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ABSTRACT 

A series of photo-crosslinkable arylamine-based hole-transport copolymers has been 

synthesized. The synthetic methodology employed allows for the redox potential of the 

polymer to be tuned by the incorporation of electron-donating or withdrawing moieties. 

Upon exposure to ultraviolet radiation, the copolymers become insoluble, as evidenced 

by ultraviolet-visible absorption spectroscopy. The ability to switch the solubility of the 

polymers enable one to photo-pattern the materials, a feature that is useful for the 

fabrication of multilayer organic light-emitting diodes (OLEDs) by solution processing 

techniques. OLEDs using the methacrylate based hole-transport polymers have been 

fabricated and the performance of the devices has been evaluated. 2,7-Bis(p-

methoxyphenyl-m'-tolylamino)-9,9-dimethylfluorene, 2,7-bis(phenyl-m'-tolylamino)-9,9-

dimethylfluorene, and 2,7-bis(p-fluorophenyl-m'-tolylamino)-9,9-dimethylfluorene have 

been synthesized using palladium-catalyzed reaction of the appropriate diarylamines with 

2,7-dibromo-9,9-dimethylfluorene. These molecules have glass-transition temperatures 

15-20 °C higher than those for their biphenyl-bridged analogues, and are 0.11-0.14 V 

more easily oxidized. The hole mobilities of the three fluorene derivatives (blended with 

polystyrene) have been measured by the time-of-flight technique and are lower than the 

corresponding biphenyl-bridged analogues. Analysis of transport data according to the 

disorder formalism yields parameters similar to those for the biphenyl species, but with 

lower zero-field mobility values. Density functional theory based calculations suggest 
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that the enforced planarization of the fluorene bridge leads to a larger reorganization 

energy, due to increased vibration contributions in the bridge for the neutral / cation 

electron-exchange reaction relative to the analogous biphenyl-bridged system. OLEDs 

have been fabricated using blends of the fluorene-bridged compounds with polystyrene as 

the hole-transport layer and Alqs as electron-transport layer and lumophore. Device 

performance shows a correlation with the ionization potential of the amine materials 

paralleling that seen in biphenyl-based systems. Monomers based on the fluorene 

bridged arylamine-based hole transport materials were also synthesized. Monomers 

having methacrylate, styrene, and norbornene moieties have been synthesized and their 

hole mobilities measured. Adding a methacrylate or norbomene moiety had no effect on 

the hole mobility. The mobility of the norbomene polymer was significantly higher than 

the methacrylate polymer. 
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CHAPTER 1. 

INTRODUCTION 

The study of electroluminescence (EL) in organic materials has attracted intense 

interest, much of which has been focused on organic light emitting diodes (OLEDs). The 

first report of electroluminescence came in 1965 when Helfrich and Schnieder reported 

that electroluminescence was observed in single crystals of anthracene when 50 - 1000 V 

was applied.^ The difficulty involved in processing single crystals and the large drive 

voltage required to generate light severely limited the utility of these materials in any 

commercial applications. The commercial use of organic materials in electroluminescent 

devices such as OLEDs did not seem to be possible until 1987 when Tang and Van Slyke 

reported that by using evaporated 8-hydroxyquinoline aluminum (Alqa) and incorporating 

a hole transport layer the drive voltage could be significantly reduced, ~10 V. Another 

major evolutionary step in OLEDs came about in 1990 when Burroughes et al. reported 

the fabrication of single layer devices using the conjugated polymer poly(/?-

phenylenevinylene) (PPV).^ The use of precursor polymer materials and their subsequent 

thermal conversion allowed devices to be made by simple and inexpensive coating 

techniques and opened up the possibility of making large area displays over curved 

surfaces. The field of OLEDs and conjugated polymers has been extensively 

reviewed;"^'^'^'" below we will highlight some of the key issues involved in the 



optimization of OLEDs, the use of side chain polymer hole transport materials in OLEDs, 

and our efforts to optimize OLEDs using side chain hole transport polymers. 

1.1. The Structure of an OLED and Requirements for Electroluminescence 

The general structure of an OLED consists of one or more organic layers sandwiched 

between a transparent anode and a low work function metal cathode. Figure 1. Under an 

applied voltage a hole or radical cation is injected at the anode by the removal of an 

electron from the HOMO of the material while an electron is injected into the LUMO of 

the material creating a radical anion at the cathode. The charges are driven through the 

material to the opposite contacts by the electric field. If an electron and hole come 

together on the same molecule a singlet or triplet-excited state is formed. The excited 

state can return to the ground state by any of the normal relaxation processes including 

fluorescence. The minimal requirements for electroluminescence are the ability for the 

material; i) to accept injected charges from an electrode, ii) the ability to transport charge, 

and iii) the ability to fluoresce efficiently.^ Thus, the processes required for the operation 

of an OLED are injection, transport, recombination, and fluorescence. 
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Figure 1. Schematic drawing of the structure and operation of an OLED. 

1.2. The Processes Required for the Operation of an OLED 

1.2.1. Charge Injection 

The rate-limiting step for charge generation in OLEDs is injection at the contacts, 

making efficient injection critical in an optimized OLED.^ There is some uncertainty as 

to the mechanism of the injection of holes and electrons into the organic material. Three 

models have been proposed and are often combined to explain the system dependant 

current-voltage (I-V) and EL characteristics. They include a space charge limited 

injection model, a tunneling model, and a trap-filling limit to injection. The space charge 

limited (SCL) injection model implies that the mobility of charge away from the cathode 

is relatively slow thus charge accumulates near the interface requiring increasing amounts 

of energy to inject additional charge. Based on this theory, a key to reducing the 

operating voltages of devices is increasing the mobility of the charge through the organic 



layers. The tunneling model of injection is based on the band offsets being energetic 

barriers to charge injection that must be overcome by the applied field. Based on this 

model the key to lowering operating voltages is reducing the band offsets by matching 

anode and cathode materials to the HOMO and LUMO levels of the organic materials. It 

is difficult using this model to explain the observation that EL efficiency is limited by the 

efficacy of the electron injecting contact.^ Trap-limited electron transport is invoked to 

describe the behavior in devices such as triphenyldiamine/Alqs (TPD/Alqs) OLEDs. Alqs 

acts as a SCL insulator and is assumed to have intrinsically large trap densities near the 

cathode that must be filled to inject more charge resulting in the current being governed 

by the density and energy distribution of the traps in the luminescent layer. In systems 

dominated by trap limited electron transport the luminous efficiency is controlled by hole 

injection into the luminescent layer. Radiative recombination occurs in the Alq3 layer 

between holes injected into the luminous layer and trapped electrons. In these systems 

luminous efficiency is increased by increasing the injection of holes into the luminous 

layer while quantum yield is dependent on controlling the thickness of the Alqs layer to 

have the maximum overlap of hole and electron density in the luminescent layer. The 

interface between the electrodes and the organic layers can itself be a physical barrier to 

injection; the intrinsic chemical incompatibility between the inorganic electrodes and 

many organic materials can affect the quality of the interface itself.^ Increasing the 

quality of the may also result in increased device performance 
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1.2.2. Charge Transport 

The transport of charge through the material is an important parameter for device 

performance. The transport of charge through disordered small-molecule based organic 

materials occurs through an electron transfer process and is referred to as hopping. For 

hole transport an electron is transferred from an adjacent molecule into the HOMO of a 

radical cation. Under an applied electric field the positive charge tends to migrate toward 

the cathode. The charge carrier mobility of a material is a measure of the rate of transport 

at a given voltage through the organic material. Typical mobilities for the commonly 

used hole transport material triphenyldiamine, TPD, are on the order of lO '^cm^A'^s.'° The 

movement of charge away from the contacts is critical to device operation as it effects the 

drive voltage and as mentioned earlier effects the injection. 

The injection and transport of holes by hopping through a hole transport material can 

be considered a series of oxidation-reduction reactions or electron exchange reactions 

each having an activation barrier. According to Marcus theory'^ an activation barrier is 

made up of two parts: a thermodynamic part that derives from the overall free energy 

change of a reaction, and an intrinsic kinetic part which is the barrier that would exist if 

the reactants and products have the same free energy. For a simple oxidation-reduction 

electron exchange reaction (1) 

A]^ + A2 —^ A] + A2^ (1) 

Marcus theory represents the reaction coordinate as a pair of intersecting parabolas; one 

representing the potential energy surface of the oxidation and the second representing the 

reduction, Figure 1. The overall free energy change and the intrinsic barrier determine 
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the shape and location of the parabolas. From the intersection of the parabolas the 

equation 

AG* = (k + AG'^f/4X (2) 

where AG® is the overall free energy change for the reaction, X is the reorganization 

energy which is the dominant contributor to the intrinsic barrier. The reorganization 

energy is the energy that is required to change the bonding and configuration of the 

ground state to the bonding and configuration of the excited state." As the HTM is 

homogeneous and the starting materials and the products are essentially the same; the 

reaction is thermoneutral that is AG = 0, therefore 

AG*=1/4X (3)  

The factor 1/4 arises from the parabolic nature of the process of activation; the 

symmetrical transition state lies half way along the reaction coordinate and thus sees 1/4 

of the reorganization energy X, Figure 2. Marcus theory also describes the rate constant 

of the electron transfer reaction Uet as 

^ET = ^exp 
AkJ 

(4) 

where ks is the Boltzmann constant, T is the temperature, A is a factor related to the 

electron coupling matrix element between donor and acceptor. 

In an organic molecule such as TPD the torsion angle between the two rings of the 

biphenyl bridge changes markedly between TPD and its radical cation;'"^ this change 

requires some reorganization energy presumably contributing to the barrier to electron 

exchange between TPD and TPD^ and so according to Marcus theory could potentially 
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affect the hole mobility. By designing materials that undergo very small changes in 

going from their ground states to their radical cations; thereby reducing the 

reorganization energy, it may be possible to affect the mobility of charge through a 

material as according to Marcus theory both the barrier to electron exchange and the rate 

of electron exchange may be affected. 

I [ 

X/4 

0 0.5 1 
Reaction Coordinate 

A + A"^ A"^+ A 

Figure 2. The reorganization energy X for reaction (1) according to Marcus theory is 
represented. The two parabolas represent the potential energies of reactants and products. 
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1.2.3. Recombination and Fluorescence 

Recombination and fluorescence are the remaining processes involved in the function 

of an LED. When an electron and a hole come together on the same molecule either a 

singlet or a triplet-excited state is formed. The singlets may return to the ground state by 

any of the allowed relaxation pathways including fluorescence. Using simple spin 

statistics, when two spin 1/2 carriers combine 75% of the resulting excitons will be 

triplets and 25% of the excitons will be singlets. Based on this simplification the 

maximum fluorescence efficiency assuming every electron and hole combine is 25%. In 

reality the most common organic semiconductors are better suited to transport positive 

charge and the injection of holes predominates. The result is an imbalance of charge and 

lower efficiency. By making multilayer devices using charge transport or injection layers 

the result is an increase in the likelihood of recombination and a reduction in the barrier 

to injection at the electrode, Figure 3. By properly choosing the orbital offsets between 

the layers the transmission of the majority carrier can be blocked creating a space charge 

that reduces its current and balances charge transport by creating a bottleneck at the 

interface and increasing the likelihood of recombination.'^ 
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Figure 3. Energy levels in a TPD/Alqs two layer OLED. The difference in the HOMO 
levels of TPD and Alq3, AEh, and the difference in the LUMO levels, AEe, creates a 
bottleneck at the interface of the two layers increasing the likelihood of 
recombination.'^*'^ 

1.3. Measures of Device Performance 

Some of the measures of device performance are the internal quantum efficiency, the 

external quantum efficiency, and device lifetime. The internal quantum efficiency is the 

ratio of the number of electrons injected per the photons of light emitted and assumes that 

every photon emitted is observed. The external quantum efficiency takes into account the 

refractive index of the material and is lower by a factor of 2n^ where n is the refractive 

index of the material.'^ The generally accepted minimum lifetime for a commercial 

device is 10,000 hours.One key to maximizing device lifetime is minimizing the 

operating voltage of the device, this would reduce thermal heating and voltage driven 

electrochemical degradation at the organic/metal interface, ideally the drive voltage 

should be close to the turn on voltage.'^ In a study by Adachi et al. it was shown that by 



reducing the ionization potential of the hole transport layer the drive voltage was reduced 

and the durability of the device was increased.^® The study also showed no relation 

between the melting point (Tm) and glass transition temperature (Tg) of the material. 

Other studies indicate that the capability of forming smooth layers and maintaining the 

organic layer was closely related to the durability of the device. 

1.4. Materials for OLEDs 

A large variety of organic materials have been employed and investigated for their 

use in and optimization of OLEDs.^'^^'^^'*^ The materials that have been used can be 

separated into one of five classifications: Small molecules; conjugated polymers; 

dendrimers; isolated main chain polymers; and side chain polymers. The use of small 

molecules and conjugated polymers in OLEDs has been extensively reviewed;"*'^'^''* the 

rest of this introduction will therefore focus on the use of segmented main chain 

polymers, side chain polymers and dendrimers with the focus being on materials for hole 

transport in OLEDs. 

1.4.1. Segmented Main Chain Polymers 

The use of conjugated polymers such as PPV in OLEDs was a major step toward 

enabling the commercialization of OLEDs. Some of the drawbacks to using conjugated 

polymers are that it is difficult to obtain solutions of conjugated polymers and the 

extended conjugated systems are highly reactive towards oxygen under operating 

conditions. Some of these drawbacks can be overcome by dissolving monodisperse 
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oIigo(phenylene vinylene)s in nonconjugated polymers. Dispersing chromophores with a 

controlled conjugation length in a nonconjugated polymer is an effective method of 

tuning color and is a useful approach to achieving blue emission. A problem with this 

approach however, is the crystallization and separation of the chromophores from the 

polymer matrix, which can lead to lower efficiencies, higher drive voltages and device 

failure.^*^ The incorporation of the monodisperse oligo(phenylene vinylene)s units in a 

segmented polymer in which the chromophores are separated by nonconjugated segments 

results in increased solubility relative to conjugated polymers.^'^'^'' Furthermore, the 

emission color may still be tuned by controlling the length of the conjugated segments. 

These segmented polymers are also useful in alleviating the problems of crystallization 

and separation as the chromophore can be incorporated in the back bone of amorphous 

polymers.^® 

1.4.2. Polymers with Side Chain Units 

Incorporation of the chromophore in the side chain of a polymer has the same 

advantages as those observed in main chain segmented polymers as well as several 

others. Existing crystalline chromophores can be easily transformed into amorphous 

polymers by relatively simple synthetic transformations and grafting techniques. The use 

of side chain polymers provides the potential of tuning and modifying physical properties 

by copolymerization and modification of the molecular structure. 
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1.4.3. Segmented Main Chain Phenylene Vinylene Polymers 

One approach to make segmented main chain phenylene vinylene polymers was 

to incorporate the meto-phenylene ring as a conjugation-interrupting unit (Figure 4A).^' 

The goal of this work was to use reduced conjugation and an irregular chain structure to 

localize the excited state within a limited segment of a single polymer chain. By doing 

this the exciton motion was expected to be constrained and transport to quenching sites 

limited. The irregular chain structure was also expected to reduce interchain interactions 

that may limit photoluminescent efficiencies through aggregation and excimer 

formation.^' When incorporated as an emitting layer between poly(vinyl carbazole) 

(PVK) and an electron transport material l,3-i'/5(4-terr-butylphenyl-1,3,4-

oxadiazoyl)phenylene external quantum efficiencies of 1 % were achieved corresponding 

to an internal quantum efficiency of 5.5 %}^ For comparison internal quantum efficiency 

of a single layer PPV device has been reported to be on the order of 0.1%'^ 

Another approach that has been employed to incorporate well defined phenylene 

vinylene segments in the main chain is to incorporate nonconjugated linkages between 

1,4 bis(styryl)benzene type moieties (Figures 4B - I). Karasz et al. studied the effects of 

incorporating flexible nonconjugated alkyl spacers between well defined segments of 1,4 

00 O'^ OA 
bis(styryl)benzene type moieties (Figures 4C, D, G). ' ' The immiscibility of alkyl 

spacers with the conjugated phenylene vinylene segments results in phase separation and 

domain structure. When the block copolymer (Figure 4G) was incorporated in a single 

layer device the result was an increase in the internal quantum efficiency of 2 orders of 



magnitude over similar PPV devices. The increase was attributed to effective exciton 

confinement due to the phase separation and domain formation in the material. 

Interfacial polymerization was employed to make the segmented polymer Figure 

4B. This material was employed to make a green OLED by spin coating. The material 

formed pinhole free layers from solvents such as chloroform.^^ Furthermore, polymers 

26 27 28 such as Figure 4B are thermotropic liquid crystals. ' Liquid crystallinity was utilized 

to fabricate OLEDs emitting polarized light. The device used rubbed polyimide as a 

29 30 hole-injecting layer and to orient the liquid crystals. ' 

The trimethylsilyl substituted material, poly[l,3-propanedioxy-l,4-phenylene-1,2-

ethenylene-(2,5-bis(trimethylsilyl)-1,4-phenylene-1,2-ethenylene-1,4-phenylene (DSiPV) 

(Figure 4H) was found to be useful as a material to blend with poly(2-methoxy-5-(2-

31 32 ethylhexyloxy)-l,4-phenylenevinylene (MEH-PPV) (Figure 4J). ' Devices made with 

blends of the polymer with MEH-PPV showed an increase in quantum efficiency of 500 

times over devices using pure MEH-PPV. The increase was believed to be due to the 

rapid transfer of excitons formed by the DSiPV to MEH-PPV and the dilution of the EL 

active MEH-PPV. The dilution of the active MEH-PPV diminishes intermolecular 

o 1 
nonradiative decay by blocking the charge carriers. 

The polyamides (Figures 4E and F) and the equivalent polyesters have been 

synthesized by condensation polymerization. Both the polyamides and polyesters were 

found to be soluble, have good film forming properties, and have intense bright blue or 

green emission.^^ 
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Figure 4. Segmented Main Chain Phenylene Vinylene Polymers Used in OLEDs 

1.4.4. Side Chain Phenylene Vinylene Polymers 

There have been relatively few reports of the use of side chain phenylene vinylene 

polymers in OLEDs. The design of the system of is critical importance to the 

luminescence properties. Polymers with side chain phenylene vinylene segments can be 

liquid crystalline if the connection is through a flexible spacer. If however, the motion of 

the phenylene vinylene segment is decoupled from the main chain, the intrinsically poor 

solubility and high melting points of the phenylene vinylene segments cause the materials 
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to have poor processability unless solubilizing groups are incorporated on the phenylene 

vinylene segments?"^ If the phenylene vinylene segment is attached to the polymer 

backbone without spacers the materials have better processability.^"^ In a study by Lee et 

al. ring opening metathesis polymerization was used to make the side chain polymer, 

(Figure The material was incorporated in single layer devices that emitted blue 

light and had a turn on voltage of 12 V and a EL efficiency of 0.3%. The devices had 

short lifetimes that were attributed to the electrochemical instability of the emitter. 

A device using a methacrylate copolymer of 2-phenyl-5-phenyl-l,3,4-oxadiazole 

(PBD) and distyrylbenzene (DSB) was made by Cacialli et al. (Figure 5A).^^ The 

incorporation of the electron transport group PBD in the copolymer was designed to 

potentially lower the barrier of electron injection from the cathode lowering the drive 

voltage, thus help to achieve a balance between the injection of electrons and holes. The 

device efficiency was an order of magnitude lower than similar PPV devices and the 

devices were found susceptible to polymer degradation, under photoexcitation under 

operating conditions, and performance was found to decrease after the devices were 

stored for several days. 

Independent reports by Hesemann and Hochfilzer (Figures 5C and D) 

demonstrated the relative ease with which side chain phenylene diamine polymers can be 

OA 'in 
made by graft techniques. ' In both cases a copolymer of styrene and 4-bromostyrene 

were made and subsequently coupled with various functionalized styrenes under Heck 

coupling conditions to make the phenylene vinylene side chains. The materials were 

found to be amorphous and soluble and were able to be employed in single layer devices. 
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Figure 5. Polymers containing side chain phenylene vinylene groups. 

1.4.5. Main Chain and Side Chain Multinuclear Arenes 

The first examples of OLEDs used single crystals of anthracene.' The use of 

multinuclear arenes in OLEDs has been limited however, due to their poor film forming 

properties, their tendency to crystallize.^" Bisberg et al. demonstrated the use of pyrene 

modified polysiloxanes (Figure 6A) and fluoranthrene modified poly(methyl 



28 

methacrylates) (Figure 4B) could be could be applied by spin coating to make films.^^ 

Two layer devices fabricated with an electron transport layer could be stored for several 

weeks with no decrease in performance due to crystallization. The anthracene modified 

poly(methyl methacrylate) (Figure 6C) has been used to make single layer blue OLEDs.^^ 

The material had an ionization potential (-5.2 eV) and electron infinity (-2.1 eV) almost 

identical to the commonly used hole transport material TPD (-5.2 eV and -2.2 eV) 

making the material potentially useful as a hole transport material in multilayer OLEDs. 

Diphenylanthracene has high photoluminescence quantum yields and stable 

electrochemical properties making it potentially useful in OLEDs, however the 

diphenylanthracene devices made using vapor deposition were reported to recrystallize 

during device operation.'^® Incorporation of the diphenylanthracene moiety in the main 

chain of a polyether (Figure 4E) and in the side chain of a polyester (Figure 6D) was 

shown to be effective in overcoming the problem of recrystallization during device 

operation."^'Triphenylene modified with one, two, or, three methacrylate groups 

(Figures 6F-H) have been used as hole transport materials in two layer OLEDs using Alqs 

as an electron transport/emitting layer."^^ The triphenylene rings with two or more 

methacrylate groups have been found to be photocrosslinkable making the materials 

potentially useful in making multilayer devices by wet techniques. The materials were 

also photopatternable using standard photolithographic techniques. 
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Figure 6. Main Chain and Side Chain Muhinuclear Arenes. 

1.4.6. Main Chain Poly(oligothiphenes) and Sulfur Compounds 

Oligothiophenes have been shown to exhibit multiple reversible redox processes 

leading to the stepwise formation of radical cations.'^'^'''^''^^ Through the control of the 

length of the oligomers the absorption and luminescence can also be tuned; the 

incorporation of these materials into polymers leads to a combination of these electrical 



and optical properties with the processability of high molecular weight polymers. 

Polymers of oligothiphenes (Figures TA-D)"^^ and thianthrenes'^^ (Figure 7E) have been 

used successfully in two layer OLEDs incorporating an electron transport layer. Main 

chain polyesters of oligothiophenes have been shown to conduct either in the oxidized 

state for quarterthiophenes (Figure 7B) and in the reduced state for pentathiophenes 

(Figure 7C) meaning depending on the length of the oligothiophene chain the materials 

conduct either electrons or holes."^^ Yoshino et al. demonstrated that the luminescence of 

single layer devices made from main chain polymers containing isolated oligothiophene 

chromophores could be shifted from green to red by increasing the length of the 

oligothiophene unit from three to seven thiophene rings (Figure 7D) demonstrating the 

utility of polymers of oligothiphenes as tunable emissive layers. 
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Figure 7. Sulfur containing transport polymers for OLEDs. 

1.4.7. Main Chain Poly(arylene amines) 

Triphenylamine derivatives (TPA) have been used widely as hole transport 

materials due to their high carrier mobility and amorphous film forming properties.^' 

Because of these properties the incorporation of this moiety in the main chain of 

polymeric systems has been an area extensive interest and several approaches have been 



examined (Figures 8 and 9)^2,53,54-66 report of blue electroluminescence from a 

nonconjugated polymer was by Hosokawa et al. for a material containing polycarbonate 

and styrylamine as a functional repeat unit, Figure 8A.^^ The styryl amine portion of the 

material incorporates both the structure of TPA and PPV. The material was soluble in 

dichloroethane and thin layers could be formed by spin coating. From this work several 

others have undertaken efforts to increase the solubility and film forming properties by 

changing the polymer backbone to more flexible alkyl ethers (Figure 8B, Figures 9A-

^^56,57,58 urethanes (Figures 9D-E)^^ or adding solubilizing groups to the backbone 

(Figure 8K)^°. Work by Li and Liu has focused on incorporating alkyl substituted TPD 

derivatives with the repeat unit of poly[2-(2'-ethylhexyloxy)-5-methoxy-l,4-

phenylenevinylene (MEH-PPV) to: improve the hole-transporting properties and 

oxidative stability of MEH-PPV; raise the Tg of the MEH-PPV; and to improve the 

synthetic procedure and solubility of the polymer, (Figure 8J)^'. After it was shown that 

the addition of cyano groups onto the backbone of MEH-PPV, making CNPPV, was an 

effective was to enhance electron injection Li and Liu also made the bipolar polymer 

having both electron transport and hole transport functionalities (Figure 8E) and 

demonstrated its use in OLEDs.^^ Further work by Liu on bipolar polymers incorporated 

a quinoline repeat unit to take advantage of the thermal stability, film forming properties, 

and electron transport characteristics of quinoline and a TPD repeat unit for its hole 

transport properties (Figure Further work using TPD as a repeat unit in a bipolar 

polymer by Lu et al. incorporated an oxadiazole moiety in the backbone of the polymer 

(Figure 81).®^ 
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While the previous work demonstrates the use of TPA main chain polymers in OLEDs 

and the fabrication of devices by spin coating; another approach that has been employed 

is the deposition of films by spin coating the monomer and then the subsequent 

conversion of the monomer into a crosslinked polymer. Although these are crosslinked 

networks, not main chain polymers, they will be included here. One requirement for 

making multilayer devices is that the solubility of the layers must be reduced after 

deposition so the solvent from subsequent layers does not dissolve previously deposited 

layers. Furthermore, it has been shown that crosslinking can increase the thermal 

stability of the polymers, which may increase device lifetimes. Bayer et al. made TPD 

type molecules functionalized on two of the phenyl rings with oxetane rings, Figure 8H.^^ 

Thin films were made by spin coating thin films from solutions of chloroform containing 

a photoacid. Upon UV exposure crosslinking occurred resulting in insoluble films. 

Single and double layer devices were examined, in the crosslinked films a 15 fold 

increase in the maximum current flow was observed. Li et al. fabricated devices using a 

f\l 
TPA functionalized on each of the phenyl rings with trichlorosilane. Figure 8D. Upon 

spin coating in the presence of air the trichlorosilane readily underwent hydrolysis 

followed by condensation resulting in insoluble crosslinked films. 
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Figure 8. Main chain polymers employing TPA and TPD moieties 



35 

/=\ H2 /=\ H V 
(CH2)6-

0 H R = —(CH2)6-G-N-

Figure 9. Mainchain polymers employing the TPA moiety. 

Muller et al. made red, blue, and green OLEDs using crosslinkable mainchain 

copolymers containing a TPD derivative.^^ The blue copolymer contained a fluorene 

monomer functionalized with alkyl ethers for solubility (Figure lOA), a fluorene 

monomer substituted with oxetane functional groups (Figure lOB), and a ?-butyl TPD 

monomer (Figure 6D). Adding a phenylene vinylene monomer (Figure lOE) to the 

polymerization resulted in a polymer that could be used to make green OLEDs. The 

substitution of the phenylene vinylene monomer with monomers (Figure lOF) and 

(Figure lOG) resulted in the copolymer for the red OLED. The copolymers could be 

taken up in solution with a photoacid and applied by spin coating. Exposure of the films 
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to UV light resulted in crosslinked films. Films could be made and processed using 

standard lithographic techniques. 

Ar = 

0.5n 0.5n " 

Figure 10. Copolymer and monomers employed by Muller et al. employed to make red, 
green, blue OLEDs. 

1.4.8. Side Chain Poly(arylene amines) 

The triphenylamine moiety has been incorporated as a side chain in polymers 

having methacrylate, styrene, and norboraene backbones (Figure 11). The first reported 

demonstration of the use of a TPA sidechain polymer as a hole conducting material came 

from Stolka et al. in 1983 (Figure llA).^^ The materials were found however to have 

lower mobilities than the small molecule equivalent doped in polycarbonate. The 

reasoning given was the covalent attachment to the polymeric backbone restricts the 
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translational and rotational freedom of the active groups in comparison to molecularly 

doped systems in which monomeric units are dispersed in an inert binder. As the 

mobility is proportional to the overlap integral of the wave functions that localize the 

carrier on adjacent groups any misalignment resulting in poor overlap will decrease the 

mobility. The presence of misaligned pendant triphenylamine groups was postulated to 

act as conformational traps. Kolb et al. provided one of the first reports of the use of a 

11 
side chain TPA polymer as a hole transport layer (HTL) in an OLED (Figure 1IC). The 

use of the polymer as a HTL substantially increased the brightness and quantum 

efficiency over the single layer device, which employed a side chain polymeric EL layer. 

The TPA polymer was found to be irreversibly modified by the redox process, 

undergoing oxidative coupling to form bis(benzidine) moieties leading to insoluble 

crosslinked films. Bellman et al. synthesized the sidechain TPA polymers having styrene 

79 
and norbomene mainchains (Figure IIB, Figure 11D). The linker to the norbornene 

was either an ether or an ester linkage having a spacer of 0 or 6 carbons. The shortest 

spacer with the less polar ether linkage was observed to have the highest external 

quantum efficiency, the lowest operating voltage, and the best stability. 
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Figure 11. Side chain polymers containing derivatives of the TPA moiety. 

The TPD moiety has been incorporated as pendant group in polymers having 

styrene and methacrylate polymer backbones (Figures 12A - F). Son et al. synthesized 

the side chain TPD monomer having a styrene backbone and ether linkage and fabricated 

two layer OLEDs (Figure 12A).'^ The materials had turn on voltages of 10 V and 

relatively low luminances of 10 cd/m . The ability to control the ionization potential of 

TPD type molecules through the use of electron donating and withdrawing substituents 

has been exploited in sidechain styrene polymers (Figures 12C - F)7^ The polymers 

formed pinhole free films by spin coating and were used to make two layer devices. The 

study showed that very electron rich HTL led to lower external quantum efficiencies and 

higher device lifetimes; less electron rich HTL led to higher external quantum 

efficiencies and lower device lifetimes. For more electron deficient materials a reduction 

in external quantum efficiency and device lifetime was observed. The results indicate 
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that facile hole injection from the anode is not critical to device performance and 

improved quantum efficiencies can be achieved through facilitating the reactions at the 

HTL/EL interface. 

-OMe 
MeO' 

Figure 12. Side chain polymers containing derivatives of TPD moiety. 

Zhang et al. synthesized photocrossHnkable copolymers having a methacrylate backbone 

and pendant TPD type moieties and photocrossHnkable pendant cinnamate or chalcone 

moieties (Figure \3i)^^ The materials were used to make two layer devices by spin 

coating. The devices had relatively high quantum efficiencies and brightness. The 

devices however showed a decrease in device performance upon crosslinking. 
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Figure 13. Photocrosslinkable sidechain copolymer containing a derivitive of TPD. 

1.4.9. Dendrimers for Hole Transport in OLEDs 

Dendrimers are materials that possess a multibranched structure that radiates from 

'yc 
a central core. The materials often can have very high molecular weights but differ 

from polymers in that the polydispersity of a dendrimer is 1.0. This class of materials 

combine the advantages of having well defined chromophores and molecular mass found 

in small molecules with the advantage of solution processing which is often a trait of 

amorphous polymeric materials.Furthermore, the regular branching in these 

structures make them not only aesthetically appealing but also give them interesting 

physical properties such as unusual glass transition behavior and viscosity, and an 



isolating effect with certain functional groups and chromophores.^'^ Furthermore, the 

ability of functionalize the periphery of the dendrimer allows the solubility and the 

processability of the dendrimer to be tuned. The benefits of using dendrimers in OLEDs, 

with respect to hole transport and emission will be described on a case by case basis. The 

advantage of enhanced film forming properties with increased branching in a hole 

transport material was demonstrated for the triarylamine derivative 4,4',4"-tris(3-

methylphenylphenylamino)triphenylamine (m-MTDATA), Figure 14A.^^ Some 

monomeric triarylamines do not exhibit a high hole transport efficiency due to their 

crystallinity, low moldability, or low thermal stability.^^ Shirota et al. demonstrated that 

devices made using a double hole transport layer of m-MTDATA and TPD and an 

emitting layer of Alqs exhibit high luminance efficiency and improved stability over 

devices having a single TPD hole transport layer without the generation of leak 

currents.^' These observations were attributed to the good quality of the amorphous films 

formed by m-MTDATA and the ability to make quality films as thick as 1000 A. Satoh 

et al. employed spin coating to make devices using the triarylamine based 

phenylazomethine dendrimer (TPA-DPA), Figure 14B.^^ Upon addition of SnCl2 a 

stepwise complexation was observed starting from the core imines and then progressively 

filling the more peripheral layers. Devices made with TPA-DPA after metal 

complexation showed in increase luminous efficiency in going from G1 to G2 to G3. 

The increase in efficiency was attributed by Satoh to be due to the increased 

processability of the dendrimers as the number of generations increased.^^ 
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Figure 14. Dendrimers having good film forming qualities. 

Markham et al. demonstrated that a dendritic architecture can be used to convert some 

electrophosphorescent molecular compounds that can only be processed by evaporation 

into materials that can be spin-coated to form good quality thin films.^"'^^ Single layer 

devices made with the iridium dendrimer. Figure 14C doped at 20 wt% in 4,4'-bis(A'^-

carbazole)biphenyl (CBP) were able to be made by spin coating. The devices made with 

the first generation dendrimer had a maximum external quantum efficiency of 8.1% 

compared to an external quantum efficiency of 0.8% for a similar device made using only 



80 the non-dendritic/ac-tris(2-phenylpyridine) iridium (Ir(ppy)3) core. The Ir(ppy)3 blend 

was also observed to be more insulating than the dendrimer blend. The higher 

efficiencies observed in the dendrimer were attributed to the excellent film forming 

properties of the dendrimer preventing recrystallization of the CBP host and efficient 

80 injection of charge at the anode and cathode. 

Some of the problems of conjugated polymers that have been mentioned 

82 previously: quenching of luminescence by intermolecular interactions; chemical 

defects;^^ and poor processability can be addressed by the use of dendrimers based on 

phenylene vinylenes. Conjugated dendrimers may be thought of as consisting of a 

conjugated light emitting core, conjugated branches, and surface groups. These materials 

can be designed so that the core defines the color of emission, the surface groups control 

the processing properties, and the branches allow the transport charge to the core. By 

employing this approach several things are achieved. The light emitting chromophore is 

obtained in a solution processable form. The color of the light emission can be controlled 

by the proper selection of the core while the surface groups can be independently 

modified for solubility. The interactions between molecules are also controlled as only 

surface groups or branches are able to come into contact with other molecules, possibly 

reducing the effects of aggregation. 



44 

A. B. 

C. D-
G=0 G=3 

Figure 15. Dendrimers based on conjugated polymers or phenylene vinylenes. 

Halim et al. made the Gl, G2 and G3 dendrimers having a phenylene vinylene core. 

Figure 15A.^^ Single layer devices fabricated by spin coating made with these materials 

had external quantum efficiencies of 0.01 %, 0.07 %, and 0.03 % for the Gl, G2, and G3 
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dendrimers respectively. For comparison, a single layer PPV device fabricated under the 

83 same conditions had an external quantum efficiency of 0.01 %. The same trend of 

increasing external quantum efficiency with increasing generation was reported in the 

oc 
dendrimers studied by Lupton et al.. Figure 15C - D. For this material an increase by a 

factor of 25 was observed in the external quantum efficiency in going from GO to G3. 

The increase in the external quantum efficiency was believed to be due to the enhanced 

balance of charge caused by a decrease in mobility as the size of the dendrimer increases. 

The reduction in mobility increases the waiting time of the charge carriers on transport 

04 
sites which in turn increases the probability of recombination. Pogantsch et al. made 

the polyfluorene compound utilizing dendrons to reduce intermolecular interactions. 

Figure 15B. Bilayer devices were fabricated by spin coating a layer of the polyfluorene 

on top of a layer of poly(3,4-ethylenedioxythiophene);poly(styrene sulfonic acid) 

(PEDOT:PSS). The dendrons were observed to not interfere negatively with the charge 

transport or the emission properties of the material while the migration to ketonic defect 

sites was observed to be reduced by the dendrons as observed by time resolved 

photoluminescence measurements. 

The use of dendrimers in OLEDS may also lead to the ability to perform color 

tuning in single layer devices by changing the ratio of different dendrimers. Work by the 

Frechet group has involved the synthesis of dendrimers having triarylamine hole 

transport groups on the periphery while different fluorophores are encapsulated in the 

core of the dendrimer thus potentially isolating the fluorophores from one another and 

reducing self quenching processes.In theory by surrounding the fluorophore with a 
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large enough dendrimer the emitting moieties can be isolated from one another and this 

may enable the simultaneous emission from several different dyes because the site 

isolation provided by the dendrimer should inhibit energy transfer between the dyes and 

inhibit self quenching.^" Color tuning in the single layer device would be done by 

choosing the appropriate ratio of dendrimers having different site isolated dyes.^^ Furata 

e t  a l .  s y n t h e s i z e d  G 1  -  G 5  d e n d r i m e r s  h a v i n g  C o u m a r i n  3 4 3  a t  t h e  c o r e  a n d  G l -  G 4  

07 
dendrimers having pentithiophene dicarboxylic ester at the core, Figures 16A - B. 

Devices were fabricated on PEDOT:PSS treated ITO and the dendrimers were applied by 

spin-coating from a solution also containing 2-(4-biphenyhl)-5-(4-ferr-butylphenyI)-

1,3,4-oxadiazole as an electron transport material included to help balance the injection 

of electrons and holes. A hole blocking layer 2,9-dimethyl-4,7-diphenyl-l,10-

phenanthroline was than applied followed by an emitting layer of Alqs. By controlling the 

ratio of the two dendrimers in Figure 16A - B respectively the observed 

electroluminescence intensities for the two chromophores were able to controlled. For a 

5:1 mixture of the Coumarin and pentithiophene dendrimers respectively a balance in the 

electroluminescence intensities of the two fluorophores was observed, however the 

maximum luminescence for the device was only 22 cd/m while the maximum external 

quantum efficiency was 0.2 %. The authors attributed some of the inefficiencies of the 

devices to carrier trapping by the pentithiophene dicarboxylic ester and proposed that by 

choosing dyes having a HOMO level lower than the HOMO level of the hole transport 

layer and LUMO levels higher than the electron transport material charge trapping in the 

07 

dendrimer can be reduced. 
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Of the systems discussed the TPD/Alqs system is well studied and serves as a 

good starting point for us to examine the effects of modifying the HTL on injection and 

transport and the resulting effects on device performance. Incorporating the TPD moiety 

in a polymer is useful as polymeric materials often can be taken up in solution and 

applied by spin coating the material may be used to make large area displays over 

irregular surfaces by the inexpensive technique of spin coating instead of the more 

expensive and technologically less convenient vapor deposition technique."^ To further 

study the effects of making multilayer devices the ionization potentials of the polymer 

could be varied to systematically study the effect of the ionization potential of the hole 

transport layer on device performance. The preparation of multilayer devices using wet 

processing techniques such as spin coating is difficult because layers that have already 

been cast are soluble in the solvent of subsequent layers leading to mixing of layers. 

Even in the case of fabrication using orthogonal solvents the surface and the interface 

between layers is altered.^^'^^ The use of polymer precursors and their thermal conversion 

into an insoluble film is a well established technique to make films of poly(/?-

phenylenevinylene) (PPV) and circumvent this problem.'^ An alternative approach, 

however could be used to impart insolubility. The monomers could be copolymerized 

with a monomer containing a photocrosslinkable moiety. By making the material 

photocrosslinkable the materials could be simultaneously cross-linked and patterned 

using standard photolithography techniques. Replacement of biphenyl by fluorene 

derivatives has also been shown to increase the glass-transition temperatures^^'^^and 

reduces the ionization energies and redox potentials of the diamines.Moreover, the 



torsion angle between the two rings of the biphenyl bridge changes markedly between 

TPD and its radical cation,''^ presumably contributing to the barrier to electron exchange 

between TPD and TPD^ and so potentially affecting the hole mobility. The effect of 

removing this torsional freedom by using a fused-ring system, such as fluorene, on the 

mobility and the behavior of these species could be examined. In addition, the fluorene 

bridge can be readily alkylated in the 9-position, offering the possibility of convenient 

attachment of 2,7-bis(diarylamino)fluorene-based species to various polymerizable 

groups, making the system potentially useful as a scaffold to determine the effects of 

acrylic, styrenic, and norbornenc as polymerizable groups on hole mobility properties and 

the behavior of these materials in OLEDs. The polarity of the matrix the hole transport 

material is dispersed in has been shown to effect mobility, injection and device 

performance.^ In a study by Vestweber et al. tri(4-methoxystilbene)amine (MSA) was in 

dissolved in three polymer matrixes having increasing polarities. It was found that 

although the mobility decreases as the polarity of the matrix increases; the broadening of 

the density of transport states caused by increasing the polarity of the matrix enhances 

injection and this enhanced injection overrides the decrease in mobility.^ In the fluorene 

systems we have examined, the transport moieties are not dispersed in a separate polymer 

matrix, the transport groups themselves are covalently attached to polymer backbones 

having different polarities and the percentage of the hole transport group compared to the 

inert matrix is much higher. This work could also provide a systematic study of the 

change in hole mobility properties and the behavior of these materials in OLEDs in going 

from the various 2,7-bis(diarylamino)fluorene species to the monomer and finally 



polymer. As injection is one of the processes that are critical to the operation and 

optimization of an OLED modification of the interface between the ITO anode and the 

organic layer may result in enhancement of device performance. There is often an 

inherent incompatibility between the inorganic ITO and organic transport layer, if an 

organic material having transport properties can be attached to the ITO this may result in 

better interfaces when the subsequent hole transport layer is applied by spin coating. 

Furthermore, the ionization potential of the surface-modifying agent need not be the same 

as subsequent layers in essence increasing the number of layers in the device to further 

balance injection. 
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CHAPTER 2. 

MATERIALS AND METHODS 

Chemicals received from commercial sources were used without further purification. 

NMR spectra were recorded with a Varian Unity Plus spectrometer at 500 MHz ('H) and 

126 MHz (^^C) in CDCI3 or (CD3)2CO unless otherwise stated. Spectra were internally 

referenced relative to tetramethylsilane (TMS; 5('H) = 0 ppm; 5('^C) = 0 ppm) using 

either the TMS 'H resonance or the '^C resonance of the solvent. UV-Vis spectra were 

recorded in thin films on quartz substrates with a Hewlett Packard 8453 spectrometer. 

Gas chromatography/mass (GC/MS) spectra were run on a Hewlett Packard HP6890 GC 

with a Hewlett Packard 5973 mass spectrometer. The glass-transition temperatures were 

determined by thermal analysis using a Shimadzu DSC-50 differential scanning 

calorimeter run at ten degrees per minute. Cyclic voltammetry was performed under 

argon using solutions ca. 10"^ M in sample and 0.1 M in [nBu4N]''"[PF6]~ using a 

glassy-carbon working electrode, a platinum auxiliary electrode, a AgCl / Ag pseudo-

reference electrode, and a BAS lOOB potentiostat. Potentials were referenced by the 

addition of ferrocene to the cell, and are quoted to the nearest 5 mV relative to the 

ferrocenium / ferrocene couple at 0 V. Potentials for the fluorene bridged triarylamine 

compounds were referenced to ferrocenium / ferrocene by using 1, 2, 3, 4, 1', 2', 3', 4'-

octamethylferrocene (£'1/2 = -0.45 V vs. ferrocenium / ferrocene'^^) as an internal 

reference. Fluorescence quantum yields were determined in non-deoxygenated toluene 



solutions using a Spex Fluorlog 3 fluorometer; the measurements were conducted using 

9 , 1 0 - d i p h e n y l a n t h r a c e n e  i n  n o n - d e o x y g e n a t e d  c y c l o h e x a n e  a s  a  r e f e r e n c e  s t a n d a r d  ( r j  =  

0.70).'^' 

Time-of-flight mobility measurements. Samples were prepared by dissolving the different 

molecules and polystyrene (PS) in dichloromethane. The concentration of the compounds 

was adjusted according to the molecular weight, M^, in order to obtain the same molar 

concentration as a 1:1 weight ratio of 2 in PS. The resulting weight ratios were: 1:1.48 for 

PS:!', 1:1.17 for PS:2', and 1:1.35 for PS:3'. The solution was filtered through a syringe 

with a 0.2-nm pore size filter and evaporated under reduced pressure. The blend was then 

dried under vacuum for 16 hours. Samples were prepared by melting a small amount of 

material between two ITO-coated glass slides at a temperature between 190 and 220°C. 

Calibrated glass spacers of 20 ^.m were used to ensure a uniform sample thickness. 

Finally samples were sealed with quick-setting epoxy adhesive. Further details of the 

time-of-flight experiment has been reported elsewhere.'" 

Device fabrication. The films of about 50 to 60 nm thickness were prepared by spin 

coating polymers 13-OMe, 13-Me, 13-F and D-Fj onto Oj-plasma-treated ITO with sheet 

resistance of 20 Q/O (Colorado Concept Coatings, L.L.C.) from toluene solutions. Then, 

60 nm-thick Alqg films were vapor deposited at a rate of 1 A/s under a pressure of 1x10"® 

Torr on top of the hole-transport layer. The metal cathode, a 1:10 alloy of silver and 

magnesium, was deposited through a mask to define five devices, each with an emissive 



emissive area of 0.1 cm^. Films of having 50 to 60 nm thickness of 2, 1', 2' or 3' were 

prepared by spin coating the PS blends from toluene onto oxygen-plasma-treated ITO 

with a sheet resistance of 20 Q.I (Colorado Concept Coatings, L.L.C.). The 

concentration of the compounds was adjusted according to the molecular weight, M^, in 

order to obtain the same molar concentration as a 1:1 weight ratio of 2 in PS. Electron-

transport layers comprising 60 nm-thick Alq3 films were thermally evaporated on top of 

the hole-transport layer at a rate of 1 As"' under a pressure of 1 x 10"^ Torr. The metal 

cathode, an alloy of silver and magnesium in a 1:10 ratio, was deposited through a 

shadow mask to define five devices per substrate with an emissive area of 0.1 cm each. 
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Chapter 3. 

SYNTHESIS OF PHOTO-CROSSLINKABLE HOLE TRANSPORT POLYMERS 

WITH TUNABLE OXIDATION POTENTIALS AND THEIR USE IN ORGANIC 

LIGHT-EMITTING DIODES 

The results reported in this chapter were done as part of a collaboration. While I 

performed the synthetic work and characterization, the device fabrication was performed 

and carried out in the laboratories of Dr. Bernard Kippelen by Benoit Domercq, Nathalie 

Larribeau, and Joshua Haddock. Portions of the work in this chapter have been published 

in references 119 and 125. 

3.1. Introduction 

Light-emitting diodes (LEDs) based on organic small molecules^'^* or polymeric 

materials^'^^ have attracted considerable interest recently due to the potential for their 

application in flat-panel displays.^^ To date, many of the most efficient devices are 

multilayer structures composed of hole-transport, emitting, and electron-transport layers 

sandwiched between an anode and a cathode.^^ Multilayer organic light-emitting diodes 

(OLEDs) based on small molecules may be fabricated by sequential vapor deposition of 

each layer in high vacuum. However, OLED fabrication using solution-based methods 

has the advantage of ease and expense of processing for small-molecule systems. 

However, for solution-based fabrication of multilayer OLEDs it is necessary that the first 
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layer does not dissolve during the deposition of subsequent layers. One approach that has 

been employed to circumvent this problem is to render a material insoluble subsequent to 

97 application by using either photo-induced or thermal crosslinking reactions. Recently, 

photo-crosslinkable polymers, as vi^ell as thermally crosslinkable oligomers, for OLEDs 

have been reported.^^'^^'^^ We also recently reported on a series of photo-crosslinkable 

side-chain methacrylate polymers containing a bis(diarylamino)biphenyl hole-transport 

agent and cinnamate^^'^'^'^ and chalcone'°'''°^ groups as photo-crosslinking groups.^"^ In 

this earlier work, the efficiency of devices was impaired by the photo-crosslinking step. 

Here we report an extension of this work envolving the synthesis, characterization, and 

device performance of multilayer LEDs incorporating a new set of photo-crosslinkable 

side-chain methacrylate polymers. The device characteristics of styrene-

bis(diarylamino)biphenyl polymers have been found to depend strongly on the redox 

potential of the polymer.The new polymers were, therefore, designed to have varying 

redox potentials to allow the tuning of the relative rates of injection of electrons and 

holes, and differ from our previous polymers in the linker between the 

bis(diarylamino)biphenyl and the methacrylate polymer backbone.^"^ The device 

fabrication conditions have been optimized using these new polymers to minimize the 

decrease in the device performance that had been previously reported.'"^ Furthermore, in 

some instances, an increase in the device performance has been observed after 

crosslinking the new materials. We speculate that the increased device performance is 

due to the decrease in the amount of UV exposure necessary for crosslinking under the 

optimized conditions. The decreased exposure times may result in less degradation of the 
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chromophore leading an increase in the device performance. Furthermore, the process of 

crosshnking may result in shrinkage of the films that may seal microscopic pinholes and 

defects that disrupt the mobility of charge through the film. 

3.2. Results and Discussion 

The syntheses and molecular structures of the hole-transport methacrylate-type 

monomers and the photo-crosslinkable monomers are shown in Figures 17, 18 and 19. 

The monomers 1-OBu, 1-OMe, 1-Me, 1-F and I-F2 were synthesized from hydroxyl-

containing compounds by reaction with methacrylic acid using 1,3-

dicyclohexylcarbodiimide (DCC) as a dehydrating agent and 4-dimethylaminopyridine 

(DMAP) as a catalyst. The monomers 1-OBu, 1-Me, I-F2, and 12 were obtained in pure 

form by column chromatography on silica gel, eluting with a 7:3 ratio of 

dichloromethane:hexanes; monomer 1-OMe was purified by column chromatography on 

silica gel, eluting with dichloromethane. Pure monomer 1-F was obtained by 

reprecipitation of the crude product from tetrahydrofuran (THF) in methanol (purification 

on silica gel was initially avoided as similar compounds reportedly decompose on silica 

gel; however, this was not observed with compounds 1-OMe, 1-Me, and 1-F2).^^ The 

cores of the hole-transport monomers were built up from compound 2, which was 

obtained from the iodination of 4-bromobiphenyl using iodine and nitric acid. The amines 

7-OMe, 7Me, 7-F, 7-F2 were coupled to compound 2 selectively at the iodine 

functionality using tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) and l,r-bis-

(diphenylphosino)ferrocene (DPPF) as the catalyst system in the presence of sodium t-
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butoxide."^^ In our previous work with 4, 4'-dibromobiphenyI we saw coupling of 

primary amines at both bromine positions leading to 7V,A'^'-bis(phenyl)-l,r-biphenyl-3,4-

diamine structures''^ When compound 2 is coupled to 1 equivalent of an amine there 

appears to be complete selectivity for reaction at the iodine as none of the bromine-

coupling product was seen. A modified Ullman reaction was used to couple 7-OBu to 

2.^' The amines 6-OBu, 6-OMe, 6-Me, 6-F and 6-F2 were then coupled at the bromine 

using the same conditions. The secondary amines 6-OBu, 6-OMe, 6-Me, 6-F, 6-F2, 7-

OBu, 7-OMe, 7-Me, 7-F, and 7-F2 were themselves synthesized under the same 

conditions (as shown in Figure 18). The alcohols 3 and 3-Br were synthesized from 4-

iodophenol or 4-bromophenol respectively, which was reacted with 3-bromopropanol 

under nucleophilic substitution conditions. The alcohol was then converted to the silyl 

ether, 4, or trityl ether, 5. The ferf-butyldimethylsilyl (TBDMS) protecting group is 

preferred due to the ease, which it can be installed and removed. Monomers 1-OBu and 

1-OMe, was homopolymerized and monomers 1-OMe, 1-Me, 1-F and I-F2 were 

copolymerized with 30% (mole ratio) of crosslinkable monomer 12 using 2,2'-

azobis(isobutyronitrile) (AEBN) as an initiator under argon at 60 °C for 60 h (as shown in 

Figure 20). The polymers were obtained in pure form as white powders by precipitation 

three times, once from benzene into methanol and twice from THF into methanol. The 

structure of the compounds and polymers were confirmed by NMR spectroscopy and 

elemental analysis (as shown in the experimental section). The 'H NMR spectra of the 

copolymers exhibited extensive broadening of the peaks leading to peak overlap and 

undiscernible multiplicities. 
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Ra Pd2(dba)3,DPPF 
NaOtBu, toluene 

TBAF, THF 
N-H 

NaOtBu, toluene (HCOOH, EtjO for 9-F) 

10-OBU, 10-OMe, 10-Wle 
10-F, IO-F2 

9-OBu, 9-OMe, 9-Me 

R3 R2 

+ N-H 

7-OBu, 6-OMe, B-WIe 
6-F, 6-F2 

HO 

DCC. DMAP 

1-OBu, 1-OMe, 1-Me 
1-F, I-F2 

O 

number Ri R2 R3 R4 R5 Rg (if present) 

x-OBu H H n-BuO H n-BuO TBDMS 

x-OMe H H OMe Me H TBDMS 

x-Me H Me H H H TBDMS 

x-F H F H Me H trityl 

X
 T]
 

F H F Me H TBDMS 

where x is the parent compound number 

Figure 17. Synthesis of monomers 1-OBu, 1-OMe, 1-Me, 1-F and I-F2. 



59 
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toluene, NaOtBu N 
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7-OBu, 7-OMe, 7-Me 
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O OH 
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number Ri R2 R3 R4 R5 Re (if present) 

x-OBu H H n-BuO H n-BuO TBDMS 

x-OMe H H OMe Me H TBDMS 

x-Me H Me H H H TBDMS 

x-F H F H Me H trityl 

X-F2 F H F Me H TBDMS 

O" 

5 

O 

6-OBu, 6 
6-F, 6-F2 

•OMe, 6-Me 

"O 

•^O .Re 

.Re 

where x is the parent compound number 

Figure 18. Synthesis of secondary amines. 
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DCC, DMAP 

H3CO2C ^ 

H3CO2C H3CO2C 

Figure 19. Synthesis of monomer 12 with crosslinkable units. 

AIBN. Benzene. 60 °C. 60 

13-OMe, 13-Me 
13-F, I3-F2, 14 

15-OBu, 
15-Me 

15-OMe 

for 13-OMe, 13-Me 
13-F, I3-F2 X:Y = 7:3 

for 14 X:Y = 0;1 

O 

R6 = 

0/ 

Q-
OCH3 

number Ri R2 R3 R4 R5 
#-OBu H H n-BuO H n-BuO 

#-OMe H H OMe Me H 

#-Me H Me H H H 

#-F H F H Me H 

#-F2 F H F Me H 

where # is the parent compound number 

Figure 20. Synthesis of the polymers. 
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Each of the polymers was readily soluble in common organic solvents including THF, 

chloroform, toluene, benzene and dichloromethane. The glass-transition temperatures 

(Tg) of the polymers were determined by differential scanning calorimetry (DSC). The 

glass-transition temperatures of polymers 13-OMe, 13-Me, 13-F, IB-Fa and 15-OMe are 

97 °C, 108 °C, 99 °C, 97 °C, and 123 °C respectively. There was no evidence of other 

thermal process in the temperature range investigated (from 25 to 250 °C), suggesting 

that the polymers prepared are amorphous. 

The redox potentials of the monomers 1-OMe, 1-Me, 1-F and I-F2 versus 

ferrocenium/ferrocene were determined by cyclic voltammetry in dichloromethane (Table 

1). The cyclic voltammograms show two sequential reversible one-electron processes 

corresponding to the successive removal of two electrons from the bis(diarylamino) 

biphenyl unit. The compounds 1-OMe, 1-Me, 1-F and I-F2 demonstrate the expected 

trend of increasing redox potential as the electron-donating substituents on the 

bis(diarylamino) biphenyl moiety are replaced with electron-withdrawing substituents. 

The effects of the substituents parallel those seen in similarly substituted non-

polymerizable molecular bis(diarylamino)biphenyls and bis(diarylamino)biphenyl-

functionalized polyolefins.^^ However, the potentials in the present compounds are 

somewhat lower, presumably due to the electron-donating nature of the ether linkage to 

the polymerizable group. 
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Table 1. Redox Potentials of Hole-transport Monomers in CH2CI2 (values are reported 
relative to the ferrocenium/ferrocene couple). 

Monomer 'E,/7\mV) 'E,/,'(mV) 

1-OMe 105 360 

1-Me 190 470 

1-F 300 540 

I-F2 320 595 

'  %i/2 = Ei/2(M^/M). '  '%n = Ei/2(M'W). 

The crosslinking of the polymers upon UV-irradiation was monitored by UV 

spectroscopy. In initial experiments, thin films of polymers 13-OMe, 13-Me, 13-F, 13-

F2, 14 and 15-OMe were obtained on a quartz substrate by spin-coating at 3000 rpm from 

THF solution (20.0 mg in 1 ml of THF). The polymer films were irradiated with an 

unfiltered handheld UV source (365 nm, 7 W, UVGL-25) for visualizing thin layer 

chromatography plates. The films were kept 1.7 cm from the UV lamp. The progress of 

the crosslinking was monitored by UV-vis. spectroscopy; the absorbance at 310 nm, 

attributed to the cinnamate group, was found to decrease, whilst that at 353 nm, attributed 

to the bis(diarylamino)biphenyl moiety remained constant, suggesting that the cinnamate 

moieties undergo 2 + 2 cycloaddition without photo-induced damage to the hole-transport 

groups. To confirm these attributions and this hypothesis, and to remove complications in 

interpretation arising from some overlap between the 310 and 353 nm absorptions, 

homopolymer 15-OMe, which has no crosslinkable units, and homopolymer 14, which 

has no bis(diarylamino)biphenyl units, were synthesized for comparison with 13-OMe 



and subjected to the same crosshnking conditions as 13-OMe. The homopolymer 14 

exhibited a decrease in absorbance at 310 nm similar to that seen for 13-OMe, while there 

was no decrease in absorbance of 15-OMe, confirming that the decrease in absorption is 

predominantly due to the 2 -i- 2 cycloaddition reaction and that the 

bis(diarylamino)biphenyl moieties are relatively stable under the crosslinking conditions. 

The irradiated polymer 13-OMe, 13-Me, 13-F, 13-F2, and 14 films on quartz 

substrates were used to demonstrate the insolubility of the polymers after UV irradiation. 

The UV absorption spectra were acquired after dipping the films in THF for increasing 

lengths of time. Even after soaking the films up to 80 minutes, no measurable decrease 

(< 1% change in absorbance) in absorption was observed suggesting that the polymers 

were crosslinked. In comparison, for non-irradiated films of 13-OMe, 13-Me, 13-F, 13-

Fi, and 14 on quartz, it was found that the absorption intensities dramatically decreased 

after dipping the films in THF for 1 minute. The same large decrease in absorption was 

found for an exposed film of 15-OMe on a quartz substrate. These observations indicate 

that the crosslinked copolymers are insoluble in THF and that the insolubility is not a 

result of the exposure of the bis(diarylamino)biphenyl moiety to UV light, but due to the 

2 + 2 cycloaddition reaction of the cinnamate moiety. 

In subsequent studies, copolymers containing 70 mol % of these monomers and 

30 mol % of cinnamate substituted methacrylate monomer could be photo-crosslinked 

using the UV radiation (350 nm) provided by a standard UV-mask aligner. As was the 

case with the handheld UV source experiments (see above), the absorption band 

characteristic of the bis(diarylamino)biphenyl moiety at 353 nm does not vary upon UV 
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exposure, whereas the cinnamate absorption band at 312 nm decreases as a function of 

UV exposure (Figure 21). To efficiently crosslink the polymer and make it insoluble, a 

minimum of 20 mJ/cm^ of UV exposure was found to be required. We have been able to 

use standard lithographic techniques to pattern these materials. For instance, using a 

negative photolithography mask, we have been able to define features ranging from 50 to 

10 |xm as shown in Figure 21. 

Figure 21; (a) Evolution of the absorption spectra of a 50 nm thick film of 13-OMe 
under UV exposure, (b) Photography of 50 jim sized features obtained after photo-
crosslinking (25 mJ/cm^) of a 60 imi thin film of 13-OMe. (c) Evolution of the 
absorption spectra of a film of 14 under UV exposure, (d) Evolution of the absorption 
spectra of a film of 15 under UV exposure. 
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3.2.1. Fabrication and Characterization of Light-Emitting Devices 

To investigate the performance of the hole-transport polymers 13-OMe, 13-Me, 13-F, 

and IS-Fj, 15-OMe in a device geometry, we fabricated OLEDs with the following 

structures: ITO/polymer (13-OMe or 13-Me or 13-F or 13-F2,)/Alq3/Mg:Ag. Alqj was 

chosen as an electron-transport and emitting material because its performance when 

combined with other hole-transport materials is well documented. The films of about 50 

to 60 nm thickness were prepared by spin coating polymers 13-OMe, 13-Me, 13-F and 

I3-F2 onto Oj-plasma-treated ITO with sheet resistance of 20 Q/D (Colorado Concept 

Coatings, L.L.C.) from toluene solutions. Then, 60 nm-thick Alqj films were vapor 

deposited at a rate of 1 A/s under a pressure of 1x10"® Torr on top of the hole-transport 

layer. The metal cathode, a 1:10 alloy of silver and magnesium, was deposited through a 

mask to define five devices, each with an emissive area of 0.1 cm^. 

OLED devices using these new polymers exhibit performances comparable to those of 

their wholly vapor-deposited equivalents. The light emission of all the devices 

corresponds to the typical Alqj emission spectrum. Figure 22 shows the typical 

characteristic of an ITO/ 13-F /Alq3/Mg:Ag device. The current density exhibits a typical 

diode behavior with a strong rectification above 2V. The light is first detected around 3 

V. The external quantum efficiency for 13-F-based devices reaches a maximum value of 

1.2 % at around 8 V with a luminance of 1320 cdtvc?. 

We have previously reported that upon crosslinking the performance of OLED 

devices decreases significantly.^'* Therefore, the optimization of UV exposure to 

minimize any adverse effects is, therefore, critical for device performance. We 
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investigated the dependence of the device performance as a function of the UV exposure 

for devices with structure ITO/13-F/Alq3/Mg:Ag. For each device, the hole-transport 

polymer was spin-coated and crosslinked using different UV energy densities ranging 

from 0 mJ/cm^ to 180 mJ/cm^. The Alqs layer was then deposited on all the samples 

during the same deposition run. We found that for exposures of UV energy densities of 

up to 30 mJ/cm , which are adequate to render the films insoluble, there is no measurable 

decrease in the performance of the devices relative to the uncrosslinked material. 

lOk 30 1000 

100 
2.5 M 

§ 100 

lE-4 
0.5 S 

lE-5 

lE-6 

- 2.0 

Applied Voltage (V) Applied Voltage (V) 

Figure 22: (a) Current density, and (b) luminance and external quantum efficiency as a 
function of applied voltage for a ITO/13-F /Alqs/MgiAg (50 nm/50 nm/300 nm (10:1)) 
device. 
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3.3. Experimental 

Chemicals received from commercial sources were used without further purification. 

The synthesis of compound 11 was reported previously.^'^''°' NMR spectra were recorded 

with a Varian Unity Plus spectrometer at 500 MHz (^H) and 126 MHz ('^C) in CDCI3 or 

(CD3)2C0 unless otherwise stated. Spectra were internally referenced relative to 

tetramethylsilane (TMS; 6('H) = 0 ppm; 5('^C) = 0 ppm) using either the TMS 'H 

resonance or the '^C resonance of the solvent. UV-Vis spectra were recorded in thin films 

on quartz substrates with a Hewlett Packard 8453 spectrometer. Gas 

chromatography/mass (GC/MS) spectra were run on a Hewlett Packard HP6890 GC with 

a Hewlett Packard 5973 mass spectrometer. The glass-transition temperatures were 

determined by thermal analysis using a Shimadzu DSC-50 differential scanning 

calorimeter run at ten degrees per minute. Cyclic voltammetry was performed under 

argon using solutions ca. 10~4 M in sample and 0.1 M in ["Bu4N]+[PF6]^ using a 

glassy-carbon working electrode, a platinum auxiliary electrode, a AgCl / Ag pseudo-

reference electrode, and a BAS lOOB potentiostat. Potentials were referenced by the 

addition of ferrocene to the cell, and are quoted to the nearest 5 mV relative to the 

ferrocenium / ferrocene couple at 0 V. 

4-bromo-4'-iodo-l,r-biphenyl. (2)''^'^ 4-bromo-biphenyl (49.83 g, 214 mmol) iodine 

(32.5 g, 128.4 mmol) and carbon tetrachloride (100 ml) were added to a 500 ml round 

bottom flask equipped with an efficient reflux condenser. The mixture was heated to 

50°C and allowed to stir while concentrated nitric acid (24.0 g, 385 mmol, 17.0 ml) was 
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added over 30 minutes. After all the nitric acid was added, the mixture was gently 

refluxed until GC/MS showed none of the 4-bromobiphenyl remaining. The mixture was 

extracted in toluene and the oily layer was washed with 3 x 10 ml of concentrated nitric 

acid. The material was washed with 50 ml of 10% aqueous sodium hydroxide and dried 

over magnesium sulfate. The solvent was removed under reduced pressure. The pale 

brown crystals were recrystallized from hot hexanes. The purified product was isolated as 

white crystals (58.61 g, 76.49%). 'H NMR (500 MHz, CDCI3) 5 7.29 (d, J = 8.0 Hz, 2 

H), 7.424 (d, J = 8.0 Hz, 2 H), 7.57 (d, J = 8.0 Hz, 2 H), 7.77 (d, J = 8.0 Hz, 2 H). 

GC/MS (relative intensity %): 358, 360 (1:1, 100, M^). 

3-(4-iodophenoxy)-l-propanol. (3)'°^ To a 500 ml round bottom flask was added 4-

iodophenol (24.9 g, 113 mmol), 3-bromopropanol (18.9 g, 136 mmol), N,N-

dimethylformamide (100 ml) and potassium carbonate (31.2 g, 226 mmol). The reaction 

was stirred at room temperature and was followed by thin layer chromatography (TLC). 

Upon the disappearance of 4-iodophenol, the mixture was poured into a separatory funnel 

containing 100 ml of water. The product was extracted in ethyl acetate and the organic 

layer was washed with 3 x 50 ml portions of cold water and 50 ml of aqueous saturated 

sodium chloride. The solvent was removed under reduced pressure. The material was 

purified by flash chromatography on silica gel, eluting with 1:49 ethyl 

acetate:dichloromethane. The solvent was removed under reduced pressure and the 

residual solvent was removed in vacuo. The yield of the desired product, isolated as white 

crystals was 26.30 (83.7%). 'H NMR (500 MHz, CDCI3) 6 1.69 (s, 1 H), 2.04 (quint., J = 



6.0 Hz, 2 H), 3.86 (t, J = 6.0 Hz, 2 H), 4.09 (t, J = 6.0 Hz, 2 H), 6.69 (d, J = 7.0 Hz, 2 H), 

7.56 (d, J = 7.0 Hz, 2 H). NMR (125 MHz, CDCI3) 5 31.8, 60.2, 65.6, 82.9, 116.8, 

138.2, 158.56. 

3-(4-bromophenoxy)-l-propanol. (3-Br)"^^ To a 500 ml round bottom flask was added 4-

bromophenol (32.22 g, 186 mmol), 3-bromopropanol (31.06 g, 224 mmol), N,N-

dimethylformamide (50 ml) and potassium carbonate (43.2 g, 313 mmol). The reaction 

was stirred at room temperature and was followed by thin layer chromatography (TLC). 

Upon the disappearance of 4-iodophenol, the mixture was poured into a separatory funnel 

containing 100 ml of water. The product was extracted in ethyl acetate and the organic 

layer was washed with 3 x 50 ml portions of cold water and 50 ml of aqueous saturated 

sodium chloride. The solvent was removed under reduced pressure. The material was 

purified by flash chromatography on silica gel, eluting with dichloromethane. The 

solvent was removed under reduced pressure and the residual solvent was removed in 

vacuo. The yield of the desired product, isolated as white crystals was 37.2 g (92.9%). 

'H NMR (500 MHz, CDCI3) 5 2.01 (quint., J = 6.0 Hz, 2 H), 2.25 (s, 1 H), 3.82 (t, J = 

6.0 Hz, 2 H), 4.05 (t, J = 6.0 Hz, 2 H), 6.77 (d, J = 9.0 Hz, 2 H), 7.35 (d, J = 9.0 Hz, 2 H). 

NMR (125 MHz, CDCI3) 5 31.9, 59.9, 65.6, 112.9, 116.2, 132.2, 157.8. 

fer?-butyl[3-(4-iodophenoxy)propoxy)dimethylsilane. (4) To a dry 250 ml round bottom 

flask under nitrogen was added (3) (26.3 g, 94.5 mmol), ?^r?-butyldimethylsilyl chloride 

(17.82 g, 118.2 mmol), imidazole (8.1 g, 118.2 mmol) and 50 ml of N,N-



dimethylformamide. The reaction was allowed to stir while its progress was monitored by 

thin layer chromatography. Upon the disappearance of the starting material, the reaction 

mixture was poured into a separatory funnel containing 100ml of cold water. The product 

was extracted in 3 x 50 ml portions of ether. The ether layers were combined and washed 

in 3 X 100 ml portions of cold water and 3 x 45 ml portions of saturated sodium chloride 

solution. The solvent was removed under reduced pressure. The material was purified by 

flash chromatography eluting with 1:4 dichloromethane:hexanes. The solvent was 

removed under reduced pressure and the residual solvent was removed in vacuo. The 

mass of the purified product isolated as colorless oil was 37.08 g, 94.51 mmol ( 99.9%). 

The purity of the product was estimated greater than 95% by NMR and was used in 

the next step without further purification. 'H NMR (500 MHz, (CDCI3): 6 0.58, 0.88 (s, 9 

H), 1.97 (quint, / = 6.0 Hz, 2 H), 3.79 (t, J = 6.0 Hz, 2 H), 4.03 (t, J = 6.0 Hz, 2 H), 6.69 

(d, J = 9.0 Hz, 2 H), 7.54 (d, J = 9.0 Hz, 2 H). NMR (125 MHz, (CDCI3): 5 -2.98, 

18.29, 25.89, 32.18, 59.28, 64.47, 82.48, 116.85, 139.11, 158.89. HRMS; Calcd for 

Ci5H26l02Si 393.0747, found 393.0754. 

l-bromo-4-[3-(trityloxy)propoxy]benzene. (5) To a solution of (3-Br) (18.0 g, 78.0 

mmol) in 40 ml of pyridine under a nitrogen atmosphere, was added 4-

dimethylaminopyridine (150 mg, 1.2 mmol). The solution was stirred at 70 °C for 32 

hours; the progress of the reaction was monitored by thin layer chromatography. The 

pyridine was removed under reduced pressure and the material was dissolved in 

dichloromethane (100 ml) and washed with 3 x 50 ml of cold water. The crude material 



was purified by flash chromatography on silica gel, eluting with dichloromethane. The 

material was further purified by column chromatography on silica gel, eluting with 3;1 

hexanes:ethyl acetate. The solvent was removed under reduced pressure and the residual 

solvent was removed in vacuo. The yield of product isolated as a viscous oil was 37.1 g 

(100%). The purity of the product was estimated greater than 95% by 'H NMR and was 

used in the next step without further purification. 'H NMR (500 MHz, CDCI3): 6 2.06 

(quint 7 = 6 Hz, 2 H), 3.28 (t, / = 6 Hz, 2 H), 4.10 (t, 7 = 6 Hz, 2 H), 6.76 (d, 7 = 9 Hz, 2 

H), 7.26 (m, 9 H), 7.37 (d, 7 = 9 Hz, 6 H), 7.43 (m, 6 H). NMR (75 MHz, (CDCI3): 5 

29.76, 59.73, 65.02, 86.45, 112.59, 116.27, 126.88, 127.21, 127.70, 127.88, 128.58, 

132.11,144.11, 157.96. HRMS: Calcd for CagHasBrOz 472.1038, found 472.1034. 

N-[4-(3-{fer?-butyl(dimethyl)silyl]oxy}propoxy)phenyl]-3-methylaniline. (6-Me) To a 

dry 500 ml round bottom flask under argon were added (4) (13.64 g, 35.8 mmol), m-

toluidine (4.5 g, 41.2 mmol), and 100 ml of toluene. The mixture was deoxygenated for 

ten minutes and Pd2(dba)3 (0.4 g, 0.44 mmol) and DPPF (0.5 g, 0.88 mmol) were added. 

After stirring for ten minutes, sodium f-butoxide (3.9 g, 41.2 mmol) was added. The 

reaction mixture was heated to 90 °C and stirred while the progress of the reaction was 

monitored by TLC. Upon the disappearance of the starting material, the reaction mixture 

was filtered through a plug of silica gel eluting with dichloromethane. The product was 

purified by flash chromatography eluting with 1:1 dichloromethane:hexanes. The solvent 

was removed under reduced pressure. The residual solvent was removed in vacuo-, 10.26 

g, 27.4 mmol (76.5%) of the desired product was isolated as brown oil. 'H NMR (500 



MHz, (CDCI3): 5 0.70 (s, 6H), 0.91 (s, 9 H), 2.00 (quint, 7 = 6 Hz, 2 H), 2.29 (s, 3 H), 

3.82 (t, / = 6 Hz, 2 H), 4.06 (t, 7 = 6 Hz, 2 H), 5.46 (s, 1 H), 6.67 (d, 7 = 7 Hz, IH), 6.73 

(d, 7 = 7 Hz, 2 H), 6.87 (d, 7 = 9 Hz, 2 H), 7.06 (d, 7 = 8 Hz, 2 H), 7.11 (t, 7 = 8 Hz, 1 H). 

NMR (125 MHz, (CDCI3): 5-5.15, 18.55, 21.77, 26.14, 32.70, 59.80, 65.05, 112.91, 

115.47, 116.43, 120.58, 122.44, 129.33, 135.87, 145.39, 154.89. Anal Calcd for 

CsaHjjNOaSi: C, 71.11; H, 8.95; N, 3.77. Found: C, 70.84; H, 8.84; N, 3.80. HRMS: 

Calcd for CziHgsNOaSi 372.2359, found 372.2348. 

4-butoxy-A''-(4-(3-{ [ter?-

butyl(dimethyl)silyl]oxy}propoxy)phenyl]anilinebutoxyphenyl)aniline. (6-OBu) To a 

dry 500 ml round bottom flask under argon were added (?err-butyl[3-(4-

bromophenoxy)propoxy)dimethylsilane) (25.9 g, 66.0 mmol), p-butoxyaniline (12.0 g, 

72.6 mmol), and 100 ml of toluene. The mixture was deoxygenated for ten minutes and 

Pd2(dba)3 (0.9 g, 1.0 mmol) and DPPF (1.1 g, 2.0 mmol) were added. After stirring for 

ten minutes, sodium ?-butoxide (6.9 g, 72.0 mmol) was added. The reaction mixture was 

heated to 90 and stirred while the progress of the reaction was monitored by TLC. 

Upon the disappearance of the starting material, the reaction mixture was filtered through 

a plug of silica gel eluting with dichloromethane. The product was purified by flash 

chromatography eluting with dichloromethane. The solvent was removed under reduced 

pressure. The residual solvent was removed in vacuo; 22.3 g, 51.9 mmol (78.6%) of the 

desired product was isolated as pale yellow oil. ^H NMR (300 MHz, ((CD3)2CO)): 5 

0.07 (s, 6 H), 0.91 (s, 9 H), 0.96 (t, 7 = 8 Hz, 3 H), 1.50 (m, 7 = 8 Hz, 2 H), 1.72 (quint., J 



= 7 Hz, 2 H), 1.93 (quint., J = 6 Hz, 2 H), 3.83 (t, 7 = 6 Hz, 2 H), 3.92 (t, 7 = 6 Hz, 2 H), 

4.03 (t, 7 = 6 Hz, 2 H), 6.73 (s, 1 H), 6.82 (dd, 7 = 4 Hz, 9 Hz , 4H), 6.96 (d, 7 = 9 Hz, 4 

H). NMR (75 MHz, ((CD3)2CO)): 5 -4.93, 14.42, 19.07, 20.19, 26.54, 30.88, 32.51, 

33.63, 60.43, 65.63, 68.77, 116.29, 119.69, 119.80, 139.42, 139.57, 154.24, 154.39. Anal 

Calcd for CasHsgNOsSi; C, 69.88; H, 9.15; N, 3.26. Found: C, 69.97; H, 9.19; N, 3.12. 

HRMS: Calcd for CssHagNOsSi 429.2699, found 429.2685. 

N-[4-(3-{rerr-butyl(dimethyl)silyl]oxy}propoxy)phenyl]-4-methoxyaniline. (6-OMe) To 

a dry 500 ml round bottom flask under argon, were added (4) (13.84g, 35.3 mmol), 4-

methoxyaniline (5.1 g, 41.0 mmol), and 100 ml of toluene. The mixture was 

deoxygenated for ten minutes and Pd2(dba)3 (0.61 g, 0.56 mmol) and DPPF (0.7 g, 1.12 

mmol) were added. After stirring for ten minutes, sodium f-butoxide (4.3 g, 45.0 mmol) 

was added. The reaction mixture was heated to 90 °C and was stirred while the progress 

of the reaction was followed by TLC. Upon the disappearance of the starting material, the 

reaction mixture was filtered through a plug of silica gel eluting with dichloromethane. 

The product was purified by flash chromatography eluting with 7:3 

dichloromethane:hexanes. The solvent was removed under reduced pressure. The residual 

solvent was removed in vacuo', 8.50 g, 21.9 mmol (62.0%) of the product was isolated as 

a brown oil. 'H NMR (500 MHz, ((CD3)2CO): 5 0.07 (s, 6 H), 0.90 (s, 9 H), 1.94 (quint, 7 

= 6 Hz, 2 H), 3.74 (s, 3 H), 3.83 (t, 7 = 6 Hz, 2 H), 4.04 (t, 7 = 6 Hz, 2 H), 6.84 (m, 4 H), 

6.97 (m, 4H). NMR (125 MHz, ((CD3)2CO): 5 -2.88, 21.11, 28.60, 35.66, 57.99, 

62.45, 67.64, 117.61, 118.35, 121.75, 121.82, 125.71, 141.56, 156.29, 156.93. Anal 



lA 

Calcd for CaiHsBNOjSi: C, 68.17; H, 8.58; N, 3.61. Found: C, 68.19; H, 8.38; N, 3.63. 

HRMS; Calcd for CiiHssNOgSi 387.2230, found 387.2231. 

3-fluoro-N-{4-[3-trityloxy)propoxy]phenyl}aniline. (6-F) To a dry 250 ml round bottom 

flask under argon, were added 3-fluoroaniline (4.3 g, 38 mmol), (5) and 50 ml of toluene. 

The mixture was deoxygenated for ten minutes and then Pd2(dba)3 (0.6 g, 0.7 mmol) and 

DPPF (0.6 g, 1.1 mmol) were added. After stirring for ten minutes, sodium ^-butoxide 

(4.8 g, 50 mmol) was added. The temperature was increased to 90 using an oil bath 

and the reaction was stirred while the progress of the reaction was monitored by TLC. 

Upon the disappearance of the starting material the mixture was filtered through a plug of 

silica gel eluting with dichloromethane. The product was purified by column 

chromatography on silica gel, eluting with toluene. The solvent was removed under 

reduced pressure. The residual solvent was removed in vacuo. The mass of the product 

isolated as a pale yellow glass is 12.71 g, 25.24 mmol (82.7%). NMR (500 MHz, 

(CDCI3): 5 2.10 (quint, J = 6.0 Hz, 2 H), 3.32 (t, J = 6.5 Hz, 2 H), 4.15 (t, J = 6.5 Hz, 2 

H), 5.58 (s, 1 H), 6.51 (dt, J = 2.5 Hz, 9.0 Hz, 1 H), 6.20 (m, 2 H), 6.88 (d, J = 7.5 Hz, 2 

H), 7.10 (d, J = 8.5 Hz, 2 H), 7.14 (q, J = 8.0 Hz, 1 H), 7.26 (m, 9 H), 7.46 (d, J = 7.0 Hz, 

6 H). NMR (125 MHz, (CDCI3): 5 29.94, 59.94, 65.18, 86.48, 101.45, 101.65, 

105.50, 105.67, 110.67, 115.37, 123.40, 126.90, 127.74, 128.66, 130.34, 130.41, 134.34, 

144.21, 147.41, 147.48, 155.31, 162.95, 164.88. Anal Calcd for C34H30FNO2: C, 81.09; 

H, 6.00; N, 2.76. Found; C, 81.42; H, 6.12; N, 2.98. HRMS: Calcd for C34H30FNO2 

503.2261, found 503.2245. 



75 

N-[4-(3-{?err-butyl(dimethyl)silyl]oxy}propoxy)phenyl]-2,4-difluoroaniline. (6-F2) To a 

dry 500 ml round bottom flask under argon, were added (4) (18.44 g, 47.0 mmol), 2,4-

difluoroaniline (6.5 g, 51.0 mmol), and 100 ml of toluene. The mixture was deoxygenated 

for ten minutes and Pd2(dba)3 (0.65 g, 0.71 mmol) and DPPF (0.8 g, 1.40 mmol) were 

added. After stirring for ten minutes, sodium f-butoxide (5.1 g, 54.0 mmol) was added. 

The temperature was raised to 90 °C and the reaction mixture was stirred while the 

progress of the reaction was followed by TLC. Upon the disappearance of the starting 

material, the reaction mixture was filtered through a plug of silica gel eluting with 

dichloromethane. The product was purified by column chromatography eluting with 1:4 

dichloromethaneihexanes. The solvent was removed under reduced pressure. The residual 

solvent was removed in vacuo', 5.09 g, 12.9 mmol (27.5%) of the desired product was 

isolated as a brown oil. 'H NMR (500 MHz, (CDCI3): 6 0.05 (s, 6 H), 0.88 (s, 9 H), 1.99 

(quint, 7 = 6 Hz, 2 H), 3.81 (t, 7 = 6 Hz, 2 H), 4.05 (t, / = 6 Hz, 2 H), 5.43 (s, 1 H), 6.72 

(tq, 7= 8.5 Hz, 1.5 Hz, IH), 6.87 (m, 3 H), 7.01 (m, 3 H). NMR (125 MHz, (CDCI3): 

6 -5.18, 18.52, 26.12, 32.64, 59.71, 65.02, 103.88, 104.06, 104.26, 110.76, 110.79, 

110.94, 110.96, 115.59, 116.26, 116.29, 116.33, 116.36, 122.41, 130.22, 130.31, 135.00, 

151.09, 151.18, 153.03, 153.11, 154.79, 154.88, 155.29, 156.71, 156.80. Anal Calcd for 

CaiHjgFaNOaSi: C, 64.09; H, 7.43; N, 3.56. Found: C, 64.22; H, 7.52; N, 3.58. HRMS: 

Calcd for C2iH29F2N02Si 393.1936, found 393.1939. 



76 

4-butoxy-A^-(4-butoxyphenyl)aniline. (7-OBu) To a dry 500 ml round bottom flask 

under argon were added l-bromo-4-butoxybenzene (16.4 g, 71.1 mmol), p-butoxyaniline 

(11.75 g, 71.1 mmol), and 100 ml of toluene. The mixture was deoxygenated for ten 

minutes and Pd2(dba)3 (0.9 g, 1.0 mmol) and DPPF (1.1 g, 2.0 mmol) were added. After 

stirring for ten minutes, sodium f-butoxide (6.9 g, 72.0 mmol) was added. The reaction 

mixture was heated to 90 °C and stirred while the progress of the reaction was monitored 

by TLC. Upon the disappearance of the starting material, the reaction mixture was 

filtered through a plug of silica gel eluting with dichloromethane. The product was 

purified by flash chromatography eluting with 1:1 dichloromethane:hexanes. The solvent 

was removed under reduced pressure. The residual solvent was removed in vacuo', 15.23 

g, 48.6 mmol (68.3%) of the desired product was isolated as off white crystals. 'H NMR 

(300 MHz, ((CD3)2C0)): 5 0.96 (t, J = 7 Hz, 6 H), 1.49 (quint., 7 = 7 Hz, 4 H), 1.71 

(quint., 7 = 7 Hz, 4 H), 3.92 (t, 7 = 7 Hz, 4 H), 6.74 (s, 1 H), 6.81 (d, 7 = 9 Hz, 4 H), 6.96 

(d, 7 = 9 Hz, 4 H). NMR (75 MHz, ((CD3)2CO): 5 14.29, 20.08, 32.41, 68.69, 

116.21, 119.65, 139.41, 154.28. Elemental Analysis Calcd for C20H27NO2; C, 76.64; H, 

8.68; N, 4.47. Found: C, 76.56; H, 8.74; N, 4.51. HRMS: Calcd for C20H27NO2 

313.2042, found 313.2042. 

107 
N-(4-methoxyphenyl)-3-methylaniline. (7-OMe) To a dry 500 ml round bottom flask 

under argon were added 4-iodoanisole (14.7g, 67.1 mmol), m-toluidine (7.5 g, 70.0 

mmol), and 100 ml of toluene. The mixture was deoxygenated for ten minutes and 

Pd2(dba)3 (1.2 g, 1.3 mmol) and DPPF (1.5 g, 2.7 mmol) were added. After stirring for 
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ten minutes, sodium ^-butoxide (12.5 g, 127 mmol) was added. The temperature was 

raised to 90 °C and the reaction mixture was stirred while the progress of the reaction was 

followed by TLC. Upon the disappearance of the starting material, the reaction mixture 

was filtered through a plug of silica gel, eluting with dichloromethane. The product was 

purified by flash chromatography eluting, with 3:7 dichloromethane:hexanes. The solvent 

was removed under reduced pressure. The residual solvent was removed in vacuo; 7.80 g, 

39.7 mmol (59.3%) of the desired product was isolated as a pale yellow oil. 'H NMR 

(500 MHz, CDCI3): 5 2.30 (s, 3 H), 3.81 (s, 3 H), 5.47 (s, 1 H), 6.68 (m, 2 H) 6.87 (d, J = 

7.5 Hz, 2 H), 7.12 (m, 3 H). NMR (125 MHz, CDCI3): 6 21.56, 55.54, 112.72, 

114.60, 116.26, 120.43, 122.18, 129.13, 139.14. 

N-(3-fluorophenyl)-N-(3-methylphenyl)amine. (7-F) To a dry 500 ml round bottom flask 

under argon were added l-fluoro-3-iodobenzene (22.Ig, 100 mmol), m-toluidine (12.5 g, 

116 mmol), and 100 ml of toluene. The mixture was deoxygenated for ten minutes and 

Pd2(dba)3 (1.2 g, 1.3 mmol) and DPPF (1.5 g, 2.7 mmol) were added. After stirring for 

ten minutes, sodium f-butoxide (12.5 g, 127 mmol) was added. The reaction mixture was 

stirred while the progress of the reaction was followed by TLC. Upon the disappearance 

of the starting material, the reaction mixture was filtered through a plug of silica gel 

eluting, with dichloromethane. The product was purified by flash chromatography, 

eluting with 3:2 dichloromethane:hexanes. The solvent was removed under reduced 

pressure. The residual solvent was removed in vacuo and 18.62 g, 92.5 mmol (92.5%) of 

the product was isolated as pale yellow oil. ^H NMR (500 MHz, (CDCI3): 6 2.35 (s, 3 H), 



5.74 (s, 1 H), 6.59 (t, J = 9.0 Hz, 1 H), 6.78 (d, J = 7.0 Hz, 2 H), 6.84 (d, J = 7.5 Hz, 1 

H), 6.94 (s, 2 H), 7.22 (m, 2 H). NMR (125 MHz, (CDCI3): 6 21.50, 103.36, 103.56, 

106.77, 106.94, 112.46, 116.09, 119.70, 122.94, 129.25 130.38, 130.45, 139.37, 141.85, 

145.39, 145.47, 162.79, 164.72. Anal Calcd for CbHisFN: C, 77.59; H, 6.01; N, 6.96. 

Found: C, 77.70; H, 6.11; N, 7.10. HRMS: Calcd for CoH^FN 201.0954, found 

201.0957. 

2,4-difluoro-N-(3-methylphenyl)aniline. (7-F2) To a dry 500 ml round bottom flask under 

argon were added difluoro-l-iodobenzene (14.15 g, 59 mmol), m-toluidine (8.03 g, 75 

mmol), and 100 ml of toluene. The mixture was deoxygenated for ten minutes and 

Pd2(dba)3 (0.73 g, 0.8 mmol) and DPPF (.87 g, 1.5 mmol) were added. After stirring for 

ten minutes, sodium ?-butoxide (7.4 g, 77 mmol) was added. The reaction mixture was 

stirred while the progress of the reaction was followed by TLC. Upon the disappearance 

of starting material, the reaction mixture was carefully poured into a separatory funnel 

containing 50 ml of water. The product was extracted in 3 x 50 ml fractions of toluene. 

The solvent was removed under reduced pressure and the material was purified by flash 

chromatography on silica gel, eluting with 7:3 hexane:dichloromethane. The solvent was 

removed under reduced pressure and the residual solvent was removed in vacuo. The 

yield of the desired product isolated as a yellow oil was 11.46 g, 51 mmol (87.95%). 'H 

NMR (500 MHz, CDCI3): 5 2.33 (s, 3 H), 5.55 (s, 1 H), 6.85 (m, 5 H), 7.18 (t, J = 8.5 Hz, 

1 H), 7.27 (m, 1 H). NMR (125 MHz, CDCI3): 5 21.50, 103.98, 104.16, 104.19. 

104.38, 110.74, 110.89, 110.91, 114.61, 118.28, 119.30, 119.33, 119.37, 119.40, 122.28, 



127.77, 129.23, 139.37, 142.61, 152.35, 154.20, 155.69, 155.78, 157.61. Anal Calcd for 

CisHiiFiN; C, 71.22; H, 5.06; N, 6.39. Found; C, 71.35; H, 4.88; N, 6.44. HRMS: Calcd 

for Ci3H,iF2N 443.0885 Found 443.0882. 

A^-(3-methylphenyl)-N-phenyl-4-bromo-l,r-biphenyl-4'-amine. (8-Me)'°^ To a dry 250 

ml round bottom flask under argon were added 3-methyldiphenylamine (8.41 g 47.0 

mmol), (2) (20.0 g, 55.9 mmol) and 50 ml of toluene. The mixture was deoxygenated for 

ten minutes and Pd2(dba)3 (0.77 g, 0.8 mmol) and DPPF (0.93 g, 1.6 mmol) were added. 

After stirring for ten minutes, sodium ^-butoxide (5.6 g, 58 mmol) was added. The 

temperature of the reaction was raised to 90 while the progress of the reaction was 

monitored by TLC. Upon the disappearance of the starting material, the reaction mixture 

was filtered through a plug of silica gel, eluting with dichloromethane. The product was 

purified by flash chromatography, eluting with a solution of 1:1 

hexanes:dichIoromethane. The solvent was removed under reduced pressure. The residual 

solvent was removed in vacuo-, 6.76 g, 16.36 mmol (34.8%) of the desired product was 

isolated as white crystals. 'H NMR (500 MHz, CDCI3): 5 2.29 (s, 3 H), 6.88 (d, J = 7.5 

Hz, 1 H), 6.93 (m, 3 H), 7.05 (t, J = 7.5 Hz, 2 H), 7.12 (m, 4 H), 7.17 (t, 7.5 Hz, 1 H), 

7.28 (m, 2 H), 7.44 (m, 4 H), 7.54 (d, J = 7.5 Hz, 2 H). NMR (125 MHz, CDCI3): 5 

21.40, 120.80, 121.88, 122.91, 123.53, 124.10, 124.43, 127.46, 125.32, 127.46, 128.14, 

129.10, 129.23, 131.76, 133.36, 139.19, 139.54, 147.39, 147.57. 



4'-bromo-A^,A^'-bis(4-butoxyphenyl)-l,r-biphenyl-4-amine. (8-OMe) To a dry 250 ml 

round bottom flask under argon were added 4-butoxy-A^-(4-butoxyphenyl)aniline (9.41 g 

30.0 mmol), 4-bromo-4'-iodo-l,r-biphenyl (11.8 g, 33.0 mmol) and 50 ml of toluene. 

The mixture was deoxygenated for ten minutes and Cu(I)Cl (0.12 g, 1.19 mmol) and 

1,10-phenanthraline (0.21 g, 1.19 mmol) were added. After stirring for five minutes, 

potassium hydroxide (13.1 g, 234 mmol) was added. The temperature was raised to 110 

°C and the reaction was stirred while the progress of the reaction was monitored by TLC. 

Upon the disappearance of most of the starting material the reaction mixture was poured 

into a seperatory funnel containing 300 ml of dichloromethane and 100 ml of water. The 

organic layer was collected and the water layer was extracted with 3 x 100 ml portions of 

dichloromethane. The portions were combined and the solvent was removed undr 

reduced pressure. The product was purified by flash chromatography, eluting with 7:3 

hexanes:dichloromethane. The solvent was removed in vacuo-, 12.01 g, 22.03 mmol 

(73.5%) of the desired product as colorless oil. 'H NMR (300 MHz, (CDCI3): 5 0.28 (t, 

J = 11 Hz, 6 H), 0.79 (m, 7 = 7.2 Hz, 4 H), 1.06 (quint., J = 7.8 Hz, 4 H), 3.27 (s, 4 H), 

6.13 (d, 7 = 8.4 Hz, 4 H), 6.31 (m, 6 H), 6.69 (d, 7 = 8 Hz, 2 H), 6.65 (d, 7= 8.0 Hz, 2 H), 

6.79 (d, 7 = 8.1 Hz, 2 H). NMR (75 MHz, (CDCI3): 8 14.04, 19.43, 31.55, 68.05, 

115.42, 120.58, 126.90, 127.37, 128.11, 131.87. Elemental Analysis Calcd for 

C32H34BrN02: C, 70.58; H, 6.29; N, 2.57. Found: C, 70.42; H, 6.29; N, 2.50. HRMS: 

Calcd for C32H34BrN02 545.1758, found 545.1771. 



N-(4'-bromo-l,r-biphenyl-4-yl)-N-(4-methoxyphenyl)-N-(3-methylphenyI)amine. (8-

OMe) To a dry 250 ml round bottom flask under argon were added (7-OMe) (7.78 g 36.5 

mmol), (2) (14.3 g, 40.0 mmol) and 50 ml of toluene. The mixture was deoxygenated for 

ten minutes and Pd2(dba)3 (0.55 g, 0.6 mmol) and DPPF (0.6 g, 1.2 mmol) were added. 

After stirring for ten minutes, sodium f-butoxide (3.9 g, 40 mmol) was added. The 

temperature was raised to 90 °C and the reaction was stirred while the progress of the 

reaction was monitored by TLC. Upon the disappearance of the starting material the 

reaction mixture was filtered through a plug of silica gel, eluting with dichloromethane. 

The product was purified by flash chromatography, eluting with 7:3 

hexanes:dichloromethane. The solvent was removed under reduced pressure. The residual 

solvent was removed in vacuo-, 9.82 g, 22.12 mmol (60.6%) of the desired product as 

white crystals. 'H NMR (500 MHz, CDCI3): 5 2.27 (s, 3 H), 3.82 (s, 3 H), 6.82 (d, 7= 7.0 

Hz, 3 H), 6.90 (m, 3 H), 7.05 (d, J = 9.0 Hz, 2 H), 7.12 (m, 3H), 7.41 (q, 3 Hz, 4 H), 7.52 

(d, J = 9.0 Hz, 2 H). NMR (125 MHz, CDCI3): 5 21.43, 55.44, 114.74, 120.63, 

120.76, 122.17, 123.37, 124.20, 127.34, 127.44, 128.06, 128.97, 131.73, 132.46, 139.04, 

139.62, 140.43, 147.64, 147.97, 156.25. Anal Calcd for CaeHaaBrNO: C, 70.28; H, 4.99; 

N, 3.15. Found: C, 70.39; H, 5.04; N, 3.31. HRMS: Calcd for CaeHiaBrNO 443.0885 

found 443.0882. 

N-(4'-bromo-l,r-biphenyl-4-yl)-N-(3-fluorophenyl)-N-(3-methylphenyl)amine. (8-F) To 

a dry 250 ml round bottom flask under argon were added (7-F) (5.5 g 27.5 mmol), (2) 

(8.5 g, 23.7 mmol) and 50 ml of toluene. The mixture was deoxygenated for ten minutes 



and Pd2(dba)3 (0.4 g, 0.4 mmol) and DPPF (0.4 g, 0.7 mmol) were added. After stirring 

for ten minutes, sodium r-butoxide (3.4 g, 35 mmol) was added. The temperature was 

raised to 90 ''C and the reaction was stirred while the progress of the reaction was 

monitored by TLC. Upon the disappearance of the starting material the mixture was 

filtered through a plug of silica gel, eluting with dichloromethane. The product was 

purified by column chromatography, eluting with 93:7 hexanesitoluene. The solvent was 

removed under reduced pressure. The residual solvent was removed in vacuo', 6.88 g, 

15.91 mmol (66.8%) of the desired product was isolated as a pale yellow. 'H NMR (500 

MHz, (CDCI3): 6 2.30 (s, 3 H), 6.90 (dt, / = 2.5 Hz, 5 Hz, 1 H), 6.78 (dt, J = 2.0 Hz, 9 

Hz, 1 H), 6.86 (dd, 7= 2.5 Hz, 8.5 Hz, 1 H), 6.95 (dd, 7 = 7.5 Hz, 16.5 Hz, 3 H), 7.17 (m, 

4 H), 7.46 (m, 4 H), 7.50 (d, J = 7.5 Hz, 2 H). ). "C NMR (125 MHz, (CDCI3): 6 21.40, 

108.84, 109.01, 109.90, 110.01, 118.54, 121.05, 122.48, 124.40, 124.89, 125.95, 127.67, 

128.23, 129.29, 130.05, 130.12, 131.81, 134.35, 139.40, 139.44, 146.85, 146.95, 149.33, 

162.46, 164.41. Anal Calcd for C25Hi9BrFN: C, 69.45; H, 4.43; N, 3.24. Found: C, 69.42; 

H, 4.25; N, 3.25. GC/MS (relative intensity %): 431, 433 (1:1, 100, M+). 

N-(4'-bromo-l,r-biphenyl-4-yl)-N-(2,4-difIuorophenyl)-N-(3-methylphenyl)amine. (8-

F2) To a dry 250 ml round bottom flask under argon were added (7-F2) (9.5 g 43.4 

mmol), (2) (16.8 g, 47.7 mmol) and 50 ml of toluene. The mixture was deoxygenated for 

ten minutes and Pd2(dba)3 (0.7 g, 0.7 mmol) and DPPF (0.8 g, 1.4 mmol) were added. 

After stirring for ten minutes, sodium f-butoxide (3.4 g, 35 mmol) was added. The 

temperature was raised to 90 °C and the reaction was stirred while the progress of the 



reaction was monitored by TLC. Upon the disappearance of the starting material, the 

mixture was filtered through a plug of silica gel, eluting with dichloromethane. The 

product was purified by column chromatography, eluting with a solution of 95:5 

hexanes:dichloromethane. The solvent was removed under reduced pressure. The residual 

solvent was removed in vacuo; 12.19 g, 27.15 mmol (62.6%) of the desired product was 

isolated as a pale yellow glass. 'H NMR (500 MHz, (CDCI3): 5 2.31 (s, 3 H), 6.90 (m, 4 

H), 7.02 (d, 7 = 9 Hz, 2 H), 7.22 (m, 2 H), 7.44 (d, J = 9.0 Hz, 16.5 Hz, 3 H), 7.54 (d, J = 

8.0 Hz, 2 H). NMR (125 MHz, (CDCI3): 5 21.49, 105.31, 105.51, 105.71, 112.05, 

112.02, 112.23, 120.02, 120.85, 121.26, 123.47, 124.04, 127.53, 128.17, 129.13, 130.44, 

130.51, 131.80, 133.19, 139.25, 139.52, 146.61, 146.94, 157.63, 159.18, 159.26, 159.65, 

161.24. Anal Calcd for CzsHigFaBrN; C, 66.68; H, 4.03; N, 3.11. Found: C, 67.07; H, 

3.98; N, 3.15. HRMS: Calcd for C25H,8F2BrN; 451.0574, found 451.0577. 

-tris(4-butoxyphenyl)-N'^' - {4- [(3- {[tert-

butyl(dimethyl)silyl]oxy} propoxy)methyl]phenyl} -1, r-biphenyl-4,4' -diamine. (9-OBu) 

To a dry 250 ml round bottom flask under argon were added 4'-bromo-A',A'^'-bis(4-

butoxyphenyl)-l,r-biphenyl-4-amine (10.89 g 20.1 mmol), 4-hutoxy-N-{4-(3-{[tert-

butyl(dimethyl)silyl]oxy}propoxy)phenyl]anilinebutoxyphenyl)aniline (8.81 g, 20.1 

mmol) and 200 ml of toluene. The mixture was deoxygenated and Pd2(dba)3 (0.70 g, 0.75 

mmol) and DPPF (0.83 g, 1.50 mmol) were added. After stirring for ten minutes, sodium 

f-butoxide (7.10 g, 73.6 mmol) was added The temperature of the reaction mixture was 

raised to 100 while the progress of the reaction was monitored by TLC. Upon the 
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disappearance of the starting material the solvent was removed under reduced pressure to 

yield brown viscous oil. The solid was dissolved in dichloromethane and washed with 3 

X 50 ml portions of water. The solvent was removed under reduced pressure and the 

material was purified by column chromatography over silica gel eluting with 3:2 

dichloromethaneihexanes. The solvent was removed in vacuo-, 16.18 g, 18.11 mmol 

(90.4%) of the product was isolated as a pale yellow glassy solid. 'H NMR (300 MHz, 

((CD3)2C0)): 6 0.53 (s, 6H), 0.89 (s, 9 H), 0.95 (t, J = 7.5 Hz, 9 H), 1.47 (m. J = 7.2 Hz, 

6 H), 1.72. (quint., 7 = 8.1 Hz, 6 H), 1.94 (quint., J = 6.0 Hz, 2 H), 3.82 (t, J = 6.0 Hz, 2 

H), 3.94 (t, J = 6.3 Hz, 6 H) 4.05 (t, J = 6.3 Hz, 2 H), 6.44 (d, J = 6.6 Hz, 6 H), 6.70 (d, J 

= 4.8 Hz, 6 H), 6.99 (d, J = 8.7 Hz, 8 H), 7.37 (d, J = 8.7 Hz, 4 H). '^C NMR (75 MHz, 

((CD3)2C0): 5 -10.34, 8.99, 13.63, 14.73, 21.11, 26.97, 28.10, 54.94, 60.11, 63.20, 

110.87, 116.34, 122.06, 122.24, 129.19, 128.22, 136.35, 136.44, 143.21, 151.11, 151.20. 

Elemental Analysis Calcd for CsvHyiNaOsSi: C, 76.64; H, 8.12; N, 3.14. Found: C, 76.63; 

H, 8.23; N, 3.05. HRMS: Calcd for CsvHvaNjOsSi 892.5211, found 892.5212. 

N,N' -bis(3-fluorophenyl)-N-(3-methylphenyl)-N' - {4-[3-trityloxy)propoxy]phenyl} -1,1 

biphenyl-4,4'-diamine. (9-F) To a dry 500 ml round bottom flask under an argon 

atmosphere was added (6-F) (12.34 g, 24.51 mmol), (8-F) (11.40 g, 26.4 mmol), and 100 

ml of toluene. The mixture was deoxygenated for ten minutes and then Pd2(dba)3 (0.2 g, 

0.2 mmol) and DPPF (0.2 g, 0.3 mmol) were added. After stirring for ten minutes, 

sodium f-butoxide (3.1 g, 32 mmol) was added. The temperature was raised to 90 °C and 

the reaction mixture was stirred while the progress of the reaction was followed by TLC. 
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Upon the disappearance of the starting material the mixture was filtered through a plug of 

silica gel, eluting with methylene chloride. The product was purified by column 

chromatography, eluting with 70:30 hexanesidichloromethane. The solvent was removed 

under reduced pressure and the residual solvent was removed in vacuo; 19.31 g, 22.5 

mmol, (92.1%) of the desired product was isolated as a pale yellow glassy solid. 'H NMR 

(500 MHz, (CD3)2C0): 5 2.06 (quint, J = 7.0 Hz, 2 H), 2.26 (s, 3 H), 3.29 (t, J = 6.0 Hz, 

2 H), 4.18 (t, J= 6.0 Hz, 2 H), 6.70 (m, 4 H), 6.80 (dd, /= 3.0 Hz, 8.5 Hz, 2 H), 6.94 (m, 

5 H), 7.11 (m, 6 H), 7.25 (m, 12 H), 7.46 (d, J = 8.0 Hz, 6 H), 7.57 (m, 4 H). NMR 

(125 MHz, (CD3)2C0): 5 11.65, 11.78, 20.50, 26.51, 59.81, 64.80, 86.36, 100.28, 

107.43,m 107.60, 107.76, 108.23, 108.41, 108.82, 109.02, 115.63, 116.88, 118.11, 

122.47, 123.87, 124.72, 124.96, 125.88, 126.88, 127.33, 127.35, 127.70, 127.99, 128.56, 

129.43, 130.36, 130.45, 134.66, 135.27, 139.39, 139.48, 144.37, 146.19, 146.43, 146.95, 

149.70, 150.06, 156.51, 162.40, 164.32. Anal Calcd for C59H48F2N2O2: C, 82.88; H, 5.66; 

N, 3.28. Found; C, 83.18; H, 5.51; N, 3.36. HRMS: Calcd for C59H48F2N2O2 854.3684, 

found 854.3693. 

3-( {4-[ {4'-[bis(4-butoxyphenyl)amino]-1,1' -biphenyl-4-yl} (4-

butoxyphenyl)amino]benzyl}oxy-l-propanol. (lO-OBu) The (9-OBu) (16.18 g, 18.11 

mmol) was dissolved in 100 ml of a IM tetrabutylammonium fluoride in THF solution. 

The mixture was stirred while the reaction was followed by thin layer chromatography. 

Upon the disappearance of the TBDMS protected alcohol, the solution was poured into a 

500 ml separatory funnel containing 100 ml of water. The product was extracted in 3 x 
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50 ml portions of ether. The organic layers were combined and the solvent was removed 

under reduced pressure. The product was purified by flash chromatography, eluting with 

a solution of 19:1 dichloromethane:ethyl acetate. The solvent was removed under reduced 

pressure. The residual solvent was removed in vacuo\ 15.50 g, 17.70 mmol (86.3%) of 

the product was isolated as a pale yellow glassy solid. NMR (300 MHz, (CD3)2CO): 5 

0.95 (t, J = 7.5 Hz, 9 H), 1.47 (m, J = 7.2 Hz, 6 H), 1.72. (quint., 7 = 8.1 Hz, 6 H), 1.94 

(quint., J = 6.0 Hz, 2 H), 3.82 (t, J = 6.0 Hz, 2 H), 3.94 (t, J = 6.3 Hz, 6 H) 4.05 (t, J = 6.3 

Hz, 2 H), 6.44 (d, J = 6.6 Hz, 6 H), 6.70 (d, 7 = 4.8 Hz, 6 H), 6.99 (d, J = 8.7 Hz, 8 H), 

7.37 (d, J = 8.7 Hz, 4 H). '^C NMR (75 MHz, ((CD3)2CO); 5 14.49, 20.26, 32.49, 

33.70, 59.37, 66.08, 68.74, 116.44, 121.83, 127.65, 127.79, 133.75, 141.90, 148.80, 

156.79. Elemental Analysis Calcd for C51H58N2O5: C, 78.63; H, 7.80; N, 3.60. Found: C, 

78.60; H, 7.53; N, 3.61. HRMS: Calcd for C51H58N2O5 778.4346, found 778.4333. 

3-[4-((3-methylphenyl){4'-[(3-methylphenyl)(phenyl)amino]-l,r-biphenyl-4-

yl}amino)phenoxy]propan-l-ol. (10-Me) To a dry 250 ml round bottom flask under 

argon were added (6-Me) (6.10 g 16.2 mmol), (8-Me) (6.71 g, 16.3 mmol) and 50 ml of 

toluene. The mixture was deoxygenated by bubbling argon through the solution for ten 

minutes and Pd2(dba)3 (0.22 g, 0.25 mmol) and DPPF (0.27 g, 0.5 mmol) were added. 

After stirring for ten minutes, sodium f-butoxide (2.0 g, 20 mmol) was added. The 

temperature of the reaction mixture was raised to 100 °C while the progress of the 

reaction was monitored by thin layer chromatography. Upon the disappearance of the 

starting material the reaction mixture was filtered through a fritted glass funnel. The 



solvent was removed under reduced pressure to yield brown viscous oil. The material is 

dissolved in 30 ml of THF and 20 ml of a IM tetrabutylammonium fluoride in THF 

solution was added. The mixture was allowed to stir while being followed by TLC. Upon 

the disappearance of the TBDMS-protected alcohol, the solution was poured into a 500 

ml separatory funnel containing 100 ml of water. The product was extracted in 3 x 50 ml 

portions of ether. The organic layers were combined and the solvent was removed under 

reduced pressure. The product was purified by flash chromatography, eluting with a 

solution of 9:1 dichloromethane:ethyl acetate. The solvent was removed under reduced 

pressure. The residual solvent was removed in vacuo-, 9.13 g, 15.45 mmol (94.8%) of the 

product was isolated as a pale yellow glassy solid. NMR (500 MHz, CDCI3): 5 1.61 

(s, 1 H), 2.06 (quint, J = 3.5 Hz, 2 H), 2.65 (d, J = 5.5 Hz, 6 H), 3.90 (t, J = 6.0 Hz, 2 H), 

4.12 (t, 6.5 Hz, 2 H), 6.80 (d, 7 = 7.0 Hz, IH), 6.90 (m, 7 H), 7.12 (m, 10 H), 7.27 (m, 

2H), 7.43 (t, J = 8.5 Hz, 4 H). NMR (125 MHz, CDCI3): 5 21. 44, 21.49, 31.99, 

60.57, 66.02, 115.30, 120.47, 121.61, 122.58, 122.78, 123.06, 123.79, 123.90, 124.06, 

124.14, 125.05, 127.13, 127.15, 127.23, 128.95, 129.06, 129.19, 133.75, 134.68, 138.97, 

139.09, 140.91, 146.66, 147.11, 147.64, 147.81, 147.88, 155.21. Elemental Analysis 

Calcd for C41H38N2O2: C, 83.36; H, 6.48; N, 4.74. Found: C, 83.35; H, 6.66; N, 4.90. 

HRMS: Calcd for C41H38N2O2: 590.2933, found 590.2933. 

3-[4-((4-methoxyphenyl){4'-[(4-methoxyphenyl)(3-methylphenyl)amino]-l,r-biphenyl-

4-yl}amino)phenoxy]propan-l-ol. (lO-OMe) To a dry 250 ml round bottom flask under 

argon were added (6-OMe) (7.95 g 20.5 mmol), (8-OMe) (9.59 g, 21.6 mmol) and 50 ml 



of toluene. The mixture was deoxygenated and Pd2(dba)3 (0.30 g, 0.32 mmol) and DPPF 

(0.40 g, 0.64 mmol) were added. After stirring for ten minutes, sodium r-butoxide (1.4 g, 

25 mmol) was added The temperature of the reaction mixture was raised to 100°C while 

the progress of the reaction was monitored by TLC. Upon the disappearance of the 

starting material the reaction mixture was filtered through a fritted glass funnel. The 

solvent was removed under reduced pressure to yield brown viscous oil. The material was 

dissolved in 30 ml of THF and 20 ml of a IM tetrabutylammonium fluoride in THF 

solution was added. The mixture was allowed to stir while the reaction was followed by 

thin layer chromatography. Upon the disappearance of the TBDMS protected alcohol, the 

solution was poured into a 500 ml separatory funnel containing 100 ml of water. The 

product was extracted in 3 x 50 ml portions of ether. The organic layers were combined 

and the solvent was removed under reduced pressure. The product was purified by flash 

chromatography, eluting with a solution of 19:1 dichloromethane:ethyl acetate. The 

solvent was removed under reduced pressure. The residual solvent was removed in 

vacuo-, 11.27 g, 17.70 mmol (86.3%) of the product was isolated as a pale yellow glassy 

solid. NMR (500 MHz, (CD3)2CO): 8 1.98 (quint, 6 Hz, 2 H), 2.35 (s, 3 H), 2.86 (s, 1 

H), 3.75 (t, 7 = 6 Hz, 2 H), 3.79 (s, 3 H), 3.80 (s, 3 H), 4.11 (t, 7 = 6 Hz, 2 H), 6.82 (t, 7 = 

6.5 Hz, 2 H), 6.94 (m, 9 H), 7.00 (d, 7 = 8.5 Hz, 2 H), 7.06 (m, 6 H), 7.15 (t, 7 = 8.0 Hz, 

2 H), 7.47 (dd, 7 = 3.5 Hz, 9.0 Hz, 4 H). NMR (125 MHz, (CD3)2CO): 5 20.59, 

32.48, 54.80, 64.85, 114.67, 114.76, 115.26, 120.17, 120.43, 122.57, 122.93, 123.54, 

126.54, 126.72, 127.28, 128.99, 132.31, 133.79, 138.75, 140.48, 140.64, 140.74, 146.95, 

147.78, 148.04, 155.62, 156.12, 156.47. Anal Calcd for C42H40N2O4: C, 79.22; H, 6.33; 



N, 4.40. Found; C, 79.12; H, 6.15; N, 4.43. HRMS: Calcd for C42H40N2O4: 636.2988, 

found 636.2992. 

3-[4-((3-fluorophenyl){4'-[(3-fluorophenyl)(3-methylphenyl)amino]-l,r-

biphenyl)amino]-l,r-biphenyl-4-yl}amino)phenoxy]propan-l-ol. (10-F) To a 1000 ml 

round bottom flask, was added (9-F) (18.69, 21.86 mmol), 360 ml of diethyl ether and 

190 ml of 95% formic acid. The solution was stirred for 4 hours while the progress of the 

reaction was monitored by thin layer chromatography. Upon the disappearance of the 

starting material, the reaction mixture was carefully poured into a separatory funnel 

containing 50 ml of water. The product was extracted in 3 x 50 ml portions of ether. The 

organic layers were combined and washed with 5 x 50 ml portions of saturated sodium 

bicarbonate. The excess solvent was removed under reduced pressure. The material was 

purified by column chromatography over silica gel, eluting with dichloromethane. The 

solvent was removed under reduced pressure and the residual solvent was removed in 

vacuo-, 5.43 g, 8.86 mmol, (40.5%) of the desired product was isolated as a pale yellow 

glassy solid.. 'H NMR (500 MHz, (CD3)2CO); 5 1.98 (quint, 6 Hz, 2 H), 2.26 (s, 3 H), 

3.70 (s, 1 H), 3.75 (t, 7 = 6 Hz, 2 H), 4.11 (t, 7 = 6 Hz, 2 H), 6.69 (m, 4 H), 6.80 (m, 2 H), 

6.95 (m, 5 H), 7.11 (m, 6 H), 7.22 (m, 3 H), 7.59 (m, 4 H). NMR (125 MHz, 

(CDCI3): 5 20.51, 32.42, 58.11, 64.87, 107.43, 107.57, 107.60, 107.76, 108.25, 108.42, 

108.85, 109.04, 115.57, 116.88, 118.14, 122.47, 123.84, 124.72, 124.95, 125.86, 127.31, 

127.35, 128.01, 129.45, 130.36, 130.44, 130.46, 130.55, 134.65, 135.27, 139.39, 146.19, 

146.43, 146.95, 149.70, 149.77, 149.99, 150.06, 156.70, 162.40, 162.37, 164.32. Anal. 



Calcd for C40H34F2N2O5: C, 78.41; H, 5.59; N, 4.57. Found: C, 78.20; H, 5.62; N, 4.52. 

HRMS: Calcd for C40H34F2N2O5 613.2667, found 613.2697 

3-[4-((2,4-difluorophenyl) {4'-[(2,4-difluorophenyl)(3-methylphenyl)amino]-1,1'-

biphenyl-4yl}amino)phenoxy]propan-l-ol. (IO-F2) To a dry 250 ml round bottom flask 

under argon were (6-F2) (4.52 g 11.49 mmol), (8-F2) (6.21 g, 13.8 mmol) and 50 ml of 

toluene. The mixture was deoxygenated and Pd2(dba)3 (0.19 g, 0.2 mmol) and DPPF 

(0.23 g, 0.4 mmol) were added. After stirring for ten minutes, sodium ?-butoxide (1.4 g, 

15 mmol) was added. The temperature of the reaction was raised to 100 °C while the 

progress of the reaction was monitored by TLC. Upon the disappearance of the starting 

material, the reaction mixture was filtered through a fritted glass funnel. The solvent was 

removed under reduced pressure to yield a brown viscous oil. The material was dissolved 

in 30 ml of THF and a 20 ml of IM tetrabutylammonium fluoride in THF solution was 

added. The mixture was allowed to stir while the progress of the reaction was followed 

by TLC. Upon the disappearance of the TBDMS protected alcohol, the solution was 

poured into a 500 ml separatory funnel containing 100 ml of water. The product was 

extracted in 3 x 50 ml portions of ether. The organic layers were combined and the 

solvent was removed under reduced pressure. The product was purified by flash 

chromatography, eluting with dichloromethane. The solvent was removed under reduced 

pressure. The residual solvent was removed in vacuo', 5.93 g, 9.14 mmol (79.6%) of the 

product was isolated as a pale yellow glassy solid. ^H NMR (500 MHz, CDCI3): 5 1.67 

(s, 1 H), 2.06 (quint., J =6.0 Hz, 2H), 3.28 (s, 3H), 3.87 (t, J = 6.0 Hz, 2 H), 4.13 (t, 7 = 



6.0 Hz, 2 H), 6.80 (m, 11 H), 7.01 (d, J = 8.5 Hz, 2 H), 7.08 (d, J = 8.5 Hz, 2 H), 7.19 (m, 

3H), 7.41 (t, J = 9.0 Hz, 4 H), 7.52 (d, J = 9.0 Hz, 2 H). NMR (125 MHz, CDCI3): 5 

21.46, 31.94, 60.57, 66.04, 105.21, 105.40, 105.61, 111.92, 112.03, 115.24, 119.36, 

119.61, 121.85, 122.81, 123.49, 125.78, 127.11, 128.99, 129.91, 130.35, 133.19, 134.45, 

139.08, 139.95, 145.90, 146.73, 146.88, 155.26. Anal Calcd for C40H32F4N2O2: C, 74.06; 

H, 4.97; N, 4.32. Found: C, 73.83; H, 4.81; N, 4.50. HRMS: Calcd for C40H32FN2O2: 

648.2400, found 648.2400. 

3-[4-((3-methylphenyl){4'-[(3-methylphenyl)(phenyl)amino]-l,r-biphenyl-4-

yl}amino)]propyl-2-methacrylate (1-Me) To a dry 250 ml round bottom flask under 

argon were added (10-Me) (7.72 g, 13.1 mmol), dicyclohexylcarbodiimide (4.20 g, 20.0 

mmol), methacrylic acid (1.50 g, 17.0 mmol), and 50 ml of THF. The solution was 

cooled to 0 and 4-dimethylaminopyridine (0.2g, 1.7 mmol) was added. The 

temperature was allowed to rise to room temperature while the progress of the reaction 

was followed by thin layer chromatography. Upon the disappearance of the starting 

material the reaction mixture was poured into 200 ml of cold water. The product was 

extracted in 3 x 50 ml portions of ether. The organic layers were combined and the 

solvent was removed under reduced pressure. The product was purified by flash 

chromatography over silica gel, eluting with 7:3 dichloromethane:hexanes. The solvent 

was removed under reduced pressure. The residual solvent was removed in vacuo-, 8.07 g, 

12.3 mmol, (93.8%) of the desired product was obtained as a pale yellow glassy solid. 'H 

NMR (500 MHZ, (CDCI3): 5 1.99 (s, 3 H), 2.21 (quint., J = 6.5 Hz, 2 H), 2.29 (s, 3 H), 



2.30 (s, 3H), 4.10 (t, J = 6.0 Hz, 2 H), 4.40 (t, J = 6.0 Hz, 2 H), 5.61 (s, 1 H), 6.16 (s, 1 

H), 6.83 (d, J = 7.5 Hz, 1 H), 6.88 (d, J = 9.5 Hz, 3 H), 6.94 (m, 4 H), 7.03 (t, J = 7.5 Hz, 

1 H), 7.14 (m, 10 H), 7.28 (t, J = 8.0 Hz, 2 H), 7.46 (t, J = 8.0 Hz, 4 H). '^C NMR (125 

MHz, (CDCI3): 5 18.37, 21.44, 28.74, 55.36, 61.56, 64.59, 115.29, 120.46, 121.61, 

122.58, 122.77, 123.04, 123.79, 123.89, 124.06, 124.14, 125.05, 125.58, 127.11, 127.15, 

127.24, 128.95, 129.05, 129.18, 133.73, 134.68, 136.30, 138.95, 139.09, 140.84, 146.65, 

147.14, 147.64, 147.81, 147.90, 155.26, 167.39. Elemental Analysis Calcd for 

C45H42N2O3: C, 82.04; H, 6.43; N, 4.25. Found: C, 82.05; H, 6.40; N, 4.32. HRMS: Calcd 

for C45H42N2O3: 658.3195, found 658.3190. 

3-4[4-((4-methoxyphenyl) {4' -4[(4-methoxyphenyl)(3-methylphenyl)amino} -1,1' -

biphenyl-4-yl)amino)]propyl-2-methacrylate. (1-OBu) To a dry 250 ml round bottom 

flask under a nitrogen atmosphere were added (lO-OBu) (10.65 g, 13.7 mmol), 

dicyclohexylcarbodiimide (5.10 g, 28.6 mmol), methacrylic acid (1.53 g, 17.8 mmol), 

and 200 ml of THF. The was solid was dissolved and 4-dimethylaminopyridine (0.2 g, 

1.7 mmol) was added. The progress of the reaction was followed by thin layer 

chromatography. Upon the disappearance of the starting material (10-Bu) the solvent 

was removed under reduced pressure. The product was dissolved in 50 ml of ether and 

was washed with 3 x 50 ml portions of distilled water. The solvent was removed under 

reduced pressure and the product was purified by column chromatography over silica gel, 

eluting with 7:3 dichloromethane:hexanes. The solvent was removed under reduced 

pressure. The residual solvent was removed in vacuo; 9.92 g, 11.7 mmol (85.4%) of the 
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desired product was isolated as a pale yellow glassy solid. 'H NMR (300 MHz, 

(CD3)2C0): 6 0.96 (t, J = 7.2 Hz, 9 H), 1.49 (dt, J = 7.2 Hz, 6 H), 1.74 (quint., J = 6.6 Hz, 

6 H), 1.91 (s, 3 H), 2.15 (quint., J = 6.3 Hz, 2 H), 2.24 (s, 3 H), 3.95 (t, J = 6.3 Hz, 6 H), 

4.10 (t, J = 6.3 Hz, 2 H), 4.32 (t, J = 6.3 Hz, 2 H), 5.61 (t, J = 1.5 Hz, 1 H), 6.10 (s, 1 H), 

6.86 (d, J = 6.9 Hz, 6 H), 6.89 (d, J = 7.2 Hz, 6 H), 7.00 (d, J = 8.7 Hz, 8 H), 7.39 (d, J = 

8.7 Hz, 4 H). NMR (75 MHz, (CD3)2CO): 5 14.15, 18.43, 19.93, 32.17, 62.19, 65.50, 

68.44, 116.13, 116.20, 121.48, 121.61, 125.62, 127.25, 127.35, 127.39, 127.49, 133.43, 

133.55, 137.43, 141.59, 141.89, 148.46, 148.53, 156.13, 156.50, 156.53, 167.24. 

Elemental Analysis Calcd for C55H62N2O6: C, 77.98; H, 7.38; N, 3.31. Found: C, 78.02; 

H, 7.51; N, 3.34. HRMS: Calcd for C55H62N2O6: 846.4608, found 846.4633. 

3-4[4-((4-methoxyphenyl){4'-4[(4-methoxyphenyl)(3-methylphenyl)amino}-l,r-

biphenyl-4-yl)amino)]propyl-2-methacrylate. (1-OMe) To a dry 250 ml round bottom 

flask under argon were added (lO-OMe) (11.22 g, 17.6 mmol), dicyclohexylcarbodiimide 

(5.09 g, 24.7 mmol), methacrylic acid (1.82 g, 21.1 mmol), and 50 ml of THF. The 

solution was cooled to 0°C and 4-dimethylaminopyridine (0.2g, 1.7 mmol) is added. The 

temperature was allowed to rise to room temperature while the reaction was followed by 

thin layer chromatography. Upon the disappearance of the starting material the reaction 

mixture was poured into 200 ml of cold water. The product was extracted in 3 x 50 ml 

portions of ether. The organic layers were combined and the solvent was removed under 

reduced pressure. The product was purified by column chromatography over silica gel, 

eluting with dichloromethane. The solvent was removed under reduced pressure. The 
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residual solvent was removed in vacuo; 11.21 g, 15.9 mmol (90.3%) of the desired 

product was isolated as a pale yellow glassy solid. 'H NMR (500 MHz, (CD3)2CO): 5 

I.93 (s, 3 H), 2.17 (quint., J = 6.5 Hz, 2 H), 2.24 (s, 3 H), 3.8 (d, J = 5.5 Hz, 6 H), 4.14 (t, 

J = 6.0 Hz, 2 H), 4.34 (t, J = 6.0 Hz, 2 H), 5.63 (s, 1 H), 6.10 (s, 1 H), 6.83 (m, 2 H), 6.93 

(m, 9 H), 7.00 (d, J = 8.5 Hz, 2 H), 7.08 (m, 6 H), 7.16 (t, J = 8.0 Hz, 1 H), 7.49 (dd, J = 

I I . 5  H z ,  8 . 5  H z ,  4  H ) .  N M R  ( 1 2 5  M H z ,  (CD2CI2): 5 18.05, 21.11, 28.65, 55.36, 

61.41, 64.72, 114.60, 115.17, 120.25, 122.64, 122.88, 123.69, 125.02, 126.74, 127.28, 

127.70, 128.80, 133.78, 136.49, 138.98, 146.93, 156.25, 167.10. Elemental Analysis 

Calcd for C46H44N2O5: C, 78.38; H, 6.29; N, 3.97. Found: C, 78.41; H, 6.12; N, 4.03. 

HRMS: Calcd for C46H44N2O5: 705.3328, found 705.3346. 

3-[4-((3-fluorophenyl){4'-[(3-fluorophenyl)(3-methylphenyl)amino]-l,r-

biphenyl)amino]-l,r-biphenyl-4-yl}amino)phenoxy]propyl 2-methacrylate. (1-F) To a 

dry 250 ml round bottom flask under argon are added (10-F) (5.01 g, 8.18 mmol), 

dicyclohexylcarbodiimide (2.0 g, 9.8 mmol), methacrylic acid (0.9 g, 9.8 mmol), and 50 

ml of THF. The solution was cooled to 0 °C and 4-dimethylaminopyridine (0.3g, 2.5 

mmol) was added. The temperature was allowed to rise to room temperature while the 

reaction was followed by thin layer chromatography. Upon the disappearance of the 

starting material the reaction mixture was poured into 200 ml of cold methanol. The 

white crystals were collected by vacuum filtration and recrystallized from THF in 

methanol. The white powder was dried under vacuum; 4.75 g, 6.98 mmol (85.4%) of the 

purified monomer was isolated. 'H NMR (500 MHz, (CD3)2CO): 5 1.93 (s, 3 H), 2.17 
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(quint., J = 6.5 Hz, 2 H), 2.27 (s, 3 H), 4.15 (t, J = 6.0 Hz, 2 H), 4.34 (t, J = 6.0 Hz, 2 H), 

5.63 (quint, J = 2.0 Hz, 1 H), 6.09 (q, J = 1 Hz, 1 H), 6.73 (m, 6 H), 6.95 (m, 5 H), 7.12 

(m, 6 H), 7.24 (quint, J = 6.5 Hz, 3 H), 7.59 (m, 4 H). NMR (125 MHz, (CD2CI2): 6 

17.53, 20.48, 61.25, 64.62, 107.46, 107.59, 107.63, 107.79, 108.23, 108.41, 108.81, 

109.01. 115.62, 116.89, 118.12, 118.09, 122.47, 123.90, 124.72, 124.96, 125.88, 127.33, 

127.35, 127.99, 129.43, 130.38, 130.45, 130.55, 134.71, 135.28, 136.51, 139.41, 139.65, 

146.20, 146.42, 146.95, 149.70, 149.79, 150.04, 156.41, 162.40, 164.32, 166.51. 

Elemental Analysis Calcd for C44H38F2N2O3: C, 77.63; H, 5.63; N, 4.11. Found: C, 77.57; 

H, 5.46; N, 4.03. HRMS: Calcd for C44H38F4N2O3: 680.2850, found 680.2856. 

3-[4-((2,4-difluorophenyl){4'-[)2,4-difluorophenyl)(3-methylphenyl)amino]-l,r-

biphenyl-4-yl}amino)phenoxy]propyl 2-methacrylate. (I-F2) To a dry 250 ml round 

bottom flask under argon were (IO-F2) (2.88 g, 14 mmol), methacrylic acid (1.00 g, 11.1 

mmol), and 50 ml of THF. The solution was cooled to 0 and 4-dimethylaminopyridine 

(0.2g, 1.7 mmol) was added. The temperature was allowed to increase to room 

temperature while the reaction was followed by TLC. Upon the disappearance of the 

starting material the reaction mixture was poured into 200 ml of cold water. The product 

was extracted in 3 x 50 ml portions of ether. The organic layers were combined and the 

solvent was removed under reduced pressure. The product was purified by flash 

chromatography on silica gel, eluting with 7:3 dichloromethane:hexanes. The solvent was 

removed under reduced pressure. The residual solvent was removed in vacuo', 11.21 g, 

15.9 mmol (90.3%) of the desired product was isolated a a pale yellow glass. 'H NMR 



(500 MHz, (CDCI3): 6 1.96 (s, 3 H), 2.18 (quint., J = 6.5 Hz, 2 H), 2.23 (s, 3 H), 4.05 (t, J 

= 6.0 Hz, 2 H), 4.37 (t, J = 6.0 Hz, 2 H), 5.58 (s, 1 H), 6.76 (t, J = 8.0 Hz, 1 H), 6.87 (m, 

11 H), 7.00 (d, J = 8.0 Hz, 2 H), 7.01 (d, / = 8.5 Hz, 2 H), 7.23 (m, 3 H), 7.41 (t, J = 9.0 

Hz, 4 H). NMR (125 MHz, (CDCI3): 6 18.36, 21.49, 28.71, 61.52, 64.60, 105.21, 

105.42, 105.63, 111.95, 112.12, 115.26, 119.39, 119.60, 121.88. 122.84, 123.53, 125.58, 

125.85, 127.14, 129.02, 129.88, 130.44, 130.82, 133.17, 134.49, 136.29, 139.09, 139.90, 

145.92, 148.79, 146.92, 155.35, 167.36. Elemental Analysis Calcd for C46H36F4N2O3: C, 

73.73; H, 5.06; N, 3.91. Found: C, 73.78; H, 5.11; N, 3.96. HRMS; Calcd for 

C44H36F4N2O3: 716.2662, found 716.2665. 

3-{4-[3-methoxy-3-oxoprop-l-enyl]phenoxy}propyl 2-methacrylate. (12)'^ To a dry 250 

ml round bottom flask under argon were added (11) (9.18 g, 39.0 mmol), 

dicyclohexylcarbodiimide (9.6 g, 46.8 mmol), methacrylic acid (4.02 g, 46.8 mmol), and 

50 ml of THF. The solution was cooled to 0 °C in an ice bath and 4-

dimethylaminopyridine (0.2g, 1.7 mmol) was added. The temperature was allowed to 

increase to room temperature while the reaction was followed by TLC. Upon the 

disappearance of the starting material the reaction mixture was filtered through a fritted 

glass funnel. The solid was rinsed with 3 x 10 ml portions of THF and the solution was 

transferred to a round bottom flask and the solvent was removed under reduced pressure. 

The product was purified by flash chromatography over silica gel, eluting with 7:3 

dichloromethane:hexanes. The solvent was removed under reduced pressure. The residual 

solvent was removed in vacuo; 7.81 g, 12.3 mmol (66.2%) of the desired product was 



isolated as white crystals. 'H NMR (500 MHz, (CDCI3): 5 1.94 (s, 3 H), 2.18 (quint., J = 

6.0 Hz, 2 H), 3.79 (s, 3 H), 4.09 (t, J = 6.5 Hz, 2 H), 4.34 (t, J = 6.5 Hz, 2 H), 5.57 (s, 1 

H), 6.10 (s, 1 H), 6.30 (d, 7=16 Hz, IH), 6.89 (d, / = 8.5 Hz, 2 H), 7.46 (d, J = 9.0 Hz, 2 

H), 7.64 (d, 7= 16 Hz, 1 H). NMR (125 MHz, (CDCI3): 6 18.28, 28.51, 51.56, 61.32, 

64.49, 114.73, 115.26, 125.58, 127.15, 129.69, 136.18, 144.44, 160.51, 167.29, 167.72. 

Polymer 13-OMe. To a thick-walled glass tube containing an argon atmosphere and a stir 

bar was added 2.00 g (23.04 mmol) of (1-OMe), 0.40 g (1.30 mmol) of (12), and 0.007 g 

(0.04 mmol) of AIBN. The tube was again pump-filled with argon and 10 ml of 

deoxygenated dry benzene was added. The tube was sealed and heated at 60 for 72 

hours. The reaction mixture was allowed to cool and was poured into 100 ml of 

methanol. The white solid was collected by vacuum filtration and was dissolved in THF, 

followed by precipitation in methanol. The process was repeated three times. The product 

was collected as a white powder by vacuum filtration. The mass of the purified polymer 

was 1.90 g (79.2 %). ^H NMR (500 MHz, (CDCI3): 6 0.89 (s, 2 H), 1.02 (s, 2 H), 1.26 (s, 

1 H), 1.56 (s, 2 H), 1.99 (s, 6H), 2.13 (s, 3 H), 2.19 (s, 6 H), 3.66 (s, 2 H), 3.89 (s, 4 H), 

4.07 (s, 4 H), 6.21 (s, J = 1.5 Hz, 1 H), 6.88 (m, 33 H), 7.16 (s, 3 H), 7.27 (s, 8 H) 7.54, 

(d, / = 1.5 Hz, 1 H). Elemental Analysis Calcd: C, 79.54; H, 6.46; N, 3.54. Found: C, 

79.18; H, 6.27; N, 3.45. 

Polymer 13-Me. To a thick-walled glass tube containing an argon atmosphere and a stir 

bar was added 1.20 g (1.70 mmol) of (1-Me), (12) 0.22 g (0.73 mmol) and 0.0039 g 



(0.024 mmol) of AIBN. The tube was pump-filled with argon and 10 ml of deoxygenated 

dry benzene was added. The tube was sealed and heated at 60 for 82 hours. The 

reaction mixture was allowed to cool and was poured into 100 ml of methanol. The white 

solid was collected by vacuum filtration and was dissolved in THF followed by 

reprecipitation in methanol. The process was repeated three times. The product isolated 

as a white powder was collected vacuum filtration. The mass of the purified polymer was 

0.95 g (67.0%). 'H NMR (500 MHz, (CDCI3): 6 0.89 (s, 3 H), 1.02 (s, 3 H), 1.26 (s, 1 H), 

1.57 (s, 5 H), 1.98 (s, 8H), 2.18 (s, 5 H), 3.69 (m, 15 H), 3.86 (m, 9 H), 6.22 (d, J = 15.5 

Hz 1 H), 6.83 (m, 4 H), 7.42 (m, 10 H), 7.55 (d, J = 16.0 Hz, 1 H). Elemental Analysis 

Calcd: C, 76.63; H, 6.34; N, 3.35. Found: C, 76.33; H, 6.36; N, 3.38. 

Polymer 13-F. To a thick-walled glass tube containing an argon atmosphere and a stir bar 

was added 1.50 g (2.2 mmol) (1-F), 0.29 g (0.94 mmol) (12) and 0.005 g (0.031 mmol) of 

AIBN. The tube was pump-filled with argon and 10 ml of deoxygenated dry benzene was 

added. The tube was sealed and heated at 60 for 72 hours. The reaction mixture was 

allowed to cool and was poured into 100 ml of methanol. The white solid was collected 

by vacuum filtration and was dissolved in THF and then reprecipitated in methanol. The 

process was repeated three times. The product isolated as a white powder was collected 

by vacuum filtration. The mass of the purified polymer was 1.41 g (79.0%). 'H NMR 

(500 MHz, (CDCI3): 6 0.89-2.21 (broad overlapping peaks 36 H), 3.67-4.09 (broad 

overlapping peaks 18 H), 6.22 (d, J = 15.5 Hz, 1 H), 6.69-7.30 (broad overlapping peaks. 



55 H), 7.56 (d, J = 15.5 Hz, 1 H). Elemental Analysis Calcd: C, 75.96; H, 5.79; N, 3.44. 

Found: C, 75.68; H, 5.57; N, 3.39. 

Polymer B-Fi. To a thick-walled glass tube containing an argon atmosphere and a stir 

bar was added 1.70 g (2.37 mmol) of (I-F2), (12) (0.32 g, 1.02 mmol) and 0.0056 g 

(0.034 mmol) of ATRN. tube was again pump filled with argon and 10 ml of 

deoxygenated dry benzene was added. The tube was sealed and heated at 60 for 82 

hours. The reaction mixture was allowed to cool and was poured into 100 ml of 

methanol. The white solid was collected by vacuum filtration and was dissolved in THF 

followed by precipitation in methanol. The process was repeated twice followed by 

reprecipitation from THF into methanol. The product was collected as a white powder by 

vacuum filtration. The mass of the purified polymer was 1.82 g (90.1%). 'H NMR (500 

MHz, (CDCI3): 5 0.87 (s, 3 H), 0.99 (s, 3 H), 1.56 (s, 2 H), 1.98 (s, 9 H), 2.20 (s, 6H), 

3.67 (s, 3 H), 3.88 (s, 6 H), 4.05 (s, 6 H), 6.20 (d, J = 1.5 Hz, 1 H), 6.78 (s, 23 H), 6.92 (s, 

8 H), 7.07 (s, 6 H), 7.27 (s, 11 H), 7.54 (d, 7 = 1.5 Hz, 1 H). Elemental Analysis Calcd: 

C, 72.68; H, 5.31; N, 3.29. Found: C, 72.43; H, 5.26; N, 3.29. 

Polymer 14. To a thick-walled glass tube containing an argon atmosphere and a stir bar 

was added 0.50 g (1.64 mmol) of (12) and 0.0021 g (0.0014 mmol) of AIBN. The tube 

was pump-filled with argon and 10 ml of deoxygenated dry benzene was added. The tube 

was sealed and heated at 60 for 82 hours. The reaction mixture was allowed to cool 

and was poured into 100 ml of methanol. The white solid was collected by vacuum 
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filtration and was dissolved in THF and then precipitated in methanol. The process was 

repeated twice followed by reprecipitation in acetone from THF. The product was 

collected as a white powder by vacuum filtration. The mass of the purified polymer was 

0.42 g (84.0%). NMR (500 MHz, (CDCI3): 5 .84 (m, 2 H), 1.88 (m, 3 H), 1.99 (s, 3 

H), 3.76 (s, 3 H), 3.94 (s, 2H), 4.04 (s, 2 H), 6.25 (m, 1 H), 6.81 (m, 4 H), 7.39 (m, 2 H), 

7.58 (m, 1 H). Elemental Analysis Calcd; C, 67.09; H, 6.62; N. Found: C, 66.81; H, 6.40. 

Polymer 15-OBu. To a thick-walled glass tube containing an argon atmosphere and a stir 

bar was added 4.00 g (4.7 mmol) of (1-OBu) and 0.0077 g (0.047 mmol) of AIBN. The 

tube was pump-filled with argon and 10 ml of deoxygenated dry benzene was added. The 

tube was sealed and heated at 60 °C for 82 hours. The reaction mixture was allowed to 

cool and was poured into 100 ml of methanol. The white solid was collected by vacuum 

filtration and was dissolved in THF and then precipitated in methanol. The process was 

repeated twice followed by reprecipitation in acetone from THF. The product was 

collected as a white powder by vacuum filtration. The mass of the purified polymer was 

3.38 g (84.5%). 'H NMR (300 MHz, (CDCI3): 5 0.89 (m, 9 H), 1.43 (m, 6 H), 1.55 (s, 3 

H), 1.65 (m, 6 H), 1.95 (m, 2 H), 3.83 (m, 6 H), 4.05 (m, 2 H), 6.80 (m, 14 H), 7.23 (m, 3 

H). Elemental Analysis Calcd: C, 77.98; H, 7.38; N 3.31. Found: C, 77.89; H, 7.43; N, 

3.33. 
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Polymer 15-OMe. To a thick-walled glass tube containing an argon atmosphere and a stir 

bar was added 1.00 g (1.41 mmol) of (1-OMe) and 0.0023 g (0.0014 mmol) of AIBN. 

The tube was pump-filled with argon and 10 ml of deoxygenated dry benzene was added. 

The tube was sealed and heated at 60 ''C for 82 hours. The reaction mixture was allowed 

to cool and was poured into 100 ml of methanol. The white solid was collected by 

vacuum filtration and was dissolved in THF and then precipitated in methanol. The 

process was repeated twice followed by reprecipitation in acetone from THF. The 

product was collected as a white powder by vacuum filtration. The mass of the purified 

polymer was 0.80 g (80.0%). NMR (500 MHz, (CDCI3): 5 0.96 (s, 2 H), 1.65 (s, 1 H), 

1.99 (s, 3 H), 2.19 (s, 3 H), 3.62 (s, 3H), 3.71 (s, 3 H), 3.90 (m, 4 H), 6.83 (m, 20 H), 7.02 

(m,4H).NMR (125 MHz, (C4D4O)): 5 21.64, 55.67, 115.54, 116.16, 121.19, 121.89, 

123.63, 123.70, 124.53, 127.36, 127.66, 128.07, 129.75, 133.63, 134.94, 139.55, 141.62, 

141.83, 141.99, 147.88, 148.58, 149.11, 155.98, 157.00, 157.37. Elemental Analysis 

Calcd: C, 78.38; H, 6.29; N, 3.97. Found: C, 78.03; H, 6.30; N, 4.06. 
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Chapter 4. 

2,7-BIS(DIARYLAMINO)-9,9-DIMETHYLFLUORENES AS HOLE-TRANSPORT 

AGENTS IN ORGANIC LIGHT-EMITTING DIODES 

The work and results reported in this chapter were done as part of a collaboration. While 

I performed most of the synthetic work and characterization with the assistance of 

Candace George, the device fabrication and mobility measurements were performed and 

carried out in the laboratories of Dr. Bernard Kippelen by Andreas Haldi, and Benoit 

Domercq. The calculations were performed Massimo Malagoli from the group of Dr. 

Jean-Luc Br^das. This work will be submitted for publication in Advanced Functional 

Materials. 

4.1. Introduction 

Triarylamines have been widely investigated for charge-transport applications such as 

xerographic applications"®"" and application in organic light-emitting diodes 

(OLEDs).^"' "^ 4,4'-Bis(diarylamino)biphenyl derivatives (1 - 3; Figure 23) are one of 

the most frequently used components of OLEDs, the archetype being 4,4'-bis(phenyl-iw-

tolylaniino)biphenyl (2), which is commonly known as 
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R 

2 R = H(TPD) 
3 R = F 

Figure 23. Structure of some 4,4'-bis(diarylamino)biphenyl derivatives. 

Several studies have focused on the use of 2,7-bis(arylamino)fluorenes in place of 

4,4'-bis(phenyl-m-tolylamino)biphenyls. Replacement of biphenyl derivatives by 

92 fluorene derivatives has been used to moderately (using fluorene itself) or greatly (using 

diarylfluorenes) raise glass-transition temperatures. Replacement of biphenyl with 

fluorene also reduces the ionization energies and redox potentials of the diamines.^^'^"^ In 

addition, the fluorene bridge may be readily alkylated in the 9-position, offering the 

possibility of convenient attachment of 2,7-bis(diarylamino)fluorene-based species to 

190 
various polymerizable or surface modifying groups, or of obtaining highly soluble 

191 
materials such as 2,7-bis(phenylamino)-9,9-didecylfluorene. Moreover, the torsion 

angle between the two rings of the biphenyl bridge changes markedly between 2 and its 

radical cation,'"' presumably contributing to the barrier to electron exchange between 2 

and 2^ and so potentially affecting the hole mobility. We were interested in how 

removing this torsional freedom by using a fused-ring system, such as fluorene, might 

affect the mobility, and also in comparing the device behavior of these species with that 

of 2. Here, we present a systematic examination of three molecular species with the 9,9-
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dimethylfluorene bridge, and compare their thermal, spectroscopic, electrochemical, and 

hole mobility properties, and their behavior in OLEDs, with those of the corresponding 

biphenyl-bridged species. 

4.2. Results and Discussion 

4.2.1. Synthesis and characterization 

2,7-Bis(diarylamino)fluorenes have been obtained by others using either copper-

121 mediated Ullmann couplings, or palladium-catalyzed couplings between 2,7-

9 2  9 3  1 2 2  dihalofluorene derivatives and diarylamines. ' " We have employed the palladium-

catalyzed coupling conditions developed by Buchwald and Hartwig'^^''^"^ to synthesize 

the compounds 1' - 3' from 2,7-dibromo-9,9-dimethylfluorene and the appropriate diaryl 

1 
amines (which were prepared as previously described, or were - in the case of phenyl-

m'-tolylamine - available commerically). 2,7-Dibromo-9,9-dimethylfluorene has 

previously been synthesized through bromination of 9,9-dimethylfluorene,'^^ but we 

found that it can also be conveniently obtained from alkylation of the commercially 

available 2,7-dibromofluorene using iodomethane and potassium hydroxide. The 

compounds 1' - 3' (Figure 24) were fully characterized by and NMR 

spectroscopy, high-resolution mass spectrometry, and elemental analysis (!' and 3' are 

1 on 18 
new compounds; although 2' first appeared in the patent literature, ' and one paper 
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has discussed its use in an OLED study,full characterizing data have not been 

published). 

Br R 

+ 

0 
NH 

NaO'Bu, toluene 

Pd2dba3, dppf 

R 
Br R r R = OMe 

2' R = H(TPF) 
3' R = F 

Figure 24. Synthesis of 2,7-bis(diarylamino)9,9-dimethylfluorene derivatives. 

The thermal properties of the 2,7-bis(diarylamino)-9,9-dimethylfluorene derivatives were 

investigated using differential scanning calorimetry; the results are summarized in Table 

1901 
2 along with literature data on their biphenyl analogs for comparison. Although the 

melting points show no obvious correlation with molecular structures, the glass-transition 

temperatures of the 9,9-dimethylfluorene-bridged compounds are consistently 15-20 °C 

higher than those for their biphenyl-bridged analogs. As we have previously found in our 

studies of bis(diarylamino)biphenyls, substitution of the terminal aryl groups has little 

impact on Tg. The values for our 9,9-dimethylfluorene species are also similar to that 

previously reported for 2,7-bis(phenyl-m-tolylamino)fluorene, 2" (Figure 29), i.e. the 

analogue of 2' in which the bridge is unsubstituted fluorene (78 °C)?^ 
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Table 2. Comparison of glass-transition temperatures (Tg) and melting points (Tm) 
determined by DSC (10 °C*min ') for 2,7-bis(diaryIamino)-9,9-dimethylfluorenes and 
their biphenyl-bridged analogues. 

compound Tg / °C Tm / °C 

^129 58 147 

23130 60 167 

3129 58 62 

r 79 160 

2' 75 154 

3' 75 176 

^ Scan rate of 5 "C'min . 

Cyclic voltammetry (Table 3) shows that the 2,7-bis(diarylamino)-9,9-

dimethylfluorene species are some 0.11-0.14 V more readily oxidized than the 

corresponding biphenyl-bridged species. These results are consistent with previous data 

(also in dichloromethane) indicating that 2,7-bis(phenyl-m-tolylamino)fluorene, 2", is 

some 0.11 V more readily oxidized than 2,^^ and that various 9,9-diaryl derivatives of 

2,7-bis(l-naphthylphenylamino)fluorene are 0.05-0.12 V more readily oxidized than their 

biphenyl-bridged analogue/^ as well as our DFT calculations {vide infra). Our data also 

show that the effects of electron-donating and withdrawing groups in the fluorene-

bridged species are very similar to those in their biphenyl-bridged analogues. In addition. 
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the Aiii/2 values of the fluorene-bridged species are slightly larger than those of the 

corresponding biphenyl-bridged analogues indicating that the monocations of the 

fluorene species are more stable with respect to disproportionation than their biphenyl 

analogues, presumably due to the greater electronic coupling possible between the two 

nitrogen centers in the more planar n system. Similarly, AEu2 values for for 2,7-bis-

(phenyla-naphthylamino)-9,9-diarylfIuorenes have also been shown to be larger (0.35-

0.36 V) than their biphenyl-bridged analogue (0.27 V).^^ 

The gas-phase ionization potential of 2,7-bis(phenyl-m-tolylamino)fluorene, 2" 

(which is related to 2' by replacement of the two methyl groups in the 9 position with 

118 hydrogen atoms and which has recently been reported by Thompson and co-workers -

Figure 29), was estimated using density functional theory (DFT) calculations, using the 

B3LYP functional and the 6-31g(d,p) basis. A value of 5.62 was obtained for 2", whereas 

calculations at the same level give a value of 5.73 eV for 2.'"^ Whilst ionization energies 

obtained in this way are typically underestimated (UV-PES gives a value of 6.69 eV for 

2^^^), the difference obtained here between 2 and 2" reproduces the electrochemical 

observation of more facile ionization in the fluorene-bridged species (see Table 3 and 

ref.'^^). 



Table 3. Electrochemical data (potentials vs. ferrocenium / ferrocene in dichioromethane / 0.1 M ["Bii4N][PF6]) and electronic 
spectroscopic data (toluene) for 4,4'-bis(diarylamino)biphenyls and 2,7-bis(diarylamino)-9,9-dimethylfluorenes. 

cmpd IPest/eV^ I  K J / r a n  r f  

r +0.05 +0.36 0.31 5.2 385 (47 900) 403 0.56 

T +0.12 +0.43 0.31 5.3 379(38900) 395 0.55 

y +0.23 +0.51 0.28 5.4 373 (42 700) 390 0.59 

1 +0.16 +0.40 0.24 5.3 356(40300) 404 -

2 +0.26 +0.51 0.25 5.4 354 (39 800) 394 0.56 

3 +0.36 +0.58 0.22 5.5 _ _ _ 

Half-wave redox potential for the MVM and couples respectively. " isEy^ - £1/2'^-£1/2^''. '' Estimated solid-state 
ionization potential obtained from correcting assuming £'j;2^^^(M) - Ey2^'^(2) = IP(M) - IP(2) and using a value of IP(2) = 5.4 eV 
determined by UV-PES.'"^ ^Fluorescence quantum yield. 
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Table 3 also presents absorption and fluorescence data for the fluorene derivatives. 

Absorption and fluorescence spectra of 2' are compared with those of 2 in Figure 25. The 

spectra for 2' are very similar to those shown by Belfield et al. for 2,7-

191 
bis(diphenylamino)-9,9-di(/i-decyl)fluorene. The profiles of the absorption peaks differ 

significantly; in particular, the peaks of the fluorene-bridged species are red-shifted 

relative to those of their biphenyl-bridged analogues. The fluorescence spectra are, 

however, very similar to those in the biphenyl series. The differences and similarities 

between 2 and 2' qualitatively parallel those previously shown between l,4-(phenyl-a-

naphthylamino)biphenyl and 2,7-bis-(phenyl-«-naphthylamino)-9,9-diphenylfluorene. 

These observations are consistent with some planarization of the bridging group 

occurring in the excited states of the biphenyl species. As in the case of the biphenyl-

bridged species, fluorine or methoxy substituents have little impact on the electronic 

spectra of the dimethylfluorene-bridged species. Replacement of a biphenyl bridge with a 

dimethylfluorene bridge does not significantly affect the fluorescence quantum yield (a 

value of 0.69 has previously been reported for 2 in 1,4-dioxane'^^ despite the removal of 

torsional mode which might be expected to contribute to non-radiative decay pathways; 

nor does the introduction of fluorine or methoxy substituents. 
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Figure 25. Normalized absorption and fluorescence spectra for 2 and 2'. 

4.2.2. Hole Mobility Measurements 

Typical normalized room-temperature transients for the three materials studied are 

shown in Figure 26 as double-logarithmic plots. The transient time tt was determined as 

the intersection between the two straight lines fitted to the two regimes of the 

photocurrent transients. Hole drift mobility was measured as a function of the applied 

field E = V/d and as a function of the temperature T. Experimental data were examined 



using the empirical formalism described by Borsenberger et al. 110,133,134,135 

111 

This 

formalism is based on the assumption that charge transport occurs by hopping through a 

manifold of localized states with a Gaussian distribution of energies, and a superimposed 

Gaussian distribution of positions. The hole mobility is then given by: 

//(d',£')=//(,exp 
^2 
- G  

v3 y 
exp[C(a-'-E')£"'] (5) 

where //b is the disorder-free mobility, C is an empirical constant with a value of 2.9 x 

10"^ V'^^cm"'^^, Z is the width of the positional disorder distribution, and the energetic 

(diagonal) disorder parameter b - ofkT where <J is the width of energetic disorder 

distribution. 
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Figure 26. Transient photocurrents observed for 1', 2', and 3' doped in polystyrene (PS) at 
T- 299 K, shown as double-logarithmic plots. The applied fields (E) for PS:!' and PS:2' 
were 8 x 10^ Vcm~'; PS:3' was measured at 4 x 10^ Vcm~'; samples were 20 [im thick. 

In this framework, a semilogarithmic representation of the mobility as a function of the 

square root of the applied field should yield a straight line. Figure 27 shows that indeed 

the mobility data do indeed follow this functional dependence; this is consistent with the 

disorder formalism as is the functional dependence of mobility on temperature (inset of 

Figure 27). This figure also shows that PS:!' and PS:2' have similar hole mobilities at 

room temperature, while the hole mobility of PS:3' is significantly lower. In particular, 

substitution with p-methoxy groups in the fluorene system (1' vs. 2') appears to have a 

smaller impact on the room-temperature mobility than in the biphenyl series, where 1 

shows considerably lower mobility than 2.^° However, as previously observed in the 
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biphenyl-bridged series, substitution with fluorine'^ leads to a significant decrease of the 

mobility. Room-temperature mobilities found for 2' are smaller than those we have 

previously for 2 (Figure 3 of referenceHowever, the reverse is true for the methoxy 

species 1' and 1 (data for 3 are not available for comparison with 3'). A previous study by 

Era et al., for vapor-deposited films, revealed higher mobilities for of 2,7-

bis(diphenylamino)-9,9-di-n-hexylfluorene than for 2.^^^ 
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Figure 27. Electric-field dependence of the hole mobilities measured for 1', 2', and 3' 
doped in PS at T = 299 K. Symbols represent experimental data; full lines are linear fits 
according to the disorder formalism. The inset shows the temperature dependence of the 
zero-field mobility values for the three composites PSil', PS:2', and PS:3'; symbols are 
experimental data, and the lines represent the linear regression according to the disorder 
formalism. 
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The zero-field mobility values, {Aq, and of the energetic disorder width, <7, were 

extrapolated from the intercept of the straight line from the field-dependent mobility data 

at different temperatures. The semi-logarithmic plot of the zero-field mobility values vs. 

1/r^ also shows a straight line (inset of Figure 27), with an intercept of //o and a slope of -

according to the disorder formalism. Finally the slope of the field-dependent 

measurements was plotted versus <j^; in the cases where a straight line was obtained, 

the values of C and Z were determined according to the disorder formalism from the 

slope (Q and intercept (-C2^). The resulting hole-transport parameters for the different 

compositions are summarized in Table 4. 

Table 4. Hole Transport parameters of the disorder formalism extrapolated from the 
analysis of the field and temperature dependence of the mobility measured in 20-[im-
thick samples of different molecules doped into PS. 

Sample composition jjq / cm^V" <7/ eV I CI cm V" 

is-i 

PS:!' 5.72x10"^ 0.097 

PS:2' 1.15x10"^ 0.107 2.79 2.60x 10"^ 

PS:3' 3.67x10"^ 0.100 - 1.19x10"^ 

PS:1^" 6.80x10"^ 0.110 2.69 2.04x 10"'^ 

PS:2'® 1.31x10"^ 0.090 2.57 2.67x 10"^ 
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The hole-transport parameters of the fluorene series are rather similar to those for the 

appropriate biphenyl-bridged analogues. However, the prefactor //b is slightly smaller for 

both PS;3' and PS:2' than for the corresponding TPD-derivatives (Table 4). The role in 

the disorder formalism of the reorganization energy for the electron-transfer reaction 

between the transport molecule and its radical cation is unclear (although in examples 

where this term is especially large and where disorder is relatively low, the disorder 

formalism has been modified to accomodate a "polaronic" term'^^"'^^). However, Marcus 

theory clearly suggests that reorganization energy should affect the activation barrier for 

electron / hole; hence, we performed DFT calculations, using the B3LYP functional and 

the 6-31g(d,p) basis, to estimate the reorganization energy between neutral and radical 

cation species (A) for 2 and 2", assuming that the cations are symmetrical delocalized 

species (i.e. Robin and Day Class III mixed-valence speciesto try and gain insight 

into the lower mobilities seen in the fluorene species. If one considers charge transport as 

an electron exchange reaction then, according to Marcus theory,^"^' the barrier to hole 

migration is AIA (Figure 28). The reorganization energy has been computed as previously 

described for 2;'^^ the geometry was optimized for both 2" and 2""^, then additional single 

point calculations were performed for the radical cation at the neutral geometry and for 

the neutral molecule at the radical cation geometry. The relaxation energy for the neutral 

potential energy surface (Ai) is obtained from the difference between the energies of the 

neutral molecule at cation and neutral and geometries. Similarly, the relaxation energy for 

the cationic potential energy surface (Aa) is the differences between the energies of the 

cation at neutral and cation geometry. The total reorganization energy for the 2"^/2" self-
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exchange reaction is given by A = A, + A2; the calculated parameters for 2"  ̂12" are 

compared with those for 272 in Table 5. 

00 

X/4 

0 0.5 1 

Reaction Coordinate 

Figure 28. Potential well diagram for the electron-exchange reaction between two 
molcules of a compound M, denoted Ma and Mb, showing the reorganization energy, A, 

and the barrier to thermal electron transfer, AG^ 

Table 5. Ionization potential and reorganization energy for 2 and 2", computed at the 
B3LYP/6-31g(d,p) level. 

compound I P / e V  A,VeV A^VeV A / e V  

2" 5.62 0.159 0.147 0.306 

2'' 5.73 0.148 0.145 0.293 

" Relaxation energy computed from the neutral potential energy surface. 
'' Relaxation energy computed from the cation potential energy surface. 

As shown in Table 5, the reorganization energy for the fluorene-bridged system is 

slightly larger than that in the biphenyl-bridged system (at least if the assumption of a 
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symmetrical cation structure is correct), suggesting that the barrier to hole transport in 2' 

or 2" (if the effects of disorder are ignored — vide supra) is higher than that in 2, 

consistent with the observed lower mobilities. Table 6 compares some of the geometric 

parameters calculated for 2 and 2" and their cations. The most dramatic difference is that 

whilst the torsion angle about the central phenyl-phenyl linkage of the biphenyl 

undergoes a large change between 2 and 2"^, the planarity of the fluorene prevents any 

change in this angle in 2" / 2""^. Hence, modes involving this torsion will not contribute to 

X in 2"; however, this is evidently more than compensated for by somewhat larger 

changes in bond lengths in the fluorene species. Evidently the frequency of the torsional 

modes is sufficiently small that a large torsion angle change makes a less significant 

contribution to the reorganization energy than the small bond length changes. 

Figure 29. Structure of 2" and numbering scheme used to identify the atoms in Table 6. 
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Table 6. Selected geometrical parameters according to B3LYP/6-31g(d,p) DFT 
calculations for 2, 2" and their cations.^ 

length / A; 

torsion angles / ° 

2 2^ 2" 2"+ 

Nl—C2 1.419 1.387 1.422 1.387 

Nl—cr 1.423 1.432 1.421 1.432 

C2—C3 1.404 1.419 1.407 1.425 

u
 

U
 1.390 1.378 1.393 1.379 

C4—C4a 1.406 1.419 1.397 1.409 

C4a—C5b 1.480 1.455 1.465 1.437 

C4a—C9a 1.406 1.419 1.412 1.424 

C9—C9a 1.516 1.515 

CSa—C5b—C4a—9a 34 23 0 0 

CI—C2—Nl—cr 42 25 42 26 

C2—Nl—cr—C2' 42 49 41 49 

^Numbering scheme based on that for substituted fluorenes (see Figure 29). 
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4.2.3. Organic Light-emitting Diodes 

The fluorene-based species V - 3 '  were incorporated into organic light-emitting didoes 

by spin-coating blends of the hole-transport species with polystyrene (PS) onto ITO, 

followed by vacuum deposition of Alqs and Mg:Al alloy (device geometry: 

IT0/PS:n/Alq3/Mg:Ag). The light emission of all the devices corresponded to the typical 

Alqa emission spectrum centered at 518 nm. The device performance (Table 7; Figure 30) 

is clearly affected by the substitution pattern, as we have reported previously for 

bis(diarylamino)biphenyl derivatives.^^''There is no clear correlation between hole 

mobility and device performance, but, as we previously observed with biphenyl 

derivatives (small molecules or polymers), the overall performance of the devices 

improves as the ionization potential of the hole-transport species increases within the 

fluorene series, presumably due to the reduced barrier to hole injection from the hole-

transport material into Alqs. Thus, whilst devices incorporating 2' are somewhat inferior 

to those based on its closest, but less readily ionized, analogue 2, the performance of 

devices based on 3', which has a similar ionization potential to 2, is similar to those based 

on 2. 
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Table 7. Device characteristics for devices with structure IT0/HTL/Alq3/Mg:Ag. 

HTL Max Light Ext. 

Output / cdm~^ Quantum 

(Applied Voltage Efficiency" 

/V) (%) 

PS;1' 2200 (10.0) 0.50 

PS:2' 3800(10.7) 0.66 

PS:3' 5700 (9.4) 0.70 

PS:2 5500 (8.5) 0.76 

^Peak external quantum efficiency as determined from the current-voltage characteristics 
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Figure 30: Current density, luminance and external quantum efficiency as a function of 
applied voltage for device with structure ITO/HTL/Alqs/MgiAg (50 nm / 50 nm / 300 nm 
(10:1)) where HTL represents 2,1', 2' or 3' blended with polystyrene (PS). 
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4.3. Conclusion 

We have compared 2,7-bis(diarylamino)-9,9-dimethylfluorenes with their 4,4'-

bis(diarylamino)biphenyl analogues. As in the biphenyl series, we have shown that 

electron-withdrawing fluorine atoms or electron-donating methoxy groups can be used to 

tune the ionization potentials (ca. 0.11 - 0.14 V lower in the fluorene series), while 

having little effect on the glass-transition temperature (15 - 20 °C higher in fluorene 

species) or on the electronic spectra (absorption red-shifted to 373 - 385 nm for fluorene 

species). Room-temperature hole mobilities for the fluorene species are in a similar range 

as those for the biphenyl compounds; in one case the fluorene species shows a slightly 

lower mobility than its biphenyl analogue, but in another case the reverse is true. The 

zero-field mobility values, extracted from an analysis of the mobility data in the 

framework of the disorder formalism, are slightly smaller for the fluorene species than for 

their biphenyl analogues; this might be related to the larger reorganization energies 

calculated for the neutral / cation electron-exchange reaction in the fluorene case. We 

have used each of the three fluorene-bridged species as hole-transport materials in 

organic light-emitting diodes; as in our findings for biphenyl species, we found the best 

performance when using the compound with the highest oxidation potential. In general, 

our results indicate that 2,7-bis(diarylamino)-9,9-dimethylfluorenes with similar 

ionization potentials may be used almost interchangeably with 4,4'-

bis(diarylamino)biphenyls, with only moderate effects (sometimes positive and 

sometimes negative) on device or device-related properties. One advantage of fluorene-
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bridged materials for some applications is the ease of functionalization of the fluorene 9 

position. The results reported here, coupled with this relative ease of functionalization, 

have led us to develop a range of hole-transport polymers in which 

bis(diarylamino)fluorene units are covalently attached to the polymer chain via the 9-

position. 
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4.4. Experimental 

Synthesis and characterization. Chemicals received from commercial sources were used 

without further purification. NMR spectra were recorded with a Varian Unity Plus 

spectrometer at 300 MHz (^H) and 75 MHz ('^C) in CDCI3 or (CD3)2CO unless otherwise 

stated. Spectra were internally referenced relative to tetramethylsilane (TMS; 5('H) = 0 

ppm; 6('^C) = 0 ppm) using either the TMS 'H resonance or the resonance of the 

solvent. UV-Vis spectra were recorded in thin films on quartz substrates with a Hewlett 

Packard 8453 spectrometer. Gas chromatography/mass (GC/MS) spectra were run on a 

Hewlett Packard HP6890 GC with a Hewlett Packard 5973 mass spectrometer. The glass-

transition temperatures were determined by thermal analysis using a Shimadzu DSC-50 

differential scanning calorimeter run at ten degrees per minute. Electrochemical 

measurements were carried out under argon on deoxygenated dichloromethane solutions 

ca. 10""^ M in analyte and 0.1 M in ["Bu4N][PF6] using a BAS Potentiostat, a glassy 

carbon working electrode, a platinum auxiliary electrode, and a non-aqueous AgCl / Ag 

pseudo-reference electrode. Potentials were referenced to ferrocenium / ferrocene by 

using l,2,3,4,r,2',3',4'-octamethylferrocene {Em = -0.45 V vs. ferrocenium / 

ferrocene^"^^) as an internal reference. Fluorescence quantum yields were determined in 

non-deoxygenated toluene solutions using a Spex Fluorlog 3 fluorometer; the 

measurements were conducted using 9,10-diphenylanthracene in non-deoxygenated 

cyclohexane as a reference standard (77 = 0.70).'"^^ 
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Time-of-flight mobility measurements. Samples were prepared by dissolving the different 

molecules and polystyrene (PS) in dichloromethane. The concentration of the compounds 

was adjusted according to the molecular weight, M„, in order to obtain the same molar 

concentration as a 1:1 weight ratio of 2 in PS. The resulting weight ratios were: 1:1.48 for 

PS;r, 1:1.17 for PS:2', and 1:1.35 for PS:3'. The solution was filtered through a syringe 

with a 0.2-|j,m pore size filter and evaporated under reduced pressure. The blend was then 

dried under vacuum for 16 hours. Samples were prepared by melting a small amount of 

material between two ITO-coated glass slides at a temperature between 190 and 220°C. 

Calibrated glass spacers of 20 fxm were used to ensure a uniform sample thickness. 

Finally samples were sealed with quick-setting epoxy adhesive. Further details of the 

time-of-flight experiment has been reported elsewhere.'^' 

Device fabrication. Films of 50 to 60 nm thickness were prepared by spin coating the PS 

blends of 2, 1', 2' or 3' from toluene onto oxygen-plasma-treated ITO with a sheet 

resistance of 20 Q/D (Colorado Concept Coatings, L.L.C.). The concentration of the 

compounds was adjusted according to the molecular weight, in order to obtain the 

same molar concentration as a 1:1 weight ratio of 2 in PS. Electron-transport layers 

comprising 60 nm-thick Alqj films were thermally evaporated on top of the hole-

transport layer at a rate of 1 under a pressure of 1 x 10"^ Torr. The metal cathode, an 

alloy of silver and magnesium in a 1:10 ratio, was deposited through a shadow mask to 

define five devices per substrate with an emissive area of 0.1 cm^ each. 



2,7-Dibromo-9,9-dimethylfluorene. To a dry 1000 ml round-bottomed flask containing a 

magnetic stir bar was added 2,7-dibromofluorene (25.0 g, 77.2 mmol), methyl iodide 

(43.9 g, 309 mmol), water (10 mL), KOH (33.4 g, 618 mmol), and DMSO (300 mL). The 

mixture was stirred while its progress was followed by GC/MS. Upon the disappearance 

of the 2,7-dibromofluorene and the monomethylated fluorene, the reaction mixture was 

added to a separatory funnel containing dichloromethane (500 mL) and the organic layer 

was washed with water (4 x 200 mL). The organic layer was collected and the solvent 

was removed under reduced pressure. The resulting solid was recrystallized from 

hexanes. Pale yellow crystals were collected by vacuum filtration (16.6 g, 47.2 mmol, 

61%). 'H NMR (300 MHz, CDCI3): 5 1.47 (s, 6H), 7.45 (dd, 7 = 8.1 Hz, 1.8 Hz, 2 H), 

7.54 (d, J = 8.4 Hz, 2 H), 7.55 (s, 2 H). NMR (75 MHz, CDCI3): 5 17.56, 38.02, 

112.16, 112.19, 116.90, 121.03, 127.86, 145.94. 

2,7-Bis(p-methoxyphenyl-m'-tolylamino)-9,9-dimethylfluorene. (1') To a dry 500 ml 

round-bottomed flask under argon were added 2,7-dibromo-9,9-dimethylfluorene (6.43 g, 

18.3 mmol), p-methoxyphenyl-m'-tolylamine (8.19 g, 38.4 mmol), and 100 ml of 

toluene. The mixture was deoxygenated for ten minutes and Pd2(dba)3 (0.5 g, 0.6 mmol) 

and DPPF (0.6 g, 1.2 mmol) were added. After stirring for ten minutes, sodium tert-

butoxide (4.4 g, 46 mmol) was added. The temperature was raised to 110 °C and the 

reaction mixture was stirred while the progress of the reaction was followed by TLC. 

LFpon the disappearance of the 2,7-dibromo-9,9-dimethylfluorene, the solvent was 

removed under reduced pressure. The brown solid was dissolved in dichloromethane and 
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washed with 2 x 100 ml portions of water. The organic layer was dried over MgS04 and 

collected by vacuum filtration. The solvent was removed under reduced pressure. The 

brown solid was purified by column chromatography over silica gel eluting with 3:2 

hexanes:dichloromethane. The solvent was removed in vacuo-, 8.54 g (75.7%) of the 

desired product was obtained as a pale yellow glassy solid. 'H NMR (300 MHz, 

((CD3)2C0)): 5 1.35 (s, 6 H), 2.23 (s, 6 H), 3.81 (s, 6 H), 6.79 (t, J = 7.2 Hz, 4 H), 6.85 

(s, 2 H), 6.91 (m, 6 H), 7.07 (m, 6 H), 7.15 (d, J = 1.5 Hz, 2 H), 7.56 (d, J = 7.8 Hz, 2 H). 

NMR (75 MHz, ((CD3)2CO): 5 21.38, 27.20, 47.24, 55.59, 115.52, 118.23, 120.45, 

120.71, 123.02, 123.31, 123.83, 127.85, 129.72, 134.12, 139.46, 141.60, 147.94, 149.30, 

155.52, 157.16. Anal Calcd for C43H40N2O2: C, 83.73; H, 6.54; N, 4.54. Found: C, 83.42; 

H, 6.59; N, 4.47. HRMS: Calcd for C43H40N2O2 617.3123, found 617.3162. 

2,7-Bis(phenyl-m'-tolylamino)-9,9-dimethylfluorene. (2') To a dry 500 ml round bottom 

flask under argon were added 2,7-dibromo-9,9-dimethylfluorene (4.52 g, 12.7 mmol), 

phenyl-m'-tolylamine (4.82 g, 26.5 mmol), and 50 ml of toluene. The mixture was 

deoxygenated for ten minutes and Pd2(dba)3 (0.45 g, 0.5 mmol) and DPPF (0.44 g, 0.8 

mmol) were added. After stirring for ten minutes, sodium fert-butoxide (4.48 g, 46.6 

mmol) was added. The temperature was raised to 110 °C and the reaction mixture was 

stirred while the progress of the reaction was followed by TLC. Upon the disappearance 

of the 2,7-dibromo-9,9-dimethylfluorene, the solvent was removed under reduced 

pressure. The brown solid was dissolved in dichloromethane and washed with 2 x 100 

ml portions of water. The organic layer was dried over MgS04 and collected by vacuum 
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filtration. The solvent was removed under reduced pressure. The brown solid was 

purified by column chromatography over silica gel eluting with 9:1 

hexanes:dichloromethane. The solvent was removed in vacuo; 3.01 g (42.6 %) of the 

desired product was obtained as a pale yellow glassy solid. NMR (300 MHz, 

((CDCI3); 5 1.36 (s, 6 H), 2.28 (s, 6 H), 6.84 (d, J = 1.1 Hz, 2 H), 7.00 (m, 8 H), 7.15 

(dt, / = 8.1 Hz, 1.2 Hz, 8 H), 7.26 (t, / = 7.2 Hz, 4 H), 7.49 (d, 7 = 8.1 Hz, 2 H). '^C 

NMR (75 MHz, ((CD3)2CO): 5 21.41, 26.96, 46.75, 118.77, 119.92, 121.17, 122.28, 

123.41, 123.50, 123.83, 124.62, 128.95, 129.10, 133.91, 138.98, 146.67, 147.94, 148.08, 

154.91. Anal Calcd for C41H36N2: C, 88.45; H, 6.52; N, 5.03. Found: C, 88.48; H, 6.55; 

N, 5.05. HRMS: Calcd for C41H36N2 556.2878, found 556.2880. 

2,7-Bis(p-fluorophenyl-m'-tolylamino)-9,9-dimethylfluorene. (3') To a dry 500 ml round 

bottom flask under argon were added 2,7-dibromo-9,9-dimethylfluorene (11.0 g, 31.0 

mmol), p-fluorophenyl-m'-tolylamine (13.0 g, 64.7 mmol), and 50 ml of toluene. The 

mixture was deoxygenated for ten minutes and Pd2(dba)3 (1.1 g, 1.2 mmol) and DPPF 

(01.1 g, 1.9 mmol) were added. After stirring for ten minutes, sodium r-butoxide (10.9 g, 

113.7 mmol) was added. The temperature was raised to 110 and the reaction mixture 

was stirred while the progress of the reaction was followed by TLC. Upon the 

disappearance of the 2,7-dibromo-9,9-dimethylfluorene, the solvent was removed under 

reduced pressure. The brown solid was dissolved in dichloromethane and washed with 2 

X 100 ml portions of water. The organic layer was dried over MgS04 and collected by 

vacuum filtration. The solvent was removed under reduced pressure. The brown solid 
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was purified by column chromatography over silica gel eluting with 7:3 

hexanesidichloromethane. The solvent was removed in vacuo-, 7.80 g (42.5 %) of the 

desired product was obtained as a pale yellow glassy solid. 'H NMR (300 MHz, 

((CD3)2C0)): 6 1.37 (s, 6 H), 2.26 (s, 6 H), 6.67 (m, 2 H), 6.71 (d, 7 = 1.5 Hz, 2 H), 

6.89 (dm, /= 8.1 Hz 2 H), 6.93 (dd, 7 = 1.5 Hz, 7.8 Hz, 4 H), 6.99 (s, 2 H), 7.03 (dd, 7 = 

1.8 Hz, 8.1 Hz, 2 H), 7.22 (m, 4 H), 7.29 (d, J = 2.1 Hz, 2 H). 7.69 (d, / = 8.4 Hz, 2 H). 

NMR (75 MHz, ((CD3)2CO): 5 21.29, 27.03, 28.97, 47.50, 108.61, 108.90, 109.15, 

109.47, 118.51, 120.40, 121.42, 122.85, 125.15, 125.43, 126.28, 130.14, 131.14, 131.28, 

135.53, 140.07, 147.05, 148.04, 150.86, 150.98, 156.08, 162.57, 165.80. Anal Calcd for 

C41H34F2N2: C, 83.08; H, 5.78; N, 4.73. Found: C, 82.84; H, 5.78; N, 4.77. HRMS: Calcd 

for C41H34F2N2 592.2690, found 592.2701. 
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Chapter 5. 

SYNTHESIS AND POLYMERIZATION OF HOLE TRANSPORT MONOMERS 

BASED ON 2,7-BIS(DIARYLAMINO) FLUORENES 

The work and results reported in this chapter were done as part of a collaboration. While 

I performed most of the synthetic work and characterization. The mobility measurements 

were performed and carried out in the laboratories of Dr. Bernard Kippelen by Andreas 

Haldi, and Benoit Domercq. 

5.1. Introduction 

The polarity of the matrix a hole transport material is dispersed in has been shown to 

n 

effect mobility, injection and device performance. In a study by Vestweber et al. tri(4-

methoxystilbene)amine (MSA) was dissolved in three polymer matrixes having 

increasing polarities. It was found that although the mobility decreases as the polarity of 

the matrix increases; the broadening of the density of transport states caused by 

increasing the polarity of the matrix enhances injection and this enhanced injection 

overrides the decrease in mobility.^ While the systems we are examining are not 

necessarily dispersed in a separate polymer matrix, in most cases the transport groups 

themselves are covalently attached to polymer backbones having different polarities 

furthermore, in our systems the percentage of the hole transport group is much higher 

relative to the inert binder. In a study by Stolka et al. it was shown that triphenylamine 
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doped in polycarbonate had a higher mobility than a polymer having pendant 

triphenylamine groups, Figure 11.^^ Their explanation of this behavior was the covalent 

attachment to the polymeric backbone restricts the translational and rotational freedom of 

the active groups in comparison to molecularly doped systems in which monomeric units 

are dispersed in an inert binder. As the mobility is proportional to the overlap integral of 

the wave functions that localize the carrier on adjacent groups any misalignment resulting 

in poor overlap will decrease the mobility. The presence of misaligned pendant 

triphenylamine groups was postulated to act as conformational traps.^^ Our work 

provides a systematic study of the change in hole mobility properties and potentially the 

behavior of these materials in OLEDs in going from the various 2,7-

bis(diarylamino)fluorene species (TPF) to the monomer and finally to the polymer using 

polymerizable groups having nonpolar alkyl, aromatic or polar acrylic polymer 

backbones and cinnamate or oxetane crosslinking groups. Furthermore, the design of the 

monomers in our study incorporates a longer spacer perhaps reducing the occurrence of 

misalignment in the hole transport moieties in the polymers (Figure 31). The fluorene 

core was used as a scaffold to study these effects due to the relative ease in which the 9-

position of the fluorene ring can be functionalized. The hole transport polymers are 

shown in Figure 31. 
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Hole Transport Group Crosslinking Units Polymerizable Group 

COOCH. 

Figure 31. The transport groups, polymerizable units, and crosslinking groups that were 
examined. 

Both the norbornene and the styrene monomers may be employed in "living" 

polymerizations allowing these materials to possibly be employed in block copolymers 

for use in such things as photovoltaics. The cinnamate crosslinkable group was 

employed in the first series of photocrosslinkable hole transport materials (Chapter 3) and 

thus provides a standard to examine any changes in the polymerizable group and 

crosslinking units. Furthermore, in the earlier work (Chapter 3) there were 1.6 ester 

groups per transport unit. If the same ratio of transport monomer to crosslinkable 

monomer is employed with either the styrene or norbornene monomers the ratio of ester 

groups to transport groups will be reduced to 0.3 ester groups per transport unit, an 81% 

reduction in the ratio and thus potentially dramatically reducing the polarity of the 

polymer matrix and potentially affecting the hole mobility and injection. 
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5.2. Results and Discussion 

The synthesis of the various TPF monomers was accomplished by 

monomethylation of the fluorene core using methyl iodide and n-BuLi as a base followed 

by the addition of rerr-butyldimethylsilyl (TBDMS) protected 3-bromopropanol using 

KOH as a base. Alternatively the 3-bromopropanol can be added under the same 

conditions and then protected using ferf-butyldimethylsilyl chloride (TBDMSCl) in the 

presence of Imidazole, Figure 32. The fluorene core is then coupled with one of the 

previously made secondary amines 5-8 using tris(dibenzylideneacetone)dipalladium 

(Pd2(dba)3) and l,r-bis-(diphenylphosino)ferrocene (DPPF) as the catalyst system in the 

presence of sodium r-butoxide.^^ The palladium coupling reaction has been 

unsuccessfully attempted in the presence of the unprotected alcohol with the result being 

none of the desired product. After deprotection of the alcohol using a 1.0 M solution of 

tetrabutylammonium fluoride (TBAF) in tetrahydrofuran (THF) as a solvent, 23 - 25 can 

be attached to a variety of polymerizable groups. Figure 33. 
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Figure 32. Synthesis of the alcohol precursors of the TPF monomers. 



The monomers 28 - 30 and 32 - 33 were made under Williamson ether synthesis 

conditions. Figure 33. The iodobenzyl styrene 26 was made using the Finkelstein 

reaction while the alcohol group of the bicyclo[2.2.1]hept-5-en-2-yl-methanol was 

converted to a tosylate leaving group in compound 27. The monomer 31 was made by 

condensation of 24 with methacrylic acid using DCC as a dehydrating agent and DMAP 

as a catalyst. The cinnamate monomer 33 was made using the tosyl-substituted 

norbornene 27 and 3-(4-hydroxy-phenyl)-acrylic acid methyl ester under Williamson 

ether conditions. 
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DCC/DMAP 

K2CO3 
COOCH. COOCH 

Figure 33. Synthesis of the TPF monomers. 
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The monomer 31 was polymerized under free radical conditions using AIBN as an 

initiator. The monomer 30 was polymerized using Grubbs ruthenium benzylidene 

catalyst. Figure 34. 

AIBN, Benzene, 60 °C, 60 h 

35 

Rur=. 
O 

36 

Figure 34. Polymerization of the TPF-acrylate and TPF-norbornene monomers. 

The monomer 37 having a biphenyl core was also made. The monomer is completely 

analogous to the first generation TPD monomers (Chapter 3) with the exception the 

polymerizable group is norbomene. As with the first generation material 4,4'-iodo-

bromobiphenyl was first made by the iodination of 4-bromobiphenyl. A modified 

Ullman reaction was used to selectively couple the appropriate secondary amine at the 
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iodine.^' Palladium coupling was then used to couple the appropriate secondary amine at 

the bromine to make the TPD core (10-Me). The rest of the synthesis is analogous to the 

fluorene monomers, Figure 35. 

CuCI, 1,10-phenanthroline. KOH 

Figure 35. Synthesis and polymerization of the TPD-norbomene monomer. 
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Copolymers were synthesized using a 7:3 feedstock of 30 and 34 and Grubbs second 

generation catalyst in dichloromethane under an argon atmosphere for 18 hours, Figure 

36. The reaction was quenched with ethyl vinyl ether and the polymer was precipitated 

in acetone and collected as a white powder by vacuum filtration. 

Each of the polymers was readily soluble in common organic solvents including THF, 

chloroform, toluene, benzene and dichloromethane. The glass-transition temperatures 

(Tg) of the polymers were determined by differential scanning calorimetry (DSC). The 

glass-transition temperatures of polymers 36 and 39 are 97 °C, and 120 °C respectively. 

There was no evidence of other thermal process in the temperature range investigated 

(from 25 to 250 °C), suggesting that the polymers prepared are amorphous. 

H3C00C 

o 

H3C00C 

Figure 36. The copolymerization of the TPF-norbornene monomer with the 
photocrosslinkable monomer. 
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The redox potentials of the monomers 30 - 32 and polymer 36 versus 

ferrocenium/ferrocene were determined by cyclic voltammetry in dichloromethane (Table 

8). The cyclic voltammograms show two sequential reversible one-electron processes 

corresponding to the successive removal of two electrons from the bis(diarylamino) 

fluorene unit. The compounds 30 - 32 as expected exhibited similar redox potentials to 

those seen in the similar non-polymerizable TPF series, 1' - 3' (Chapter 4). The addition 

of polymerizable groups and polymerization of the monomers had no observable effects 

on the redox potential. 

Table 8. Redox Potentials of Hole-transport Monomers in CH2CI2 (values are reported 
relative to the ferrocenium/ferrocene couple +!-15 mV). 

Monomer 'Ei//(mV) 'E./^^mV) 

2' 115 430 

30 135 450 

31 140 470 

32 125 440 

36 150 420 

Ei/2 = EI/2(M^/M). " 'EI/2 = EI/2(M^VM). 

The crosslinking of the polymers upon UV-irradiation was monitored by UV 

spectroscopy. In initial experiments, thin films of polymer 39 were obtained on a glass 

substrate by spin-coating at 1600 rpm from THF solution (20.0 mg in 1 ml of THF). The 

polymer films were irradiated with an unfiltered handheld UV source (365 nm, 7 W, 
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UVGL-25) for visualizing thin layer chromatography plates. The films were kept 6.1 cm 

from the UV lamp. The progress of the crosslinking was monitored by UV-Vis. 

spectroscopy; the absorbance at 310 nm, attributed to the cinnamate group, was found to 

decrease, whilst that at 377 nm, attributed to the bis(diarylamino)fluorene moiety 

remained constant, suggesting that the cinnamate moieties undergo 2 + 2 cycloaddition 

without photo-induced damage to the hole-transport groups. 

Irradiated polymer films of 39 on glass substrates were used to demonstrate the 

insolubility of the polymers after UV irradiation. Figure 37. The UV absorption spectra 

were acquired after dipping the films in THF for increasing lengths of time. For the films 

that were exposed to 365 nm light from 3-6 minutes; even after soaking the films up to 

120 minutes, only a small decrease (< 5% change in absorbance) in absorption was 

observed suggesting that the polymers were crosslinked. In comparison, for non-

irradiated films of 39 on glass, it was found that the absorption intensities dramatically 

decreased after dipping the films in THF for times under 1 minute. These observations 

along with those in Chapter 3 indicate that the crosslinked copolymers are insoluble in 

THF due to the 2 + 2 cycloaddition reaction of the cinnamate moiety. 
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Figure 37. The absorption spectra of a thin film of the photocrosslinkable copolymer 
(39) with a 7:3 ratio of the transport group to the crosslinkable group. Figure 37a: 
Evolution of the absorption spectra after exposure to 365 nm UV light. Figure 37b: UV-
absorption of a crosslinked film after soaking in THF for various lengths of time. 

Copolymerization of 30 with dicyclopentadiene at room temperature resulted in the 

formation of the insoluble crosslinked material 40. By first initiating the polymerization 

of 30 and allowing the polymerization to proceed for 90 minutes active oligomers were 

made and used to initiate the polymerization of dicyclopentadiene leading to insoluble 

films, Figure 38. A solution containing this mixture was used to make films by spin 

coating. The film forming properties of these solutions rapidly deteriorated as the 

viscosity of the solution increased and the solution eventually gelled. The films that were 

applied to a glass substrate were soaked in THF and the UV absorption was monitored. 

Initially a large decrease in the UV absorption was observed in all the films indicating 

that a large fraction of the material was not incorporated in a crosslinked film. The film 



that remained after the first soaking was found to be completely insoluble indicating that 

a portion of the material was crosslinked. 

Figure 38. Copolymerization of TPF-norbornene monomer with dicyclopentadiene. 

5.2.1. Hole Mobility Measurements. 

Mobility values of 1' and 2', 29 - 32, 35 - 36, as well as TPD, 1-Me and 15-Me 

(Chapter 3) are summarized in Table 9. 
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Table 9. Mobility values measured in 20-|J,m-thick samples of different molecules doped 
in PS or of pure polymers at E = 4 x 10^ V/cm and T = 299 K and their ionization 
potential Ip. 

Sample composition /;,(eV) 
(cm^/Vs) 

TPD.PS* 1.5x10-^ 5.41 
l-Me:PS 4.0 X 10"^ 5.34 
Polymer 15-Me 4.3 X 10-^ 5.35 
l':PS® 2.7 X 10'^ 5.20 
2':PS' 5.1 X 10"^ 5.26 
29:PS 2.6 X 10"^ 
30:PS 5.0 X 10'^ 5.28 
31:PS 1.1 X 10"^ 5.29 
Polymer 35 6.8 X 10"^ 
Polymer 36 1.4 X lO"'^ 5.30 

*as reported by J. L. Maldonado et al 10 

^Measured at 8 x 10^ V/cm. 

For the samples examined, a variance in the experimentally determined mobility of 66% 

compared to the average was observed. Using this as the uncertainty of the measurement 

the mobility values of 2':PS, I'rPS, 29:PS, and 30:PS all lie within the uncertainty of the 

measurement. For the acrylate monomer 31:PS, ju is slightly lower. The methoxy 

substituted samples, r:PS and 29:PS exhibit mobility values in the same range as the 

regular 2':PS and 30:PS samples. Unlike in the TPD family of compounds in which a 

smaller mobility was reported for the methoxy substituted compound 2 compared to the 

parent compound, TPD (Chapter 4); in the fluorene series, substitution by the electron 

donating methoxy group does not appear to affect the room temperature mobility in the 

small molecule or the monomer. A typical normalized room-temperature transient for 30 
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is shown in Figure 39. The transient time t, was determined as the intersection between 

the two straight lines fitted to the two regimes of the photocurrent transients. Hole drift 

mobility was measured as a function of the applied field E = V/d and as a function of the 

temperature T. As before, experimental data were examined using the empirical 

11 n 1 1 
formalism described by Borsenberger et al. ' ' This formalism is based on the 

assumption that charge transport occurs by hopping through a manifold of localized states 

with a Gaussian distribution of energies, and a superimposed Gaussian distribution of 

positions. The hole mobility is then given by: 

where //b is the disorder-free mobility, C is an empirical constant with a value of 2.9 x 

10"^ V^^^cm"'^^, X is the width of the positional disorder distribution, and the energetic 

(diagonal) disorder parameter h = ofkT where <T is the width of energetic disorder 

distribution. 

//(<j,£) = //oexp (6) 
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Figure 39. Typical transient photocurrent of 30;PS at £" = 4 x 10^ V/cm and T = 299 K. 
Inset; Same transient photocurrent in double-logarithmic plot. 

In this framework, a semi-logarithmic representation of the mobility as a function of 

the square root of the applied field should yield a straight line. Figure 40 shows that the 

mobility data does follow this functional dependence; this is consistent with the disorder 

formalism as is the functional dependence of mobility on temperature (inset of Figure 

40). 
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Figure 40. Electric-field dependence of the hole mobility measured in l-Me:PS and 15-
Me, as well as 31:PS and 35 at 7=299 K. Inset: Temperature dependence of the hole 
mobility for l-Me;PS and 31:PS. Symbols represent experimental data, full lines are 
linear fits according to the disorder formalism. 

The zero-field mobility values, [Hg, and of the energetic disorder width, a, were 

extrapolated from the intercept of the straight line from the field-dependent mobility data 

at different temperatures. The semi-logarithmic plot of the zero-field mobility values vs. 

1/7^ also shows a straight line (inset of Figure 40), with an intercept of fig and a slope of -

IcfBkg, according to the disorder formalism. Finally the slope of the field-dependent 

measurements was plotted versus in the cases where a straight line was obtained, 

the values of C and 2 were determined according to the disorder formalism from the 
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slope (C) and intercept (-Ci?). The resulting hole-transport parameters for the different 

compositions are summarized in Table 10. 

Table 10. Hole transport parameters of the disorder formalism extrapolated from the 
analysis of the field and temperature dependence of the mobility measured in 20-|im-
thick samples of different molecules doped with PS. 

Sample composition jUo (cm^/Vs) <j(eV) C (cmA^)"' Z 
TPD.PS* 1.31 X la^ 0.090 2.67x10-" 2.57 
l-Me:PS 1.86 X 10"^ 0.123 4.35 X 10"^ 3.95 
2':PS 1.15 X 10"^ 0.107 2.60 X lO"'^ 2.79 
31:PS 1.63 X 10'^ 0.096 2.47 X 10'^ 2.44 

*as reported by J. L. Maldonado et al.'° 

The measurements show that the pure polymers 35 and 36 exhibit a higher mobility than 

those of the monomers doped in PS. This is the opposite of the results that Stolka et. al 

reported in comparing a molecular triarylamine dispersed in polycarbonate to a pure side 

chain polymeric triarylamine.®^ This may be due to the longer alkyl spacer that we 

employed allowing for better alignment of adjacent transport groups. If the longer spacer 

does allow better alignment the results we report may seem more intuitive as the 

concentration of the transport groups is 1.5 times higher in the pure polymers than in the 

monomers doped in PS. Aside from the increase of the overlap integral of the wave 

functions of adjacent molecules as a result of less interference from the inert binder; one 

additional possibility for this result could be that the polymers can create more 

amorphous films and therefore have a higher mobility than the monomers doped in 
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polystyrene; without concentration dependent mobility measurements, however no 

definitive conclusions regarding this can be drawn. There were no observable negative 

effects on hole mobility in adding either a methacrylate or norbornene moiety to TPF to 

make a monomer. The mobility of the polymer 36 having the poly(norbornene) 

backbone was significantly higher than acrylate polymer 15-Me. Showing the same trend 

as that observed Vestwebers et. al in which the mobility was observed to decrease with 

increasing polarity of the polymer matrix.^ 
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5.3. Experimental 

Chemicals received from commercial sources were used without further purification. 

NMR spectra were recorded with a Varian Unity Plus spectrometer at 300 MHz ('H) and 

75 MHz ('^C) in CDCI3 or (CD3)2CO unless otherwise stated. Spectra were internally 

referenced relative to tetramethylsilane (TMS; 6('H) = 0 ppm; 5('^C) = 0 ppm) using 

either the TMS 'H resonance or the resonance of the solvent. UV-Vis spectra were 

recorded in thin films on quartz substrates with a Hewlett Packard 8453 spectrometer. 

Gas chromatography/mass (GC/MS) spectra were run on a Hewlett Packard HP6890 GC 

with a Hewlett Packard 5973 mass spectrometer. The glass-transition temperatures were 

determined by thermal analysis using a Shimadzu DSC-50 differential scanning 

calorimeter run at ten degrees per minute. Cyclic voltammetry was performed under 

argon using solutions ca. 10"^ M in sample and 0.1 M in ["Bu4N]+[PF6]~ using a 

glassy-carbon working electrode, a platinum auxiliary electrode, a AgCl / Ag pseudo-

reference electrode, and a BAS lOOB potentiostat. Potentials were referenced by the 

addition of ferrocene to the cell, and are quoted to the nearest 5 mV relative to the 

ferrocenium / ferrocene couple at 0 V. 

1 (Y) 

N-(4-methoxyphenyl)-3-methylaniline. (7-OMe) To a dry 500 ml round bottom flask 

under argon were added 4-iodoanisole (14.7g, 67.1 mmol), m-toluidine (7.5 g, 70.0 

mmol), and 100 ml of toluene. The mixture was deoxygenated for ten minutes and 

Pd2(dba)3 (1.2 g, 1.3 mmol) and DPPF (1.5 g, 2.7 mmol) were added. After stirring for 



ten minutes, sodium f-butoxide (12.5 g, 127 mmol) was added. The temperature was 

raised to 90 ''C and the reaction mixture was stirred while the progress of the reaction was 

followed by TLC. Upon the disappearance of the starting material, the reaction mixture 

was filtered through a plug of silica gel, eluting with dichloromethane. The product was 

purified by flash chromatography eluting, with 3:7 dichloromethane:hexanes. The solvent 

was removed under reduced pressure. The residual solvent was removed in vacuo-, 7.80 g, 

39.7 mmol (59.3%) of the desired product was isolated as a pale yellow oil. 'H NMR 

(500 MHz, CDCI3): 6 2.30 (s, 3 H), 3.81 (s, 3 H), 5.47 (s, 1 H), 6.68 (m, 3 H) 6.87 (d, J = 

9.0 Hz, 2 H), 7.12 (m, 3 H). NMR (125 MHz, CDCI3): 8 21.61, 55.57, 112.81, 

114.66, 116.33, 120.47, 122.19, 129.19, 135.84, 139.18, 145.14, 155.16. 

N-(3-fluorophenyl)-N-(3-methylphenyl)amine. (7-F) To a dry 500 ml round bottom 

flask under argon were added l-fluoro-3-iodobenzene (22.Ig, 100 mmol), m-toluidine 

(12.5 g, 116 mmol), and 100 ml of toluene. The mixture was deoxygenated for ten 

minutes and Pd2(dba)3 (1.2 g, 1.3 mmol) and DPPF (1.5 g, 2.7 mmol) were added. After 

stirring for ten minutes, sodium f-butoxide (12.5 g, 127 mmol) was added. The reaction 

mixture was stirred while the progress of the reaction was followed by TLC. Upon the 

disappearance of the starting material, the reaction mixture was filtered through a plug of 

silica gel eluting, with dichloromethane. The product was purified by flash 

chromatography, eluting with 3:2 dichloromethaneihexanes. The solvent was removed 

under reduced pressure. The residual solvent was removed in vacuo and 18.62 g, 92.5 

mmol (92.5%) of the product was isolated as pale yellow oil. 'H NMR (500 MHz, 
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(CDCI3): 6 2.35 (s, 3 H), 5.74 (s, 1 H), 6.59 (t, J = 9.0 Hz, 1 H), 6.78 (d, J = 7.0 Hz, 2 H), 

6.84 (d, J = 7.5 Hz, 1 H), 6.94 (s, 2 H), 7.22 (m, 2 H). NMR (125 MHz, (CDCI3): 5 

21.50, 103.36, 103.56, 106.77, 106.94, 112.46, 116.09, 119.70, 122.94, 129.25 130.38, 

130.45, 139.37, 141.85, 145.39, 145.47, 162.79, 164.72. Anal Calcd for C13H12FN: C, 

77.59; H, 6.01; N, 6.96. Found: C, 77.70; H, 6.11; N, 7.10. HRMS: Calcd for CnH^FN 

201.0954, found 201.0957. 

3-(6-bromohexyloxymethyl)-3-methyloxetane. To a 500 ml round bottom flask 

containing 105 g of 50% NaOH, 100 ml, of hexane and tetrabutylammoniumiodide (1.5 

g, 4.0 mmol) and a magnetic stir bar is added 1,6-dibromohexane (58.5 g, 240 mmol) and 

3-methyl-3-hydroxymethyloxetane (8.17 g, 80 mmol). The flask is equipped with a 

reflux condenser and the mixture is refluxed for 8 hours. After cooling the solution to 

room temperature it was diluted with 200 ml of diethyl ether and 200 ml of water. The 

aqueous layer is extracted with 3 x 50 ml portions of diethyl ether. The organic layers 

were combined and the solvent was removed under reduced pressure. The resulting 

solution was purified by vacuum distillation (123 '^C and 500 microns of mercury). The 

desired product was obtained as a colorless (15.3 g, 72.0%). ^H NMR (300 MHz, 

(CDCI3): 5 1.19 (s, 3 H), 1.32 (m, 4 H), 1.49 (quint., J = 7.2 Hz, 2 H), 1.76 (quint., J = 

7.8 Hz, 2 H), 3.38 (t, J = 6.9 Hz, 2 H), 3.44 (t, J = 7.5 Hz, 2 H), 3.44 (s, 2 H), 4.22 (d, J 

= 5.4 Hz, 2 H), 4.38 (d, J = 5.4 Hz, 2 H). '^C NMR (75 MHz, CDCI3) 5 21.06, 25.03, 

27.60, 29.03, 32.39, 33.46, 39.54, 70.94, 75.70, 79.73. 
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terr-Butyl-[3-(2,7-dibromo-9//-fluoren-9-yl)-propoxy]-dimethyl-silane. (16) To a dry 

250 ml round bottom flask containing a nitrogen atmosphere and a magnetic stir bar was 

added 2,7-dibromfluorene (20.0 g, 61.7 mmol) and 100 ml of dry THF. The solid was 

dissolved and the temperature of the reaction mixture was lowered to -78 °C in a dry 

ice/acetone bath. A 1.6 M solution of n-BuLi (44.0 ml, 67.9 mmol) in hexanes was 

added over a period of 5 minutes. The reaction was stirred for five minutes and 3-

bromopropoxy tert-butyl dimethyl silane (17.2 g, 67.9 mmol) was added. The reaction 

was stirred for 24 hours. The solvent was removed under reduced pressure and the 

viscous yellow oil was taken up in 100 ml of dichloromethane. The reaction mixture was 

then carefully poured into a 1000-ml separatory funnel containing 200 ml of 

dichloromethane and 100 ml of water. The organic layer was then washed 3 x 50-ml 

portions of water. The solvent was removed under reduced pressure to yield the crude 

product as yellow oil. The product was purified by column chromatography eluting with 

9:1 hexanesidichloromethane. The fractions were combined and the solvent was 

removed under reduced pressure. The yield of the purified product was 10.88 g (21.9 

mmol, 35.5%). 'H NMR (300 MHz, (CDCI3): 5 0.02 (s, 6 H), 0.90 (s, 9 H), 1.27 (quint., 

J = 7.2 Hz, 2 H), 2.09 (m, 2 H), 3.53 (t, J = 6.3 Hz, 2 H), 4.00 (t, J = 5.4 Hz, 1 H), 7.48 

(d, J = 7.8 Hz, 2 h), 7.55 (d, J = lA Hz, 2 H), 7.63 (s, 2 H). NMR (75 MHz, CDCI3) 

5-5.36, 18.28, 25.93,28.11,28.61,47.02, 62.81, 121.12, 126.19, 127.63, 130.27, 139.12, 

148.95. HRMS: Calcd for C22H22Br20Si 493.0198, found 493.0187. 
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ter?-Butyl-(3-{2,7-dibromo-9-[6-(3-methyl-oxetan-3-ylmethoxy)-hexyl]-9//-fluoren-9-

yl}-propoxy)-dimethyl-silane. (17) To a dry 250 ml round bottom flask containing a 

nitrogen atmosphere and a magnetic stir bar was added 2,7-dibromfluorene (12.7 g, 25.5 

mmol) and 100 ml of dry THF. The solid was dissolved and the temperature of the 

reaction mixture was lowered to -78 °C in a dry ice/acetone bath. A 1.6 M solution of n-

BuLi (17.5 ml, 28.1 mmol) in hexanes was added over a period of 5 minutes. The 

reaction was stirred for five minutes and 3-(6-bromohexyloxymethyl)-3-methyloxetane 

(8.1 g, 30.6 mmol) was added. The reaction was stirred for 24 hours. The solvent was 

removed under reduced pressure and the viscous yellow oil was taken up in 100 ml of 

dichloromethane. The reaction mixture was then carefully poured into a 1000-ml 

separatory funnel containing 200 ml of dichloromethane and 100 ml of water. The 

organic layer was then washed 3 x 50-ml portions of water. The solvent was removed 

under reduced pressure to yield the crude product as yellow oil. The product was purified 

by column chromatography eluting with 99.1 dichloromethane:ethyl acetate. The 

fractions were combined and the solvent was removed under reduced pressure. The yield 

of the purified product was 6.90 g (10.14 mmol, 39.8%). NMR (300 MHz, (CDCI3): 5 

0.06 (s, 6 H), 0.59 (m, 2 H), 0.78 (quint., J = 5.4 Hz, 2 H), 0.84 (s, 9 H), 1.01 (m, 4 H), 

1.27 (s, 3 H), 1.40 (quint., J = 6.9 Hz, 2 H), 1.97 (m, 4 H), 3.33 (t, J = 5.7 Hz, 2 H), 3.34 

(t, J = 6.3 Hz, 2 H), 3.40 (s, 2 H), 4.32 (d, J = 5.4 Hz, 2 H), 4.46 (d, J = 5.4 Hz, 2 H), 7.44 

(s, 2 H), 7.55 (dd, 7 = 1.5 Hz, 6.9 Hz, 2 H), 7.51 (d, J = 7.8 Hz, 2 H). NMR (75 MHz, 

CDCI3) 6-5.38, 18.26, 21.35, 23.61, 25.71, 25.91, 27.06, 29.37, 29.63, 36.23, 39.85, 
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40.24, 55.31, 62.87, 71.47, 76.01, 80.21, 121.16, 121.54, 126.18, 130.28, 139.07, 152.14. 

HRMS: Calcd for C33H49Br203Si 679.1818, found 679.1819. 

9-[3-(?ert-Butyl-dimethyl-silanyloxy)-propyl]-9-[6-(3-methyl-oxetan-3-ylmethoxy)-

hexyl]-N,A^-diphenyl-A^,A^-di-m-tolyl-9//-fluorene-2,7-diamine. (20) To a 250 ml 

roundbottom flask equipped with a magnetic stir bar and an argon atmosphere was added 

3-methyldiphenylamine (4.0 g, 21.7 mmol), Pd2(dba)3 (0.30 g, 0.33 mmol), DPPF (0.36 

g, 0.66 mmol), ?ert-Butyl-(3-{2,7-dibromo-9-[6-(3-methyl-oxetan-3-ylmethoxy)-hexyl]-

9//-fluoren-9-yl}-propoxy)-dimethyl-silane (6.70 g, 9.8 mmol), and 100 ml of toluene. 

The reaction mixture was allowed to stir for 10 minutes and sodium tert-hutoxide (2.10 g, 

21.7 mmol) was added. The reaction was stirred at 110 while the progress of the 

reaction was monitored by TLC. Upon the disappearance of terr-butyl[3-(2,7-dibromo-9-

methyl-9H-fluoren-9-yl)propoxy]dimethyl silane the reaction mixture was cooled to 

room temperature and the solvent was removed under reduced pressure. The product was 

purified by column chromatography over silica gel eluting with 99:1 

dichloromethane:ethyl acetate. The proper fractions were combined and the solvent was 

removed under reduced pressure. The residual solvent was removed in vacuo (5.41 g, 

62.3%) of the product was isolated as a pale yellow glassy solid. 'H NMR (300 MHz, 

(CDCI3): 6 0.05 (s, 6 H), 0.88 (m, 2 H), 0.93 (s, 9 H), 1.05 (quint., J = 7.2 Hz, 2 H), 1.21 

(m, 4 H), 1.39 (s, 3 H), 1.56 (quint., J = 6.3 Hz, 2 H), 1.89 (m, 4 H), 2.36, (s, 6 H), 3.43 

(t, J = 6.3 Hz, 2 H), 3.48 (t, J = 6.6 Hz, 2 H), 3.54 (s, 2 H), 4.44 (d, J = 5.4 Hz, 2 H), 4.58 

(d, J = 5.4 Hz, 2 H), 6.92 (s, J = 7.8 Hz, 2 H), 7.08 (m, / = 8 H), 7.21 (m, 8 H), 7.34, (t, J 
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= 7.8 Hz, 4 H), 7.58 (d, J = 8.4 Hz, 2 H). NMR (75 MHz, CDCI3) 6 -5.28, 18.29, 

21.36, 23.41, 23.89, 25.86, 25.97, 27.65, 29.48, 29.83, 36.24, 39.86, 40.23, 54.55, 63.53, 

71.55, 76.11, 80.23, 119.29, 119.76, 120.94, 122.23, 123.28, 123.70, 123.73, 124.37, 

128.91, 129.06, 136.09, 138.90, 146.60, 147.96, 147.98, 151.51. HRMS: Calcd for 

C59H72N203Si 884.5309, found 884.5297. Elemental Analysis Calcd for C59Hy2N203Si: 

C, 80.04; H, 8.20; N, 3.16. Found: C, 79.83; H, 8.16; N, 3.02. 

3-[9-[6-(3-Methyl-oxetan-3-ylmethoxy)-hexyl]-2,7-bis-(phenyl-m-tolyl-amino)-9//-

fluoren-9-yl]-propan-l-ol. (23) To the 250 ml roundbottom flask containing 4.81 g (5.43 

mmol) of (20) and equipped with a magnetic stir bar and a nitrogen atmosphere was 

added a solution of tetrabutylammonium fluoride (1.0 M in THF, 30 ml). The mixture 

was stirred while the reaction was followed by thin layer chromatography. Upon the 

disappearance of the TBDMS protected alcohol, the solvent was removed under reduced 

pressure. The brown viscous oil was taken up in 50 ml of dichloromethane and the 

solution was poured into a 500 ml separatory funnel containing 100 ml of 

dichloromethane. The product was washed with 3x0 50 ml portions of distilled water 

and the solvent was removed under reduced pressure. The product was purified by flash 

chromatography, eluting with 95:5 dichloromethane:ethyl acetate. The solvent was 

removed under reduced pressure. The residual solvent was removed in vacuo (3.68 g, 

1 
87.9%) of the product was isolated as a pale yellow glassy solid. H NMR (300 MHz, 

(CD3)2C0): 0.74 (m, 2 H), 0.93 (m, 2 H), 1.14 (m, 4 H), 1.22 (s, 3 H), 1.44 (quint., J = 

6.3 Hz, 2 H), 1.83 (quint., J = 4.5 Hz, 2 H), 1.88 (quint., J = 4.5 Hz, 2 H), 2.22, (s, 6 H), 
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3.27 (m, 3 H), 3.37 (t, J = 6.3 Hz, 2 H), 3.40 (s, 2 H), 4.16 (d, J = 6.0 Hz, 2 H), 4.35 (d, J 

= 5.1 Hz, 2 H), 6.85 (dt, J = 1.2 Hz, 8.4 Hz, 4 H) 6.97 (m, 6 H), 712 (m, 7 = 8 H), 7.24 

(d, J = 8.1 Hz, 2 H), 7.27 (d, 7 = 8.4 Hz, 2 H), 7.60 (d, 7 = 8.1 Hz, 2 H). NMR (75 

MHz, (CD3)2C0): 21.46, 21.65, 24.75, 26.56, 28.52, 30.15, 30.43, 37.16, 40.45, 40.70, 

55.43, 62.76, 71.79, 76.57, 79.84, 120.08, 120.82, 121.70, 123.29, 124.27, 124.35, 

124.47, 125.08, 129.92, 130.05, 137.05, 139.71, 147.55, 148.84, 148.92, 152.54. HRMS: 

Calcd for C53HggN203 770.4447, found 770.4451. Elemental Analysis Calcd for 

C53H58N2O3: C, 82.56; H, 7.58; N, 3.63. Found: C, 82.30; H, 7.58; N, 3.67. 

9-[3-(Bicyclo[2.2.1]hept-5-en-2-ylmethoxy)-propyl]-9-[6-(3-methyl-oxetan-3-

ylmethoxy)-hexyl]-A^,A^-diphenyl-7V,A^-di-m-tolyl-9//-fluorene-2,7-diamine. (28) To a 

250 ml roundbottom flask equipped with an nitrogen atmosphere, a reflux condenser and 

a magnetic stir bar was added 60% sodium hydride in mineral oil (0.35 g, 8.8 mmol) and 

50 ml of dry THF. The mixture was heated to 70 °C and a solution of (23) (3.42 g, 4.4 

mmol), Bicyclo[2.2.1]hept-5-en-2-ylmethyl(4-methylphenyl)methanesulfonate (2.45 g, 

8.8 mmol) in 50 ml of THF was added over 20 minutes. The reaction was stirred while 

the progress of the reaction was monitored by TLC. Upon the disappearance of (23) the 

reaction was quenched with 10 ml of water and the solvent was removed under reduced 

pressure. The viscous oil was taken up in 20 ml of dichloromethane and the reaction 

mixture was poured into a separatory funnel containing 50 ml of dichloromethane and 50 

ml of water. The organic layer was washed with 3 x 50 ml portions of distilled water and 

the solvent was removed under reduced pressure. The product was purified by column 
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chromatography over silica gel eluting with 99:1 dichloromethane:ethyl acetate; 2.07 g, 

2.4 mmol (53.6%) of the product was obtained as a pale yellow glass. 'H NMR (300 

MHz, ((CD3)2C0)): 5 0.45 (m, 0.5 H), 0.73 (quint., J = 7.8 Hz, 2.5 H), 1.15 (m, 10 H), 

1.22 (s, 3 H), 1.44 (quint., J = 7.2 Hz, 2 H), 1.87 (m, 4 H), 2.23 (s, 6 H), 2.41 (s, 0.5 Hz), 

2.62 (s, 0.5 H), 2.71 (s, 1 H), 2.81 (m, 0.5 H), 2.97 (dd, J = 6.0 Hz, 6.3 Hz, 0.5 H), 3.15 

(m, 2.5 H), 3.28 (d, 7 = 6.0 Hz, 6.3 NMR (75 MHz, ((CD3)2CO)) 5 21.49, 21.65, 

24.69, 25.30, 26.53, 37.23, 39.44, 39.63, 40.43, 40.70, 42.17, 44.41, 44.60, 45.50, 49.78, 

55.41, 71.43, 71.51, 71.77, 74.68, 75.51, 76.57, 79.87, 120.13, 120.86, 121.66, 123.27, 

124.25, 124.43, 125.06, 125.14, 129.90, 130.02, 137.05, 137.07, 137.15, 137.27, 137.47, 

139.65, 147.60, 148.825, 148.90, 152.42. Analysis Calcd for C61H68N2O3: C, 83.52; H, 

7.81; N, 3.21. Found: C, 82.42; H, 7.69; N, 3.22. HRMS: Calcd for 

876.5230 found 876.5255. 

3-(2,7-Dibromo-9-methyl-9/}r-fluoren-9-yl)-propan-l-ol. (18) To a 500 ml roundbottom 

flask equipped a magnetic stir bar was added 2,7-dibromo-9-methyl-9H-fluorene (33.17 

g, 98.1 mmol) and 150 ml of DMSO. After the solid had dissolved, potassium hydroxide 

(12.8 g, 119 mmol), 18-crown-6 (0.1 g), water (5 ml) and 3-bromopropan-l-ol (16.3 g, 

117.0 mmol) was added and the reaction was stirred while the progress of the reaction 

was followed by GC/MS. Upon the disappearance of the starting material the reaction 

mixture was carefully poured into a 1000-ml separatory funnel containing 300 ml of 

methylene chloride and the solution was washed with 3 x 50 ml portions of a solution of 

saturated sodium chloride and 2 x 100 ml of distilled water. The organic layer was 



collected and the solvent was removed under reduced pressure. The pale yellow oil was 

purified by column chromatography eluting with methylene chloride, 28.9 g, 73.4 mmol 

(74.8%) of the product was isolated as pale yellow oil. 'H NMR (300 MHz, (CDCI3): 5 

0.88 (m, 2 H), 1.24 (s, 1 H), 1.46 (s, 3 H), 2.02 (dt, 7= 3.9 Hz, 2 H), 3.39 (t, J = 6.6 Hz, 2 

H), 7.45 (dd, / = 2.1 Hz, 7 = 7.8 Hz, 2 H), 7.50 (d, 7 = 2.1 Hz, 2 H), 7.53 (d, 7 = 7.8 Hz, 2 

H). NMR (75 MHz, CDCI3) 6 26.72, 27,77, 36.73, 51.18, 62.98, 121.63, 121.85, 

126.45, 130.70, 138.35, 153.63. Anal Calcd for CnHieBriO: C, 51.55; H, 4.07. Found: 

C, 51.56; H, 4.03. HRMS: Calcd for CnHieBraO 393.9548, found 393.9574. 

?er?-Butyl-[3-(2,7-dibromo-9-methyl-9//-fluoren-9-yl)-propoxy]-dimethyl-silane. (19) 

To a 500 ml roundbottom flask equipped a magnetic stir bar was added 3-(2,7-dibromo-

9-methyl-9/f-fluoren-9-yl)-propan-l-ol (28.9 g, 73.1 mmol) and 50 ml of DMF. After 

the solid had dissolved, tert-butyldimethylsilyl chloride (14.4 g, 95.6 mmol), and 

imidizole (6.5 g, 95.6 mmol) was added and the reaction was stirred while the progress of 

the reaction was followed by TLC. Upon the disappearance of the starting material the 

reaction mixture was poured into a 1000-ml separatory funnel containing 100 ml of 

diethyl ether and 100 ml of ice-cold water and the solution was extracted with 3 x 50 ml 

portions of a solution of diethyl ether. The organic layer was collected and the solvent 

was removed under reduced pressure. The pale yellow oil was purified by column 

chromatography eluting with 4:1 hexanes:methylene chloride, 30.4 g, 59.5 mmol (81.4%) 

of the product was isolated as pale yellow oil. ^H NMR (500 MHz, (CDCI3): 5 -0.05 (s, 6 

H), 0.82 (m, 2H), 0.85 (s, 9 H), 1.46 (s, 3 H), 2.03 (dt, 7 = 4.5 Hz, 2 H), 3.36 (t, 7 = 6.0 
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Hz, 2 H), 7.46 (dd, J = 1.5 Hz, i = 8.0 Hz, 2 H), 7.49 (d, 7 = 1.5 Hz, 2 H), 7.54 (d, 7 = 7.5 

Hz, 2 H). "C NMR (125 MHz, CDCI3) 5 -1.42, 22.23, 29.87, 30.62, 31.55, 40.41, 54.94, 

66.78, 125.25, 125.48, 130.20, 134.28, 142.05, 157.52. Anal Calcd for CzsHsoBraOSi: C, 

54.13; H, 5.92. Found: C, 54.30; H, 5.80. HRMS: Calcd for C23H3oBr20Si 509.0511, 

found 509.0503. 

9-(3-{?er?-butyl(dimethyl)silyl]oxy}propyl)-N,N'-bis(4-methoxyphenyl)-9-methyl-N,N'-

bis(3-methylphenyl)-9H-fluorene-2,7-diamine. (22) To a 250 ml roundbottom flask 

equipped with a magnetic stir bar and an argon atmosphere was added 4-methoxyphenyl-

3-methylphenyl aniline (13.3 g, 62.7 mmol), Pd2(dba)3 (1.1 g, 1.1 mmol), DPPF (1.1 g, 

1.9 mmol), fer?-butyl[3-(2,7-dibromo-9-methyl-9H-fluoren-9-yl)propoxy]dimethyl silane 

(15.29 g, 30 mmol), and 100 ml of toluene. The reaction mixture was allowed to stir for 

10 minutes and sodium ter/-butoxide (10.6 g, 110.1 mmol) was added. The reaction was 

stirred at 110 °C while the progress of the reaction was monitored by TLC. Upon the 

disappearance of fert-butyl[3-(2,7-dibromo-9-methyl-9H-fluoren-9-yl)propoxy]dimethyl 

silane the reaction mixture was cooled to room temperature and the solvent was removed 

under reduced pressure. The product was purified by column chromatography over silica 

gel eluting with dichloromethane. The proper fractions were combined and the solvent 

was removed under reduced pressure; 16.5 g, 21.3 mmol (71.0%). 'H NMR (500 MHz, 

(CDCI3): 5 -0.05 (s, 6 H), 0.83 (s, 9 H), 0.95 (dt, J = 7.0 Hz, 8.5 Hz, 2 H), 1.32 (s, 3 H), 

1.79 (dt, J = 4.0, 2 H), 2.24 (s, 6 H), 3.30 (t, J = 7.0 Hz, 2 H), 3.82 (s, 6 H), 6.85 (m, 13 

H), 7.09 (m, 7 H), 7.42 (m, 2 H). ^^C NMR (125 MHz, (CDCI3): 6 -1.25, 22.32, 25.54, 



29.99, 30.69, 32.17, 40.64, 54.25, 59.43, 67.57, 118.62, 121.91, 123.63, 123.76, 126.41, 

126.50, 127.20, 130.86, 132.82, 138.40, 142.78, 145.09, 150.90, 152.40, 156.90, 159.83. 

Anal Calcd for CsiHsgNjOsSi: C, 79.03; H, 7.54; N, 3.61. Found: C, 79.30; H, 7.82; N, 

3.85. HRMS: Calcd for CsiHjgNaOsSi 774.4217, found 774.4190. 

3-{9-methyl-2,7-bis[(3-methylphenyl)phenyl)amino]-9//-fluoren-9-yl}-1 -propanol. (24) 

To a 250 ml roundbottom flask equipped with a magnetic stir bar and an argon 

atmosphere was added 3-methyldiphenylamine (12.5 g, 68.2 mmol), Pd2(dba)3 (0.94 g, 

1.0 mmol), DPPF (1.1 g, 2.0 mmol), tert-butyl[3-(2,7-dibromo-9-methyl-9H-fluoren-9-

yl)propoxy]dimethyl silane (14.5 g, 28.4 mmol), and 100 ml of toluene. The reaction 

mixture was allowed to stir for 10 minutes and sodium tert-hutoxide (8.5g, 88.0 mmol) 

was added. The reaction was stirred at 110 °C while the progress of the reaction was 

monitored by TLC. Upon the disappearance of ter/-butyl[3-(2,7-dibromo-9-methyl-9H-

fluoren-9-yl)propoxy]dimethyl silane the reaction mixture was cooled to room 

temperature and the solvent was removed under reduced pressure. The product was 

purified by column chromatography over silica gel eluting with 4:1 

hexanes:dichloromethane. The proper fractions were combined and the solvent was 

removed under reduced pressure. To the 250 ml roundbottom flask containing the 

material and equipped with a magnetic stir bar was added THF (30 ml) and and a solution 

of tetrabutylammonium fluoride (1.0 M in THF, 100 ml). The mixture was stirred while 

the reaction was followed by thin layer chromatography. Upon the disappearance of the 

TBDMS protected alcohol, the solution was poured into a 500 ml separatory funnel 
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containing 100 ml of water. The product was extracted in 3 x 50 ml portions of ether. 

The organic layers were combined and the solvent was removed under reduced pressure. 

The product was purified by flash chromatography, eluting dichloromethane. The 

solvent was removed under reduced pressure. The residual solvent was removed in 

vacuo (9.31 g, 54.6%) of the product was isolated as a pale yellow glassy solid. 'H NMR 

(300 MHz, (CD3)2C0): 6 0.94 (quint, 4.5 Hz, 2 H), 1.33 (s, 3 H), 1.87 (t, 7 = 8.1 Hz, 2 

H), 2.22 (s, 6 H), 3.28 (t, J = 5.1 Hz, 2 H), 3.29 (s IH), 6.85 (m, 4 H), 6.97 (m, 6 H), 

7.07 (dd, / = 1.2 Hz, 8.1 Hz, 4 H), 7.14 (t, J = 7.5 Hz, 2 H), 7.19 (d, 7 = 2.1 Hz, 2 H), 

7.25 (m, 4 H), 7.58 (d, 7 = 8.1 Hz, 2 H). '^C NMR (75 MHz, (CD3)2CO); 5 22.35, 27.74, 

29.90, 38.32, 51.96, 63.60, 119.59, 120.82, 121.74, 123.22, 124.12, 124.24, 124.45, 

125.14, 129.84, 129.95, 135.76, 139.63, 147.49, 148.69, 148.78, 153.92. HRMS: Calcd 

for C43H40N2O 600.3141, found 600.3137. Elemental Analysis Calcd for C43H40N2O: C, 

85.96; H, 6.71; N, 4.66. Found: C, 85.54; H, 6.69; N, 4.62. 

3- {2,7-bis[4-methoxyphenyl)(methylphenyl)amino]-9-methyl-9H-fluoren-9-yl} -1 -

propanol. (25) To a 250 ml roundbottom flask equipped with a magnetic stir bar was 

added (13) (16.5 g, 21.3 mmol), THF (30 ml) and tetrabutylammonium fluoride (IM in 

THF, 21.3 ml). The mixture was stirred while the reaction was followed by thin layer 

chromatography. Upon the disappearance of the TBDMS protected alcohol, the solution 

was poured into a 500 ml separatory funnel containing 100 ml of water. The product was 

extracted in 3 x 50 ml portions of ether. The organic layers were combined and the 

solvent was removed under reduced pressure. The product was purified by flash 



chromatography, eluting with a solution of 9:1 dichloromethane:ethyl acetate. The 

solvent was removed under reduced pressure. The residual solvent was removed in 

vacuo-, 11.27 g, 17.70 mmol (86.3%) of the product was isolated as a pale yellow glassy 

solid. NMR (300 MHz, (CD3)2CO): 5 0.92 (quint, 4.5 Hz, 2 H), 1.31 (s, 3 H), 1.85 

(t, J = 4.5 Hz, 2 H), 2.20 (s, 6 H), 3.28 (t, J = 4.5 Hz, 2 H), 3.29 (s, 1 H), 3.77 (s, 6 H), 

6.75 (d, J = 7.5 Hz, 2 H), 6.78 (d, /= 8.1 Hz, 2 H), 6.88 (m, 8 H), 7.05 (d, J = 9.0 Hz, 4 

H), 7.08 (d, J = 6.9 Hz, 2 H), 7.12 (d, 7 = 2 Hz, 2 H), 7.52 (d, J = 8.4 Hz, 2 H). 

NMR (75 MHz, (CD3)2CO): 6 21.35, 26.04, 26.78, 37.36, 50.85, 55.52, 62.60, 115.42, 

118.39, 120.34, 120.50, 122.92, 123.21, 123.68, 127.66, 129.65, 135.11, 139.38, 141.52, 

142.74, 149.15, 153.68, 156.93. Anal Calcd for C45H44N2O3: C, 81.79; H, 6.71; N, 4.24. 

Found: C, 81.62; H, 6.71; N, 4.24. HRMS: Calcd for C45H44N2O3 660.3352, found 

660.3364. 

l-(iodomethyl)-4-vinylbenzene. (26) To a 250 ml round bottom flask equipped with an 

argon atmosphere, a reflux condensor, and a magnetic stir bar was added dry acetone 

(130 ml) and Nal (29.5 g, 198 mmol). The solution was stirred for 5 minutes and 1-

(chloromethyl)-4-vinylbenzene (20 g, 131 mmol) was added. The temperature of the 

reaction was increased to 60 °C and the reaction was stirred for 40 minutes. The reaction 

was cooled to room temperature and poured into a separatory funnel containing 100 ml of 

diethyl ether and 50 ml of water. The organic layer was collected and the aqueous layer 

was extracted with 3 x 50 ml portions of diethyl ether. The solvent was removed under 

reduced pressure and the yellow oil was dissolved in 90 ml of hexanes. The product was 
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recrystallized at 0 °C. The crystals were collected by vacuum filtration in a cold filter 

funnel and washed with cold hexanes. The crystals were rapidly transferred to a beaker 

and stored at 0 °C; 22.3 g, 94.9 mmol (76.3%) of the desired product were obtained as 

pale orange crystals. 'H NMR (300 MHz, (CDCI3): 6 4.35 (s, 2 H), 5.17 (d, 7 = 12 Hz, 1 

H), 5.67 (d, / = 17 Hz, 2 H), 6.59 (dd, J = 6.6 Hz, 11 Hz, 2 H), 7.24 (s, 4 H). '^C NMR 

(75 MHz, CDCI3) 5 14.71, 13.46, 22.41, 114.79, 127.26, 129.54, 136.89, 137.87, 139.41. 

Bicyclo[2.2.1]hept-5-en-2-ylmethyl(4-methylphenyl)methanesulfonate. (27) To a 250 

ml round bottom flask equipped with an argon atmosphere and a magnetic stir bar was 

added /?-toluene sulfonyl chloride (33.7 g, 177 mmol), 5-norbomene-2-methanol (20.0 g, 

161 mmol) and 80 ml of dichloromethane. After the solid had dissolved, the temperature 

of the solution was lowered to 0 °C in an ice bath and triethylamine (18.0 g, 177 mmol) 

was added. The reaction was stirred while its progress was monitored by TLC. Upon the 

disappearance of the p-toluene sulfonyl chloride the reaction mixture was poured into a 

1000-ml separatory funnel containing 200 ml of dichloromethane and 100 ml of water. 

The organic layer was collected and subsequently washed with 3 x 50-ml portions of 

distilled water. The solvent was removed under reduced pressure and the product was 

purified by flash chromatography eluting with 8:2 hexanes:dichloromethane. The 

fractions were combined and the solvent was removed under reduced pressure; 33.0 g, 

118.6 mmol (73.7%) of the product was isolated as a colorless oil (33.0 g, 118.6 mmol, 

73.7%). 'H NMR (300 MHz, (CDCI3): 5 0.42 (ddd, J = 2.4 Hz, 4.5 Hz, 11.7 Hz, 0.5 H), 

1.05 (dt, J = 4.5 Hz, 11.7 Hz, 0.5 H), 1.14 (d, J = 9.0 Hz, 0.5 H), 1.21 (d, J = 8.4 Hz, 1 
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H), 1.28 (m, 0.5 H), 1.42 (dd, 7 = 2.1 Hz, 8.1 Hz, 0.5 H), 1.77 (m, 1 H), 2.38 (m, 0.5 H), 

2.44 (s, 3H), 2.68 (s, 0.5 H), 2.78 (s, IH), 2.87 (s, 0.5 H), 3.55 (t, J = 9.6 Hz, 0.5 H), 3.79 

(dd, J = 6.3 Hz, 9.3 Hz, 0.5 H), 3.90 (t, J = 9.3 Hz, 0.5 H), 4.07 (dd, J = 6.3 Hz, 9.6 Hz, 

0.5 H), 5.67 (dd, J = 3.0 Hz, J = 6.0 Hz, 0.5 H), 6.04 (s, 0.5 H), 6.08 (dd, J = 3.0 Hz, J = 

5.7 Hz, 0.5 Hz) 7.34 (d, 7 = 8.1 Hz, 2 H), 7.77 (d, J = 5.4, J = 8.4 Hz, 2 H). '^C NMR (75 

MHz, CDCI3) 6 21.59, 28.59, 29.28, 37.95, 38.13, 41.51, 42.11, 43.29, 43.56, 44.76, 

49.23, 73.72, 74.34, 127.82, 129.74, 129.79, 131.71, 133.91, 135.92, 137.01, 137.92, 

144.57, 144.64. Anal Calcd for C15H19O3S: C, 64.72; H, 6.52. Found: C, 64.88; H, 6.37. 

HRMS: Calcd for C15H19O3S 279.1055, found 279.1049. 

9-[3-(bicyclo[2.2.1]hept-5-en-2-ylmethoxy)propyl]-N,N'-bis(phenyl)-9-methyl-N,N'-

bis(3-methylphenyl)-9H-fiuorene-2,7-diamine. (30) To a 250 ml roundbottom flask 

equipped with an nitrogen atmosphere, a reflux condenser and a magnetic stir bar was 

added 60% sodium hydride in mineral oil (0.7 g, 17.6 mmol) and 50 ml of dry THF. The 

mixture was heated to 60 °C and a solution of (27) (7.0 g, 11.7 mmol), (24) (4.90 g, 7.6 

mmol) in 50 ml of THF was added over 20 minutes. The reaction was stirred while the 

progress of the reaction was monitored by TLC. Upon the disappearance of (24) the 

reaction was quenched with 10 ml of water. The reaction mixture was poured into a 

separatory funnel containing 50 ml of dichloromethane and 50 ml of water. The organic 

layers were combined and the solvent was removed under reduced pressure. The product 

was purified by column chromatography over silica gel eluting with 7:3 

hexanes:dichloromethane followed by reprecipitation in methanol from THF; 7.22 g, 10.2 
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mmol (87.2%) of the product was obtained as a white powder. 'H NMR (300 MHz, 

(CDCI3): 5 0.44 (m, 0.5 H), 0.91 (t, J = 12 Hz, 0.5 H), 1.04 (m, 2.5 H), 1.30 (m, 3 H), 

1.37 (s, 3 H), 1.60 (m, 1 H), 1.82 (m, 2 H), 2.28 (s, 6 H), 2.68 (s, 0.5 H), 2.78 (s, 1 H), 

2.85 (s, 0.5 H), 2.89 (t, J = 9.0 Hz, 0.5 H), 3.02 (dd, J = 6.6 Hz, 9.3 Hz, 0.5 H), 3.16 (m, 2 

H), 3.35 (dd, J = 6.6 Hz, 9.3 Hz, 0.5 H), 5.88 (dd, J = 2.4 Hz, 5.7 Hz, 0.5 H), 6.08 (m, 1.5 

H), 6.84 (d, J = 7.2 Hz, 2 H), 6.97 (m, 8 H), 7.15 (m, 6 H), 7.26 (t, J = 7.0 Hz, 4 H), 7.49 

(d, J = 7.8 Hz, 2 H). NMR (75 MHz, (CDCI3): 5 21.40, 24.89, 26.48, 29.13, 29.69, 

36.80, 38.69, 38.77, 41.47, 42.13, 43.62, 43.90, 44.93, 49.36, 50.33, 71.22, 71.31, 74.36, 

75.29, 118.99, 119.85, 121.12, 122.29, 123.37, 123.59, 124.59, 128.92, 129.07, 132.43, 

135.02, 136.53, 136.60, 137.03, 138.92, 146.65, 147.76, 152.97. HRMS: Calcd for 

C51H50N2O 706.3923, found 706.3937. Analysis Calcd for C51H50N2O: C, 86.65; H, 7.13; 

N, 3.96. Found: C, 86.39; H, 6.97; N, 4.30. 

9-[3-(bicyclo[2.2.1]hept-5-en-2-ylmethoxy)propyl]-N,N'-bis(4-methoxyphenyl)-9-

methyl-N,N'-bis(3-methylphenyl)-9H-fluorene-2,7-diamine. (29). To a 250 ml 

roundbottom flask equipped with an nitrogen atmosphere, a reflux condenser and a 

magnetic stir bar was added 60% sodium hydride in mineral oil (0.5 g, 12.8 mmol) and 

50 ml of THF. The mixture was heated to 60 °C and a solution of (27) (3.6 g, 12.8 

mmol), (25) (5.61 g, 8.5 mmol) in 20 ml of THF was added over 20 minutes. The 

reaction was stirred while the progress of the reaction was monitored by TLC. Upon the 

disappearance of (25) the reaction was quenched with 10 ml of water. The reaction 

mixture was poured into a separatory funnel containing 50 ml of dichloromethane and 50 



ml of water. The organic layers were combined and the solvent was removed under 

reduced pressure. The product was purified by 3 reprecipitations in methanol from THF; 

2.48 g, 3.2 mmol (38%) of the product was obtained as a white powder. 'H NMR (300 

MHz, (CDCI3): 6 0.42 (m, 0.5 H), 0.98 (m, 3 H), 1.15 (m, 3 H), 1.30 (s, 3 H), 1.56 (m, 1 

H), 1.82 (m, 2 H), 2.21 (s, 6 H), 2.65 (s, 0.5 H), 2.72 (s, 1 H), 2.80 (s, 0.5 H), 2.83 (t, J = 

9.3 Hz, 0.5 H), 2.99 (d, J = 6.6 Hz, 8.1 Hz, 0.5 H), 3.13 (m, 2 H), 3.31 (dd, J = 5.7 Hz, 

9.3 Hz, 0.5 H), 3.76 (s, 6 H) 5.86 (m, 0.5 H), 6.03 (m, 1.5 H), 6.72 (d, J = 7.8 Hz, 2 H), 

6.83 (m, 10 H), 7.05 (m, 8 H), 7.45 (d, J = 7.8 Hz, 2 H). NMR (75 MHz, (CDCI3): 5 

21.51, 26.88, 29.77, 30.35, 30.63, 37.71, 39.88, 42.45, 43.10, 44.67, 45.66, 50.01, 51.08, 

55.53, 72.02, 75.05, 75.93, 115.40, 118.59, 120.41, 120.78, 123.09, 123.23, 124.15, 

127.67, 129.56, 133.32, 135.41, 137.15, 137.44, 139.42, 141.92, 148.03, 149.49, 153.82, 

157.25. HRMS: Calcd for C53H54N2O3 766.4134, found 766.4109. Analysis Calcd for 

C53H54N2O3: C, 82.99; H, 7.10; N, 3.65. Found: C, 82.61; H, 6.86; N, 3.76. 

3-{9-methyl-2,7-bis[(3-methylphenyl)(phenyl)amino]-9//-fluoren-9-yl}propyl 2-

methylacrylate. (31) To a dry 250 ml round bottom flask under argon were added 3-{9-

methyl-2,7-bis[(3-methylphenyl)phenyl)amino]-9/f-fluoren-9-yl}-l-propanol (1.69 g, 2.8 

mmol), dicyclohexylcarbodiimide (1.22 g, 5.9 mmol), methacrylic acid (0.31 g, 3.6 

mmol), and 50 ml of THF. The solution was cooled to 0 and 4-dimethylaminopyridine 

(0.2 g, 1.7 mmol) was added. The temperature was allowed to rise to room temperature 

while the progress of the reaction was followed by thin layer chromatography. Upon the 

disappearance of the starting material the solvent was removed under reduced pressure. 
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The brown solid was dissolved in 100 ml of dichloromethane and washed with 3 x 50 ml 

portions of water. The solvent was removed under reduced pressure. The product was 

purified by flash chromatography over silica gel, eluting with 7:3 

hexanes;dichloromethane. The solvent was removed under reduced pressure. The 

residual solvent was removed in vacuo-, 1.42 g, 2.12 mmol, (75.7%) of the desired 

product was obtained as a pale yellow glassy solid. 'H NMR (300 MHz, (acetone-de): 5 

1.09 (quint., J = 12 Hz, 2 H), 1.84 (s, 3 H), 1.96 (t, J = 7.8 Hz, 2 H), 2.23 (s, 6 H), 3.85 

(t, J = 6.6 Hz, 2 H), 5.53 (d, 7 = 1.8 Hz, 1 H), 5.96 (d, 7 = 1 Hz, 1 H), 6.85 (d, / = 8.4 Hz, 

3 H), 6.91 (d, J = 7.5 Hz, 3 H), 7.00 (m, 4 H), 7.08 (d, J = 7.8 Hz, 4 H), 7.16 (t, J = 7.8 

Hz, 2 H), 7.20 (s, 2 H), 7.27 (t, J = 7.5 Hz, 4 H), 7.62 (d, J = 7.8 Hz, 2 H). '^C NMR (75 

MHz, (acetone-dg): 5 18.42, 21.39, 24.87, 26.97, 36.98, 50.98, 65.13, 119.71, 121.05, 

121.89, 123.34, 124.37, 124.43, 124.54, 125.28, 125.42, 129.95, 130.06, 135.85, 137.32, 

139.75, 147.81, 148.82, 148.91, 153.60, 167.21. Elemental Analysis Calcd for 

C47H44N2O2: C, 84.40; H, 6.63; N, 4.19. Found: C, 84.44; H, 6.68; N, 4.17. HRMS: 

Calcd for C47H44N2O2 668.3403, found 668.3395. 

9-methyl-A', A'^'-bis(3-methylphenyl)-A', A'^'-diphenyl-9- {3-[(4-vinylbenzyl)oxy]propyl} -

9//-fluorene-2,7-diamine. (32) To a 250 ml roundbottom flask equipped with an 

nitrogen atmosphere, a reflux condenser and a magnetic stir bar was added 60% sodium 

hydride in mineral oil (0.4 g, 10 mmol) and 50 ml of THF. The mixture was heated to 

60 °C and a solution of l-(iodomethyl)-4-vinylbenzene (1.9 g, 7.8 mmol), (24) (3.00 g, 

5.0 mmol) in 20 ml of THF was added over 20 minutes. The reaction was stirred and the 
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progress of the reaction was monitored by TLC. Upon the disappearance of (24) the 

reaction was quenched with 10 ml of water. The reaction mixture was poured into a 

separatory funnel containing 50 ml of dichloromethane and 50 ml of water. The organic 

layers were combined and the solvent was removed under reduced pressure. The product 

was purified by column chromatography over silica ger eluting with 1:1 

hexanes:dichloromethane followed reprecipitation in methanol from THF; 3.51 g, 4.89 

mmol (98%) of the product was obtained as a white powder. 'H NMR (300 MHz, 

(CDCI3): 6 1.00 (tt, J = 4.5, 7.8 Hz, 2 H), 1.34 (s, 3 H), 1.91 (dt, J = 4.5 Hz, 7.8 Hz, 2 H), 

2.21 (s, 6H), 3.21 (t, 7 = 6.3 Hz, 2 H), 4.34 (s, 2H), 5.20 (dd 7 = 1.2 Hz, 11.1 Hz, 1 H), 

5.76 (dd, J = 1.2 Hz, 17.4 Hz, 1 H), 6.73 (dd, / = 11.1 Hz, 17.7 Hz, 1 H), 6.85 (t, J 7.8 

Hz, 3 H), 6.89 (d, J = 9.6 Hz, 3 H), 7.16 (m, 17 H), 7.38 (d, J = 7.8 Hz, 2 H), 7.60 (d, J 

= 8.1 Hz, 2 H). NMR (75 MHz, ((CD3)2CO) 5 21.42, 25.80, 26.82, 27.54, 51.08, 

70.90, 72.57, 113.80, 119.76, 120.98, 121.83, 123.33, 124.31, 124.35, 124.51, 125.23, 

126.84, 128.37, 129.94, 130.06, 135.90, 137.43, 137.53, 139.62, 139.73, 147.66, 148.81, 

148.89, 153.91. Analysis Calcd for C52H48N2O: C, 87.11; H, 6.75; N, 3.91. Found: C, 

86.77; H, 6.78; N, 3.85. HRMS: Calcd for C52H48N2O 716.3767, found 716.3768. 

A',//'-bis(4-methoxyphenyl)-9-methyl-A^,A^'-bis(3-methylphenyl)-9-{3-[(4-

vinylbenzyl)oxy]propyl}-9//-fluorene-2,7-diamine. (33) To a 250 ml roundbottom flask 

equipped with an nitrogen atmosphere, a reflux condenser and a magnetic stir bar was 

added 60% sodium hydride in mineral oil (0.3 g, 6.8 mmol) and 50 ml of THF. The 

mixture was heated to 60 °C and a solution of l-(iodomethyl)-4-vinylbenzene (1.7 g, 6.8 



mmol), (25) (3.00 g, 4.5 mmol) in 20 ml of THF was added over 20 minutes. The 

reaction was stirred and the progress of the reaction was monitored by TLC. Upon the 

disappearance of (25) the reaction was quenched with 10 ml of water. The reaction 

mixture was poured into a separatory funnel containing 50 ml of dichloromethane and 50 

ml of water. The organic layers were combined and the solvent was removed under 

reduced pressure. The product was purified by 3 reprecipitations in methanol from THF; 

2.81 g, 3.7 mmol (81%) of the product was obtained as a white powder. 'H NMR (300 

MHz, (CDCI3): 5 1.01 (sept., J = 6.4 Hz, 2 H), 1.33 (s, 3 H), 1.90 (m, 2 H), 2.20 (s, 6 H), 

3.22 (t, / = 6.6 Hz, 2 H), 3.78 (s, 6 H), 4.35 (s, 2H), 5.20 (d 7 = 10.8 Hz, 1 H), 5.80 (d, J 

= 17.7 Hz, 1 H), 6.88 (m, 14 H), 7.08 (M, 8 H), 7.22 (d, 7 = 8.1 Hz, 2 H), 7.40 (d, J = 8.4 

Hz, 2 H), 7.56 (d, J = 7.8 Hz, 2 H). NMR (75 MHz, ((CD3)2CO) 5 11.32, 15.66, 

16.75, 27.45, 40.85, 45.49, 60.81, 62.40, 99.30, 103.65, 105.40, 108.42, 110.29, 110.54, 

113.00, 113.18, 113.66, 116.70, 117.65, 118.18, 119.62, 125.11, 127.30, 129.35, 131.49, 

137.80, 139.17, 149.55, 147.00. Analysis Calcd for C53H50N2O3: C, 83.47; H, 6.75; N, 

3.61. Found: C, 83.19; H, 6.64; N, 4.03. HRMS: Calcd for C53H50N2O3 776.3978, found 

776.3966. 

N-[4-(3-{?erf-butyl(dimethyl)silyl]oxy}propoxy)phenyl]-3-methylaniline. (6-Me) To a 

dry 500 ml round bottom flask under argon were added (4) (13.64 g, 35.8 mmol), m-

toluidine (4.5 g, 41.2 mmol), and 100 ml of toluene. The mixture was deoxygenated for 

ten minutes and Pd2(dba)3 (0.4 g, 0.44 mmol) and DPPF (0.5 g, 0.88 mmol) were added. 

After stirring for ten minutes, sodium r-butoxide (3.9 g, 41.2 mmol) was added. The 
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reaction mixture was heated to 90 °C and stirred while the progress of the reaction was 

monitored by TLC. Upon the disappearance of the starting material, the reaction mixture 

was filtered through a plug of silica gel eluting with dichloromethane. The product was 

purified by flash chromatography eluting with 1:1 dichloromethane:hexanes. The solvent 

was removed under reduced pressure. The residual solvent was removed in vacuo', 10.26 

g, 27.4 mmol (76.5%) of the desired product was isolated as brown oil. 'H NMR (500 

MHz, (CDCI3): 5 0.70 (s, 6H), 0.91 (s, 9 H), 2.00 (quint, 7 = 6 Hz, 2 H), 2.29 (s, 3 H), 

3.82 (t, / = 6 Hz, 2 H), 4.06 (t, 7 = 6 Hz, 2 H), 5.46 (s, 1 H), 6.67 (d, / = 7 Hz, IH), 6.73 

(d, 7 = 7 Hz, 2 H), 6.87 (d, 7 = 9 Hz, 2 H), 7.06 (d, 7 = 8 Hz, 2 H), 7.11 (t, 7 = 8 Hz, 1 H). 

NMR (125 MHz, (CDCI3): 5-5.15, 18.55, 21.77, 26.14, 32.70, 59.80, 65.05, 112.91, 

115.47, 116.43, 120.58, 122.44, 129.33, 135.87,145.39,154.89. Analysis Calcd for 

CaaHssNOaSi: C, 70.84; H, 8.84; N, 3.80. Found: C, 70.84; H, 8.84; N, 3.80. HRMS: 

Calcd for CaaHssNOaSi 372.2359, found 372.2348. 

A'^-(3-methylphenyl)-A^-phenyl-4-bromo-l,r-biphenyl-4'-amine. (8-Me)^' To a dry 250 

ml round bottom flask equipped with a reflux condensor, a Dean Stark water trap and a 

nitrogen atmosphere were added 3-methyldiphenylamine (7.92 g 43.2 mmol), (2) (17.0 g, 

43.2 mmol) and 100 ml of toluene. The mixture was deoxygenated for 30 minutes and 

CuCl (0.17 g, 1.7 mmol) and 1,10-phenanthroline (0.31 g, 1.7 mmol) were added. After 

stirring for ten minutes, KOH (19.0 g, 336 mmol) was added. The temperature of the 

reaction was raised to 110 while the progress of the reaction was monitored by TLC. 

Upon the disappearance of the starting material, the reaction was cooled and the solvent 
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was removed under reduced pressure. The brown solid was taken up in 100 ml of 

dichloromethane and was washed with 3 x 50 ml of distilled water. The solvent was 

removed under reduced pressure. The product was purified by flash chromatography, 

eluting with a solution of 4:1 hexanes:dichloromethane. The solvent was removed under 

reduced pressure. The residual solvent was removed in vacuo; 15.5 g, 37.5 mmol (85.2%) 

of the desired product was isolated as pale off white crystals. 'H NMR (500 MHz, 

CDCI3); 5 2.29 (s, 3 H), 6.88 (d, J = 7.5 Hz, 1 H), 6.93 (m, 3 H), 7.05 (t, J = 7.5 Hz, 2 H), 

7.12 (m, 4H), 7.17 (t, 7.5 Hz, 1 H), 7.28 (m, 2 H), 7.44 (m, 4 H), 7.54 (d, J = 7.5 Hz, 2 

H). NMR (125 MHz, CDCI3); 5 21.40, 120.80, 121.88, 122.91, 123.53, 124.10, 

124.43, 127.46, 125.32, 127.46, 128.14, 129.10, 129.23, 131.76, 133.36, 139.19, 139.54, 

147.39, 147.57. 

3-[4-((3-methylphenyl) {4'-[(3-methylphenyl)(phenyl)amino]-1,1 '-biphenyl-4-

yl}amino)phenoxy]propan-l-ol. (10-Me) To a dry 250 ml round bottom flask under 

argon were added (6-Me) (6.10 g 16.2 mmol), (8-Me) (6.71 g, 16.3 mmol) and 50 ml of 

toluene. The mixture was deoxygenated by bubbling argon through the solution for ten 

minutes and Pd2(dba)3 (0.22 g, 0.25 mmol) and DPPF (0.27 g, 0.5 mmol) were added. 

After stirring for ten minutes, sodium f-butoxide (2.0 g, 20 mmol) was added. The 

temperature of the reaction mixture was raised to 100 while the progress of the 

reaction was monitored by thin layer chromatography. Upon the disappearance of the 

starting material the reaction mixture was filtered through a fritted glass funnel. The 

solvent was removed under reduced pressure to yield brown viscous oil. The material is 



173 

dissolved in 30 ml of THF and 20 ml of a IM tetrabutylammonium fluoride in THF 

solution was added. The mixture was allowed to stir while being followed by TLC. Upon 

the disappearance of the TBDMS-protected alcohol, the solution was poured into a 500 

ml separatory funnel containing 100 ml of water. The product was extracted in 3 x 50 ml 

portions of ether. The organic layers were combined and the solvent was removed under 

reduced pressure. The product was purified by flash chromatography, eluting with a 

solution of 9:1 dichloromethane:ethyl acetate. The solvent was removed under reduced 

pressure. The residual solvent was removed in vacuo', 9.13 g, 15.45 mmol (94.8%) of the 

product was isolated as a pale yellow glassy solid. 'H NMR (500 MHz, CDCI3): 5 1.61 

(s, 1 H), 2.06 (quint, J = 3.5 Hz, 2 H), 2.65 (d, J = 5.5 Hz, 6 H), 3.90 (t, J = 6.0 Hz, 2 H), 

4.12 (t, J = 6.5 Hz, 2 H), 6.80 (d, J = 7.0 Hz, IH), 6.90 (m, 7 H), 7.12 (m, 10 H), 7.27 (m, 

2H), 7.43 (t, J = 8.5 Hz, 4 H). NMR (125 MHz, CDCI3): 6 21. 44, 21.49, 31.99, 

60.57, 66.02, 115.30, 120.47, 121.61, 122.58, 122.78, 123.06, 123.79, 123.90, 124.06, 

124.14, 125.05, 127.13, 127.15, 127.23, 128.95, 129.06, 129.19, 133.75, 134.68, 138.97, 

139.09, 140.91, 146.66, 147.11, 147.64, 147.81, 147.88, 155.21. Analysis Calcd for 

C41H38N2O2: C, 83.36; H, 6.48; N, 4.74. Found: C, 83.35; H, 6.66; N, 4.90. HRMS: Calcd 

for C41H38N2O2: 590.2933, found 590.2933. 

A'^-[4-(6-Bicyclo[2.2.1]hept-5-en-2-yl-hexyl)-phenyl]-A/^-phenyl-A/^,A/^-di-m-tolyl-

biphenyl-4,4'-diamine. (37) To a 125 ml roundbottom flask equipped with an nitrogen 

atmosphere, a reflux condenser and a magnetic stir bar was added 60% sodium hydride in 

mineral oil (0.7 g, 17.6 mmol) and 50 ml of dry THF. The mixture was heated to 60 °C 
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and a solution of 3-[4-((3-methylphenyl){4'-[(3-methylphenyl)(phenyl)amino]-l,r-

biphenyl-4-yI}amino)phenoxy]propan-l-ol (7.0 g, 11.8 mmol), Methyl-3-[4-

(bicyclo[2.2.1]hept-5-en-2-ylniethoxy)phenyl]acrylate (4.90 g, 17.6 mmol) in 50 ml of 

THF was added over 20 minutes. The reaction was stirred while the progress of the 

reaction was monitored by TLC. Upon the disappearance of 3-[4-((3-methylphenyl){4'-

[(3-methylphenyl)(phenyl)amino]-1, r-biphenyl-4-yl} amino)phenoxy]propan-1 -ol the 

reaction was quenched with 10 ml of water. The reaction mixture was poured into a 

separatory funnel containing 100 ml of dichloromethane and 50 ml of water. The organic 

layers were combined and the solvent was removed under reduced pressure. The product 

was purified by column chromatography over silica gel eluting with 7:3 

hexanes:dichloromethane followed by reprecipitation in methanol from THF; 3.58 g, 5.14 

mmol (43.6%) of the product was obtained as a white powder. NMR (300 MHz, 

(CDCI3): 6 0.44 (dq, /= 2.4 Hz, 11.7 Hz, 0.5 H), 1.20 ( m, 4 H), 1.62 (quint., J = 5.4 Hz, 

0.5 H), 6.06 (quart., 7=3 Hz, 1 H), 6.83 (m, 8 H), 6.99 (m, 9 H), 7.09 (t, J = 7.8 Hz, 1 

H), 7.13 (t, 7= 7.8 Hz, 1 H), 7.23 {,J = 12 Hz, 2 H), 7.43 (t, 7= 7.8 Hz, 4 H). NMR 

(75 MHz, (CDCI3): 6 21.44, 21.50, 39.49, 39.68, 42.21, 42.85,44.45, 44.65,45.52,49.84, 

65.80, 67.66, 67.80, 75.09, 75.97, 116.23, 117.08, 121.24, 122.39, 123.24, 123.93, 

124.71, 124.72, 125.76, 127.82, 128.21, 128.67, 130.10, 134.19, 135.40, 139.60, 139.84, 

141.23, 147.53, 148.14, 148.52, 148.65, 148.81, 156.81, 156.82. HRMS: Calcd for 

C49H48N2O2 696.3716, found 696.3715. Analysis Calcd for C49H48N2O2: C, 84.45; H, 

6.94; N, 4.02. Found: C, 84.04; H, 6.99; N, 3.92. 
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Methyl-3-[4-(bicyclo[2.2.1]hept-5-en-2-ylmethoxy)phenyl]acrylate. (34) To a 500 ml 

round bottom flask was added 4-hydroxycinnamic ester (5.66 g, 38.2 mmol), 

Bicyclo[2.2.1]hept-5-en-2-ylmethyl(4-methylphenyl)methanesulfonate (10.6 g, 38.2 

mmol), acetone (50 ml), 18-crown-6 (0.10 g) and potassium carbonate (5.80 g, 42.1 

mmol). The reaction was stirred at reflux while being followed by TLC. Upon the 

disappearance of 4-hydroxycinnamic ester the mixture was poured into a separatory 

funnel containing 100 ml of water. The product was extracted in 3 x 50-ml portions of 

diethyl ether and the organic layer was washed with 3 x 50-ml portions of cold water and 

1 50 ml portion of 1 M NaOH. The solvent was removed under reduced pressure. The 

material was purified by 3 reprecipitations in methanol from THF. The yield of the 

desired product, isolated as white powder, was 4.50 g (15.8 mmol, 49.8%). 'H NMR (300 

MHz, (CDCI3): 5 0.58 (ddd, J = 2.4 Hz, /= 11.7 Hz, 0.5 Anal Calcd for C18H20O3: C, 

76.05; H, 7.09. Found: C, 75.73; H, 7.04. NMR (75 MHz, (CDCI3): 5 28.84, 29.45, 

38.10, 38.32, 41.43, 42.07, 43.51, 43.70, 44.86, 49.25, 51.31, 71.36, 72.15, 114.66, 

114.84, 114.92, 126.64, 126.74, 129.49, 129.53, 132.06, 136.19, 136.69, 137.45, 144.36, 

1454.39, 160.82, 160.85, 167.51. HRMS: Calcd for C18H20O3 284.1412, found 

284.1417. 

ferf-butyl[3-(4-iodophenoxy)propoxy)dimethylsilane. (4) To a 500 ml round bottom 

flask was added 4-iodophenol (0.55 g, 2.5 mmol), (3-bromopropoxy)(rerf-

butyl)dimethylsilane (1.27 g, 5.0 mmol), acetone (50 ml) and potassium carbonate (0.69 

g, 5.0 mmol). The reaction was stirred at reflux while being followed by TLC. Upon the 
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disappearance of 4-iodophenol the mixture was poured into a separatory funnel 

containing 100 ml of water. The product was extracted in diethyl ether and the organic 

layer was washed with 3 x 50-ml portions of cold water and 50 ml of saturated sodium 

chloride. The solvent was removed under reduced pressure. The material was purified 

by flash chromatography over silica gel eluting with 4:ldichloromethane:hexanes. The 

proper fractions were combined and the solvent was removed in vacuo. The yield of the 

desired product, isolated as colorless oil, was 1.50 g (3.8 mmol, 70.0%). 'H NMR (500 

MHz, (CDCI3): 5 .88 (s, 9 H), 1.97 (quint, 7 = 6.0 Hz, 2 H), 3.79 (t, J = 6.0 Hz, 2 H), 4.03 

(t, / = 6.0 Hz, 2 H), 6.69 (d, J = 9.0 Hz, 2 H), 7.54 (d, J = 9.0 Hz, 2 H). '^C NMR (125 

MHz, (CDCI3)): 5 -2.98, 18.29, 25.89, 32.18, 59.28, 64.47, 116.85, 139.11. HRMS: 

Calcd for C15H25IO2 393.0747, found 393.0754. 

Polymer 35. To a thick-walled glass tube containing an argon atmosphere and a stir bar 

was added 0.35 g (0.75 mmol) of (31) and 0.0006 g (0.0075 mmol) of AIBN. The tube 

was pump-filled with argon and 5 ml of deoxygenated dry benzene was added. The tube 

was sealed and heated at 60 °C for 60 hours. The reaction mixture was allowed to cool 

and was poured into 100 ml of methanol. The white solid was collected by vacuum 

filtration and was dissolved in THF followed by reprecipitation in methanol. The process 

was repeated three times. The product isolated as a white powder was collected vacuum 

filtration. The mass of the purified polymer was 0.27 g (77.1%). ^H NMR (300 MHz, 

(CDCI3): 5 1.05 (m, broad overlapping, 10 H), 2.06 (s, broad, 8 H), 3.36 (m, broad 
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overlapping, 2 H), 6.97 (m, broad overlapping, 24 H). Elemental Analysis Calcd for 

poly(C47H44N202): C, 84.40; H, 6.63; N, 4.19. Found: C, 84.22; H, 6.64; N, 4.17. 

Polymer 36. To a Kontes tube containing an nitrogen atmosphere and a stir bar was 

added 1.00 g (1.4 mmol) of 9-[3-(bicyclo[2.2.1]hept-5-en-2-ylmethoxy)propyl]-N,N'-

bis(4-phenyl)-9-methyl-N,N'-bis(3-methylphenyl)-9H-fluorene-2,7-diamine in 1.5 ml of 

dichloromethane and 0.023 g (0.0028 mmol) of Grubbs ruthenium benzylidene catalyst. 

The tube was sealed and stirred for 35 minutes. The reaction mixture was quenched with 

5 ml of ethyl vinyl ether and allowed to stir for 1 hour. The reaction mixture was poured 

into 100 ml of methanol. The white solid was collected by vacuum filtration and was 

dissolved in THF and then precipitated in methanol. The process was repeated twice. 

The product was collected as a white powder by vacuum filtration. The mass of the 

purified polymer was 0.76 g (74.3%). NMR (300MHz, (THF-4): 5 0.93 (s, broad, 4 

H), 1.23 (m, broad overlapping, 6 H), 1.73 (m, broad overlapping, 4 H), 2.15 (s, broad, 5 

H), 2.44 (m, broad overlapping, 1 H), 3.02 (m, broad overlapping, 5 H), 5.12 (m, broad 

overlapping, 2 H), 6.89 (m, broad overlapping, 22 H), 7.44 (s, broad, 2 H). Analysis 

Calcd for poly(C5iH5oN20): C, 86.65; H, 7.13; N, 3.96. Found: C, 86.39; H, 6.93; N, 

4.26. 

Copolymer 39. To a Kontes tube containing an nitrogen atmosphere and a stir bar was 

added 0.25 g (0.35 mmol) of 9-[3-(bicyclo[2.2.1]hept-5-en-2-ylmethoxy)propyl]-N,N'-

bis(4-phenyl)-9-methyl-N,N'-bis(3-methylphenyl)-9H-fluorene-2,7-diamine in 4.0 ml of 



dichloromethane, 0.059 g (0.0069 mmol) of Grubbs ruthenium benzylidene catalyst and 

0.04 g (0.15 mmol) of Methyl-3-[4-(bicyclo[2.2.1]hept-5-en-2-

ylmethoxy)phenyl]acrylate (27) was added to the reaction mixture. The tube was sealed 

and stirred for 6 hours. The reaction mixture was quenched with 5 ml of ethyl vinyl ether 

and was poured into 100 ml of methanol. The white solid was collected by vacuum 

filtration and was dissolved in THF and then precipitated in methanol. The process was 

repeated twice. The product was collected as a white powder by vacuum filtration. The 

mass of the purified polymer was 0.17 g (58.0%). Tg = 113 °C 'H NMR (300MHZ, 

(THF-i^s): S 0.42 (m, broad overlapping 3 H), 1.25 (m, broad overlapping, 6 H), 1.78 (m, 

broad overlapping, 6 H), 2.16 (m, broad overlapping, 4 H), 2.44 (m, broad overlapping, 6 

H), 3.16 (m, broad overlapping, 3 H), 5.24 (m, broad overlapping, 3 H), 6.28 (m, broad 

overlapping, 26 H). Analysis Calcd: C, 85.08; H, 7.12; N, 3.38. Found: C, 84.34; H, 

7.01; N, 3.32. 
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Chapter 6. 

SYNTHESIS HOLE TRANSPORT MATERIALS HAVING POTENTIAL SURFACE 

MODIFYING PROPERTIES 

6.1. Introduction 

Indium-tin oxide (ITO) is widely used as an anode material in organic light emitting 

diodes because of its electrical and optical properties. An area of concern with the 

use of ITO in OLEDs is the interface between the inorganic ITO and the organic layer of 

the OLED and the intrinsic incompatability of the two layers. For methods of fabrication 

such as spin coating, this incompatability of layers can lead to problems with surface 

wetting resulting in poor film quality, pinholes, and delamination. One possible approach 

to overcoming the problem of incompatibility is to modify the surface of the ITO by 

attaching a layer of organic molecules. Functional groups that have been used to attach 

organic molecules to tin oxides and ITO include carboxylic acids, 

phosphonic acids,alkyl amines,acid chlorides,trichlorosilanes or 

trialkoxysilanes.*'^^ In a study by Meyer et. al Raman spectroscopy was used to elucidate 

the binding of Ru(II) carboxylic acid derivitives of phenothiazine to metal oxides of 

silicon, tin, and titanium.Depending on the metal oxides the results although 

equivocal, pointed to the nature of the interactions between the acid derivitives and the 

surface as those in Figure 41; ester formation, hydrogen bonding, chemical bond 

formation by unidentate, chelating, or bridging modes of attachment. 
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Figure 41. Several of the possible modes of interaction between a metal oxide and an 
organic carboxylate. 

The synthetic scheme used to make the monomers in our earlier (Chapter 6) work can be 

easily modified to make materials having functional groups that may interact with the 

ITO anode. As these potential surface modifying agents have the same chromophore as 

the polymeric hole transport materials the result could be an increase in the compatibility 

of the layers and an increase in device performance. The increased lifetime initially 

observed in devices made using 31 could be a result of interactions similar to B - D in 

Figure 41 between the carboxyl group of the polymerizable methacrylate moiety and the 

rrO substrate. Although ester formation with the substrate is unlikely; based on the 

structure of ITO the possibility of interactions involving hydrogen bonding still exist. 

Figure 43.^ To determine if the increase in device lifetime would be observed in devices 

made using TPF molecules having polar side chains; TPF molecules containing alcohols, 

ester, and acetate functional groups were made, Figure 42. While compound 31 is the 
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TPF-acrylate monomer compounds 41 and 43 are the acetic acid ester analogs 

eliminating the double bond and perhaps providing less steric incumbrance between the 

ester and the ITO substrate. Compound 42 is the ethyl ester analog which may be 

hydrolyzed to give a direct comparison of the effect of the ester and the caboxylic acid 

moieties. Compound 24 contains an alcohol group which is potentially capable of 

hydrogen bonding. Compound 44 contains to carboxylic acid functional groups which 

are functional groups that have been demonstrated to bond to inorganic oxide 

substrates. 
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Figure 42. Hole transport materials that may be useful as surface modifiers. 
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Figure 43. A schematic representation of the composition of an ITO surface.^ 

6.2. Results and Discussion 

The syntheses and molecular structures of the potential surface modifying agents are 

shown in Figures 44 and 45. The agents 45 - 47 were synthesized from 2,7-dibromo-9-

methyl-4a/f-fluorene by nucleophilic addition of the appropriate bromo ester or TBDMS 

protected alcohol-using n-BuLi as a base. Concern over the stability of the ester group 

over the course of the synthetic scheme, particularly to the basic conditions required for 

the palladium coupling reaction led to the synthesis of both compounds 41 and 43. In 

compound 43 the ester functionality is not added until the final step. The ester group was 

observed to be stable under the palladium coupling conditions. The phenyl-m-tolyl-

amine was coupled to compounds 45 - 47 at the bromine functionality using 

tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) and 1,1'-bis-

(diphenylphosino)ferrocene (DPPF) as the catalyst system in the presence of sodium t-

butoxide.' The TBDMS protecting group was removed using TBAF to make the alcohol 

24. The alcohol 24 was reacted with acetic acid using DMA? and DCC as a dehydrating 



184 

agent to make 31. The materials were obtained in pure form by column chromatography 

over silica gel followed by recrystallization from acetonitrile. 

Pd2(dba)3, DPPF, NaOtBu 

DCC/DMAP 

Figure 44. Synthesis of the fluorene based transport material having potential application 
as surface modifiers. 
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The TPD core of 45 was made by coupling the TBDMS protected 4-bromophen-l-ol with 

A^4,A^4'-bis-(4-methoxy-phenyl)-biphenyl-4,4'-diamine using Pd2(dba)3 and DPPF as the 

10^ catalyst system in the presence of sodium f-butoxide. Figure 45. The alcohol group in 

53 was deprotected using TBAF and the alcohol 54 was reacted under Williamson ether 

conditions with ethyl 6-bromohexanoate using potassium carbonate as a base. The ester 

groups were hydrolyzed using KOH. The structures of the compounds were confirmed 

by NMR spectroscopy, MS, and elemental analysis (as shown in the experimental 

section). 
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Imidizole 

TBDMSO OTBDMS 

Pd2(dba)3, DPPF 

NaOtBu, toluene 

TBDMSO OTBDMS 

tbaf 

kohithf 

Figure 45. Synthesis of a potential surface modifier based on TPD. 
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6.3. Experimental 

Chemicals received from commercial sources were used without further purification. 

NMR spectra were recorded with a Varian Unity Plus spectrometer at 300 MHz (^H) and 

75 MHz ('^C) in CDCI3 or (CD3)2CO unless otherwise stated. Spectra were internally 

referenced relative to tetramethylsilane (TMS; 5('H) = 0 ppm; 5('^C) = 0 ppm) using 

either the TMS 'H resonance or the resonance of the solvent. UV-Vis spectra were 

recorded in thin films on quartz substrates with a Hewlett Packard 8453 spectrometer. 

Gas chromatography/mass (GC/MS) spectra were run on a Hewlett Packard HP6890 GC 

with a Hewlett Packard 5973 mass spectrometer. 

(4-bromophenoxy)(ferf-butyl)dimethylsilane. (52) To a 500 ml round bottom flask 

equipped with a magnetic stir bar and containing an argon atmosphere was added 4-

bromophenol (15.0 g, 86.7 mmol), ?er?-butyldimethylsilyl chloride (15.7 g, 104 mmol), 

and 40 ml of DMF. Imidazole (7.1 g, 104 mmol) was added and the mixture was allowed 

to stir. The reaction was followed by thin layer chromatography. Upon the 

disappearance of 4-bromophenol the reaction mixture was poured into a separatory 

funnel containing 50 ml of ice cold water and 100 ml of diethyl ether. The ether layer 

was collected and washed with 5 x 50-ml portions of ice-cold water. The solvent was 

removed under reduced pressure and the product was purified by flash chromatography 

over silica gel eluting with hexanes. The fractions were combined and the solvent was 

removed under reduced pressure. The residual solvent was removed in vacuo. The yield 
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of the desired product isolated as a colorless oil was 23.82 g (82.9 mmol, 95.6%). 'h 

NMR (500 MHz, CDCI3) 5 0.19 (s, 6 H), 0.98 (s, 9 H), 6.73 (d, J = 9.0 Hz, 2 H), 7.33 (d, 

J = 9.0 Hz, 2 H). NMR (125 MHz, CDCI3) 5 -4.52, 18.16, 25.60, 113.57, 121.88, 

132.24, 154.79. 

A/,A/^'-bis(4-{[ter?-butyl(dimethyl)silyl]oxy}phenyl-A/,A'^'-bis(4-methoxyphenyl)-

l,rbiphenyl-4,4'-diamine. (53) To a 500 ml round bottom flask equipped with a 

magnetic stir bar and filled with argon was added 100 ml of toluene. The toluene was 

deoxygenated by bubbling argon through the solvent for ten minutes. The A^,A^'-bis(4-

methoxyphenyl)-l,r-biphenyl-4,4'diamine (6.0 g, 15.13 mmol) was dissolved and (4-

bromophenoxy)(^erf-butyl)dimethylsilane (9.57 g, 33.3 mmol), Pd2(dba)3 (0.46 g, 0.50 

mmol) and DPPF (0.55 g, 1.0 mmol) were added. After ten minutes of mixing sodium t-

butoxide (3.8 g, 39.9 mmol) was added. The reaction mixture was stirred while being 

followed by thin layer chromatography. Upon the disappearance of the starting material 

the reaction was filtered through a plug of silica gel eluting with methylene chloride. The 

product was purified by flash chromatography over silica gel eluting with 1:1 methylene 

chloride:hexanes. The proper fractions were combined and the solvent was removed 

under reduced pressure. The residual solvent was removed in vacuo. 7.25 g (8.96 mmol, 

59.2%) of the product was isolated as a pale brown solid. 'H NMR (500 MHz, (CDCI3): 

6 0.22 (s, 12 H), 1.01 (s, 18 H), 3.81 (s, 6 H), 6.76 (d, J = 9.0 Hz, 4 H), 6.85 (d, J = 9.0 

Hz, 4 H), 6.99 (m, 8 H), 7.09 (d, J = 8.0 Hz, 4 H), 7.38 ( d, 7 = 8.5 Hz, 4 H). NMR 

(125 MHz, (CDCI3): 5 -4.42, 18.15, 25.67, 55.44, 114.58, 114.71, 120.59, 121.16, 
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122.91, 126.04, 126.44, 126.82, 133.00, 141.02, 141.43, 147.35, 151.41, 155.65. Anal. 

Calcd for C5oH6oN204Si2: C, 74.21; H, 7.47; N, 3.46. Found: C, 74.45; H, 7.59; N, 3.49. 

HRMS: Calcd for C5oH6oN204Si2: 808.4092. Found 808.4085. 

4- [ {4' - [(4-hydroxyphenyl)(4-methoxyphenyl)amino] -1,1' -biphenyl-4-yl} (4-

methoxyphenyl)amino]phenol. (54) To a 250 ml round bottom flask equipped with a 

magnetic stir bar was added A',A^'-bis(4-{[?er?-butyl(dimethyl)silyl]oxy}phenyl-A'^,A^'-

bis(4-methoxyphenyl)-l,rbiphenyl-4,4'-diamine (7.25 g, 8.95 mmol) and 50 ml of THF. 

The A^,A/^'-bis(4-{[tert-butyl(dimethyl)silyl]oxy}phenyl-A',A^'-bis(4-methoxyphenyl)-

l,rbiphenyl-4,4'-diamine was dissolved and 25 ml of 1.0-M tetrabutylammonium 

fluoride (0.25 mmol) in THF was added. The solution was stirred while the progress of 

the reaction was followed by TLC. Upon the disappearance of A',A^'-bis(4-{ [?er?-

butyl(dimethyl)silyl]oxy}phenyl-A^,A/^'-bis(4-methoxyphenyl)-l,rbiphenyl-4,4'-diamine 

the reaction mixture was poured into a separatory funnel containing 100 ml of water and 

100 ml of diethyl ether. The water layer was extracted with 3 x 50-ml portions of diethyl 

ether. The ether layers were combined and the solvent was removed under reduced 

pressure. The product was purified by flash chromatography over silica gel eluting with 

methylene chloride. The proper fractions are combined and the solvent was removed 

under reduced pressure. The residual solvent was removed in vacuo. The yield of the 

product isolated as a pale brown glassy solid was 4.40 g (7.58 mmol, 84.7%). 'H NMR 

(500 MHz, ((CD3)2C0): 6 3.77 (s, 6 H), 6.83 (d, J = 9.5 Hz, 4 H), 6.87 (d, J = 4.5 Hz, 4 

H), 6.89 (d, J = 4.5 Hz, 4 H), 6.97 (d, J = 9.0 Hz, 4 H), 7.04 ( d, 7 = 8.5 Hz, 4 H), 7.40 



190 

(d, J = 9.0 Hz, 4 H), 8.45 (s, 2 H). '^C NMR (125 MHz, ((CD)3)2CO): 6 54.78, 

114.60,116.13, 120.14, 126.27, 126.51, 127.10, 132.30, 139.64, 140.94, 147.74, 154.04, 

155.92. Anal. Calcd for C39H32N2O4: C, 78.60; H, 5.55; N, 4.82. Found: C, 78.29; H, 

5.62; N, 4.70. HRMS: Calcd for C39H32N2O4: 580.2362. Found: 580.2357. 

6- {4-[ {4'- [ [4-(5-Ethoxycarbonyl-pentyloxy)-phenyl] -(4-methoxy-phenyl)-amino] -

biphenyl-4-yl}-(4-methoxy-phenyl)-amino]-phenoxy}-hexanoic acid ethyl ester. (55) To 

a 500 ml round bottom flask was added 4-[{4'-[(4-hydroxyphenyl)(4-

methoxyphenyl)amino]-1,1' -biphenyl-4-yl} (4-methoxyphenyl)amino]phenol (4.60 g, 

7.42 mmol), ethyl 6-bromohexanoate (3.57 g, 16.0 mmol), acetone (50 ml) and potassium 

carbonate (19.35 g, 140 mmol). The reaction was stirred at room temperature while 

being followed by TLC. Upon the disappearance of 4-[{4'-[(4-hydroxyphenyl)(4-

methoxyphenyl)amino]-l,r-biphenyl-4-yl}(4-methoxyphenyl)amino]phenol the mixture 

was poured into a separatory funnel containing 100 ml of water. The product was 

extracted in diethyl ether. The solvent was removed under reduced pressure. The 

material was purified by flash chromatography over silica gel eluting with 1:49 ethyl 

acetate:methylene chloride. The solvent was removed under reduced pressure and the 

residual solvent was removed in vacuo. The yield of the desired product, isolated, as a 

pale yellow glass was 6.18 g (90.2%). 'H NMR (500 MHz, CDCI3) 5 1.21 (t, 7 = 6.5 Hz, 

6 H), 1.51 (quint., J = 5.5 Hz, 4 H), 1.68 (quint., J = 8.0 Hz, 4 H), 1.79 (quint., J = 6.5 

Hz, 4 H) 2.33 (t, J = 8.0 Hz, 4 H), 3.79 (s, 6 H), 3.98 (t, 7= 6.5 Hz, 4 H), 4.08 (quart., 7 

= 7.5 Hz, 4 H), 6.90 (m, 12 H), 7.04 (dd, 7 = 2.5 Hz, 6.5 Hz, 8 H), 7.43 (d, 7 = 8.5 Hz, 4 
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H). '^C NMR (125 MHz, CDCI3) 5 13.67, 24.52, 25.41, 33.64, 54.80, 59.58, 67.64, 

114.64, 115.24, 120.57, 126.45, 126.58, 132.54, 140.70, 140.80, 147.58, 155.53, 156.05, 

172.71. Anal Calcd for C54H60N2O8: C, 74.97; H, 6.99; N, 3.24. Found: C, 74.77; H, 

7.11; N, 3.32. 

6-{4-[{4'-[[4-(5-Carboxy-pentyloxy)-phenyl]-(4-methoxy-phenyl)-amino]-biphenyl-4-

yl}-(4-methoxy-phenyl)-amino]-phenoxy}-hexanoic acid. (45) To a 500 ml round 

bottom flask was added 4-[{4'-[(4-methoxyphenyl){(4-[6-oxooctyl)oxy]phenyl}amino]-

l,r-biphenyl-4-yl]amino}phenoxy)octan-3-one (6.08 g, 7.03 mmol), THF (10 ml) and 

potassium hydroxide (2.0 ml, 18M) and a magnetic stir bar. The reaction was refluxed 

while being followed by TLC. A white precipitate develops as the reaction proceeds. 

Upon the disappearance of 4-[{4'-[(4-methoxyphenyl){(4-[6-

oxooctyl)oxy]phenyl} amino] -1,1'-biphenyl-4-yl] amino }phenoxy)octan-3-one the white 

solid was collected by vacuum filtration. The solid was rinsed three times with 10 ml 

portions of THF and then transferred to a 1000 ml beaker containing a stir bar and 500 ml 

of water. The solution was stirred and 10 ml of 1 M HCl was added over ten minutes. 

The mixture was then extracted with 5 x 100 ml portions of diethyl ether. The solvent 

was removed under reduced pressure and the residual solvent was removed in vacuo 

while intermittently heating above the melting temperature. The yield of the desired 

product, isolated, as a pale yellow glass was 3.79 g (66.7%). 'H NMR (500 MHz, 

(CD3)2C0) 5 1.51 (quint, J = 5.5 Hz, 4 H), 1.67 (quint, J = 8.0 Hz, 4 H), 1.76 (quint, J = 

6.5 Hz, 4 H), 2.06 (quint, J = 1.5 Hz), 2.32 (t, J = 8.0 Hz, 4 H), 3.78 (s, 6 H), 3.98 (t, J = 
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6.5 Hz, 4 H), 6.90 (m, 12 H), 7.01 (dd, J = 2.5 Hz, 6.5 Hz, 8 H), 131 (d, J = 8.5 Hz, 4 H). 

'^C NMR (125 MHz, (CD3)2CO) 5 24.55, 25.50, 33.37, 54.80, 59.82, 67.70, 114.65, 

115.24, 120.65, 126.26, 126.42, 132.51, 140.68, 140.80, 147.54, 155.51, 155.99, 174.11. 

Anal Calcd for C50H52N2O8: C, 74.24; H, 6.48; N, 3.46. Found: C, 74.32; H, 6.26; N, 

3.47. HRMS: Calcd for C50H52N2O8:808.3724, found 808.3726. 

6-[9-Methyl-2,7-bis-(phenyl-m-tolyl-amino)-9//-fluoren-9-yl]-hexan-2-one. (42) To a 

500 ml roundbottom flask equipped with a magnetic stir bar, a reflux condensor, and an 

nitrogen atmosphere was added 3-methyldiphenylamine (12.5 g, 68.2 mmol), Pd2(dba)3 

(0.94 g, 1.0 mmol), DPPF (1.1 g, 2.0 mmol), Acetic acid 3-(2,7-dibromo-9-methyl-9//-

fluoren-9-yl)-propyl ester (7.6 g, 16.8 mmol), and 100 ml of deoxygenated toluene. The 

reaction mixture was stirred for 30 minutes and sodium tert-hutoxide (1.8 g, 18.5 mmol) 

was added. The reaction was stirred at 110 °C while the progress of the reaction was 

monitored by TLC. Upon the disappearance of Acetic acid 3-(2,7-dibromo-9-methyl-9//-

fluoren-9-yl)-propyl ester the reaction mixture was cooled to room temperature and the 

solvent was removed under reduced pressure. The brown oil was taken up in 100 ml of 

dichloromethane and was washed with 3 x 150 ml portions of distilled water. The 

solvent was removed under reduced pressure. The product was purified by column 

chromatography over silica gel eluting with 4:1 dichloromethane:hexanes. The proper 

fractions were combined and the solvent was removed under reduced pressure. The 

residual solvent was removed in vacuo. The product was isolated as a pale yellow glassy 

solid. The material was further purified by recrystallization from hot acetonitrile. The 
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purified product was isolated as white crystals; 3.90 g, 5.9 mmol (35.4%). 'H NMR (300 

MHz, (CD3)2C0): 5 0.77 (tt, J = 3.9 Hz, J = 7.8 Hz, 2 H), 1.34 (s, 3 H), 1.38 (m, 2 H), 

1.87 (t, J = 9.3 Hz, 2 H), 1.90 (s, 3 H), 2.24 (s, 6 H), 3.84 (t, J = 6.9 Hz, 2 H), 6.85 (d, J = 

6.9 Hz, 2 H), 6.91 (d, J = 8.4 Hz, 2 H), 6.97 (dd, 7 = 1.8 Hz, 7 = 7.8 Hz, 2 H), 7.02 (d, J = 

7.5 Hz, 2 H), 7.07 (d, J = 7.2 Hz, 4 H), 7.18 (m, 4 H), 7.28 (t, / = 7.8 Hz, 2 H), 7.61 (d, J 

= 8.4 Hz, 2 H). '^C NMR (75 MHz, (CD3)2CO): 5 20.19, 20.82, 21.18, 26.30, 29.04, 

39.95, 50.70, 63.93, 119.79, 121.00, 121.83, 123.35, 124.35, 124.37, 124.50, 125.22, 

129.96, 130.08, 135.94, 139.76, 147.68, 148.85, 148.95, 153.95, 170.74. Anal Calcd for 

C46H44N2O2: C, 84.11; H, 6.75; N, 4.26. Found: C, 84.16; H, 6.74; N, 4.07. HRMS: 

Calcd for C46H44N2O2 656.3403, found 656.3409. 

6-[9-Methyl-2,7-bis-(phenyl-m-tolyl-aniino)-9//-fluoren-9-yl]-hexanoic acid ethyl ester. 

(43) To a 500 ml roundbottom flask equipped with a magnetic stir bar, a reflux 

condenser, and an nitrogen atmosphere was added 3-methyldiphenylamine (3.1 g, 16.7 

mmol), Pd2(dba)3 (0.25 g, 0.28 mmol), DPPF (0.31 g, 0.56 mmol). Acetic acid 3-(2,7-

dibromo-9-methyl-9//-fluoren-9-yl)-propyl ester (3.42 g, 7.13 mmol), and 100 ml of 

deoxygenated toluene. The reaction mixture was stirred for 30 minutes and sodium tert-

butoxide (0.9 g, 9.25 mmol) was added. The reaction was stirred at 110 °C while the 

progress of the reaction was monitored by TLC. Upon the disappearance of Acetic acid 

3-(2,7-dibromo-9-methyl-9//-fluoren-9-yl)-propyl ester the reaction mixture was cooled 

to room temperature and the solvent was removed under reduced pressure. The viscous 

brown oil was taken up in 100 ml of dichloromethane and was washed with 3 x 150 ml 
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portions of distilled water and the solvent was removed under reduced pressure. The 

product was purified by column chromatography over silica gel eluting with 4:1 

dichloromethane:hexanes. The proper fractions were combined and the solvent was 

removed under reduced pressure. The residual solvent was removed in vacuo. The 

product was isolated as a pale yellow glassy solid. The material was further purified by 

recrystallization from hot acetonitrile. The purified product was isolated as white 

crystals; 2.34 g, 3.42 mmol (48.2%). 'H NMR (300 MHz, (CD3)2CO): 5 0.77 (tt, 7 = 3.9 

Hz, J = 7.8 Hz, 2 H), 1.09 (quint., J = 7.2 Hz, 2 H), 1.16 (t, 7 = 7.2 Hz, 3 H), 1.33 (s, 3 

H), 1.41 (quint., 7 = 7.2 Hz, 2 H), 1.81 (m, 2 H), 2.13 (t, 7 = 7.2 Hz, 2 H), 2.25 (s, 6 H), 

4.04 (quart., 7 = 7.2 Hz, 2 H), 6.86 (d, 7 = 5.1 Hz, 2 H), 6.91 (d, 7 = 8.7 Hz, 2 H), 6.97 

(dd, 7 = 1.8 Hz, 7 = 7.8 Hz, 2 H), 7.03 (d, 7 = 7.5 Hz, 2 H), 7.07 (d, 7 = 7.8 Hz, 4 H), 7.17 

(m, 4 H), 7.29 (t, 7 = 7.2 Hz, 2 H), 7.64 (d, 7 = 8.4 Hz, 2 H). NMR (75 MHz, 

(CD3)2C0): 5 14.55, 21.43, 24.89, 25.38, 26.84, 34.46, 40.81, 51.29, 60.36, 71.34, 

119.85, 120.98, 121.83, 123.32, 124.35, 124.50, 125.23, 129.96, 130.07, 135.97, 139.74, 

147.67, 148.88, 148.98, 154.13, 173.41. Anal Calcd for C48H48N2O2: C, 84.17; H, 7.06; 

N, 4.09. Found: C, 84.23; H, 7.12; N, 4.30. HRMS: Calcd for C48H48N2O2 684.3716, 

found 684.3706. 

Acetic acid 3-[9-methyl-2,7-bis-(phenyl-OT-tolyl-amino)-9/7-fluoren-9-yl]-propyl ester. 

(44) To a dry 500 ml round bottom flask under a nitrogen atmosphere were added 3-{9-

methyl-2,7-bis[(3-methylphenyl)phenyl)amino]-9//-fluoren-9-yl} - 1-propanol (1.65 g, 

2.75 mmol), dicyclohexylcarbodiimide (1.20 g, 5.84 mmol), acetic acid (0.21 g, 3.57 
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mmol), and 50 ml of THF. The 4-dimethylaminopyridine (0.1 g, 0.8 mmol) was added 

and the solution was stirred. The progress of the reaction was followed by thin layer 

chromatography. Upon the disappearance of the starting material the reaction mixture 

was taken up in 100 ml of dichloromethane. The product was washed with 3 x 50 ml 

portions distilled water. The solvent was removed under reduced pressure. The product 

was purified by flash chromatography over silica gel, eluting with 4:1 

dichloromethaneihexanes. The solvent was removed under reduced pressure. The 

residual solvent was removed in vacuo; 1.28 g, 1.99 mmol, (72.4%) of the desired 

product was obtained as a pale yellow glassy solid. 'H NMR (300 MHz, (CD3)2CO): 5 

1.00 (tt, J = 4.5 Hz, J = 6.9 Hz, 2 H), 1.35 (s, 3 H), 1.89 (s, 3 H), 1.40 (t, 7 = 7.9 Hz, 2 H), 

2.23 (s, 6 H), 3.74 (t, J = 6.9 Hz, 2 H), 6.85 (d, J = 7.5 Hz, 2 H), 6.91 (d, J = 7.8 Hz, 2 H), 

6.97 (dd, J = 1.8 Hz, 7 = 7.8 Hz, 2 H), 7.02 (d, J = 7.8 Hz, 2 H), 7.07 (dd, 7 = 1.5 Hz, 7 = 

8.4 Hz, 4 H), 7.16 (t, 7 = 7.8 Hz, 2 H), 7.18 (d, 7 = 1.8 Hz, 2 H), 7.27 (t, 7 = 7.5 Hz, 4 H), 

7.60 (d, 7 = 8.4 Hz, 2 H). NMR (75 MHz, (CD3)2CO): 5 20.78, 21.34, 24.83, 26.87, 

36.09, 50.95, 64.79, 119.71, 121.04, 121.87, 123.35, 124.28, 124.41, 124.53, 125.25, 

129.96, 130.08, 135.85, 139.79, 147.76, 148.81, 148.87, 153.60, 170.72. Anal Calcd for 

C45H42N2O2: C, 84.08; H, 6.59; N, 4.36. Found: C, 83.81; H, 6.69; N, 4.23. HRMS: 

Calcd for C45H42N2O2 642.3246, found 642.3262. 
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Chapter 7. 

SUMMARY AND FUTURE DIRECTIONS 

We have designed and synthesized a new series of methacrylate based 

photocrosslinkable polymers having bis(diarylamino)biphenyl as the hole transport 

moiety. The polymers incorporate electron donating or electron withdrawing moieties to 

tune the redox potential of the materials and can be employed to tune the relative rates of 

injection of holes into the polymer. Upon exposure to ultraviolet radiation the polymers 

could be crosslinked to form insoluble films. This feature has been utilized to make 

multilayer devices by the wet technique of spin coating and to photopattem devices using 

standard photolithographic techniques. The external quantum efficiency of the devices 

that were fabricated were observed to increase with an increase in the oxidation potential 

of the hole transport material. The highest external quantum efficiency was observed in a 

device using two spin coated layers of the hole transport poljoners 13-OMe and 13-F 

respectively. This trend is consistent with previous reports for homopolymers with 

various oxidation potentials.^^ The photocrosslinking process was optimized so that no 

decrease in device performance was observed upon crosslinking. We have also 

compared 2,7-bis(diarylamino)-9,9-dimethylfluorenes with their 4,4'-

bis(diarylamino)biphenyl analogues. As in the biphenyl series, we have shown that 

electron-withdrawing fluorine atoms or electron-donating methoxy groups can be used to 

tune the ionization potentials (ca. 0.11 - 0.14 V lower in the fluorene series), while 
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having little effect on the glass-transition temperature (15 - 20 °C higher in fluorene 

species) or on the electronic spectra (absorption red-shifted to 373 - 385 nm for fluorene 

species). Room-temperature hole mobilities for the fluorene species fall into a similar 

range to those for the biphenyl compounds; in one case the fluorene species shows lower 

mobility than its biphenyl analogue, but in another the reverse is true. The zero-field 

mobility values, extracted from an analysis of the mobility data in the framework of the 

disorder formalism, are slightly smaller for the fluorene species than for their biphenyl 

analogues; this might be related to the larger reorganization energies calculated for the 

neutral / cation electron-exchange reaction in the fluorene case. We have used each of 

the three fluorene-bridged species as hole-transport materials in organic light-emitting 

diodes; as in our findings for biphenyl species, we found the best performance when 

using the compound with the highest oxidation potential. In general, our results indicate 

that 2,7-bis(diarylamino)-9,9-dimethylfluorenes may be used interchangeably with 4,4'-

bis(diarylamino)biphenyls, with only moderate effects (sometimes positive and 

sometimes negative) on device or device-related properties. One advantage of fluorene-

bridged materials for some applications is the ease of functionalization of the fluorene 9 

position. This has led us to develop a range of hole-transport polymers in which 

bis(diarylamino)fluorene units are covalently attached to the polymer chain via the 9-

position. The covalent attachment to the polymer chain was accomplished by 

functionalizing the 9-position with methacrylate, norbomene, or styrene polymerizable 

units. The different polymerizable groups provide a variety of matrices for the transport 

group to be suspended in including polar, nonpolar, and aromatic environments. 
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Addition of the polymerizable groups had no effect on the ionization potential of the 

monomers and there was no observable effect on the hole mobility in adding an 

methacrylate or norbornene moiety to TPF to make a monomer. The mobility of the TPF 

norbornene polymer 36 was however, significantly higher than the TPF acrylate polymer 

35. This is the same general trend as previously reported for small molecule hole 

transport materials dispersed in polymers with various polarities in which the mobility 

n 

was observed to decrease with increasing polarity of the polymer matrix. The 

norbornene monomers could be copolymerized with a photocrosslinkable monomer 

incorporating the same cinnamate group that had been employed in Chapter 3 making the 

materials potentially useful in the fabrication of devices by wet processing techniques. 

The ability to functionalize the 9 position was also utilized to make a monomer 

containing both norbornene and oxetane polymerizable groups. As the mobility was 

higher in the norbornene polymer than in the more polar methacrylate polymer, 

replacement of the polar cinnamate crosslinking group may result in further 

enhancements in mobility and device performance. The ability to functionalize the 9-

position of the fluorene ring was further utilized to attach polar substituents to the 

material. The polar substituents may allow the molecules to be attached to the ITO 

substrate or increase the compatibility of the organic transport layer with the inorganic 

ITO. 

Future work should involve the examination of the photocrosslinkable polymers 

having lower ratios of the cinnamate monomer to the hole transport monomer. Although 

the minimum amount of cinnamate crosslinker required to impart almost complete 



insolubility was determined to be 30 %, a lower concentration may be sufficient for 

device fabrication. Lowering the amount of crosslinking monomer may increase hole 

mobility by increasing the concentration of the hole transport agent and reducing the 

polarity of the polymer matrix. Concentration dependent mobility measurements should 

be performed to further elucidate the effect of the concentration of the hole transport 

group hole mobility. Devices should be made using the various TPF polymers to help 

further elucidate the effects of the polymer backbone on device performance. 

Crosslinking studies using the TPF monomer containing the norbornene and oxetane 

polymerizable groups need to be performed, the conditions optimized and the use of this 

material in devices examined. 
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