE coordinates of 

(0.30, 0.23), alongside the reversible reduction and oxidation of the ETL and MeHTL blocks at -

2.11 and 0.55 V relative to ferrocene/ferrocenium (Fc0/+), respectively (Figure 4.10e). The result 

is an ordered nanofiber formed from semiconducting materials, with a structure that previously 

could only be prepared on the macroscale in solid-state devices. Moving forward, such systems 

hold potential for the rapid self-assembly of complex multilayer films with synthetically installed 

order, and for investigations into charge transport at nanoscale interfaces. 
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Figure 4.10. a) Schematic illustration of a pentablock bottlebrush consisting of a hole transport material, blue, green 

and red emitters doped in a carbazole host, and an electron transport material, alongside an archetypical WOLED 

device configuration. b) AFM height image on HOPG (scale bar = 65 nm) c) SEC chromatogram of the pentablock 

BB where a-e denote the addition of MeHTL, tBuODA, IrPPY, IrPIQ, and ETL blocks, respectively and ‘SEC’ 

denotes the trace after purification. d) Solid state PL spectrum of MeHTL30-b-tBuODA30-b-IrPPY30-b-IrPIQ30-

ETL30-b-BB (black) on glass with emission spectra of MeHTL (light purple), tBuODA (blue), IrPPY (green), IrPIQ 

(red), and ETL (dark purple) shown. e) Cyclic voltammogram of the pentablock BBCP showing the reduction of the 

ETL block (orange) and oxidation of the MeHTL block (purple) vs Fc0/+. 

 

4.3 Conclusions 

In summary, a series of BBCPs were prepared from red, green and blue luminescent 

macromonomers, which were then used to prepare multicolour, multiblock nanofibers. Using 
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solvent polarity as stimulus, efficient energy transfer from the blue fluorophore to the red and 

green phosphors could be modulated to give aggregation-induced changes in emission colour. 

Aggregation was further accompanied by changes in the emission lifetime of the nanofiber from 

the nanosecond to microsecond regime, and changes in energy transfer efficiency and 

interchromophore distance quantified using a FRET model. Preliminary demonstration of these 

materials as polarity-sensitive inks for encryption and encoding were also demonstrated using a 

red/blue fluorescence switch upon exposure to solvent. Finally, the potential complexity of 

optoelectronic materials accessible with these methods was demonstrated by combining these 

building blocks with hole- and electron-transporting materials, to give nanofibers with an ordered 

structure analogous to the device configuration of state-of-the-art white OLEDs. Future work will 

focus on alignment of the fibers for devices, as well as examining their use as single molecule 

junctions situated between two electrodes. This work demonstrates that BBCPs can be used to 

prepare robust, precise and multifunctional nanostructures from general building blocks, with 

switchable changes in optoelectronic properties from ordered soft nanomaterials. 

 

4.4 Experimental Details 

General Considerations. All reactions and manipulations were carried out under a nitrogen 

atmosphere using standard Schlenk or glove box techniques unless otherwise stated. Dry solvents 

were obtained from Caledon Laboratories, dried using an Innovative Technologies Inc. solvent 

purification system, collected under vacuum, and stored under a nitrogen atmosphere over 4 Å 

molecular sieves. All reagents were purchased from Sigma-Aldrich or Alfa Aesar and used as 

received unless otherwise stated. CzBA,232 IrPIQ,183 IrPPY,183 tBuODA,254  HTL-MM,248 ETL-
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MM,248 N-(undecanyl-2-bromo-2-methylpropionate)-cis-5-norbornene-exo-2,3-

dicarboximide,248 CzBA-BB (Mn = 1990 kDa, PDI = 1.32)248 and dichloro[1,3-bis(2,4,6-

trimethylphenyl)-2-imidazolidinylidene](benzylidene) bis(pyridine)ruthenium(II)122 (G3) were 

prepared according to literature procedures. N-methyl-2-pyrrolidone (NMP) was distilled, then 

degassed and stored under an N2 atmosphere. The 1H and 13C{1H} nuclear magnetic resonance 

(NMR) spectra were measured on a Bruker AV III HD 400 MHz spectrometer with chloroform-d 

(CDCl3) or dichloromethane-d2 (CD2Cl2) as the solvent and chemical shifts are given in parts per 

million (ppm). Absorbance measurements were made on a Cary 60 spectrometer and fluorescence 

measurements were made on an Edinburgh Instruments FS5 spectrofluorometer. Absolute 

photoluminescence quantum yields were determined using an Edinburgh Instruments SC–30 

Integrating Sphere Module; toluene was used as the solvent and spectra obtained at concentrations 

of 0.01 mg mL–1. Time-resolved fluorescence data were collected using a Horiba Yvon Fluorocube 

time-correlated single photon counting (TCSPC) apparatus. A 370 nm NanoLED source pulsing 

at a repetition rate of 100−1000 kHz was used for excitation. Broad- band emission was monitored 

by a CCD detector at wavelengths > 450 nm using a low-pass filter. Data were fitted using the 

DAS6 Data Analysis software package. Mass spectra were recorded on a Kratos MS-50 instrument 

using electron impact ionization.  

Dynamic light scattering (DLS). DLS experiments were performed with a DynaPro Titan DLS 

instrument (Wyatt Technology Corporation) equipped with a 60 mW helium–neon laser (l = 

832.15 nm) and thermoelectric temperature controller. Measurements were taken at a 90° 

scattering angle in a 3 ´ 3 mm quartz cuvette on solutions that had been equilibrated to 25 °C, and 

particle sizes determined using quadratic cumulant fits. The laser power was controlled to 8–10%. 
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The sample solutions were diluted in THF or water prior to analysis. The concentrations of the 

analyzed sample solutions were 1 ´ 10–5 M. 

Atomic Force Microscopy (AFM). Atomic force microscopy (AFM) images were obtained using 

an Asylum Instruments Cypher S AFM system in tapping mode at scan rates of 0.1 Hz. Samples 

were prepared by spin-coating solutions of polymer onto freshly cleaved highly-oriented pyrolytic 

graphite (HOPG) at 2500 rpm for 30 s at concentrations of ~0.001 mg mL–1. For best results, 1,2-

dichloroethane was used as the solvent. Samples were placed in a vacuum oven (60 ºC) for at least 

2 h before images were obtained using Mikromasch HQ:NSC14/No Al or HQ:NSC19/No Al 

probes, with typical resonance frequencies f and spring constants k of (f = 160 kHz, k = 5 N/m) 

and (f = 65 kHz, k = 0.5 N/m) respectively. 

Size Exclusion Chromatography (SEC). SEC experiments were conducted in chromatography-

grade THF at concentrations of 0.5 – 2 mg mL−1 using a Malvern OMNISEC GPC instrument 

equipped with a Viscotek TGuard guard column (CLM3008), and Viscotek T3000 (CLM3003) 

and T6000 (CLM3006) GPC columns packed with porous poly(styrene-co-divinylbenzene) 

particles regulated at a temperature of 35 °C. Signal response was measured using differential 

viscometer, differential refractive index, photodiode array and right-angle and low angle light 

scattering detectors. Calibration of interdetector distances was performed using a polystyrene 

standard from Malvern Inc. Refractive index increments (dn/dc) were determined using 100% mass 

recovery methods from Malvern OMNISEC software version 10.2 with each polymer sample being run 

at least five times to ensure reproducibility of the calculated refractive index increment. 
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Thermal Analysis. Thermal degradation studies were performed using a NETZSCH TG 209F1 

Libra instrument. Samples were placed in an Al2O3 crucible and heated at a rate of 10 °C 

min−1 from 25 to 800 °C under a flow of nitrogen (50 mL min−1). Glass transition temperatures 

were determined using differential scanning calorimetry (DSC) on a NETZSCH DSC 214 Polyma 

instrument. The polymer samples were placed in an aluminum pan and heated from 30 to 200 °C 

at 10 °C min−1 under a flow of nitrogen for 3 heating/cooling cycles. 

Analysis of Aggregation-Induced Colour Change. The diblock tBuODA60-b-IrPIQ90-BB has a 

CIE coordinate of (0.49, 0.24) for its fluorescent emission in THF and (0.17, 0.18) in 2% 

THF/water mixture when illuminated with 365 nm light. For the polar vector representing this 

change, we can determine the magnitude and direction using equations (1) and (2). 

|𝐴𝐵BBBBB⃗ | = D(𝑥' − 𝑥-) + (𝑦' − 𝑦-)  
 

(1) 
 

tan 𝜃 =
𝑦' − 𝑦-
𝑥' − 𝑥-

 (2) 

Written in ordered pair notation, v = (r, q), we obtain a vector (0.32, 11.8) where the first 

component of the vector is the magnitude r and the second component is the angle q in degrees. 

Doing this for tBuODA75-b-IrPPY75-BB and tBuODA50-b-IrPPY50-b-IrPIQ50-BB, we obtain 

vectors (0.25, 70.3) and (0.31, 31.8). While the magnitude of the change in each case remain 

similar, it is clear from the angles that the colour change of the triblock is intermediate between 

those of tBuODA60-b-IrPIQ90-BB and tBuODA75-b-IrPPY75-BB.  
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4.4.1 Synthetic Procedures 

 

Synthesis of IrPIQ-MM by Cu(0)-RDRP:  

In a nitrogen atmosphere glovebox, to a 4 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added CzBA (300 mg, 0.92 mmol, 28 eq.), IrPIQ (26 mg, 

0.03 mmol, 1.1 eq.), 1 (16 mg, 0.03 mmol, 1 eq.), and 128 μL of a solution of CuBr2/Me6TREN in 

NMP (CCu = 3.75 mg mL–1; CuBr2: 0.48 mg, 2.1 x 10–3 mmol, 0.065 eq.; Me6TREN: 0.50 mg, 2.2 

x 10–3 mmol, 0.068 eq.). The total polymerization volume was kept to 1.5 mL of solvent. The 

mixture was stirred at room temperature for 10 minutes to allow all reagents to fully dissolve. A 

1.5 cm piece of 18 gauge copper (0) wire was soaked in concentrated HCl for 15 minutes to remove 

surface impurities, then washed with water followed by acetone, dried in vacuo and taken into the 

glovebox. The wire was added to the mixture to initiate the polymerization. Each hour a 25 μL 

aliquot was taken and diluted with CDCl3, and the conversion monitored by 1H NMR. At 

approximately 60 % conversion, the polymerization was quenched by addition of water followed 

by filtration.  The polymer was taken up in CH2Cl2, dried over MgSO4 and concentrated in vacuo. 

The residue was purified by preparatory SEC (Bio-Rad Bio-Beads S-X1 Support) in THF and 

fractions containing polymer were determined by SEC analysis. All fractions containing polymer 
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were collected and dried in vacuo overnight. Yield = 193 mg (56%). Mn = 7400 Da, Đ = 1.14. 1H 

NMR (400 MHz, chloroform-d) δ 9.10 (d, J = 6.4 Hz, 0.9H), 9.02 (d, J = 8.6 Hz, 0.9H), 8.25 – 

7.74 (br, m, 49H), 7.70 – 6.97 (br, m, 227H), 6.86 (t, J = 7.5 Hz, 0.9H), 6.63 – 6.51 (m, 1.8H), 

6.28 (s, 1.8H), 6.09 (d, J = 7.8 Hz, 0.9H), 5.08 (br, m, 44H), 4.18 (br, m, 3H), 3.94 (br, s, 2H), 

3.43 (t, J = 7.6 Hz, 2H), 3.28 (s, 2H), 2.61 (br, m, 22H), 2.29 – 2.02 (br, m, 13H), 1.88 – 1.44 (br, 

m, 24H), 1.39 – 0.97 (br, m, 27H). 13C{1H} NMR (101 MHz, chloroform-d) δ 174.19, 140.45, 

137.81, 134.53, 129.56, 126.95, 125.91, 123.37, 120.26, 120.05, 109.56, 77.24, 68.00, 66.10, 

47.78, 45.16, 29.46, 27.75. Fractional protons represent an average of 0.45 IrPIQ units 

incorporated per polymer chain. 

  

Synthesis of IrPPY-MM by Cu(0)-RDRP:  

In a nitrogen atmosphere glovebox, to a 20 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added CzBA (920 mg, 2.8 mmol, 40 eq.), IrPPY (80 mg, 

0.114 mmol, 1.1 eq.), 0.966 mL of a solution of 1 in NMP (CS2 = 50 mg mL–1; 1: 48.3 mg, 0.10 

mmol, 1 eq.), and 390.0 μL of a solution of CuBr2/Me6TREN in NMP (CCu = 3.75 mg mL–1; CuBr2: 

1.45 mg, 6.5 x 10–3 mmol, 0.065 eq.; Me6TREN: 1.50 mg, 6.8 x 10–3 mmol, 0.068 eq.). The total 

polymerization volume was kept to 4.6 mL of solvent. The mixture was stirred at room temperature 

for 10 minutes to allow all reagents to fully dissolve. A 5 cm piece of 18 gauge copper (0) wire 
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was soaked in concentrated HCl for 15 minutes to remove surface impurities, then washed with 

water followed by acetone, dried in vacuo and taken into the glovebox. The wire was added to the 

mixture to initiate the polymerization. Each hour a 25 μL aliquot was taken and diluted with 

CDCl3, and the conversion monitored by 1H NMR. At approximately 60 % conversion, the 

polymerization was quenched by addition of water followed by filtration.  The polymer was taken 

up in CH2Cl2, dried over MgSO4 and concentrated in vacuo. The residue was purified by 

preparatory SEC (Bio-Rad Bio-Beads S-X1 Support) in THF and fractions containing polymer 

were determined by SEC analysis. All fractions containing polymer were collected and dried in 

vacuo overnight. Yield = 500 mg (48%). Mn = 6900 Da, Đ = 1.20. 1H NMR (400 MHz, chloroform-

d) δ 9.29 (dd, J = 5.7, 1.5 Hz, 1H), 8.22 – 7.87 (br, m, 45H), 7.77 (td, J = 7.8, 1.6 Hz, 1H), 7.68 – 

6.99 (br, m, 221H), 6.87 – 6.72 (m, 2H), 6.61 (td, J = 7.5, 1.4 Hz, 1H), 6.29 (s, 2H), 5.98 (d, J = 

7.7 Hz, 1H), 5.30 – 4.84 (br, m, 44H), 4.24 (s, 3H), 3.95 (s, 3H), 3.45 (d, J = 7.6 Hz, 2H), 3.28 (s, 

2H), 2.63 (br, m, 22H), 2.30 – 2.03 (br, m, 14H), 1.96 – 1.43 (br, m, 24H), 1.36 – 0.98 (br, m, 

24H). 13C{1H} NMR (101 MHz, chloroform-d) δ 140.47, 137.81, 137.67, 134.56, 129.58, 126.97, 

125.92, 123.66, 123.38, 120.27, 120.06, 109.57, 66.09, 47.79, 45.17, 41.58, 38.72, 30.36, 29.45, 

28.52. Fractional protons represent an average of 0.5 IrPPY units incorporated per polymer chain. 
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Synthesis of tBuODA-MM by Cu(0)-RDRP:  

In a nitrogen atmosphere glovebox, to a 20 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added CzBA (1380 mg, 4.20 mmol, 28 eq.), tBuODA (120 

mg, 0.17 mmol, 1.1 eq.), 1 (72.5 mg, 0.15 mmol, 1 eq.), and 585 μL of a solution of 

CuBr2/Me6TREN in NMP (CCu = 3.75 mg mL–1; CuBr2: 2.18 mg, 9.8 x 10–3 mmol, 0.065 eq.; 

Me6TREN: 2.28 mg, 1.0 x 10–2 mmol, 0.068 eq.). The total polymerization volume was kept to 

7.5 mL of solvent. The mixture was stirred at room temperature for 10 minutes to allow all reagents 

to fully dissolve. A 7.5 cm piece of 18 gauge copper (0) wire was soaked in concentrated HCl for 

15 minutes to remove surface impurities, then washed with water followed by acetone, dried in 

vacuo and taken into the glovebox. The wire was added to the mixture to initiate the 

polymerization. Each hour a 25 μL aliquot was taken and diluted with CDCl3, and the conversion 

monitored by 1H NMR. At approximately 60 % conversion, the polymerization was quenched by 

addition of water followed by filtration.  The polymer was taken up in CH2Cl2, dried over MgSO4 

and concentrated in vacuo. The residue was purified by preparatory SEC (Bio-Rad Bio-Beads S-

X1 Support) in THF and fractions containing polymer were determined by SEC analysis. All 
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fractions containing polymer were collected and dried in vacuo overnight. Yield = 868 mg (55%). 

Mn = 6600 Da, Đ = 1.24. 1H NMR (400 MHz, chloroform-d) δ 8.07 (br, m, 42H), 7.66 – 6.90 (m, 

210H), 6.29 (s, 2H), 5.11 (br, s, 42H), 4.25 (s, 1H), 3.95 (s, 2H), 3.44 (t, J = 7.6 Hz, 2H), 3.28 (s, 

2H), 2.63 (br, m, 21H), 2.38 – 2.03 (br, m, 13H), 2.02 – 1.49 (br, m, 39H), 1.40 (br, m, 16H), 1.33 

– 0.99 (br, m, 26H). 13C{1H} NMR (101 MHz, chloroform-d) δ 140.47, 137.81, 137.65, 134.56, 

129.59, 126.97, 126.49, 125.93, 125.49, 123.38, 120.27, 120.06, 109.57, 66.11, 47.79, 45.17, 

41.56, 31.46, 29.46. Fractional protons represent an average of 0.9 tBuODA units incorporated per 

polymer chain. 

 

Synthesis of IrPPY150-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added IrPPY-MM (75 mg, 1.1 x 10–2 mmol, 150 eq.) and 

375 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 26 μL 

of a solution of G3 in THF (CG3 = 2 mg mL–1; G3: 0.053 mg, 7.3 x 10–5 mmol, 1 eq.) was added 

to the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 

1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, and the polymerization was 

removed from the glove box, quenched with one drop of ethyl vinyl ether, and immediately 
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purified by preparatory SEC (silylated Toyopearl HW-55F resin) in THF and fractions containing 

polymer were determined by SEC analysis. All fractions containing polymer were collected and 

concentrated then precipitated into MeOH and dried in vacuo overnight. Yield = 41 mg (55%). Mn 

= 1040 kDa, Đ = 1.20. 1H NMR (400 MHz, chloroform-d) δ 8.47 (s, 1H), 7.95 (br, m, 45H), 7.77 

(t, J = 7.8 Hz, 1H), 7.20 (br, m, 221H), 6.96 – 6.76 (m, 2H), 6.60 (t, J = 7.2 Hz, 2H), 6.16 (s, 1H), 

5.02 (br, m, 44H), 4.20 (s, 1H), 4.02 – 3.73 (br, m, 4H), 2.90 – 1.98 (m, 35H), 1.58 (s, 16H), 1.33 

– 0.55 (m, 33H). 

 

Synthesis of IrPIQ150-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added IrPIQ-MM (75 mg, 1.0 x 10–2 mmol, 150 eq.) and 

375 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 23 μL 

of a solution of G3 in THF (CG3 = 2 mg mL–1; G3: 0.046 mg, 6.3 x 10–5 mmol, 1 eq.) was added 

to the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 

1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, and the polymerization was 

removed from the glove box, quenched with one drop of ethyl vinyl ether, and immediately 

purified by preparatory SEC (silylated Toyopearl HW-55F resin) in THF and fractions containing 
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polymer were determined by SEC analysis. All fractions containing polymer were collected and 

concentrated then precipitated into MeOH and dried in vacuo overnight. Yield = 36 mg (48%). Mn 

= 1100 kDa, Đ = 1.39.  1H NMR (400 MHz, chloroform-d) δ 9.15 – 8.77 (m, 0.9H), 8.43 (s, 0.9H), 

7.94 (br, m, 49H), 7.20 (d, J = 78.4 Hz, 227H), 6.85 (t, J = 7.3 Hz, 0.9H), 6.56 (m, 1.8H), 6.30 (br, 

m, 0.9H), 5.01 (br, m, 44H), 4.19 (br, s, 2H), 3.96 – 3.73 (m, 2H), 2.83 – 1.95 (br, m, 37H), 1.59 

(br, m, 26H), 1.13 (br, m, 27H).  

 

Synthesis of tBuODA150-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added tBuODA-MM (75 mg, 1.1 x 10–2 mmol, 150 eq.) 

and 375 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 28 

μL of a solution of G3 in THF (CG3 = 2 mg mL–1; G3: 0.055 mg, 7.6 x 10–5 mmol, 1 eq.) was 

added to the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature 

for 1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, and the polymerization was 

removed from the glove box, quenched with one drop of ethyl vinyl ether, and immediately 

purified by preparatory SEC (Toyopearl HW-55F resin) in THF and fractions containing polymer 
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were determined by SEC analysis. All fractions containing polymer were collected and 

concentrated then precipitated into MeOH and dried in vacuo overnight. Yield = 40 mg (53%). Mn 

= 823 kDa, Đ = 1.17. 1H NMR (400 MHz, chloroform-d) δ 7.95 (s, 42H), 7.21 (br, m, 210H), 5.03 

(br, s, 42H), 4.20 (br, s, 1H), 4.02 – 3.77 (br, m, 21H), 2.75 – 1.97 (br, m, 13H), 1.59 (br, m, 39H), 

1.32 (br, m, 16H), 1.07 (br, m, 26H). 

 

Synthesis of IrPPY100-b-IrPIQ50-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added IrPPY-MM (60 mg, 8.7 x 10–3 mmol, 100 eq.) and 

280 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 32 μL 

of a solution of G3 in THF (CG3 = 2 mg mL–1; G3: 0.063 mg, 8.7 x 10–5 mmol, 1 eq.) was added 

to the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 

1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before addition of IrPIQ-MM 

(34 mg, 4.3 x 10–3 mmol, 50 eq.) dissolved in 150 μL of THF. The mixture was stirred at room 

temperature for an additional 1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, 
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and the polymerization was removed from the glove box, quenched with one drop of ethyl vinyl 

ether, and immediately purified by preparatory SEC (silylated Toyopearl HW-55F resin) in THF 

and fractions containing polymer were determined by SEC analysis. All fractions containing 

polymer were collected and concentrated then precipitated into MeOH and dried in vacuo 

overnight. Yield = 40 mg (43%). Mn = 800 kDa, Đ = 1.14. 1H NMR (400 MHz, chloroform-d) δ 

9.06 (br, m, 0.3H), 8.47 (s, 0.6H), 7.95 (br, m, 42H), 7.21 (br, m, 227H), 6.59 (br, m, 2H), 6.16 (s, 

0.6H), 5.89 (s, 0.6H), 5.02 (br, s, 40H), 4.20 (br, m, 1H), 3.86 (br, s, 2H), 2.85 – 1.98 (br, m, 33H), 

1.59 (br, m, 64H), 1.07 (br, m, 27H). 

 

Synthesis of tBuODA100-b-IrPIQ50-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added tBuODA-MM (30 mg, 4.5 x 10–3 mmol, 60 eq.) and 

150 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 28 μL 

of a solution of G3 in THF (CG3 = 2 mg mL–1; G3: 0.055 mg, 7.6 x 10–5 mmol, 1 eq.) was added 

to the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 
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1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before addition of IrPIQ-MM 

(34 mg, 4.3 x 10–3 mmol, 50 eq.) dissolved in 150 μL of THF. The mixture was stirred at room 

temperature for an additional 1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, 

and the polymerization was removed from the glove box, quenched with one drop of ethyl vinyl 

ether, and immediately purified by preparatory SEC (silylated Toyopearl HW-55F resin) in THF 

and fractions containing polymer were determined by SEC analysis. All fractions containing 

polymer were collected and concentrated then precipitated into MeOH and dried in vacuo 

overnight. Yield = 34 mg (53%). Mn = 897 kDa, Đ = 1.29. 1H NMR (400 MHz, chloroform-d) δ 

9.19 – 8.68 (m, 0.51H), 8.44 (s, 0.25H), 8.29 – 7.72 (br, m, 37H), 7.20 (br, m, 200H), 6.66 – 6.23 

(br, m, 1H), 5.18 (br, m, 39H), 4.20 (br, s, 1H), 3.83 (br, s, 2H), 2.84 – 1.98 (br, m, 27H), 1.53 (br, 

m, 54H), 1.40 – 1.27 (br, m, 9H), 1.24 – 0.71 (br, m, 23H). 

 

Synthesis of tBuODA75-b-IrPPY75-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and equipped 

with a magnetic stir bar was added tBuODA-MM (35 mg, 5.3 x 10–3 mmol, 75 eq.) and 185 μL 
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of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 26 μL of a 

solution of G3 in THF (CG3 = 2 mg mL–1; G3: 0.051 mg, 7.1 x 10–5 mmol, 1 eq.) was added to the 

dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 1 h. 

Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before addition of IrPIQ-MM (37 

mg, 5.3 x 10–3 mmol, 75 eq.) dissolved in 185 μL of THF. The mixture was stirred at room 

temperature for an additional 1 h. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, 

and the polymerization was removed from the glove box, quenched with one drop of ethyl vinyl 

ether, and immediately purified by preparatory SEC (silylated Toyopearl HW-55F resin) in THF 

and fractions containing polymer were determined by SEC analysis. All fractions containing 

polymer were collected and concentrated then precipitated into MeOH and dried in vacuo 

overnight. Yield = 39 mg (54%). Mn = 782 kDa, Đ = 1.27. 1H NMR (400 MHz, chloroform-d) δ 

8.42-8.33 (br, s, 0.61H), 7.84 (br, s, 44H), 7.09 (br, m, 246H), 6.49 (br, m, 3H), 6.05 (s, 0.61H), 

5.63 (s, 0.61H), 4.92 (br, s, 42H), 4.05 (br, m, 1H), 3.76 (br, s, 2H), 2.27 (br, m, 33H), 1.48 (br, m, 

70H), 1.21 (br, m, 11H), 0.96 (br, m, 27H). 

 

Synthesis of tBuODA50-b-IrPPY50-b-IrPIQ50-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added tBuODA-MM (29 mg, 4.4 x 10–3 mmol, 50 eq.) and 

175 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 32 μL 

of a solution of dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene](benzylidene) 

bis(pyridine)ruthenium(II) (1.3) in THF (C1.3 = 2 mg mL–1; 1.3: 0.064 mg, 8.9 x 10–5 mmol, 1 eq.) 

was added to the dissolved polymer rapidly in one portion. The mixture was stirred at room 

temperature for 25 min. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before 
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addition of IrPPY-MM (30 mg, 4.4 x 10–3 mmol, 50 eq.) dissolved in 175 μL of THF. The mixture 

was stirred at room temperature for an additional 25 min. Two 5 μL aliquots were taken for 1H 

NMR and SEC analysis, before addition of IrPIQ-MM (35 mg, 4.4 x 10–3 mmol, 50 eq.) dissolved 

in 175 μL of THF. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, and the 

polymerization was removed from the glove box, quenched with one drop of ethyl vinyl ether, and 

immediately purified by preparatory SEC (silylated Toyopearl HW-55F resin) in THF and 

fractions containing polymer were determined by SEC analysis. All fractions containing polymer 

were collected and concentrated then precipitated into MeOH and dried in vacuo overnight. Yield 

= 56 mg (60%). Mn = 817 kDa, Đ = 1.29. 1H NMR (400 MHz, chloroform-d) δ 9.29 – 8.70 (br, m, 

0.6H), 8.46 (br, s, 0.6H), 7.95 (br, s, 60H), 7.21 (br, m, 311H), 6.57 (br, m, 2H), 5.81 (br, m, 1H), 

5.02 (br, s, 58H), 4.20 (br, m, 1H), 3.87 (br, s, 3H), 2.38 (br, m, 43H), 1.59 (br, m, 81H), 1.40 – 

1.27 (br, m, 12H), 1.26 – 0.86 (br, m, 36H). 

 

Synthesis of MeHTL30-b-tBuODA30-b-IrPPY30-b-IrPIQ30-b-ETL30-BB by ROMP:  

In a nitrogen atmosphere glovebox, to a 2 mL vial capped with a Teflon-lined lid and 

equipped with a magnetic stir bar was added MeHTL-MM (25 mg, 3.9 x 10–3 mmol, 30 eq.) and 

175 μL of THF (dry, degassed, filtered through basic alumina). Using a glass microsyringe 47 μL 

of a solution of 1.3 in THF (C1.3 = 2 mg mL–1; 1.3: 0.095 mg, 1.3 x 10–4 mmol, 1 eq.) was added 

to the dissolved polymer rapidly in one portion. The mixture was stirred at room temperature for 

5 min. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before addition of tBuODA-

MM (29 mg, 3.9 x 10–3 mmol, 30 eq.) dissolved in 175 μL of THF. The mixture was stirred at 

room temperature for an additional 10 min. Two 5 μL aliquots were taken for 1H NMR and SEC 

analysis, before addition of IrPPY-MM (27 mg, 3.9 x 10–3 mmol, 30 eq.) dissolved in 175 μL of 
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THF. The mixture was stirred at room temperature for an additional 20 min. Two 5 μL aliquots 

were taken for 1H NMR and SEC analysis, before addition of IrPIQ-MM (29 mg, 3.9 x 10–3 mmol, 

30 eq.) dissolved in 175 μL of THF. The mixture was stirred at room temperature for an additional 

35 min. Two 5 μL aliquots were taken for 1H NMR and SEC analysis, before addition of ETL-

MM (27 mg, 3.9 x 10–3 mmol, 30 eq.) dissolved in 175 μL of THF. The mixture was stirred at 

room temperature for an additional 1 h. Two 5 μL aliquots were taken for 1H NMR and SEC 

analysis, and the polymerization was removed from the glove box, quenched with one drop of 

ethyl vinyl ether, and immediately purified by preparatory SEC (silylated Toyopearl HW-55F 

resin) in THF and fractions containing polymer were determined by SEC analysis. All fractions 

containing polymer were collected and concentrated then precipitated into MeOH and dried in 

vacuo overnight. Yield = 65 mg (48%). Mn = 827 kDa, Đ = 1.33, DPn B1/B2/B3/B4/B5 = 

26/26/26/26/17. 1H NMR (400 MHz, chloroform-d) δ 9.28 (t, J = 6.2 Hz, 0.3H), 8.77 (br, s, 0.3H), 

8.59 – 8.16 (br, m, 38H), 7.97 (br, m, 52H), 7.20 (br, m, 446H), 6.64 – 6.50 (br, m, 2H), 6.15 – 

5.91 (br, m, 2H), 5.78 (br, m, 2H), 4.93 (br, m, 85H), 4.15 (br, m, 6H), 3.88 (br, s, 8H), 2.47 (br, 

m, 25H), 2.34 – 1.96 (br, s, 118H), 1.53 (br, m, 89H), 1.34 (br, m, 10H), 1.30 – 0.86 (br, m, 77H). 

 

Silylation of HW-55F Resin: 

To a 250 mL Erlenmeyer flask was added 250 mL of THF-saturated Toyopearl HW-55F 

resin followed by a further 250 mL of THF. Et3N (4.0 g, 5.5 mL, 39.5 mmol) and trimethylsilyl 

chloride (4.3 g, 5 mL, 39.5 mmol) were then added sequentially with gentle mixing. The mixture 

was left to stand for 16 h, then transferred to a filtration funnel with glass frit and washed with 500 

mL THF:EtOH (1:1 v/v) followed by 500 mL THF. This re-usable resin can then be used to purify 

Ir(acac)-containing polymers with no observed retention of the iridium complex.   
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Chapter 5: Donor–Acceptor Materials Exhibiting Thermally Activated 

Delayed Fluorescence Using a Planarized N-Phenylbenzimidazole Acceptor 

5.1 Introduction 

The discovery of thermally activated delayed fluorescence (TADF) has revolutionized organic 

light-emitting diode (OLED) technology, enabling the fabrication of OLEDs with 100% internal 

quantum efficiencies using purely organic emitters.127–131 Capable of converting triplet excitons to 

singlets through reverse intersystem crossing (RISC), TADF compounds have attracted significant 

recent attention as robust, efficient and scalable emissive materials.132–136 Though applications in 

OLEDs have been the primary driver of TADF research to date, these materials have also found 

use in fluorescence lifetime imaging270,271 and oxygen sensing.272 To achieve efficient RISC, 

TADF materials are typically designed to minimize the energy difference between the lowest 

triplet (T1) and lowest singlet (S1) excited states, termed ΔEST. 

 While T1 states are substantially lower in energy than their S1 counterparts in the vast 

majority of molecules, a small ΔEST can be achieved by minimizing the Pauli repulsion (or 

exchange energy) between ground and excited state electrons. In practical terms, this is commonly 

achieved by designing materials with minimal overlap between their HOMO and LUMO, such 

that the electrons of the frontier orbitals will occupy different regions of space when the material 

is excited. This is often obtained by the coupling of donor and acceptor units in a twisted 

conformation,137,139,140 sometimes using steric bulk to ensure that the π systems of the donor and 

acceptor remain orthogonal.138 This type of conformation also results in emitters with large 

transition dipoles and significant charge-transfer character, including broad emission bands and 

large Stokes shifts.  
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More recently, several studies have demonstrated that molecular rigidification can lead to 

narrower emission spectra, higher quantum yields and enhanced stability in luminescent materials, 

primarily as a result of suppressed vibrational motion.144,145 For example, Yamaguchi and 

coworkers utilized the idea of structural constraint to create an extremely photo-stable phosphole-

based dye for multiple-acquisition stimulated emission depletion (STED) imaging.273,274 

Furthermore, they synthesized a series of planarized 9-phenylanthracene derivatives, in which the 

planar and rigid structure induced effective p-conjugation and reduced the nonradiative decay 

process from the excited state, resulting in red-shifted absorptions, increased molar absorption 

coefficients, and intense fluorescence.275–279 Hatakeyama and coworkers have also leveraged an 

organoboron compound, possessing two nitrogen atoms, in a rigid polycyclic aromatic framework 

to produce ultrapure blue TADF emitters in this fashion.130,144,145 

Deep blue or violet TADF emitters pose a particular synthetic challenge, in light of the 

large Stokes shifts typically caused by the common donor-acceptor conformation of TADF 

materials.254,280–285 To realize deep blue emission a wide energy gap >2.75 eV is required, therefore 

an electron acceptor with a shallow LUMO is ideal. Imidazole and benzimidazole are attractive 

electron acceptors for this reason, and many imidazole-based blue fluorescent emitters have been 

reported with PLQYs near unity and high OLED efficiencies.286–289 However, there are few reports 

in which imidazole-containing compounds have exhibited TADF. In 2018, Wang and coworkers290 

reported highly efficient green organic light emitting diodes with phenanthroimidazole-based 

TADF emitters, and shortly after Kido and coworkers reported a series of imidazo[1,2-f 

]phenanthridine-based sky-blue TADF compounds.291 

Herein we report the design of a planarized 1-phenylbenzimidazole chromophore which 

has been linked via a methylene bridge at the 2 and 7 positions of the phenyl ring and the 
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benzimidazole, respectively (Figure 5.1). This fused imidazole/acridine chromophore (IMAC, 

formally 6,6-dimethyl-6H-imidazo[4,5,1-de]acridine) was then used to prepare donor-π-acceptor 

materials using six different donor moieties commonly used in organic electronics, including 

phenoxazine (PXZ), phenothiazine (PTZ), 9,9-dimethylacridan (ACR), and carbazole (CZ). 

Several of these molecules exhibit TADF with deep blue to green emission colours, and quantum 

yields of up to 0.99. These compounds should find application in the emitting layer of OLEDs, 

either as the emitter or as ambipolar host materials. 

 
Figure 5.1. Optimized structure for 1-phenyl-1H-benzo[d]imidazole (left) and 6,6-dimethyl-6H-imidazo[4,5,1-

de]acridine (right).  

 

5.2 Results and Discussion 

5.2.1 Synthesis and solid-state structure 

Synthesis of the IMAC acceptor fragment began with a double Grignard addition to methyl 

anthranilate using MeMgBr to give tertiary alcohol 5.1, which was then protected using 1,1'-

carbonyldiimidazole to give carbamate 5.2 (Scheme 5.1). Nucleophilic aromatic substitution of o-

nitrofluorobenzene with 5.2 was then used to obtain 5.3 in 70% yield. Hydrolysis of the carbamate 

was achieved in the presence of NaOH, followed by electrophilic aromatic substitution in the 

presence of H3PO4 to form the nitrosylated acridine 5.5. Reduction of the nitro group to a primary 
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amine was achieved using Pd/C and hydrazine, yielding 5.6 quantitatively and giving a planarized, 

ortho-diamine which can be used to prepare benzimidazoles from a variety of aldehydes. Finally, 

a series of phenylaldehyde-linked donors were coupled with 5.6 via I2-mediated intramolecular C-

H amidation to synthesize the target donor-π-acceptor compounds in yields ranging from 56% to 

65%. The identity of final compounds was confirmed by 1H and 13C{1H} NMR, as well as high 

resolution mass spectrometry (HRMS). 

  

Scheme 5.1. Synthesis of IMAC compounds. 

 

 Single crystals of PXZ-IMAC, PTZ-IMAC, ACR-IMAC, and CZ-IMAC were obtained 

from a mixture of CH2Cl2 and hexanes by slow evaporation (Figure 5.2). The solid-state structures 

indicate the donor groups are twisted with respect to the phenyl ring giving very large dihedral 

angles of 81.3 and 82.4° for PXZ-IMAC and ACR-IMAC, respectively. PTZ-IMAC and CZ-
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IMAC have more moderated twisting with dihedral angles of 69.3 and 60.0°, respectively. Such 

twisted structures typically result from the steric repulsion of hydrogen atoms in the phenyl and 

heteroaromatic units. Further, it results in effective spatial separation of the HOMO and LUMO 

and reduction of ΔEST. There also exists a moderate twist between the imidazole plane and the 

phenyl ring resulting in dihedral angles between 52.5–57.5°. PXZ-IMAC, PTZ-IMAC, and 

ACR-IMAC all pack in the P21/c space group, while CZ-IMAC packs in the P-1 space group. 

Additionally, the CZ-IMAC derivative is the only compound to co-crystallize with solvent 

(CH2Cl2).  

 

Figure 5.2. Crystal structures of (A) PXZ-IMAC, (B) PTZ-IMAC, (C) ACR-IMAC, and (D) CZ-IMAC depicted 

with 50 % thermal ellipsoids. Hydrogen atoms and co-crystallized solvent molecules omitted for clarity. Selected bond 

lengths (Å): PXZ-IMAC; N1–C16 1.319(2), N2–C16 1.397(3), N3–C20 1.437(3) PTZ-IMAC; N1–C16 1.318(3), 

N2–C16 1.396(2), N3–C20 1.437(2) ACR-IMAC; N1–C16 1.326(3), N2–C16 1.400(3), N3–C20 1.436(3) CZ-

IMAC; N1–C16 1.318(3), N2–C16 1.392(2), N3–C20 1.428(2). Selected torsion angles (°): PXZ-IMAC; N1–C16–

C17–C18 135.0(2), C19–C20–N3–C23 98.7(2) PTZ-IMAC; N1–C16–C17–C18 57.5(3), C19–C20–N3–C23 69.3(2) 

ACR-IMAC; N1–C16–C17–C18 134.2(2), C19–C20–N3–C23 97.6(3) CZ-IMAC; N1–C16–C17–C18 52.5(3), 

C19–C20–N3–C23 120.0(2). 
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5.2.2 Photophysical and Electrochemical Properties 

UV-vis absorption and photoluminescence (PL) spectra of this series of compounds in toluene 

solution (1 ´ 10–5 M) are shown in Figure 5.3. Absorption maxima are between 293 and 308 nm 

and all compounds have broad, featureless emission spectra consistent with a charge-transfer 

excited state. Based on TD-DFT calculations we attribute the lowest energy transition in all cases 

to the HOMO to LUMO transition. TD-DFT predicts PXZ-IMAC, PTZ-IMAC, ACR-IMAC, 

and TolCZ-IMAC to all have lowest energy transitions above 395 nm, significantly higher than 

the CZ-IMAC or TerCZ-IMAC derivatives (Table 5.1). However, the oscillator strengths are 

calculated to be 0.0004 (extremely low) for the PTZ-IMAC and 0.0002 for the ACR-IMAC 

derivatives, slightly higher at 0.0142 for the PXZ-IMAC derivative and much higher at 0.2792 

for the TolCZ-IMAC derivative, consistent with apparent intensities observed in their 

experimental spectra. All compounds showed strong positive solvatochromism in the fluorescence 

spectra, with significant red shifts in polar relative to nonpolar solvents. The effect was most 

pronounced for TolCZ-IMAC and PNX-IMAC, with red shifts of 176 (5861 cm–1) and 157 nm 

(5510 cm–1) going from hexanes to MeCN, respectively. CZ-IMAC had the least dramatic shift 

of 3676 cm–1 going from 378 to 439 nm as the solvent polarity was increased from hexanes to 

MeCN. For simplicity Stokes shifts discussed in this paper are the apparent shifts from the largest 

absorption band to the emission maxima. It has previously been reported that chromophores 

containing N-phenylphenothiazine can adopt two conformations, termed quasi-axial and quasi-

equatorial, differing in the relative orientations of the phenothiazine moiety and the phenyl ring.292–

295 Such conformers often result in dual emission properties, as is observed in PTZ-IMAC, with 

peaks at ~400 and ~530 nm and may also explain its low photoluminescence quantum yield 

(PLQY, F).  
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Figure 5.3. UV-vis spectra measured in CH2Cl2 at 1 ´ 10–5 M and PL spectra measured in toluene solution at 0.05 to 

0.15 optical density for (A) PXZ-IMAC, (B) PTZ-IMAC, (C) ACR-IMAC, (D) CZ-IMAC, (E) TerCZ-IMAC, 

and (F) TolCZ-IMAC. Photographs of the series of compounds in toluene (G) and as 10 wt% films in DPEPO (H) 

irradiated with 365 nm light.  
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Table 5.1.  TD-DFT results for the HOMO to LUMO transition in IMAC compounds. 
 

aCalculated total energy of the optimized structures in S0. bCalculated with TDA-DFT on neutral condition optimized 
structures in S1. 
 

In order to probe the delayed fluorescence behavior of the series of compounds, transient 

photoluminescence decay curves for each compound doped in bis[2-(diphenylphosphino)phenyl] 

ether oxide (DPEPO) films (10 wt%) were measured at room temperature. DPEPO was chosen 

since it is a large band gap material commonly used to host blue TADF materials in OLEDs. As 

shown in Figure 5.4 and summarized in Table 5.2, the doped films of PXZ-IMAC, PTZ-IMAC, 

ACR-IMAC, and TolCZ-IMAC showed clear long-lived exponential decays at 300 K. PXZ-

IMAC exhibits a two-component short lifetime of 4.2 ns and 13.8 ns and a long lifetime of 1390 

μs, and these are 2.1 ns, 10.1 ns and 228 μs for PTZ-IMAC. ACR-IMAC and TolCZ-IMAC had 

lifetimes of 5.7 ns, 14.2 ns, 127 μs and 4.4 ns, 13.1 ns, 1194 μs, respectively. The two-component 

nature of the short lifetimes is likely a result of the film consisting of both an IMAC emitter and 

DPEPO host, thus there is possibility for direct excitation of the emitter as well as for energy 

transfer from the host to emitter. The short lifetime component was attributed to relaxation from 

S1 to S0, and the delayed component was assigned to thermal up-conversion of excitons from T1 

Entry Total Energy (Hartree)a l (nm)b ΔE (eV) b f b 

PXZ-IMAC –1548.40 448 2.77 0.0142 

PTZ-IMAC –1879.30 397 3.12 0.0004 

ACR-IMAC –1591.06 405 3.06 0.0002 

CZ-IMAC –1473.28 339 3.65 0.5135 

TerCZ-IMAC –2504.65 362 3.43 0.3028 

TolCZ-IMAC –2664.05 424 2.93 0.2792 
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to S1, followed by relaxation from S1 to S0. PL decay curves were measured for PXZ-IMAC, 

PTZ-IMAC, ACR-IMAC, and TolCZ-IMAC at 77 K and in all cases the delayed component 

was suppressed, confirming the thermal dependence (Figure 5.5). Time-resolved emission spectra 

of all compounds were obtained in 2-MeTHF solution measured at 77 K (Figure 5.6) in order to 

determine the singlet-triplet gap for each compound. Singlet-triplet gaps were also calculated for 

each compound according to Adachi’s method.131,296 We also note that the delayed fluorescence 

lifetimes for TolCZ-IMAC and PXZ-IMAC are much longer than those of PTZ-IMAC and 

ACR-IMAC, while their solid-state quantum yields are significantly higher (Table 5.2). Films of 

CZ-IMAC and TerCZ-IMAC had no observable delayed component under these conditions, 

consistent with DFT calculations indicating these compounds possess a larger ΔEST (vide infra). 

Table 5.2.  Photophysical properties of IMAC compounds. 

Entry lmax, absa lmax, emb 
F 

Solutionb/Solidc 
CIEb τp (ns)c τd (μs)c 

PXZ-IMAC 298 502 0.31/0.71 (0.23, 0.43) 4.2, 13.8 1390 

PTZ-IMAC 303 515 0.08/0.05 (0.27, 0.44) 2.1, 10.1 228 

ACR-IMAC 293 450 0.34/0.51 (0.15, 0.12) 5.7, 14.2 127 

CZ-IMAC 293 394 0.99/0.85 (0.16, 0.03) 1.9, 28.2 – 

TerCZ-IMAC 294 401 0.94/0.61 (0.16, 0.04) 2.9, 17.2 – 

TolCZ-IMAC 308 496 0.85/0.45 (0.21, 0.39) 4.4, 13.1 1194 

aMeasured in CH2Cl2. bMeasured in degassed toluene with an optical density between 0.05 and 0.15. cMeasured as 
films doped in DPEPO at 10 wt % under vacuum. DPEPO: Bis[2-(diphenylphosphino)phenyl] ether oxide. 
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Figure 5.4. PL decay curves for (A) PXZ-IMAC, (B) PTZ-IMAC, (C) ACR-IMAC, (D) CZ-IMAC, (E) TerCZ-

IMAC, and (F) TolCZ-IMAC doped in 10 wt % DPEPO films at 300 K.  

 

 

Figure 5.5. Time-resolved emission spectra of (a) PXZ-IMAC, (b) PTZ-IMAC, (c) ACR-IMAC, (d) CZ-IMAC, 

(e) TerCZ-IMAC, and (f) TolCZ-IMAC in 2-MeTHF measured at 77 K. 
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Figure 5.6. PL decay curves of (a) PXZ-IMAC, (b) PTZ-IMAC, (c) ACR-IMAC, and (d) TolCZ-IMAC doped in 

10 wt % DPEPO films measured at 298 K and 77 K. 

 

The electrochemical properties and energy levels of these compounds were investigated by 

cyclic voltammetry in DMF using a conventional three electrode system. All compounds have a 

reversible one-electron reduction at approximately –2.50 eV (Table 5.3) relative to the FeCp0/+ 

redox couple, arising from the IMAC unit. These are in reasonable agreement with similar donor-

acceptor compounds containing benzimidazole.289 The LUMO energy levels of the compounds 

were calculated to be approximately –1.4 eV. TolCZ-IMAC had the lowest oxidation potential at 

0.21 eV, followed closely by PXZ-IMAC at 0.28 eV and PTZ-IMAC at 0.31 eV. CZ-IMAC and 

ACR-IMAC had significantly higher oxidation potentials at 0.49 and 0.51 eV, respectively. 

Oxidation of the TerCZ-IMAC could not be achieved within the solvent window of DMF, though 

a reduction peak was still observed for this compound. 
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Table 5.3.  Calculated and experimental electronic properties of the series of IMAC compounds. 

Compound E1/2
ox[a] E1/2

red[a] 
HOMO (eV) LUMO (eV) Eg (eV) ΔEST (eV) 

Calc. Exp.b Calc. Exp.b Calc. Exp. Calc. Exp. d/e 

PXZ-IMAC 0.28 –2.52 –4.66 –5.08 –1.47 –2.28 2.77 2.92 0.03 0.29/0.27 

PTZ-IMAC 0.31 –2.52 –4.98 –5.11 –1.46 –2.28 3.12 3.32 0.04 0.25/0.76 

ACR-IMAC 0.51 –2.52 –4.90 –5.31 –1.41 –2.28 3.06 3.15 0.01 0.21/0.25 

CZ-IMAC 0.49 –2.54 –5.37 –5.29 –1.40 –2.26 3.65 3.41 0.60 -/0.71 

TerCZ-IMAC – –2.45 –5.18 –5.61c –1.61 –2.35 3.43 3.35c 0.31 -/0.66 

TolCZ-IMAC 0.21 –2.48 –4.50 –5.01 –1.40 –2.32 2.93 2.92 0.17 0.27/0.28 

aIn DMF relative to FeCp0/+.  
bCalculated from E1/2ox relative to the FeCp0/+ HOMO level (–4.80 eV). 
cCalculated from the LUMO level and the optical energy gap, Eg. Eg was determined from the intersection point of the 
normalized emission and absorption spectra. 
dDetermined from the measurements of quantum yield and lifetime of the fluorescence and TADF components (Table 
S2) according to Adachi’s method.131,296 

eDetermined from the high energy band edge of the phosphorescence spectrum in 2-MeTHF at 10–5 M at 77 K.  

 

5.2.3 Theoretical Calculations 

Quantum chemical calculations using density functional theory (DFT) with the PBE0/6-31+G(d) 

method/basis set in Gaussian 09 software were performed to obtain insight into the molecular 

conformation and electronic structures of these emissive materials. The calculation results, 

showing the optimized structure and HOMO/LUMO distribution of each compound, are given in 

Figure 5.7. Significant separation of the HOMO and LUMO is present for all compounds, with the 

HOMO mainly distributed on the donor group and the LUMO centered on the IMAC acceptor. 

CZ-IMAC was an exception to this trend, with the IMAC unit contributing significantly to the 

HOMO – consistent with the lack of observed delayed fluorescence for this material. We next 
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calculated the S1 and T1 excited state energies using the Tamm-Dancoff approximation to time-

dependent density functional theory (TD-DFT). The calculated ΔEST values were <0.04 eV for 

PXZ-IMAC, PTZ-IMAC, and ACR-IMAC, consistent with their apparent TADF behavior. CZ-

IMAC was calculated to have quite a large ΔEST of 0.60 eV, most likely due to the very weak 

donating ability of the CZ donor moiety leading to substantial overlap of the HOMO and LUMO 

on the IMAC fragment. TerCZ-IMAC and TolCZ-IMAC were calculated to have gaps of 0.31 

and 0.17 eV, respectively. These values are small enough that efficient TADF should be possible. 

While the calculated ΔEST values support the observance of TADF, there exist substantial 

differences between the calculated and experimentally determined ΔEST values for all compounds. 

Due to charge-transfer nature of these materials, a gap-tuned range-separated hybrid functional 

like ωB97XD* might be used in the future to provide a more accurate estimation.297 
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Figure 5.7. Optimized structures, and HOMO and LUMO distributions for the series of IMAC-containing compounds. 

 

5.3 Conclusions 

In summary, a planarized IMAC acceptor fragment was prepared and used to synthesize six donor-

π-acceptor type emissive materials. Four of these donor-π-acceptor molecules exhibit TADF with 

deep blue to green emission colour in the solid state and photoluminescence quantum yields of up 

to 0.85 in solution. Additionally, two fluorescent emitters were prepared with carbazole and 
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tercarbazole donor moieties and quantum yields of 0.94 and 0.99, respectively. Theoretical 

calculations established the donor-acceptor character of the molecules, as well as indicated small 

ΔEST values for the compounds which exhibited delayed fluorescence. The results provide a 

promising opportunity for the design and synthesis of highly efficient TADF materials based on 

IMAC derivatives. 

5.4 Experimental Details 

General Considerations. All reactions and manipulations were carried out under a nitrogen 

atmosphere using standard Schlenk or glove box techniques unless otherwise stated. Dry solvents 

were obtained from Caledon Laboratories, dried using an Innovative Technologies Inc. solvent 

purification system, collected under vacuum, and stored under a nitrogen atmosphere over 4 Å 

molecular sieves. All reagents were purchased from Sigma-Aldrich, Cambridge Isotope 

Laboratories, Alfa Aesar or Tokyo Chemical Institute and used as received unless otherwise stated. 

Syntheses of the following compounds have been previously reported:  5.1,298 4-(10H-phenoxazin-

10-yl)benzaldehyde,299 4-(10H-phenothiazin-10-yl)benzaldehyde,295 4-(9H-carbazol-9-

yl)benzaldehyde,173 4-(9'H-[9,3':6',9''-tercarbazol]-9'-yl)benzaldehyde,300 and 9-benzyl-3,6-

diiodo-9H-carbazole.300 The 1H and 13C{1H} nuclear magnetic resonance (NMR) spectra were 

measured on a Bruker AV III HD 400 MHz spectrometer with chloroform-d (CDCl3), methylene 

chloride-d2 (CD2Cl2), benzene-d6 (C6D6) or dimethylsulfoxide-d6 (DMSO-d6) as the solvent. The 

chemical shift data are reported in units of δ (ppm) relative to residual solvent. Absorbance 

measurements were made on a Cary 60 spectrometer and fluorescence measurements were made 

on an Edinburgh Instruments FS5 spectrofluorometer. Absolute photoluminescence quantum 

yields were determined using an Edinburgh Instruments SC–30 Integrating Sphere Module; 
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toluene was used as the solvent and spectra obtained at approximately 10-5 M unless otherwise 

stated. Photoluminescence decay characteristics of the film samples were investigated under 

vacuum conditions using an Edinburgh Instruments FS5 spectrofluorometer and SC-80 sample 

holder. The fast decay component was recorded using time-correlated single photon counting in 

conjunction with a 313 nm EPLED excitation source, while the slow decay component was 

recorded using multichannel scaling with a pulsed Xe flash lamp source. Low temperature time-

resolved emission spectra were measured on a Horiba PTI QM-400 spectrometer equipped with a 

Continuum PL8000 nanosecond YAG laser, operating at 355 nm, 10 Hz, and 1-2 mJ/pulse. Mass 

spectra were recorded on a Kratos MS-50 instrument using electron impact ionization. Melting 

points (mp) were determined using a Barnstead Electrotherm 1001D/1001 Mel-Temp capillary 

melting point apparatus equipped with a Fluke 51-II digital thermometer. 

Electrochemical Methods. Cyclic voltammograms were recorded using a BASi Epsilon Eclipse 

potentiostat at room temperature using a standard three-electrode configuration (working 

electrode: 3 mm diameter glassy carbon; reference electrode: RE-5B Ag/AgCl electrode in 

saturated aqueous KCl (BASi Inc.), referenced externally to ferrocene/ferrocenium (0.543 V in 

DMF);199 counter electrode: Pt wire) in 0.1 M tetrabutylammonium hexafluorophosphate in DMF. 

Experiments were run at a scan rate of 100 mV s–1 in dry degassed electrolyte solution with ~1 mg 

mL–1 of analyte. 

Density Functional Theory. Calculations were performed using the Gaussian 09 software 

package.235 Ground state geometries and energies were calculated at the PBE0/6-31+G(d) level of 

theory. The singlet and triplet states were calculated by the Tamm-Dancoff approximation to time-

dependent density functional theory (TD-DFT) with the PBE0 functional at the same basis set 
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level. Molecular orbitals were visualized using Avogadro version 1.20 and rendered using POV-

Ray version 3.7.0. 

5.4.1 Synthetic Procedures  

Synthesis of 4,4-dimethyl-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (5.2). A mixture of N,N’-

carbonyldiimidazole (24.4 g, 150 mmol) and 2-(2-aminophenyl)propan-2-ol (1) (18.0 g, 119 

mmol) in THF (500 mL) was refluxed for 16 h. The solvent was evaporated under reduced pressure 

to give a yellow oil, which was redissolved in CH2Cl2 and washed with saturated aqueous NH4Cl, 

2 N HCl solution, and brine. The organic layer was dried over anhydrous MgSO4 and concentrated 

to afford a yellow solid. Yield = 17.8 g (85%). mp. = 106.5-108.6 °C. 1H NMR (400 MHz, DMSO-

d6): δ 10.20 (s, 1H), 7.32 – 7.19 (m, 2H), 7.04 (td, J = 7.6, 1.2 Hz, 1H), 6.91 (dd, J = 7.9, 1.1 Hz, 

1H), 1.62 (s, 6H). 13C NMR (101 MHz, DMSO-d6): δ 150.7, 134.7, 128.6, 126.2, 123.4, 122.6, 

114.0, 81.3, 27.6. HRMS (EI) m/z: [M+•] calcd for [C10H11NO2]+•, 177.07898; found, 177.07862; 

difference: –2.02 ppm. 

Synthesis of 4,4-dimethyl-1-(2-nitrophenyl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-2-one (5.3). A 

mixture of 5.2 (17.8 g, 100 mmol), 1-fluoro-2-nitrobenzene (15.7 g, 111 mmol) and CsCO3 (39.1 

g, 121 mmol) in DMF (250 mL) was heated to 95 °C for 16 h. After cooling to room temperature, 

the reaction was poured into 500 mL of water and extracted with EtOAc (5 × 100 mL). The 

combined organic layer was washed with water and brine, dried over anhydrous MgSO4, 

concentrated to give a bright yellow oil, and then purified through silica gel column 

chromatography (Hexanes/EtOAc 4:1, Rf = 0.02 gradient to Hexanes/EtOAc 1:1) to afford a 

yellow solid. mp. = 89.8-91.7 °C. Yield = 21.1 g (70 %). 1H NMR (400 MHz, DMSO-d6): δ 8.29 

(dd, J = 8.2, 1.5 Hz, 1H), 7.96 (td, J = 7.7, 1.5 Hz, 1H), 7.83 (td, J = 7.8, 1.4 Hz, 1H), 7.76 (dd, J 
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= 7.9, 1.4 Hz, 1H), 7.47 (dd, J = 7.6, 1.6 Hz, 1H), 7.22 (dtd, J = 24.3, 7.6, 1.4 Hz, 2H), 6.31 (dd, J 

= 8.0, 1.2 Hz, 1H), 1.81 (s, 3H), 1.78 (s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 149.6, 146.9, 

136.4, 135.4, 131.9, 130.6, 130.2, 128.9, 127.7, 125.8, 123.8, 123.8, 114.6, 82.0, 28.1, 27.1. HRMS 

(EI) m/z: [M+•] calcd for [C16H14N2O4]+•, 298.09536; found, 298.09503; difference: –1.08 ppm. 

Synthesis of 2-{2-[(2-nitrophenyl)amino]phenyl}propan-2-ol (5.4). A mixture of 5.3 (21.0 g, 70.4 

mmol) and 5% aqueous NaOH (10 g NaOH in 200 mL water) in EtOH (300 mL) was heated to 

reflux for 16 h. The reaction mixture turned from light yellow to dark red. The solvent was partially 

removed under reduced pressure before the mixture was poured into 500 mL of water, sonicated 

for 15 min, and the resulting bright orange powder collected by vacuum filtration. Yield = 12.4 g 

(64 %). mp. = 129.5-131.0 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.06 (s, 1H), 8.05 (dd, J = 8.5, 

1.4 Hz, 1H), 7.85 (dt, J = 7.6, 1.1 Hz, 1H), 7.53 – 7.45 (m, 1H), 7.29 – 7.15 (m, 2H), 7.10 – 6.93 

(m, 2H), 1.58 (s, 6H). 13C NMR (101 MHz, DMSO-d6): δ 135.5, 135.0, 133.0, 132.9, 131.7, 129.0, 

127.1, 125.4, 123.9, 122.8, 118.9, 116.2, 36.2, 31.4. HRMS (EI) m/z: [M+•] calcd for 

[C15H16N2O3]+•, 272.11609; found, 272.11664; difference: 2.03 ppm. 

Synthesis of 9,9-dimethyl-4-nitro-9,10-dihydroacridine (5.5). A suspension of 5.4 (12.4 g, 45.5 

mmol) in H3PO4 (200 mL) was stirred for 16 h. The reaction mixture turned from orange to dark 

red. The mixture was poured into water (500 mL) and the resulting bright red powder collected by 

vacuum filtration. Yield = 9.7 g (84 %). mp. = 134.1-135.6 °C. 1H NMR (400 MHz, DMSO-d6): 

δ 10.05 (s, 1H), 8.04 (dd, J = 8.5, 1.5 Hz, 1H), 7.83 (dt, J = 7.5, 1.1 Hz, 1H), 7.48 (dd, J = 7.8, 1.3 

Hz, 1H), 7.27 – 7.15 (m, 2H), 7.05 (ddd, J = 8.4, 7.1, 1.5 Hz, 1H), 6.99 (dd, J = 8.5, 7.5 Hz, 1H), 

1.56 (s, 6H). 13C NMR (101 MHz, DMSO-d6): δ 135.5, 135.0, 133.0, 132.8, 131.6, 129.0, 127.1, 
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125.4, 123.9, 122.8, 118.9, 116.1, 36.2, 31.4. HRMS (EI) m/z: [M+•] calcd for [C15H14N2O2]+•, 

254.10553; found, 254.10452; difference: –3.96 ppm. 

Synthesis of 9,9-dimethyl-9,10-dihydroacridin-4-amine (5.6). A mixture of 5.5 (143 mg, 0.562 

mmol) in EtOH (5 mL) was cooled to 0 °C and placed under a flow of N2 gas. Pd/C (6 mg, 0.06 

mmol) was added to the stirred solution followed by very slow addition of N2H4. The mixture was 

stirred for 30 min then slowly allowed to warm to room temperature (care was taken to ensure the 

reaction vessel was not over-pressurizing) followed by heating to 50 °C. After 2 h the reaction was 

cooled to room temperature and subsequently filtered using EtOH to rinse. The filtrate was 

collected and concentrated to give a black solid. Yield = 123 g (99 %). mp. = 108.2-110.6 °C. 1H 

NMR (400 MHz, DMSO-d6): δ 7.80 (s, 1H), 7.34 (d, J = 7.8 Hz, 1H), 7.07 (t, J = 7.5 Hz, 1H), 

6.94 (dd, J = 8.0, 1.3 Hz, 1H), 6.82 (t, J = 7.5 Hz, 1H), 6.70 (d, J = 7.7 Hz, 1H), 6.63 (t, J = 7.7 

Hz, 1H), 6.53 (dd, J = 7.6, 1.4 Hz, 1H), 4.87 (s, 2H), 1.48 (s, 6H). 13C NMR (101 MHz, DMSO-

d6): δ 139.1, 133.3, 128.1, 128.1, 126.3, 125.5, 125.1, 119.8, 119.4, 113.8, 113.7, 112.6, 35.6, 30.7. 

HRMS (EI) m/z: [M+•] calcd for [C15H16N2]+•, 224.13135; found, 224.13112; difference: –1.00 

ppm. 

Synthesis of 10-[4-(6,6-dimethyl-6H-imidazo[4,5,1-de]acridin-1-yl)phenyl]-10H-phenoxazine 

(PXZ-IMAC). A mixture of 5.6 (100 mg, 0.446 mmol) and 4-(10H-phenoxazin-10-

yl)benzaldehyde (141 mg, 0.491 mmol) in EtOH (10 mL) was refluxed for 16 h. The solvent was 

evaporated under reduced pressure to give a yellow oil, which was redissolved in CH2Cl2 (10 mL), 

followed by the sequential addition of iodine (135 mg, 0.532 mmol) and K2CO3 (185 mg, 1.34 

mmol). The reaction mixture was stirred at reflux temperature for another 16 h. Upon completion 

of the reaction, it was quenched with 5% Na2S2O3 (20 mL) and then extracted with CH2Cl2 (10 
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mL × 3). The combined organic layer was washed with brine (20 mL), dried over anhydrous 

MgSO4, concentrated, and then purified through silica gel column chromatography (1:1, 

hexanes:CH2Cl2, Rf = 0.25) to afford a yellow/green solid. Yield = 136 mg (62 %). X-ray quality 

crystals were obtained from the slow evaporation of a solution of PXZ-IMAC in CH2Cl2/hexanes. 

mp. = 221.2-223.1 °C. 1H NMR (400 MHz, methylene chloride-d2): δ 8.14 – 8.06 (m, 2H), 7.69 

(ddd, J = 18.5, 7.8, 1.4 Hz, 2H), 7.64 – 7.59 (m, 2H), 7.51 – 7.36 (m, 2H), 7.34 – 7.23 (m, 2H), 

7.14 (ddd, J = 8.5, 7.4, 1.5 Hz, 1H), 6.83 – 6.65 (m, 6H), 6.24 – 6.10 (m, 2H), 1.82 (s, 6H). 13C 

NMR (101 MHz, methylene chloride-d2): δ 150.4, 144.4, 141.3, 141.0, 136.7, 134.4, 133.7, 133.4, 

132.9, 131.9, 131.7, 130.7, 128.4, 127.0, 125.9, 125.0, 123.8, 122.0, 119.1, 117.1, 116.9, 115.8, 

113.8, 38.0, 33.0. HRMS (EI) m/z: [M+•] calcd for [C34H25N3O1]+•, 491.19976; found, 491.19866; 

difference: –2.24 ppm. 

Synthesis of 10-[4-(6,6-dimethyl-6H-imidazo[4,5,1-de]acridin-1-yl)phenyl]-10H-phenothiazine 

(PTZ-IMAC). A mixture of 5.6 (100 mg, 0.446 mmol) and 4-(10H-phenothiazin-10-

yl)benzaldehyde (149 mg, 0.491 mmol) in EtOH (10 mL) was refluxed for 16 h. The solvent was 

evaporated under reduced pressure to give a reddish oil, which was redissolved in CH2Cl2 (10 mL), 

followed by the sequential addition of iodine (135 mg, 0.532 mmol) and K2CO3 (185 mg, 1.34 

mmol). The reaction mixture was stirred at reflux temperature for another 16 h. Upon completion 

of the reaction, it was quenched with 5% Na2S2O3 (20 mL) and then extracted with CH2Cl2 (10 

mL × 3). The combined organic layer was washed with brine (20 mL), dried over anhydrous 

MgSO4, concentrated, and then purified through silica gel column chromatography (CH2Cl2, Rf = 

0.15) to afford a yellow solid. Yield = 148 mg (65 %). X-ray quality crystals were obtained from 

the slow evaporation of a solution of PTZ-IMAC in CH2Cl2/hexanes. mp. = 259.8-261.1 °C. 1H 
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NMR (400 MHz, methylene chloride-d2): δ 8.05 – 7.97 (m, 2H), 7.70 (dd, J = 7.9, 1.5 Hz, 1H), 

7.66 (dd, J = 7.7, 1.1 Hz, 1H), 7.60 – 7.53 (m, 2H), 7.48 – 7.38 (m, 2H), 7.35 (dd, J = 8.3, 1.3 Hz, 

1H), 7.30 – 7.20 (m, 3H), 7.12 (tdd, J = 7.8, 6.0, 1.6 Hz, 3H), 7.02 (td, J = 7.5, 1.3 Hz, 2H), 6.74 

(dd, J = 8.1, 1.3 Hz, 2H), 1.82 (s, 6H). 13C NMR (101 MHz, methylene chloride-d2): δ 150.7, 

144.1, 143.8, 141.3, 136.7, 133.8, 132.2, 132.0, 131.2, 130.7, 128.3, 127.8, 127.7, 127.5, 127.0, 

125.8, 124.9, 124.3, 124.0, 119.3, 119.0, 117.0, 1167.0, 38.0, 32.9. HRMS (EI) m/z: [M+•] calcd 

for [C34H25N3S1]+•, 507.17692; found, 507.17579; difference: –2.22 ppm. 

Synthesis of 1-[4-(9,9-dimethylacridin-10(9H)-yl)phenyl]-6,6-dimethyl-6H-imidazo[4,5,1-

de]acridine (ACR-IMAC). A mixture of 5.6 (100 mg, 0.446 mmol) and 4-(9,9-dimethylacridin-

10(9H)-yl)benzaldehyde (5.10) (154 mg, 0.491 mmol) in EtOH (10 mL) was refluxed for 16 h. 

The solvent was evaporated under reduced pressure to give a yellow oil, which was redissolved in 

CH2Cl2 (10 mL), followed by the sequential addition of iodine (135 mg, 0.532 mmol) and K2CO3 

(185 mg, 1.34 mmol). The reaction mixture was stirred at reflux temperature for the 16 h. Upon 

completion of the reaction, it was quenched with 5% Na2S2O3 (20 mL) and then extracted with 

CH2Cl2 (10 mL × 3). The combined organic layer was washed with brine (20 mL), dried over 

anhydrous MgSO4, concentrated, and then purified through silica gel column chromatography 

(CH2Cl2, Rf = 0.2) to afford an off white solid. Yield = 144 mg (63 %). X-ray quality crystals were 

obtained from the slow evaporation of a solution of ACR-IMAC in CH2Cl2/hexanes. mp. = 246.5-

247.6 °C. 1H NMR (400 MHz, methylene chloride-d2): δ 8.05 – 7.92 (m, 2H), 7.55 (ddd, J = 12.9, 

7.8, 1.3 Hz, 2H), 7.49 – 7.43 (m, 2H), 7.40 (dd, J = 7.7, 1.6 Hz, 2H), 7.35 – 7.19 (m, 3H), 7.13 (td, 

J = 7.6, 1.3 Hz, 1H), 7.01 (ddd, J = 8.6, 7.3, 1.5 Hz, 1H), 6.95 (ddd, J = 8.3, 7.2, 1.6 Hz, 2H), 6.87 

(td, J = 7.4, 1.3 Hz, 2H), 6.36 (dd, J = 8.2, 1.3 Hz, 2H), 1.68 (s, 6H), 1.61 (s, 6H). 13C NMR (101 
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MHz, methylene chloride-d2): δ 150.6, 143.3, 141.3, 141.1, 136.8, 133.8, 133.1, 132.7, 132.2, 

132.0, 130.8, 130.7, 128.4, 127.0, 126.8, 125.9, 125.7, 125.0, 121.3, 119.1, 117.1, 117.0, 114.6, 

38.0, 36.4, 33.0, 31.3. HRMS (EI) m/z: [M+•] calcd for [C37H31N3]+•, 517.25180; found, 

517.25084; difference: –1.86 ppm. 

Synthesis of 1-[4-(9H-carbazol-9-yl)phenyl]-6,6-dimethyl-6H-imidazo[4,5,1-de]acridine (CZ-

IMAC). A mixture of 5.6 (100 mg, 0.446 mmol) and 4-(9H-carbazol-9-yl)benzaldehyde (135 mg, 

0.498 mmol) in EtOH (10 mL) was refluxed for 16 h. The solvent was evaporated under reduced 

pressure to give a yellow oil, which was redissolved in CH2Cl2 (10 mL), followed by the sequential 

addition of iodine (135 mg, 0.532 mmol) and K2CO3 (185 mg, 1.34 mmol). The reaction mixture 

was stirred at reflux temperature for the 16 h. Upon completion of the reaction, it was quenched 

with 5% Na2S2O3 (20 mL) and then extracted with CH2Cl2 (10 mL × 3). The combined organic 

layer was washed with brine (20 mL), dried over anhydrous MgSO4, concentrated, and then 

purified through silica gel column chromatography (1 % MeOH in CH2Cl2, Rf = 0.20) to afford a 

light pink solid. The solid was dissolved in a minimal amount of CH2Cl2 and layered with hexane 

to give large X-ray quality crystals of CZ-IMAC. Yield = 118 mg (56%). mp. = 254.1-255.8 °C. 

1H NMR (400 MHz, DMSO-d6): δ 8.33 (d, J = 7.8 Hz, 2H), 8.13 (d, J = 8.1 Hz, 2H), 7.93 (d, J = 

8.1 Hz, 2H), 7.68 – 7.59 (m, 3H), 7.59 – 7.47 (m, 3H), 7.44 (t, J = 7.7 Hz, 1H), 7.38 (t, J = 7.4 Hz, 

2H), 7.33 – 7.19 (m, 3H), 1.77 (s, 6H). 13C NMR (101 MHz, DMSO-d6): δ 149.7, 140.2, 139.8, 

138.5, 135.8, 132.7, 131.4, 131.1, 130.8, 130.1, 128.4, 127.0, 126.9, 126.4, 125.7, 124.6, 123.0, 

120.6, 120.4, 118.9, 116.4, 116.1, 109.8, 37.3, 32.6. HRMS (EI) m/z: [M+•] calcd for [C34H25N3]+•, 

475.20485; found, 475.20331; difference: –3.24 ppm. 
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Synthesis of 1-[4-(9'H-[9,3':6',9''-tercarbazol]-9'-yl)phenyl]-6,6-dimethyl-6H-imidazo[4,5,1-

de]acridine (TerCZ-IMAC). A mixture of 5.6 (58.0 mg, 0.259 mmol) and 4-(9'H-[9,3':6',9''-

tercarbazol]-9'-yl)benzaldehyde (170 mg, 0.283  mmol) in EtOH (10 mL) and 1,2-dichloroethane 

(10 mL) was refluxed for 16 h. The solvent was evaporated under reduced pressure to give a 

reddish oil, which was redissolved in 1,2-dichloroethane (10 mL), followed by the sequential 

addition of iodine (92 mg, 0.36 mmol) and K2CO3 (108 mg, 0.781 mmol). The reaction mixture 

was stirred at reflux temperature for another 16 h. Upon completion of the reaction, it was 

quenched with 5% Na2S2O3 (20 mL) and then extracted with CH2Cl2 (10 mL × 3). The combined 

organic layer was washed with brine (20 mL), dried over anhydrous MgSO4, concentrated, and 

then purified through silica gel column chromatography (CH2Cl2, Rf = 0.25) to afford an off-white 

solid. Yield = 131 mg (58 %).  mp. = 243.5-245.4 °C. 1H NMR (400 MHz, methylene chloride-

d2): δ 8.35 (d, J = 2.0 Hz, 2H), 8.23 – 8.14 (m, 6H), 8.03 – 7.97 (m, 2H), 7.88 (d, J = 8.7 Hz, 2H), 

7.74 – 7.63 (m, 4H), 7.49 – 7.37 (m, 11H), 7.28 (m, 5H), 7.18 (m, 1H), 1.81 (s, 6H) ppm. 13C NMR 

(101 MHz, methylene chloride-d2): δ 150.5, 142.3, 141.5, 141.0, 139.3, 137.0, 134.0, 132.9, 132.2, 

131.2, 131.0, 128.7, 127.8, 127.3, 126.9, 126.5, 126.2, 125.3, 124.9, 123.7, 120.8, 120.3, 120.3, 

119.4, 117.3, 117.2, 112.1, 110.3, 38.2, 33.1 ppm. HRMS (EI) m/z: [M+•] calcd for [C58H39N5]+•, 

805.32055; found, 805.31727; difference: –3.28 ppm. 

Synthesis of 9-[4-(6,6-dimethyl-6H-imidazo[4,5,1-de]acridin-1-yl)phenyl]-N3,N3,N6,N6-tetra(p-

tolyl)-9H-carbazole-3,6-diamine (TolCZ-IMAC). A mixture of 5.6 (74.0 mg, 0.330 mmol) and 4-

[3,6-bis(di-p-tolylamino)-9H-carbazol-9-yl]benzaldehyde (5.7) (300 mg, 0.453 mmol) in EtOH 

(10 mL) and 1,2-dichloroethane (10 mL) was refluxed for 16 h. The solvent was evaporated under 

reduced pressure to give a reddish oil, which was redissolved in 1,2-dichloroethane (10 mL), 
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followed by the sequential addition of iodine (117 mg, 0.461 mmol) and K2CO3 (137 mg, 0.991 

mmol). The reaction mixture was stirred at reflux temperature for another 16 h. Upon completion 

of the reaction, it was quenched with 5% Na2S2O3 (20 mL) and then extracted with EtOAc (10 mL 

× 3). The combined organic layer was washed with brine (20 mL), dried over anhydrous MgSO4, 

concentrated, and then purified through silica gel column chromatography (1:1, hexanes:CH2Cl2, 

Rf = 0.30) to afford a green solid. Yield = 170 mg (60 %). mp. = 193.4-195.6 °C. 1H NMR (400 

MHz, benzene-d6): δ 8.04–7.97 (m, 3H), 7.94 – 7.88 (m, 2H), 7.48–7.29 (m, 17H), 7.10–6.98 (m, 

9H), 2.24 (s, 12H), 1.68 (s, 6H) ppm. 13C NMR (101 MHz, benzene-d6): δ 150.5, 147.0, 142.2, 

142.0, 139.4, 138.2, 136.5, 134.1, 132.3, 131.8, 131.7, 131.1, 130.1, 128.4, 128.1, 127.9, 126.8, 

126.6, 126.4, 125.5, 125.2, 125.1, 123.3, 118.9, 118.8, 117.9, 117.1, 111.3, 37.8, 32.5, 20.7 ppm. 

HRMS (EI) m/z: [M+•] calcd for [C62H51N5]+•, 865.41445; found, 865.41440; difference: –0.04 

ppm. 

9-Benzyl-N3,N3,N6,N6-tetra(p-tolyl)-9H-carbazole-3,6-diamine (5.7). Ditolylamine (11.7 g, 59.0 

mmol), 9-benzyl-3,6-diiodo-9H-carbazole (10.0 g, 19.8 mmol), K2CO3 (21.7 g, 157.0 mmol), Cu 

powder (5.07 g, 79.7 mmol), and 18-crown-6 (1.04 g, 3.93 mmol) were added to a flame dried 500 

mL round bottom flask equipped with a magnetic stir bar and reflux condenser. The vessel was 

evacuated and refilled with N2 three times before addition of dry, degassed o-dichlorobenzene (150 

mL). The reaction mixture was heated to reflux and left stirring for 120 h. The reaction mixture 

was allowed to cool to room temperature, filtered to remove K2CO3, and concentrated under 

reduced pressure. The brown residue was dissolved in CH2Cl2 and washed with water three times. 

The organic layer was collected, dried with MgSO4, filtered and concentrated under reduced 

pressure. The solid was dissolved in CH2Cl2 and further purified by reprecipitation into hexanes 
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(three times) to afford a yellow powder. Yield = 11.65 g (91 %). mp. = 132.4-134.2 °C. 1H NMR 

(400 MHz, DMSO-d6): δ 7.81 (d, J = 2.1 Hz, 2H), 7.59 (d, J = 8.8 Hz, 2H), 7.37–7.20 (m, 5H), 

7.15 (dd, J = 8.7, 2.2 Hz, 2H), 7.01 (d, J = 8.1 Hz, 8H), 6.91–6.72 (m, 8H), 5.61 (s, 2H), 2.22 (s, 

12H). 13C NMR (101 MHz, DMSO-d6): δ 145.9, 139.5, 137.8, 130.3, 129.7, 128.6, 127.4, 126.9, 

125.4, 122.9, 122.1, 118.3, 110.6, 45.9, 20.2. HRMS (EI) m/z: [M+•] calcd for [C47H41N3]+•, 

647.33005; found, 667.32831; difference: –2.68 ppm. 

N3,N3,N6,N6-tetra(p-tolyl)-9H-carbazole-3,6-diamine (5.8). AlCl3 (16.8 g, 126.0 mmol) was 

suspended in dry, degassed anisole (15 mL) and cooled to 0 °C with stirring. In a separated flask 

5.7 (11.7 g, 18.0 mmol) was taken up in anisole (50 mL) and then transferred into the AlCl3 

solution, resulting in a colour change from yellow to dark brown. Upon heating the reaction to 70 

°C the reaction became clear. After 16 h the reaction mixture was poured into water (250 mL) and 

extracted with toluene (3 ´ 50 mL). The organic layers were collected, dried over MgSO4, filtered 

and concentrated under reduced pressure. The mixture was purified through silica gel column 

chromatography (hexanes/CH2Cl2 2:1, Rf = 0.25) to afford an off-white solid. Yield = 8.33 g (83 

%). mp. = 258.9-260.8 °C. 1H NMR (400 MHz, benzene-d6): δ 7.77 (d, J = 2.1 Hz, 2H), 7.32 (dd, 

J = 8.6, 2.1 Hz, 2H), 7.16–7.10 (m, 8H), 6.91 (m, 10H), 6.44 (s, 1H), 2.11 (s, 12H). 13C NMR (101 

MHz, benzene-d6): δ 147.2, 140.9, 137.5, 130.8, 130.1, 126.2, 124.8, 123.1, 119.2, 111.8, 20.7. 

HRMS (EI) m/z: [M+•] calcd for [C40H35N3]+•, 557.28310; found, 557.28241; difference: –1.23 

ppm. 

4-{3,6-Bis[di(p-tolyl)amino]-9H-carbazol-9-yl}benzaldehyde (5.9). 5.8 (500 mg, 0.896 mmol), 

K3PO4 (1.00 g, 4.50 mmol) and DMF (33 mL) were combined in a 100 mL round bottom flask 
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equipped with a magnetic stir bar and reflux condenser. The reaction was heated to 150 °C before 

addition of 4-fluorobenzaldehyde (0.30 mL, 2.70 mmol). After stirring for 16 h the reaction 

mixture was allowed to cool to room temperature, filtered to remove K3PO4, and concentrated 

under reduced pressure. The brown mixture was purified through silica gel column 

chromatography (hexanes/CH2Cl2 1:1, Rf = 0.15) to afford a bright yellow solid. Yield = 340 mg 

(48 %). mp. = 141.1-143.0 °C. 1H NMR (400 MHz, benzene-d6): δ 9.66 (s, 1H), 7.83 (d, J = 2.1 

Hz, 2H), 7.56–7.49 (m, 2H), 7.29 (dd, J = 8.8, 2.1 Hz, 2H), 7.17 (m, 4H), 7.16–7.08 (m, 8H), 6.93 

(d, J = 8.2 Hz, 8H), 2.11 (s, 12H). 13C NMR (101 MHz, benzene-d6): δ 190.0, 146.9, 143.0, 142.4, 

137.7, 134.9, 131.3, 131.2, 130.7, 126.4, 126.3, 125.5, 123.3, 118.8, 111.1, 20.7. HRMS (EI) m/z: 

[M+•] calcd for [C47H39N3O]+•, 661.30931; found, 661.30651; difference: –4.24 ppm. 

 4-(9,9-Dimethyl-10(9H)-acridinyl)benzaldehyde (5.10).301 To a 3-neck, 3 litre round bottom flask 

was added acridine (26.0 g, 124 mmol), K3PO4 (132 g, 621 mmol), and 2.15 L of DMF as well as 

a magnetic stir bar. A reflux condenser was attached to the flask, then the reaction mixture was 

heated to reflux. Once refluxing, 4-fluorobenzaldehyde (26.7 mL, 248 mmol) was added to the 

reaction mixture gradually. The reaction mixture was stirred overnight. After confirmation of the 

completion of the reaction by TLC, the crude reaction mixture was filtered to remove excess 

K3PO4. The filtrate was then concentrated under reduced pressure then dissolved in 500 mL ethyl 

acetate. This organic layer was washed three times with 250 mL of deionized water, dried over 

MgSO4, filtered and concentrated under reduced pressure. The crude mixture was purified by 

column chromatography using a gradient of hexane and CH2Cl2 (100% hexane to 100% CH2Cl2) 

on silica. Yield = 38.3 g (98%). 1H NMR (400 MHz, chloroform-d): δ 10.16 (s, 1H), 8.17 (d, J = 

8.4 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.55–7.49 (m, 2H), 7.03 (m, 4H), 6.42–6.35 (m, 2H), 1.73 
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(s, 6H). 13C NMR (101 MHz, chloroform-d): δ 191.2, 147.5, 140.4, 135.4, 132.2, 131.4, 130.8, 

126.4, 125.4, 121.5, 114.9, 36.2, 30.9. HRMS (ESI) m/z: [M+H] calcd. for [C22H19NO]+H, 

314.1544; found, 314.1545; difference: 0.3 ppm. 
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Chapter 6: Deep-Blue Fluorophores with Imidazoacridine Acceptors: 

Enhancing Photostablility and Two-Photon Fluorescence using Structural 

Constraint 

6.1 Introduction 

Fluorescent dyes for use in biological applications have attracted significant research attention for 

more than three decades. Near-infrared dyes have garnered particular interest as their absorption 

range (650-900 nm) allows for deep penetration into tissues and avoids the influence of 

bioautofluorescence.302 As dyes emitting efficiently in this range remain scarce, an alternative 

approach utilizes two-photon excited fluorescence (2PEF), a third-order non-linear optical process 

whereby a molecule is electronically excited by simultaneous absorption of a pair of photons.303 

In a two-photon process the energy absorbed is proportional to the square of the incident light 

intensity, providing spatial selectivity in three dimensions with one-wavelength resolution. 

Beyond imaging applications,304,305 materials with large 2PEF cross sections are also useful for 

optical power limiting306,307 and 3D optical data storage.308,309  

Common requirements for fluorescent dyes in all of these applications are high two-photon 

cross-sections, high photoluminescent quantum yields (PLQYs), and stability to repeated 

excitation. Molecular rigidification has recently emerged as a powerful strategy for meeting these 

goals, providing fluorophores with narrower emission spectra, higher quantum yields, and 

increased resistance to photobleaching compared to analogues lacking the same structural 

constraints.275 The suppression of vibrational/rotational motion in such fluorophores is believed to 

reduce or eliminate many of the decomposition pathways available to these molecules in their 

excited states. For example, Yamaguchi and coworkers designed and synthesized a series of ultra-
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photostable dyes for multiple-acquisition stimulated emission depletion (STED) imaging by 

incorporating a rigid carbon bridge into a naphthophosphole P-oxide fluorophore.273,274 This 

strategy has also been applied to boron-, nitrogen-, phosphorus-, and silicon-containing polycyclic 

aromatic materials to give conformationally locked fluorophores with increased p-conjugation, 

red-shifted absorptions, increased molar absorption coefficients, and intense fluorescence.275–279 

Adachi and coworkers have also observed high electroluminescence quantum efficiencies in fully 

fused, planar and rigid acridone ring systems with high chemical stability based on excited-state 

intramolecular proton transfer (ESIPT).310 In a recent report, Hatakeyama and coworkers 

developed a series of fused boron- and nitrogen-containing polycyclic aromatic emitters, 

leveraging a unique property known as the multiple resonance effect to produce efficient thermally 

activated delayed fluorescence (TADF).130,144,145 Many of these materials also exhibit narrow 

emission bands and enhanced colour purity, which are desirable in nearly all applications in which 

fluorescent materials are used. 

In addition to increased stability, planarization has been shown to be an effective means to 

increase the 2PEF cross section of materials.275 Liu, Lai and coworkers developed dendritic 

systems based on the locked planarity of hexamethylazatriangulene (HMAT) moieties yielding a 

fourfold increase in 2PEF cross section relative to analogous nonplanar triarylamines.311–313 

Müllen, Perry, Brédas and coworkers examined the effects of planarization by comparing the 

properties of a donor-acceptor series of molecules, one in which triarylamine phenyl groups were 

free to rotate and another, planar structure in which the rings were locked.314 Our group also 

recently reported that HMAT-functionalized benzothiadiazole exhibits red fluorescence with a 

high 2PEF cross section of 230 GM, while also exhibiting high photostability.315 
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Deep blue or violet fluorescent emitters are increasingly sought after for applications in 

biological and chemical sensing,316,317 electroluminescent devices,285,287,318,319 and organic 

lasers.320,321 To realize emission in this region a wide energy gap >3.0 eV is required, and thus an 

electron acceptor with a shallow LUMO is ideal. Imidazole and benzimidazole are attractive for 

this purpose, with several examples of high PLQY blue fluorescent emitters recently 

reported.266,286–289,322 Despite these advances, the search for deep-blue luminescent materials that 

are both stable and efficient remains a particular challenge. 

Herein we report the synthesis of donor-acceptor dyes based on benzimidazole acceptors 

and triphenylamine donors, employing structural constraint to improve quantum yield, 

photostability, and two-photon cross-section. tBuTPA-PBI is composed of a di-tert-butyl 

triphenylamine (tBuTPA) donor and N-phenylbenzimidazole (PBI) acceptor, representing a 

flexible structure with numerous rotational degrees of freedom (Figure 6.1). tBuTPA-IMAC 

contains a rigidified 6,6-dimethyl-6H-imidazo[4,5,1-de]acridine (IMAC) acceptor unit and 

HMAT-IMAC contains rigidified hexamethylazatriangulene (HMAT) and IMAC units. These 

dyes all exhibit deep blue emission with PLQYs of 95-100%. In addition to photophysical and 

electrochemical characterization, the photostability of this series of compounds was probed, 

revealing HMAT-IMAC to have vastly improved photostability. Further, 2PEF cross sections 

were measured for all three dyes, increasing with increasing planarity of the fluorophores.  
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Figure 6.1. Chemical structures of tBuTPA-PBI, tBuTPA-IMAC, and HMAT-IMAC.  

6.2 Results and Discussion 

 Compound 6.1 was purchased from MilliporeSigma, while compounds 6.2,323 6.3,232 and 

6.4312 were synthesized according to previously reported procedures. Synthesis of tBuTPA-PBI 

was achieved by the coupling of 6.1 with 6.3 via an I2-mediated intramolecular C−H amidation 

(Figure 6.2).323,324 In a similar fashion tBuTPA-IMAC and HMAT-IMAC were synthesized by 

coupling the respective phenylaldehyde-linked triarylamine (6.3 or 6.4) with 9,9-dimethyl-9,10-

dihydroacridin-4-amine (6.2). The identity of final compounds was confirmed by 1H and 13C{1H} 

NMR, as well as high resolution mass spectrometry (HRMS). 
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Figure 6.2. Synthesis of tBuTPA-PBI, tBuTPA-IMAC, and HMAT-IMAC.  

 

 The molecular conformation and electronic structures of these materials was first probed 

by performing quantum chemical calculations using density functional theory (DFT) with the 

PBE0/6-31+G(d) method/basis set (Figure 6.3). tBuTPA-PBI exhibited a large dihedral angle of 

60° between the N-phenyl and benzimidazole moieties, as well as significant torsion (ca. 66°) on 

the three phenyl groups of the triarylamine. In tBuTPA-IMAC the N-phenyl and benzimidazole 

groups are locked with a dimethylmethylene bridge, affording the fused IMAC acceptor. This 
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increases the conjugation of the π-system, resulting in red-shifted absorption, increased molar 

absorptivity, and intense fluorescence.278 HMAT-IMAC also includes a planarized donor, yet 

steric interaction between nearby hydrogen atoms on the HMAT and IMAC fragments results in 

donor-acceptor dihedral angle of 34°. While the HOMO and LUM O are mainly distributed over 

the donor and acceptor moieties respectively, significant conjugation between the two groups is 

observed.  

 

 

Figure 6.3. Optimized structures and HOMO/LUMO orbital diagrams for tBuTPA-PBI, tBuTPA-IMAC, and 

HMAT-IMAC. Selected angles θ are indicated with red arrows. 
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UV-vis absorption and photoluminescence (PL) spectra of tBuTPA-PBI, tBuTPA-

IMAC, and HMAT-IMAC in toluene solution (1 ´ 10–5 M) are shown in Figure 6.4. tBuTPA-

PBI, tBuTPA-IMAC, and HMAT-IMAC all have broad, featureless emission spectra consistent 

with a charge-transfer excited state with λmax, abs = 356, 353, and 366 nm, respectively (Table 6.1).  

Based on TD-DFT calculations we attribute the lowest energy transition in all cases to the HOMO 

to LUMO transition.  TD-DFT further predicts oscillator strengths of 0.96, 0.89, and 0.56 for 

tBuTPA-PBI, tBuTPA-IMAC and HMAT-IMAC, respectively.  All have intense fluorescence 

in the blue/violet region with λmax, em = 419, 442, and 432 nm, respectively (Figure 6.4, Table 6.1). 

Significant red shifts in polar relative to nonpolar solvents indicate all compounds possess strong 

solvatochromism in their fluorescence spectra. The effect was most pronounced for tBuTPA-

IMAC, with a red shift of 4133 cm–1 in hexane relative to MeCN followed by tBuTPA-PBI and 

HMAT-IMAC (3706 and 2781 cm–1 respectively).  tBuTPA-PBI, tBuTPA-IMAC, and HMAT-

IMAC exhibit spectra which have full-width at half maxima (FWHM) of 57, 64, and 58 nm, 

respectively. Photoluminescence decay curves for each compound were measured in toluene 

solution at room temperature, giving lifetimes between 1.99-2.55 ns. 

The electrochemical properties and energy levels of these compounds were investigated by 

cyclic voltammetry in DMF using a conventional three-electrode system. tBuTPA-PBI and 

tBuTPA-IMAC exhibited quasi-reversible one-electron oxidation events at 1.03 V relative to 

ferrocene/ferrocenium (FeCp0/+) attributed to the triphenylamine moiety. Similarly, HMAT-

IMAC exhibits quasi-reversible one-electron oxidation at 0.98 V ascribed to the HMAT 

component.  tBuTPA-IMAC and HMAT-IMAC exhibit quasi-reversible one-electron reduction 

events at –2.14 and –2.08 V respectively arising from the IMAC unit, which is in reasonable 

agreement with similar donor-acceptor compounds containing benzimidazole (Figure 6.4C).289 
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Reduction of the tBuTPA-PBI was not observed. The LUMO energy levels of all three 

compounds were calculated to be approximately –1.10 V. 

    

Figure 6.4. (A) UV-vis spectra measured in CH2Cl2 at 1 ´ 10–5 M and PL spectra measured in toluene solution at 1 ´ 

10–5 M, for tBuTPA-PBI (green), tBuTPA-IMAC (red), and HMAT-IMAC (blue). (B) Photographs of the series of 

compounds in toluene irradiated with 365 nm light (from left to right tBuTPA-PBI, tBuTPA-IMAC, and HMAT-

IMAC). (C) Cyclic voltammograms of these compounds relative to FeCp20/+. 

Table 6.1.  Photophysical properties of IMAC compounds. 

Entry lmax, absa lmax, emb ε (104 M–1 cm–1)a FFb CIEb τp (ns) b 

tBuTPA-PBI 356 419 2.63 0.97 (0.16, 0.05) 1.99 

tBuTPA-IMAC 353 442 2.80 1.00 (0.17, 0.09) 2.55 

HMAT-IMAC 366 432 1.71 0.95 (0.15, 0.06) 2.33 
aMeasured in toluene. bMeasured in degassed toluene with an optical density between 0.05 and 0.15 (approximately 
1 ´ 10–5 M). 

The photostability of tBuTPA-PBI, tBuTPA-IMAC, and HMAT-IMAC were next 

evaluated in DMSO (Figure 6.5). Photoirradiation of the tBuTPA-PBI and tBuTPA-IMAC 

solutions for 90 min with a 350 nm excitation source (intensity estimated at 98 mW at the sample) 
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resulted in 81 and 78% photobleaching, respectively. In contrast, only 21% of HMAT-IMAC 

photobleached under the same irradiation conditions, demonstrating the improved photostability 

of the HMAT derivative. As such, HMAT-IMAC may be a promising candidate for application 

in imaging, where the stability of blue dyes has conventionally been problematic. The enhanced 

stability of HMAT-IMAC can be attributed to the improved stability of the triarylamine C-N 

bonds as a result of the emitters overall structural rigidification.325,326 Stability enhancement of the 

transient radical cation at the nitrogen atom in the HMAT structure may have an additional 

stabilizing effect. 

We also examined the two-photon cross-section of these compounds to assess their 

suitability for applications in 2PEF imaging (Figure 6.5B). All three compounds show high two-

photon cross-sections at approximately 730 nm (710 nm is the wavelength limit of our laser). 

tBuTPA-PBI has the smallest cross-section of 450 GM. tBuTPA-IMAC has a slightly higher 

cross-section of 526 GM and HMAT-IMAC has a much larger cross-section of 696 GM, a 54% 

increase from the analogue lacking added rigidification. These cross-section values are similar in 

magnitude to other HMAT-based chromophores with comparable size and molecular 

weight.311,313–315 
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Figure 6.5. (A) Photostability for tBuTPA-PBI (green), tBuTPA-IMAC (red), and HMAT-IMAC (blue). (B) Two-

photon absorption for tBuTPA-PBI, tBuTPA-IMAC, and HMAT-IMAC. 

 Water-soluble polymer dots (Pdots) have recently been demonstrated as useful 

nanoparticle-based materials for biological sensing and imaging applications.327–330 Capable of 

encapsulating a high density of chromophores, Pdots can act as fluorescent probes with extremely 

high brightness with remarkable signal-to-noise ratios. Furthermore, Pdots can be functionalized 

with binding groups or therapeutic cargo to afford multifunctional probes capable of selective 

tissue labeling and drug delivery. With this in mind, we next explored the encapsulation of our 

fluorescent dyes in water-soluble Pdots to investigate their utility in imaging applications. 

Encapsulation was performed using a modified nanoprecipitation procedure, 

with poly(styrene-co-maleic anhydride) (PSMA) as the amphiphilic copolymer (Figure 6.6A).331 

Briefly, a THF solution containing both the dye and PSMA was rapidly injected into a larger 

volume of water under sonication. THF was removed and the solution was concentrated by rotary 

evaporation. The hydrodynamic size of the resulting Pdots in solution was determined by 

nanoparticle tracking analysis (NTA). Representative data for HMAT-IMAC Pdots is shown in 

Figure 6B, revealing an average particle diameter of 96.3 ± 9.0 nm. NTA data for tBuTPA-PBI 

and tBuTPA-IMAC Pdots indicated average particle diameters of 96.4 ± 2.1 and 110.8 ± 1.7 nm, 
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respectively. The emission maxima of tBuTPA-PBI, tBuTPA-IMAC, and HMAT-IMAC red-

shift from 419 to 510 nm, 442 to 526 nm, and 432 to 528 nm, respectively when encapsulated 

(Figure 6.6C), attributable to solvatochromic effects.  

 

Figure 6.6. (A) Schematic of HMAT-IMAC dye encapsulation in the amphiphilic polymer PSMA to produce water-

soluble Pdots. (B) Size distribution of polymer dots of HMAT-IMAC in aqueous solution (blue) with curve fit (solid 

black line) at 0.25 μg mL–1. (C) Normalized photoluminescence of tBuTPA-PBI (green), tBuTPA-IMAC (red), and 

HMAT-IMAC (blue) in PSMA in water at 0.01 mg mL–1, with photographs of these solutions (inset) under 365 nm 

irradiation. 

6.3 Conclusions 

In summary, we have reported a series of novel donor-acceptor dyes based on 

benzimidazole acceptors and triphenylamine donors exhibiting deep blue emission with PLQY 

near unity. Their photophysical and electrochemical properties have been characterized and 
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density functional theory calculations have been employed to better understand their structure-

property relationships.  Furthermore, the photostability of tBuTPA-PBI, tBuTPA-IMAC, and 

HMAT-IMAC were measured in solution, revealing substantially improved photostability for 

HMAT-IMAC as a result of reduced intramolecular motion. Finally, 2PEF cross-sections were 

found to be high for all three dyes, increasing with the degree of structural constraint. Overall, this 

work provides a framework for the development of high-stability benzimidazole-containing dyes 

for two-photon imaging. Future studies will examine the adaptation of these materials for 

application in biological systems.   

6.4 Experimental Details 

General Considerations. All reactions and manipulations were carried out under a nitrogen 

atmosphere using standard Schlenk or glove box techniques unless otherwise stated. Dry solvents 

were obtained from Caledon Laboratories, dried using an Innovative Technologies Inc. solvent 

purification system, collected under vacuum, and stored under a nitrogen atmosphere over 4 Å 

molecular sieves. All reagents were purchased from Sigma-Aldrich, Cambridge Isotope 

Laboratories, Alfa Aesar or Tokyo Chemical Institute and used as received unless otherwise stated. 

Syntheses of the following compounds have been previously reported:  6.2,323 6.3,232 6.4.312 The 

1H and 13C{1H} nuclear magnetic resonance (NMR) spectra were measured on a Bruker AV III 

HD 400 MHz spectrometer with methylene chloride-d2 (CD2Cl2) as the solvent. The chemical shift 

data are reported in units of δ (ppm) relative to residual solvent. Absorbance measurements were 

made on a Cary 60 spectrometer and fluorescence measurements were made on an Edinburgh 

Instruments FS5 spectrofluorometer. Absolute photoluminescence quantum yields were 

determined using an Edinburgh Instruments SC–30 Integrating Sphere Module; toluene was used 
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as the solvent and spectra obtained at approximately 10–5 M unless otherwise stated. Two-photon 

cross-sections (σ2) were calculated using the two-photon excited fluorescence method. Two-

photon cross-section (σ2) values from 710−850 nm were measured with an inverted two-photon 

fluorescence scanning microscope (Zeiss LSM 510 MP). Samples (3 mL) were measured in quartz 

cuvettes and concentrations were adjusted to give similar 2PEF intensities (tBuTPA-PBI, 2.0 × 

10–2 mg mL–1; tBuTPA-IMAC, 2.0 × 10–2 mg mL–1; HMAT-IMAC, 2.0 × 10–2 mg mL–1 in 

toluene) and Rhodamine B in MeOH (1.0 × 10–1 mg mL–1 in MeOH) was used as the reference. 

The cuvette was illuminated at a depth of 0.6 mm from the bottom of the cuvette and imaged with 

a 10x/0.3 objective lens and femtosecond laser with a tuning range of 710-850 nm. The dichroic 

mirror had a cut-off at 660 nm. The square-dependence of the fluorescence intensity on laser power 

was periodically confirmed for all measured and σ2 was calculated using the quantum yield 

obtained from one-photon excitation experiments.  Photoluminescence decay characteristics were 

investigated under a nitrogen atmosphere using an Edinburgh Instruments FS5 spectrofluorometer 

and SC-80 sample holder. The fast decay component was recorded using time-correlated single 

photon counting in conjunction with a 313 nm EPLED excitation source. Mass spectra were 

recorded on a Kratos MS-50 instrument using electron impact ionization. 

Photobleaching. Photobleaching measurements were performed on an inverted microscope. 

Sample aliquots (5 μL) were measured in a clear flat-bottom 1536-well plate (Greiner Bio One, 

Kremsmünster, Austria) with the wells covered with universal optical sealing tape (#6575, 

Corning). Sample concentrations were adjusted to obtain similar initial fluorescence intensities 

(tBuTPA-PBI, 1.0 × 10–3 mg mL–1; tBuTPA-IMAC, 1.0 × 10–3 mg mL–1; HMAT-IMAC, 1.0 × 

10–3 mg mL–1 in in DMSO. A 2 × 2 array of wells was illuminated and imaged with a 4× objective 
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lens (NA 0.16). The excitation filter was 350/50 (center wavelength and bandwidth in nm), the 

dichroic mirror had a cut-off at 425 nm, and no emission filter was used. The excitation power was 

estimated to be ~98 mW at the sample. Samples were continuously illuminated using the above 

conditions and images were acquired at 1 min intervals for 90 min and analyzed using ImageJ8 

software with the Time Series Analyzer V3 plugin. The initial intensity for each sample was 

normalized to a value of one.  

Electrochemical Methods. Cyclic voltammograms were recorded using a BASi Epsilon Eclipse 

potentiostat at room temperature using a standard three-electrode configuration (working 

electrode: 3 mm diameter glassy carbon; reference electrode: RE-5B Ag/AgCl electrode in 

saturated aqueous KCl (BASi Inc.), referenced externally to ferrocene/ferrocenium (0.543 V in 

DMF);199 counter electrode: Pt wire) in 0.1 M tetrabutylammonium hexafluorophosphate in DMF. 

Experiments were run at a scan rate of 100 mV s–1 in dry degassed electrolyte solution with ~1 mg 

mL–1 of analyte. 

Density Functional Theory. Calculations were performed using the Gaussian 09 software 

package.235 Ground state geometries and energies were calculated at the PBE0/6-31+G(d) level of 

theory. The singlet states were calculated by the Tamm-Dancoft approximation to time-dependent 

density functional theory (TD-DFT) with the PBE0 functional at the same basis set level. 

Molecular orbitals were visualized using Avogadro version 1.20 and rendered using POV-Ray 

version 3.7.0. 
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6.4.1 Synthetic Procedures 

Synthesis of 4-(tert-butyl)-N-(4-(tert-butyl)phenyl)-N-(4-(1-phenyl-1H-benzo[d]imidazol-2-

yl)phenyl)aniline (tBuTPA-PBI). A mixture of N-phenyl-o-phenylenediamine (6.1) (200 mg, 1.09 

mmol) and 6.3 (460 mg, 1.19 mmol) in EtOH (10 mL) was refluxed for 16 h. The solvent was 

evaporated under reduced pressure to give a yellow oil, which was redissolved in 1,2-

dichloroethane (20 mL), followed by the sequential addition of iodine (390 mg, 1.53 mmol) and 

K2CO3 (450 mg, 3.27 mmol). The reaction mixture was stirred at reflux temperature for the 16 h. 

Upon completion of the reaction, it was quenched with 5% Na2S2O3 (30 mL) and then extracted 

with CH2Cl2 (20 mL × 3). The combined organic layer was washed with brine (30 mL), dried over 

anhydrous MgSO4, concentrated, and then purified through silica gel column chromatography (5% 

EtOAc in hexanes, Rf = 0.15) to afford an off white solid. Yield = 275 mg (46 %). 1H NMR (400 

MHz, Methylene Chloride-d2) δ 7.81 (dt, J = 8.0, 1.0 Hz, 1H), 7.63 – 7.50 (m, 3H), 7.47 – 7.39 

(m, 4H), 7.38 – 7.30 (m, 5H), 7.30 – 7.19 (m, 2H), 7.13 – 7.05 (m, 4H), 6.92 – 6.86 (m, 2H), 1.36 

(s, 18H) ppm. 13C NMR (101 MHz, Methylene Chloride-d2) δ 152.8, 149.6, 147.4, 144.6, 143.6, 

137.9, 137.8, 130.3, 130.2, 128.9, 128.0, 126.7, 125.6, 123.0, 122.9, 122.1, 120.0, 119.5, 110.5, 

34.7, 31.5. HRMS (EI) m/z: [M+•] calcd for [C39H39N3]+•, 549.31440; found, 549.31357; 

difference: –0.82 ppm. 

Synthesis of 4-(tert-butyl)-N-(4-(tert-butyl)phenyl)-N-(4-(6,6-dimethyl-6H-imidazo[4,5,1-

de]acridin-1-yl)phenyl)aniline (tBuTPA-IMAC). A mixture of 6.2 (200 mg, 0.89 mmol) and 6.3 

(380 mg, 0.98 mmol) in EtOH (10 mL) was refluxed for 16 h. The solvent was evaporated under 

reduced pressure to give a yellow oil, which was redissolved in 1,2-dichloroethane (20 mL), 

followed by the sequential addition of iodine (320 mg, 1.25 mmol) and K2CO3 (320 mg, 2.67 
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mmol). The reaction mixture was stirred at reflux temperature for the 16 h. Upon completion of 

the reaction, it was quenched with 5% Na2S2O3 (30 mL) and then extracted with CH2Cl2 (20 mL 

× 3). The combined organic layer was washed with brine (30 mL), dried over anhydrous MgSO4, 

concentrated, and then purified through silica gel column chromatography (5% EtOAc in hexanes, 

Rf = 0.15) to afford an off white solid. Yield = 343 mg (65 %). 1H NMR (400 MHz, Methylene 

Chloride-d2) δ 7.71 – 7.61 (m, 3H), 7.59 (dd, J = 7.8, 1.0 Hz, 1H), 7.48 – 7.32 (m, 7H), 7.27 – 7.11 

(m, 8H), 1.79 (s, 6H), 1.39 (s, 18H). 13C NMR (101 MHz, Methylene Chloride-d2) δ 151.8, 150.3, 

147.5, 144.7, 141.4, 136.6, 134.2, 132.0, 130.7, 130.5, 128.1, 126.9, 126.8, 125.5, 124.6, 124.6, 

120.7, 118.4, 117.1, 116.7, 37.9, 34.7, 32.8, 31.6. HRMS (EI) m/z: [M+•] calcd for [C42H43N3]+•, 

589.34570; found, 589.34738; difference: 1.68 ppm. 

Synthesis of 2-(6,6-dimethyl-6H-imidazo[4,5,1-de]acridin-1-yl)-4,4,8,8,12,12-hexamethyl-8,12-

dihydro-4H-benzo[9,1]quinolizino[3,4,5,6,7-defg]acridine (HMAT-IMAC). A mixture of 6.2 

(155 mg, 0.69 mmol) and 6.4 (300 mg, 0.76 mmol) in EtOH (10 mL) was refluxed for 16 h. The 

solvent was evaporated under reduced pressure to give a yellow oil, which was redissolved in 1,2-

dichloroethane (20 mL), followed by the sequential addition of iodine (245 mg, 0.97 mmol) and 

K2CO3 (285 mg, 2.07 mmol). The reaction mixture was stirred at reflux temperature for the 16 h. 

Upon completion of the reaction, it was quenched with 5% Na2S2O3 (30 mL) and then extracted 

with CH2Cl2 (20 mL × 3). The combined organic layer was washed with brine (30 mL), dried over 

anhydrous MgSO4, concentrated, and then purified through silica gel column chromatography (5% 

EtOAc in hexanes, Rf = 0.20) to afford a yellow solid. Yield = 300 mg (70 %). 1H NMR (400 MHz, 

Methylene Chloride-d2) δ 7.86 (s, 2H), 7.68 (dd, J = 8.0, 1.5 Hz, 1H), 7.64 (dd, J = 7.8, 1.0 Hz, 

1H), 7.49 (ddd, J = 9.2, 7.7, 1.6 Hz, 4H), 7.43 (t, J = 7.6 Hz, 1H), 7.37 (ddd, J = 8.4, 5.9, 1.1 Hz, 
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2H), 7.26 – 7.18 (m, 3H), 7.03 (ddd, J = 8.5, 7.2, 1.5 Hz, 1H), 1.82 (s, 6H), 1.73 (s, 6H), 1.71 (s, 

12H). 13C NMR (101 MHz, Methylene Chloride-d2) δ 151.9, 141.4, 136.6, 134.0, 133.8, 131.8, 

130.6, 130.5, 130.5, 130.3, 128.2, 126.9, 126.8, 125.6, 125.4, 124.7, 124.3, 124.0, 123.8, 118.6, 

117.1, 116.7, 37.9, 36.0, 35.9, 33.7, 33.2, 25.6. HRMS (EI) m/z: [M+•] calcd for [C43H39N3]+•, 

597.31440; found, 597.31320; difference: –2.01 ppm. 

Pdot Synthesis. Pdots were synthesized by the nanoprecipitation method. Briefly, a 5.0 mL solution 

of tBuTPA-PBI, tBuTPA-IMAC or HMAT-IMAC and PSMA (20 and 4 μg/ mL, respectively) 

in THF was briefly sonicated and then rapidly injected into water (10 mL) under sonication. THF 

was removed, and the solution was concentrated to ∼5 mL by rotary evaporation. 
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Chapter 7: Conclusions and Future Work 

This thesis describes the preparation of organic semiconductors with novel optoelectronic 

properties and morphologies. Significant strides have now been made toward ordered, 

multicomponent nanowires by covalent synthesis. Using bottlebrush polymers, highly complex 

non-centrosymmetric materials have been generated with control over composition at multiple 

levels of structural hierarchy. By controlling the identity of the monomers used, the organization 

of these monomers in polymeric side chains, and the ordering of these polymeric side chains along 

the bottlebrush backbone, distinct photophysical properties can be achieved. The thesis also 

described work to address interesting problems of closely related fields, including the efficient 

synthesis of planar TADF materials and stable organic fluorophores. 

 Chapter 2 described a series of acrylic monomers based on p-type organic semiconductor 

motifs commonly found in organic electronic devices. These monomers were polymerized by 

Cu(0)-RDRP, the kinetics of which are described in detail. The title polymers were obtained in 

high yield with low polydispersities and display first-order polymerization kinetics up to high 

(>90%) monomer conversion. The optical, electrochemical and thermal properties for each of 

these p-type materials are also described. All polymers prepared here showed highly reversible 

one-electron oxidation by cyclic voltammetry and reasonable stability by TGA, making them good 

candidates for further studies in applications as p-type materials for organic electronics, including 

organic light-emitting diodes (OLEDs), solar cells, and organic thin-film transistors. Future 

investigations will also focus on improving the polymerization of these materials into high 

molecular weight multiblock copolymers that can be used for self-assembly. 

 Chapter 3 described methods for the preparation of fiber-like nanomaterials that mimic the 

multilayer structure of organic electronic devices on individual polymer chains. By combining 
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Cu(0)-RDRP and ROMP, narrowly dispersed multiblock bottlebrush fibers were prepared from 

materials commonly used as the hole transport, electron transport, and host materials in organic 

electronics. This strategy was used to construct nanofibers with the structure of phosphorescent 

OLEDs on single macromolecules, such that the photophysical properties of each component of 

an OLED can be independently observed. Moving forward, such systems hold potential for the 

rapid self-assembly of complex multilayer films with synthetically installed order, and for 

investigations into charge transport at nanoscale interfaces. For the majority of these materials, 

macroscopic device applications have not yet been examined. The ultrahigh molecular weight and 

high grafting density offered by the bottlebrush architecture makes direct comparisons with linear 

homopolymers composed of the same organic electronic units a promising next step. There is also 

substantial evidence in literature documenting the ability of BBCPs to assemble into lamellar 

structures in the solid state.69 One could thus envisage  orienting diblock, and potentially even 

multiblock BBCPs normal to an electrode substrate in order to generate well-defined multilayer 

films in a single step. Finally, the use of conductive AFM could be used to directly measure block-

by-block conductivity in each semiconducting block, with the goal of demonstrating charge 

transport in a single bottlebrush chain. 

Chapter 4 described the synthesis of a series of bottlebrush copolymers from red, green, 

and blue luminescent macromonomers, which were then used to prepare multiblock organic 

nanofibers structurally analogous to nanoscale RGB pixels. By segregating optoelectronic 

functionality into discrete blocks along a nanofiber, their photophysical properties could be 

controlled to give properties that are difficult to achieve by other means. Changes in energy transfer 

efficiency and interchromophore distance were quantified using a FRET model. Preliminary 

demonstration of these materials as polarity-sensitive inks for encryption and encoding were also 
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demonstrated using a red/blue fluorescence switch upon exposure to solvent. Finally, the potential 

complexity of optoelectronic materials accessible with these methods was demonstrated by 

preparing organic nanofibers with ordered structures mimicking those of multilayer white OLEDs. 

In the future, incorporating blocks that swell or contract when exposed to various external stimuli 

could make these BBCPs useful in ratiometric fluorescent sensing, as energy transfer between 

brush arms is modulated by the applied stimulus. Due to their large domain sizes, BBCPs can also 

readily self-assemble into photonic crystal films, with selective reflection of colour within the 

visible spectrum. In this way, chromophore-containing BBCPs could potentially be explored as 

laser gain media, giving optical amplification in a similar fashion to chiral liquid crystals or 

colloidal crystals doped with fluorescent dyes.332 

Chapter 5 described the design of an N-phenylbenzimidazole constrained in a coplanar 

fashion with a methylene tether (IMAC) that was used to prepare a series of emitters exhibiting 

thermally activated delayed fluorescence (TADF). The twisted conformation between donor and 

acceptor in these molecules resulted in effective spatial separation of the HOMO and LUMO and 

small singlet−triplet energy gaps. Crystallographic properties, electronic structures, thermal 

stabilities, photophysical properties, and energy levels were studied systematically. In the 

immediate future, quantum efficiencies could be tested for OLEDs fabricated using these 

molecules. Additionally, we have recently began to study these molecules in the context of 

photocatalysis. Photoredox catalysts have recently become important tools in organic synthesis, 

facilitating a number of difficult, high-energy organic transformations.333–336 Owing to the high 

triplet energies present in our IMAC-containing molecules and their high quantum yields, they 

should perform well as organic photocatalysts. 
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Chapter 6 described the synthesis of three donor-acceptor fluorescent dyes based on 

benzimidazole acceptors and triphenylamine donors, which exhibit deep blue emission. We 

demonstrated that restriction of rotational freedom greatly reduced the rate of photobleaching, 

particularly in the donor unit. Locking these chromophores into planar configurations also 

improved their cross-section for two-photon excited fluorescence (2PEF). Proof-of concept studies 

incorporating these dyes into water-soluble polymer dots suitable for biological imaging was also 

demonstrated. The stability of deep blue fluorophores for imaging applications is a persistent 

challenge due to the high excitation energy required, and here we presented a strategy for 

stabilizing such dyes while retaining colour purity and high quantum yield. Beyond imaging 

applications, materials with large 2PEF cross sections are also useful for optical power limiting 

and 3D optical data storage. Common requirements for fluorescent dyes in all of these applications 

are high two-photon cross-sections, high luminescent quantum yields, and stability to repeated 

excitation. Here we realized these goals through the design of molecules with rigidified donor and 

acceptor units.  Future studies will examine the adaptation of these materials for application in 

biological systems.  For example, derivatives of these materials could be synthesized which 

incorporate functional groups, such as dimethylamino or sulfonic acid residues, on the periphery 

of the molecule to impart water solubility. 

  The drive for miniaturization in the areas of optics, electronics and diagnostic technology 

has also led to intense interest in the preparation of nanomaterials with well-defined patterns of 

emission colour. Much focus over the past decades, including the focus of this thesis, has been on 

understanding the synthesis and properties of such nanostructures. However, the biggest challenge 

facing the field currently is that the usefulness of these materials in applications is yet to be fully 

demonstrated. I believe the following three points represent the most promising areas to apply 
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semiconducting BBCPs: 1) Due to their large domain sizes, BBCPs can also readily self-assemble 

into photonic crystal films, and could thus be applied as laser gain media; 2) One could envisage 

assembling multiblock BBCPs normal to an electrode substrate in order to generate well-defined 

multilayer films to produce nanoscopic OLED devices in a single step; 3) Due to their small size 

and potentially high density of encoded information multiblock BBCPs tagged with various 

chromophores and biological directing groups could find application in multiplexed cellular 

diagnostics. Investigation into the applications noted above will facilitate a rapid expansion in the 

field of BBCP nanostructures. 
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Appendices 

 

Appendix A  : NMR spectra for Chapter 2 

 2.5a 

1H NMR spectrum of 2.5a in CD2Cl2. 
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 2.5b 

1H NMR spectrum of 2.5b in CDCl3. 

 

 2.5c 

1H NMR spectrum of 2.5c in CDCl3. 
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 2.5d 

1H NMR spectrum of 2.5d in CDCl3. 

 

 2.5a10k 

1H NMR spectrum of 2.5a10k in CDCl3. * = THF 
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 2.5b10k 

1H NMR spectrum of 2.5b10k in CDCl3. * = THF 

 

 2.5c10k 

1H NMR spectrum of 2.5d10k in CDCl3. * = THF 
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 2.5d10k 

1H NMR spectrum of 2.5d10k in CDCl3. * = THF 
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Appendix B  : NMR spectra for Chapter 3 

 HTL-MM 

1H NMR spectrum of HTL-MM in CDCl3.  

 

 EML-MM 

1H NMR spectrum of EML-MM in CDCl3. * = CH2Cl2. 
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 ETL-MM 

1H NMR spectrum of ETL-MM in CDCl3. * = CH2Cl2. 

 

 (EML-co-IR)-MM 

1H NMR spectrum of (EML-co-IR)-MM in CDCl3. 
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 HTL100-BB 

1H NMR spectrum of HTL100-BB in CDCl3. 

 

 EML100-BB 

1H NMR spectrum of EML100-BB in CDCl3. * = CH2Cl2. 
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 ETL100-BB 

1H NMR spectrum of ETL100-BB in CDCl3. * = CH2Cl2. 

 

 (HTL75-b-ETL75)-BB 

1H NMR spectrum of (HTL75-b-ETL75)-BB in CDCl3. * = CH2Cl2. 
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 (EML75-b-HTL75)-BB 

1H NMR spectrum of (EML75-b-HTL75)-BB in CDCl3. * = CH2Cl2. 

 

 (EML75-b-ETL75)-BB 

1H NMR spectrum of (EML75-b-ETL75)-BB in CDCl3. * = CH2Cl2. 
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 (HTL50-b-(EML-co-Ir)30-b-ETL50)-BB 

1H NMR spectrum of (HTL50-b-(EML-co-Ir)30-b-ETL50)-BB in CDCl3. * = CH2Cl2. 
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Appendix C  : NMR spectra for Chapter 4 

 tBuODA-MM 

1H NMR spectrum of tBuODA-MM in CDCl3. 

   
13C{1H} NMR spectrum of tBuODA-MM in CDCl3. 
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 IrPIQ-MM 

1H NMR spectrum of IrPIQ-MM in CDCl3. 

 
13C{1H} NMR spectrum of IrPIQ-MM in CDCl3. 

 



225 

 

 IrPPY-MM 

1H NMR spectrum of IrPPY-MM in CDCl3. 

   
13C{1H} NMR spectrum of IrPPY-MM in CDCl3. 
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 tBuODA150-BB 

1H NMR spectrum of tBuODA150-BB in CDCl3. 

  

 IrPPY150-BB 

1H NMR spectrum of IrPPY150-BB in CDCl3. 
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 IrPIQ150-BB 

1H NMR spectrum of IrPIQ150-BB in CDCl3. 

  

 tBuODA75-b-IrPPY75-BB 

1H NMR spectrum of tBuODA75-b-IrPPY75-BB in CDCl3. 
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 IrPPY100-b-IrPIQ50-BB 

1H NMR spectrum of IrPPY100-b-IrPIQ50-BB in CDCl3. 

  

 tBuODA50-b-IrPPY50-b-IrPIQ50-BB 

1H NMR spectrum of tBuODA50-b-IrPPY50-b-IrPIQ50-BB in CDCl3. 
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 tBuODA60-b-IrPIQ90-BB 

1H NMR spectrum of tBuODA60-b-IrPIQ90-BB in CDCl3. 

   

 ETL-MM 

1H NMR spectrum of ETL-MM in CDCl3. 
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13C{1H} NMR spectrum of ETL-MM in CDCl3. 

 

 HTL-MM 

1H NMR spectrum of HTL-MM in CDCl3. 
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13C{1H} NMR spectrum of HTL-MM in CDCl3. 

 

 HTL30-b-tBuODA30-b-IrPPY30-b-IrPIQ30-b-ETL30-BB 

1H NMR spectrum of HTL30-b-tBuODA30-b-IrPPY30-b-IrPIQ30-b-ETL30-BB in CDCl3. 
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Appendix D  : NMR spectra for Chapter 5 

 5.2 

1H NMR spectrum of 5.2 in DMSO-d6. 

 
13C {1H} NMR spectrum of 5.2 in DMSO-d6. 

 



233 

 

 5.3 

1H NMR spectrum of 5.3 in DMSO-d6. 

 
13C {1H} NMR spectrum of 5.3 in DMSO-d6. 
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 5.4 

1H NMR spectrum of 5.4 in DMSO-d6. 

 
13C {1H} NMR spectrum of 5.4 in DMSO-d6. 
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 5.5 

1H NMR spectrum of 5.5 in DMSO-d6. 

 
13C {1H} NMR spectrum of 5.5 in DMSO-d6. 
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 5.6 

1H NMR spectrum of 5.6 in DMSO-d6. 

 
13C {1H} NMR spectrum of 5.6 in DMSO-d6. 
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 5.7 

1H NMR spectrum of 5.7 in DMSO-d6. 

 
13C{1H} NMR spectrum of 5.7 in DMSO-d6. 
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 5.8 

1H NMR spectrum of 5.8 in benzene-d6. 

  
13C {1H} NMR spectrum of 5.8 in benzene-d6. 
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 5.9 

1H NMR spectrum of 5.9 in benzene-d6. 

  
13C {1H} NMR spectrum of 5.9 in benzene-d6. 
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 5.10 

1H NMR spectrum of 5.10 in CDCl3. 

 
13C {1H} NMR spectrum of 5.10 in CDCl3. 
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 PXZ-IMAC 

1H NMR spectrum of PXZ-IMAC in methylene chloride-d2. 

  
13C {1H} NMR spectrum of PXZ-IMAC in methylene chloride-d2. 
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 PTZ-IMAC 

1H NMR spectrum of PTZ-IMAC in methylene chloride-d2. 

  
13C {1H} NMR spectrum of PTZ-IMAC in methylene chloride-d2. 
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 ACR-IMAC 

1H NMR spectrum of ACR-IMAC in methylene chloride-d2. 

  
13C {1H} NMR spectrum of ACR-IMAC in methylene chloride-d2. 
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 CZ-IMAC 

1H NMR spectrum of CZ-IMAC in DMSO-d6. 

 
13C {1H} NMR spectrum of CZ-IMAC in DMSO-d6. 
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 TerCZ-IMAC 

1H NMR spectrum of TerCZ-IMAC in methylene chloride-d2. 

 
13C {1H} NMR spectrum of TerCZ-IMAC in methylene chloride-d2. 
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 TolCZ-IMAC 

1H NMR spectrum of TolCZ-IMAC in benzene-d6. 

 
13C {1H} NMR spectrum of TolCZ-IMAC in benzene-d6. 
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Appendix E  : NMR spectra for Chapter 6 

 tBuTPI-PBI 

1H NMR spectrum of tBuTPA-PBI in methylene chloride-d2. 

  
13C{1H} NMR spectrum of tBuTPA-PBI in methylene chloride-d2. 
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 tBuTPI-IMAC 

1H NMR spectrum of tBuTPA-IMAC in methylene chloride-d2. 

  

13C{1H} NMR spectrum of tBuTPA-IMAC in methylene chloride-d2. 
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 HMAT-IMAC 

1H NMR spectrum of HMAT-IMAC in methylene chloride-d2. 

  

 13C{1H} NMR spectrum of HMAT-IMAC in methylene chloride-d2. 
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