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Conducting metallopolymers have been investigated for a variety of applications 

due to their ability to take advantage of both the mechanical processability of the polymer 

material, as well as the optical and electronic properties of the metal. Our project goal is 

to design, synthesize and characterize novel iridium(III)-containing conducting 

metallopolymers for use as the active layer in polymer light-emitting diodes.  We have 

utilized thiophene functionalized ligands that can be readily electropolymerized into 

conducting polymer thin films and can be easily incorporated into a device structure.  

Iridium(III) was chosen as the metal center due to its promising photophysical properties, 

as similar complexes have demonstrated high luminescent quantum yields and short 

phosphorescent lifetimes.  The coordination environment around the metal can be altered 

synthetically to tune the emission wavelength across the visible spectrum.   The synthetic 

control over the polymer backbone, as well as the iridium(III) ligand environment, 

allowed us to independently vary each component, which has provided a variety of 

materials. The materials are characterized through 1H and 13C NMR, mass spectrometry, 

elemental analysis, electrochemistry, X-Ray diffraction and X-Ray Photoelectron 

Spectroscopy.  The photophysical properties of the materials are studied through UV-
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Visible absorption spectroscopy, UV-Vis-NIR spectroelectrochemistry and steady-

state/time-resolved emission spectroscopy. 
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Chapter 1:  Conducting Polymers and Their Applications in Solid-State 
Lighting Materials 

SOLID-STATE LIGHTING 

The development of solid-state lighting has become a primary area of focus for 

research in the past two decades.1  Solid-state lighting is an important field of research 

because of its potential to provide a much more efficient lighting source for the future.  

Research in this field has been an area of focus since the first fabrication of an organic 

light emitting diode (OLED), by Tang and VanSlyke at Eastman Kodak in 1987.2  

Typical OLEDs consist of a multi-layer structure including a cathode, electron-

transport layer (ETL), light-emitting layer, hole-transport layer (HTL) and an anode.3  A 

common device structure is depicted in Figure 1.  Typical cathodes consist of a low-work 

function metal such as calcium, barium or aluminum.  This low-work function allows for 

electron injection into the LUMO of the organic layer. Various types of materials have 

been used as the ETLs, but most commonly Alq3 (q = 8-quinolinato-O,N) is used.  For 

the hole-transport layer, PEDOT (poly(ethylenedioxythiopene)) doped with PSS 

(polystyrenesulfonic acid) is frequently utilized.  Typically, the light-emitting layer 

consists of an organic aromatic material and doped organic emitter molecules.  Indium tin 

oxide (ITO) is commonly used as the anode. It is a transparent, conductive material with 

a high-work function, which promotes injection of holes into the HOMO of the organic 

light-emitting layer.  ITO is typically coated on a glass or plastic support for most device 

fabrication.   

Typical OLEDs function through a process called electroluminescence, which can 

be defined as light emission produced by an external electric field.  Electroluminescence 

is produced by the recombination of charge carriers with opposite signs, electrons (e-) and 

holes (h+).  In order to obtain electroluminescence, the electrons and holes are injected 
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from the anode and the cathode respectively, and move toward the light-emitting layer 

where they can recombine to form excitons. 

 

Figure 1.  Typical device structure of an OLED. 

  The recombination of the excitons leads to population of the excited states of the 

emitter molecules which then relax in the form of light emission.  Figure 2 illustrates the 

process of electron and hole recombination. Much research has specifically focused on 

the area of improving the efficiency of this energy transfer process and discovering and 

developing new materials for the primary components of the device.   

 

 

Figure 2.  Schematic of single-layer OLED.  Charge injection resulting in an electron-
hole pair, which relaxes through light emission. 

The major disadvantage of using purely organic molecules as light emitters in 

OLEDs is that the maximum theoretical device efficiency is limited to 25%.4  This is due 

to the way excitons are formed in the device. In electroluminescence, spin statistics state 
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that during electron-hole recombination, 25% singlet spin and 75% triplet spin excitons 

are formed.  In organic molecules, only the singlets will emit light in the form of 

fluorescence, while the triplets relax through non-radiative decay processes.  Therefore, 

the highest possible efficiency of a functioning device could only be 25%.   

Due to this inefficiency, the use of organometallic triplet emitters is of interest for 

use in the light-emitting layer in luminescent devices such as OLEDs.5-14  A variety of 

transition metals, including Ru(II), Os(II), Re(I) and Ir(III) complexes, have been 

employed which is primarily due to the fact that by using an organometallic compound 

containing a transition metal, it is possible to obtain up to four times higher 

electroluminescent efficiency than that of traditional organic singlet emitters.4  This is 

because of the mechanisms of exciton formation and efficient intersystem crossing from 

the excited singlet state to the excited triplet state.  The enhancement in efficiency, also 

termed triplet-harvesting, is due to the increased spin-orbit coupling in the presence of 

transition metals.  The central metal ion has significant spin-orbit coupling ability, which 

is particularly true of the second and third row transition metals, as spin-orbit coupling 

increases with atomic number.  Fast intersystem crossing induced by this spin-orbit 

coupling allows for the population of the triplet excited state.  Organometallic molecules 

with metal centers exhibit fast intersystem crossing to the triplet state, which then emits 

light through phosphorescence.  Therefore, one can harvest both singlet and triplet 

excitons and increase the overall theoretical device efficiency to 100%.4  Figure 3 

illustrates the effect of the incorporation of a transition metal complex into the light-

emitting layer of an LED. 
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Figure 3.  Diagram of the effect of triplet harvesting by the incorporation of a transition 
metal complex.  Figure adapted from ref. 4. 

Some of the most commonly studied triplet emitters are ruthenium and rhenium 

diimine type complexes and iridium(III) cyclometalated complexes like Ir(ppy)3.  The 

first in-depth examination of metal-to-ligand charge transfer (MLCT) states was the early 

work on [Ru(bpy)3]2+.15  This complex has been extensively studied due to its emission 

properties in both solution and solid-state and numerous examples of electroluminescence 

from [Ru(bpy)3]2+
 have been reported.16 Rhenium diimine complexes have been well 

known phosphorescent emitters since their initial discovery in 1974.17   These complexes 

show an intense, phosphorescent emission profile in the visible spectrum which 

originates from a 3MLCT transition.  Rhenium(I) complexes with diimine ligands, which 

also contain coordinated carbonyl groups, have shown high luminescent quantum yields 

and long phosphorescent lifetimes, making these types of complexes very desirable for 

use in luminescent devices.18-20  Iridium(III) complexes are widely considered to be the 

most promising class of transition metal complexes for light-emitting applications due to 

their good thermal stabilities, high quantum yields, and short phosphorescent lifetimes. 
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Figure 4.  Commonly studied triple emitters for light-emitting applications. 

The triplet states of these emitters play a major role in the efficiency of OLEDs, 

and therefore, it is important to thoroughly understand the properties of the triplet excited 

states and how to alter and control them synthetically.  Changes in the ligand 

environment has been shown to drastically alter emission energies in complexes, 

particularly in Ir(III) complexes.21,22 Altering this metal coordination environment can 

play a major role in not only emission energy, but also in emission lifetimes, quantum 

yields and in the stability of the complex.  The work presented in this thesis will focus on 

iridium(III) triplet emitters. 

Determining the relative energy levels of the excited states within the transition 

metal complexes is important to better understand how to effectively tune the emission 

wavelength and to enhance luminescence characteristics such as quantum yield and 

lifetime.  These excited state energy levels are illustrated in the Jablonski energy diagram 

in Figure 3. The energy transitions responsible for the emission profiles of the transition 

metal complexes can come from several different energy states.  Two absorption 

processes are possible in transition metal complexes.  The first is the typical S0 to S1 or π 

– π* energy transition where a π electron from a ligand coordinated to the metal is 

promoted to a π* orbital on the same or another ligand within the complex.  This 

transition is commonly denoted as 1LC (ligand-centered singlet).  The second absorption 

process is a metal to ligand charge transfer (1MLCT) where a metal d electron is 

promoted to a vacant π* orbital on one of the bound ligands.  After the absorption 
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process, due to strong-spin orbital coupling of the metal center, intersystem crossing to a 

triplet excited state will occur.  There are two triplet excited states in each complex, the 
3LC of the ligand and the 3MLCT.  The 3MLCT excited state is depicted in Figure 5 as 

being lower than that of the 3LC; however, in some cases the 3LC level will be the lowest 

excited state of the system.  From the triplet excited state, relaxation to the ground state 

through phosphorescence is observed.  It is also possible to have two distinct emission 

processes from two different excited states within the same complex.19,23  This mixed-

excited state is common when the energy levels lie relatively close to each other and 

several of the complexes presented within show dual emission.  The LC and MLCT 

abbreviations and denotations will be used throughout this thesis. 

 

 

Figure 5.  Jablonski energy diagram showing the different energy transitions involved in 
transition metal complexes.  

 

Triplet emitters offer a distinct advantage over traditional organic emitters for 

their application into solid-state lighting.  However, in LEDs, film morphology can 

sometimes be difficult to control and charge transfer to the triplet emitter is often 

inefficient.  In an attempt to overcome these problems, a unique class of materials has 

been heavily researched.  Conducting polymers and metallopolymers are now being 

researched for their incorporation into LEDs. 
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CONDUCTING POLYMERS AND  METALLOPOLYMERS 

Conducting polymers, a class of materials with an extended conjugated π-system 

along the polymer backbone, have unique electronic properties, including high electrical 

conductivities when doped, high charge mobilities and strong electroluminescence.24-28  

Due to these properties, conducting polymers have great potential in applications such as 

electrostatic materials, conducting adhesives, transistors and light-emitting devices.  

These organic polymers are insulating when neutral, but become conductive upon 

doping, which can be accomplished two different ways: either p-type doping or n-type 

doping.  In p-type doping, the neutral, insulating polymer is combined with an oxidizing 

agent resulting in the formation of a radical cation, which is charge neutralized by the 

reduced form of the oxidizing agent.  N-type doping is accomplished by combining the 

neutral polymer with a reducing agent.  An alternative to chemical oxidation or reduction 

is doping through the use of an electrochemical process where the charge on the polymer 

system is neutralized by the counter ion in the electrolyte solution.   Electrochemical 

polymerization, or electropolymerization, is a common technique used to form 

conducting polymers.  This technique involves the electrochemical oxidation or reduction 

of a monomer to form radical cations or anions which then couple to give dimers and 

subsequently, oligomers and polymers.25,29,30  Electropolymerization is a versatile 

technique, leading to formation of conductive polymer thin films on a variety of 

substrates, including platinum buttons, ITO-coated glass, stainless steel and flexible 

conductive materials.  This process offers distinct advantages over synthetic 

polymerization techniques as the thickness and morphology of the polymer film is 

controlled by varying potential, current, and number of scan cycles.    It also has the 

potential to prepare a large quantity of polymeric material relatively quickly and easily if 

the polymer is deposited on a large surface area electrode.  Characterization of the 
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polymers formed through electropolymerization is often difficult due to the insolubility 

of the polymer film.  The polymer films are characterized through electrochemical and 

spectroscopic studies and X-ray photoelectron spectroscopy (XPS) to determine 

elemental composition of the polymer.   

Polythiophenes, a specific class of conjugated polymers, are of great interest due 

to their luminescence, conductivity and their ability to be electropolymerized into 

polymer thin films.25,31  Electropolymerization of thiophenes take place at the 2 and 5 

positions of the ring system, allowing for growth of long polymeric chain systems.  The 

mechanism for this polymerization can be seen in Figure 6.  This method is useful for 

several variations of thiophene, but for the scope of the work presented herein, 

electropolymerization was carried out with 2,2’-bithiophene, and 3,4-

ethylenedioxythiophene.   

   

Figure 6.  Electropolymerization of thiophene. 
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The unique properties and high electrical conductivity makes conducting 

polymers, specifically polythiophenes, good candidates for incorporation into 

luminescent devices.    Incorporating metal complexes into conjugated polymers gives 

materials where the optical or electronic properties of the metal complex can be paired 

with the properties of the polymer backbone.  These hybrid materials of different metal 

complexes and π-conjugated organic polymers are classified as conducting 

metallopolymers.24-26,28,32  Conducting metallopolymers are of particular interest because 

the electronic, catalytic or photophysical properties of the metal complexes remain highly 

accessible when incorporated into an electrically conductive material.  Metallopolymers 

can contain a variety of metal centers, from transition metals such as Ru, Ir, Re and Pt, to 

main group metals like Sn and Pb, and to lanthanides like Eu and Sm.  Incorporating 

heavy metal atoms directly into the polymer backbone promotes inter-system crossing, 

allowing emission from the triplet state, which allows for high device efficiency and 

makes them ideal candidates for use in LEDs.  Triplet emitters have been attached to the 

polymer backbone of luminescent conjugated polymers and both the complex and the 

polymer can function as independent light emitters.33  Taking advantage of the 

conductive properties of the polymer and the electronic and luminescent properties of the 

metal centers should allow for the fabrication of highly efficient luminescent devices. 

Metallopolymers have been previously classified into three groups by Wolf,24-26,34  

and the different types are illustrated in Figure 7.  The primary difference between the 

three types is the degree of interaction between the metal centers and the conducting 

polymer backbone.  Type I polymers have a conjugated organic backbone with metal 

pendant groups, where the linker between the two is insulating.  The metal complexes are 

typically attached through a non-conjugated linker, most often a flexible alkyl chain.  The 

metal behaves much like it does in its free complex, while the polymer simply acts as a 

conductive support.  In Type II polymers, the metal center and conjugated backbone have 

more interaction due to proximity.  The two are electronically coupled and the properties 
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of both may interact with each other potentially altering the properties of both materials.  

Much of the work presented in this thesis consists of Type II conducting 

metallopolymers.  For Type III polymers, the metal is contained directly in the polymer 

backbone, interrupting the conjugated units, so it plays a significant role in the charge 

transport of the system. 

 

 

Figure 7.  Conducting metallopolymer type classifications.  Figure adapted from 
reference 34.  

Conductivity is an important aspect of the metallopolymer systems and there are 

several mechanisms amongst the three different types previously described.25,27  The 

primary conductivity mechanism for Type II polymers is an oxidation of the polymer that 

introduces charge carriers along the backbone.  Polarons, or radical cations, and 

bipolarons, or dications, are formed during oxidation and are mobile along the polymer 

chain via resonance and charge hopping mechanisms, which results in a conductive 

material.  For this mechanism to occur during electrical doping the redox potential of the 

polymer must be lower than that of the metal in the system.25,27  Therefore, designing a 

polymer system where the metal has a higher redox potential than the polymer is crucial.   

Transition metals have been incorporated into polythiophene systems to form all 

three types of conducting metallopolymers. There are many examples of Type II 

polythiophenes in the literature, and this class of materials will be the focus of the 
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remaining discussion.  The polymers commonly employ salen, bi- or tri-dentate ligands 

functionalized with thiophene derivatives for applications into photovoltaic and 

luminescent devices.   

 

 

Figure 8.  Type II thiophene-based conducting metallopolymer systems. 

 

Various Type II metallopolymers have been prepared as seen in Figure 8. A salen 

ligand with 2,2’-bithiophene coordinated to a Cd metal center (Fig. 8a) is readily 

electropolymerized to form a Type II/III conducting polymer and has potential use in 

photovoltaic devices.35  Diimine based ligand systems are commonly used in the 

formation of conducting metallopolymer systems.  Bipyridine ligand systems (Fig. 8b) 

have been prepared by Swager and coworkers using various thiophene polymerizable 

groups coordinated to the bipyridine ruthenium binding moiety.36,37  These types of 

complexes showed strong electronic communication between the polymerizable ligand 

and the ruthenium center, indicating the metal center plays a crucial role in the 

conductivity and electronics of this class of metallopolymers.  Phenanthroline based 

ligands have also been used in the formation of this class of metallopolymers.  Figure 8c 

illustrates a lanthanide-based complex for application into polymer light-emitting diodes 

(PLEDs).  Strong phosphorescent emission was observed from the europium 
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metallopolymer.  This polymer material demonstrated the first example of an inner-

sphere Type II metallopolymer containing a lanthanide.38 

 

CONDUCTING METALLOPOLYMERS IN PLEDS 

Research into the use of polymers for light-emitting devices began extensively 

after the first fabrication of a device utilizing a conjugated polymer as the 

electroluminescent material.1,39,40  The use of polymer materials has key advantages over 

organic or organometallic materials due to ease of processing, flexibility and their 

potential to be cost-efficient to produce.41-43   They can also be fabricated over large 

areas, by using techniques such as ink-jet printing or electropolymerization.44  Another 

key advantage is that emission color from polymeric materials can be changed by 

synthetically altering the chemical structures involved.45  

The potential to have a polymer material function as more than one component of 

a LED structure is also a key interest in these materials.  For example, a conductive 

polymer material could function as both the light-emitting layer and the electron- or hole-

transport layer, or potentially as all three layers. Fewer layers in a device would lead to 

less problems associated with manufacturing, device performance and potentially reduce 

the cost of production.  The incorporation of metal complexes into polymeric systems has 

offered a different approach to solving many of the problems associated with these 

devices, specifically the improvement of quantum efficiency.   

Polymer light-emitting diodes (PLEDs) containing triplet emitters have been 

fabricated in two primary fashions.  The first is the doping or blending of a polymer host 

material with transition metal triplet emitters and incorporating this hybrid material into a 

PLED as the light emitting layer.45-53   These hybrid-type materials have provided 

functioning devices of various colors and efficiency depending on the metal complexes 

and polymers chosen.  The designs of these systems are such that the metal centers have 
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very little electronic communication with the polymer system, but the unique properties 

of each is still utilized.  This is a versatile approach, as the triplet emitters and the 

polymer material can be chosen independently.  By changing the emitters, various 

wavelengths of emission are produced and this can be varied across much of the visible 

spectrum.  The system of blending or doping offers little control during drop casting or 

spin-coating over film morphology, which leads to problems associated with phase 

segregation.42,45,47,54-57  The uneven dispersion of the metal centers has been shown to 

aggregate in the polymer matrix, which leads to inefficiency in the device. 

The second main method of incorporation of triplet emitters into a polymer matrix 

is to covalently attach the metal center to the polymer backbone.  This method eliminates 

the phase segregation and aggregation problems previously mentioned, as the metal 

complexes are held in place by tethers to the polymer backbone.  It also promotes more 

efficient energy transfer from the polymer matrix to the triplet emitters as the two are 

much closer in proximity.  These types of materials are classified as Type I, or outer-

sphere, metallopolymers. Scheme 1 depicts this class of materials, and shows a small 

amount of the variation that has been accomplished within these systems.  The length and 

type of non-conjugated tether has been varied, along with the triplet emitter and the 

polymer backbone.   
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Scheme 1.  Outer-sphere conducting metallopolymers.  Diagram adapted from reference 
27. 

 

Another less explored route for incorporating triplet emitters into a polymer 

material is to directly incorporate the metal center into the polymer backbone.  The metal 

is inserted into the polymer chain or is bound to it through a metal-carbon or metal-

heteroatom bond.  This allows for the metal to be part of the conductive pathway and 

provides direct communication between the metal center and the polymer backbone.  As 

previously discussed, these materials are classified as Type II or III, or inner-sphere 

conducting metallopolymers.  Scheme 2 shows several of the previously researched 

varieties of inner-sphere conducting metallopolymers.  Most of the research for these 

types of systems has been done with bi- or tri-dentate binding ligands or salen-type 

ligands as the metal binding sites.  These ligand classes allow for a wide variety of metal 

centers to be used, including transition metals and lanthanides.  Covalently bound to the 

metal binding ligands are thiophene derivatives, which are easily electropolymerized into 

conducting metallopolymer thin films.  As previously mentioned, this type of 

polymerization allows for highly uniform polymer films, and allows for a higher degree 

of control over film morphology. 
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Scheme 2.  Various types of inner-sphere conducting metallopolymer.  Figure adapted 
from reference 27.    

 

Our research has focused on the inner-sphere, Type II, conducting 

metallopolymers, as this class of materials allows us to take full advantage of the unique 

properties of the individual components with high efficiency due to the direct electronic 

communication between the two.  We will focus specifically on the incorporation of 

iridium(III) triplet emitters directly into a conducting polymer backbone in a Type II 

fashion. 

 

IRIDIUM(III) COMPLEXES AS TRIPLET EMITTERS 

Cyclometalated iridium(III) transition metal complexes are one of the most 

widely studied class of compounds for applications in luminescent devices.21,22,46,58-65  

This is primarily due to their high luminescent quantum yields and short phosphorescent 

lifetimes.  Through synthetic variation of the ligands coordinated to the metal center, the 

electronics of the complex can be changed and tuned to provide a wide spectrum of 

emission wavelengths,12,21,22,66-71  ranging from blue to red.  As previously mentioned, 

strong spin-orbital coupling in these complexes promote efficient inter-system crossing 

from the singlet to triplet excited state, which allows for strong phosphorescence and the 

potential for a highly efficient luminescent device.  The luminescence from iridium 

complexes comes from two main triplet excited states, a metal to ligand charge transfer, 
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3MLCT, and ligand centered transitions, 3LC.  Most of the previous research shows the 

emissive state of these complexes comes from the lowest triplet excited state (T1), which 

is primarily 3LC in composition with 3MLCT mixed in through the strong-spin orbital 

coupling of the metal center.21,22,47,72,73  Figure 7 shows a generic diagram for the excited 

state energy levels of iridium(III) complexes.    As the degree of mixing between the 

MLCT and LC excited states changes, the nature of T1 will also change, which leads to 

drastic differences in the observed emission profiles of the complexes.  Typically, 

complexes with a lower energy 3MLCT state will have emission profiles that are broad 

and featureless, while complexes with lower 3LC states will have emission profiles that 

are sharper, with some vibronic structure. 

Cyclometalated aromatic ligands are commonly used in the synthesis of 

luminescent iridium(III) complexes for three primary reasons.74 (1) Aromatic 

cyclometalates tend to form strong bonding interactions with transition metals.  This 

provides an efficient pathway for charge transfer.  (2)  A stronger metal-ligand bond 

increases the d-d energy gap and allows for a more efficient MLCT to ligand π* orbitals.  

This corresponds to lower population of the d-d excited state, resulting in a lower 

probability of radiationless decay and emission quenching.  (3)  The close lying π* 

orbitals of the ligand allow for easy tuning of emission wavelength by changing the 

relative excited state energies.   
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Figure 9.  Excited state energy levels involved in iridium(III) complexes and the mixing 
of the 3LC and 3MLCT energy states to form the lowest energy level excited 
state (T1).  Relaxation can occur from the excited state to the ground state 
through either radiative (kr) or non-radiative (knr) relaxation pathways.  
Figure adapted from reference 22. 

 

Cyclometalated complexes are often synthesized in a two step process, and the 

charge of the complex is determined by the nature of the ancillary ligand.  Bis- and tris-

cyclometalated complexes are the most common classes of iridium(III) triplet emitters.  

In bis-cyclometalated complexes, the cyclometalating ligands bind to the metal center 

through one carbon and one nitrogen atom (C^N) on the ligand.  The ancillary ligand 

binds through two nitrogen atoms (N^N), giving the complex a positive charge. 

Commonly a hexafluorophosphate (PF6
-) counter ion is used to balance the overall 

charge, as well as provide added solubility to the complex.   

Tris-cyclometalated complexes contain three ligands all binding through the C^N 

binding mode, leading to an overall neutral complex.  Research into these complexes 

began heavily after efficient yellow-green luminescence was observed from Ir(2-

phenylpyridine)3.7  Complexes containing neutral binding ligands have also been heavily 

researched, including those based on variations of Ir(2-phenylpyridine)2(2,2’-bipyridine).  
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The complexes showed strong phosphorescence in solution at room temperature and also 

in a single-layer device.  Blue-green emission in both room temperature solution and as a 

single-layer device was reported by Slinker et al. in 2005 from a complex with two 

heavily fluorinated cyclometalating phenylpyridine ligands and one bulky neutral 

bipyridine based ligand.12  At the time of publication, this complex demonstrated the 

highest λmax from a single-layer electroluminescent device to date, showing the high level 

of applicability for iridium(III) complexes in solid-state luminescent devices.   Some of 

the most commonly used C^N and N^N binding ligands are shown in Figure 10.   

 

 

Figure 10.  Examples of commonly employed cyclometalating (C^N) and neutral 
ancillary (N^N) ligands in iridium(III) complexes. 

One major advantage of the use of iridium(III) complexes in solid-state lighting is 

the ability for them to be tuned synthetically to alter the emission wavelength.  It is 

possible to control the lowest excited state of iridium(III) complexes by synthetically 

altering the ligand environment surrounding the metal center.  By changing the 

coordination sphere around the metal center a large variety of iridium complexes with 

different excited states can be prepared and consequently, the emission wavelength can 

be tuned over the entire visible spectrum.  The two-step synthesis of these complexes 
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allows for a great degree of variation in the ligands that can be coordinated to the metal, 

as different ligands can be independently added.  By altering the substituents on the 

ligands through the addition of electron-donating or electron-withdrawing substituents, it 

is possible to control the nature and energy of the excited state, and therefore, control the 

emission color, lifetimes and the quantum yields of the complexes.   

Two main methods of altering the ligands in order to tune the emission 

wavelength of these complexes have been researched. (1)  Varying the size and the 

degree of conjugation of the ligands and (2) functionalizing the ligands with various 

substituent groups.  Controlling the size and degree of the conjugation in the ligands has 

shown great control over the lowest excited state.59  When the coordination sphere of the 

complex becomes more delocalized, the HOMO and LUMO are typically stabilized 

causing a much lower energy excited state transition.  Ligands with bulky pendant groups 

provide for a large degree of twisting of the coordination sphere, which in turn allows for 

localization of energy and destabilization of the HOMO and LUMO, which can lead to a 

much higher energy excited state.  However, this twisting can cause internal strain in the 

complex, resulting in non-radiative decay from the excited state which negatively affects 

the luminescence of the complex.  Therefore, by changing the size of ligands, and even 

disrupting the conjugation, one can tune the emission wavelength.22 

Research on the electronic effects of substituents on the ligands has shown a large 

influence on the emission wavelength of the complex.  Both electron-withdrawing and 

electron-donating groups can be easily incorporated into the ligand.21,22,59  Electron-

withdrawing groups tend to stabilize the HOMO of the complex by removing electron 

density from the metal center, however, the LUMO of the complex may also be lowered.  

The relative change in the HOMO and LUMO is often different, and this incorporation of 

an electron-withdrawing group can lead to a blue-shift in the emission wavelength as the 

gap between the HOMO and LUMO is increased.  Electron-donating groups have the 

opposite effect, and tend to red-shift the emission of the complexes.  The position of 
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these substituents on the ligands also tends to play a large role in the effect on the 

electronics of the complex.  Electron-withdrawing groups that are meta to the site of 

coordination to the metal center has been shown to have a larger effect on the electronics 

and the emission wavelengths of the complex than the ortho and para position.22  The 

combination of these two strategies has led to the variation of emission color from blue to 

red, and extensive research has been done to vary the ligands and coordination 

environment as well as to understand the excited state energy transitions involved.22   

 

Iridium(III) Complexes in PLEDs 

Iridium complexes have been previously incorporated into polymer device 

structures by methods such as drop-casting or spin-coating.  Recent literature reports 

have shown iridium(III) complexes show strong phosphorescence when in dilute room 

temperature solutions.  However, at higher concentrations and in the solid-state, 

quenching of the phosphorescence due to dimer, excimer or aggregate formation have 

been observed.47,48  Because of this quenching, two alternate methods for incorporation of 

iridium metal centers into a functioning device have been researched.   Doping of the 

iridium complexes into a polymer host or covalently linking the metal complex to a 

polymer chain are both effective ways to obtain efficient electroluminescent devices.47-53  

As previously mentioned, the method of doping complexes into a polymer host can lead 

to phase segregation and aggregation of metal centers.  However, some research groups 

have had success with this method, and quantum efficiencies from the devices have 

ranged from 1.3 to 13.7%, with the emission color ranging from green to red.  This has 

been done with various iridium triplet emitters, including Ir(ppy)3 which was blended 

with polyvinyl carbazole (PVK) to produce green light emission with an external 

quantum efficiency (EQE) of 1.3%.75  PVK has been used as the polymer host material in 

several examples, and has been doped with different emitters, such as Ir(DPF)3 (DPF = 
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9,9-dihexyl-2-(phenylpyridyl-2’-fluorine) to produce yellow-green emission with an EQE 

of 10%.  Red emission has been produced in this doping fashion with an iridium complex 

containing a 2-(1-naphthalene) ligand and poly-(cyano-paraphenylene) as the host 

material.76  White light has been produced from blending triplet emitters with fluorescent 

siloles in a PVK matrix.  A blue-emitting iridium complex, iridium(bis(2-(4,6-

difluorophenyl)-pyridinato)picolinate, was chosen to mix with a fluorescent red emitting 

silole to give white light with an EQE of 4.2%.77   This method of blending or doping 

iridium triplet emitters into a polymer matrix is highly customizable, because different 

emitters and polymer hosts can be chosen, and will continue to be a popular method for 

incorporation of triplet emitters into luminescent devices.   

For the method of covalently linking the metal to the polymer, there is a greater 

degree of control over how many triplet emitters will be incorporated and how they will 

be spaced.  Several research groups have shown that this method also allows for greater 

control over some of the factors affecting luminescence and charge transport, including 

intermolecular interactions.78,79  One example of this method has been reported with 

Ir(ppy)2(phC6-acac) where phC6-acac = 11-(2,5-dibromo-4-hexyloxyphenoxy)-

(undecane-2,4-dione).   This complex was covalently linked to the polymer backbone 

through the hexyloxy spacer.  At the time of publication, this complex had yet to be 

directly incorporated into a functioning device.80  Another example of this method of 

incorporation was seen when (piq)2Ir(pic) (piq=1-phenylisoquinoline, pic = picolinic 

acid) was attached to a fluorene group, which was then copolymerized alternately with 

oxadiazole.  This copolymer was incorporated into a device architecture and a maximum 

luminance of 1125 cd/m2 at 12 V was achieved.81  One problem associated with this 

method, is the energy transfer processes involved between the metal and polymer chain 

can be inefficient due to the covalent linker, which reduces the overall device efficiency.  

Another method involves the incorporation of the iridium(III) complex within a dendritic 

architecture.  This method has been done with polystyrene based polymers with 
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heteroleptic iridium complexes attached to every monomer unit.  This polymer material 

was incorporated into a two layer device structure and an EQE of 6.2% was reported.   

The third method, previously described as inner-sphere or Type II/III 

metallopolymers, has provided a much more controlled way of incorporating iridium(III)  

triplet emitters into a polymer matrix.  Type II/III metallopolymers provide the advantage 

of a stronger interaction between the polymer backbone and the metal center, which 

should be beneficial in energy transfer and light emission.  Synthesizing Type II or III 

metallopolymers containing iridium metal centers is most commonly done through co-

polymerization or co-condensation reactions.78,79  Type II polymers have been 

synthesized with the iridium coordinated through a C^N binding mode by Schulz and 

coworkers.82  This class of polymers has also been prepared with the metal binding 

through an N^N binding mode or through an O^O mode with acetyl acetone type 

ligand.78,83     Type III polymers where the metal center interrupts the polymer backbone 

by Zhen has been reported.84   This class of polymers represents a very unique set of 

materials, whose functionality must be further researched and explored.   

 

SCOPE OF DISSERTATION 

 Conducting metallopolymers are of interest due to their various potential 

applications.  By taking advantage of the functionality of the metal centers along with the 

ease of processing of polymer materials, one can prepare new materials with a wide range 

of properties and applications.  In order to fully take advantage of these new materials, it 

is important to understand how to control the individual properties of each component of 

the material and also know how their properties have changed once they are combined.   

 Our research has focused on the development of solid-state lighting materials and 

our approach involves the design, synthesis and characterization of highly uniform 

conducting metallopolymers that incorporate iridium(III) transition metal complexes in a 
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Wolf Type II, inner-sphere, manner.  We hope to take full advantage of both the polymer 

and transition metal components in the system due to the direct communication between 

the metal center and polymer backbone.  Ancillary ligand systems based on 1,10-

phenanthroline and 2-phenylpyridine functionalized with polymerizable thiophene 

derivatives have been synthesized.  The coordination of these ligands with iridium metal 

centers to form hetero- and homoleptic complexes has been investigated.  Three 

complexes per polymerizable ligand were prepared by varying the two coordinated 

cyclometalating ligands.  A series of three cyclometalating ligands based on 2-

phenylpyridine were synthesized and used in order to study the change in electronics of 

the complexes with the addition of electron-withdrawing substituents.  The variation of 

both the ancillary and cyclometalating ligands has provided an array of complexes in 

order to study the excited state transitions of these complexes.  The electrochemical 

polymerization of the monomer complexes leads to the formation of conducting 

metallopolymer thin films.  The electrochemistry and photophysical properties of both 

the monomers and conducting metallopolymers have been studied for their potential use 

in solid-state light applications.   
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Chapter 2:  Design, Synthesis and Characterization of Polymerizable 
Cationic Iridium(III) Complexes Exhibiting Color Tunable Emission 

INTRODUCTION 

The photophysical properties of cyclometalated iridium(III) complexes have been 

widely studied both fundamentally and towards specific applications.21,22  Due to their 

high luminescence quantum yields and short phosphorescent lifetimes these compounds 

are suitable for application into light-emitting devices.  Through simple synthetic and 

structural changes of the ligands that result in electronic changes in the complexes, the 

emission profile of this class of complexes can be selectively tuned to emit light over the 

visible spectrum.12,21,22,67,68  The addition of electron-withdrawing or electron-donating 

groups to the ligands surrounding the metal center can significantly raise or lower the 

HOMO and LUMO of the complex which changes the observed emission wavelength.22  

Strong spin-orbital coupling in these systems promotes an efficient inter-system crossing 

from the singlet to triplet excited state, which has the potential to result in high 

electroluminescence efficiency by harnessing both singlet and triplet excitons formed by 

charge injection.39   

Previous reports have shown that iridium(III) complexes in dilute solution at 

room temperature demonstrate strong photoluminescence, however, at high 

concentrations, intermolecular interactions lead to dimer, excimer, or aggregate 

formation, which can quench the phosphorescence emission in the solid-state.47,54-56  Due 

to this, doping cyclometalated iridium(III) complexes into a host has been an effective 

way to achieve highly efficient electrophosphorescent devices and reduce 

phosphorescence quenching.47-53  Another approach involves the coupling of an iridium 

metal center directly to a polymer backbone.  This route enables more efficient energy 

transfer from the ligand/polymer to the metal center due to the proximity of the 

components.   
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Our approach involves the design and synthesis of iridium(III) complexes that are 

readily electropolymerized into conducting metallopolymers giving a material with direct 

communication between the metal center and the polymer backbone and show strong 

photophysical properties that can be tuned synthetically.  A 2,2’-bithiophene substituted 

1,10-phenanthroline ligand that possesses a metal binding site and polymerizable end 

groups was chosen for its ability to efficiently transfer energy directly to the iridium 

metal center.  Cyclometalating phenylpyridine(ppy)-based ligands were chosen for this 

study due to ease of  synthesis and  the ability to make electronic changes of the metal 

complexes based on simple variation of substituent groups, resulting in variable color 

emission. In this chapter, I will discuss the design, synthesis and characterization of a 

series of iridium(III) complexes that exhibit light emission ranging from blue-green to red 

and their corresponding metallopolymers.   

 

EXPERIMENTAL 

General Methods 

Air- and moisture-sensitive reactions were carried out in flame-dried glassware 

using standard Schlenk techniques under an inert argon atmosphere.  Dry DMF was used 

as received from EMD in sure-seal bottles.  Bromine was obtained from EMD.  1,10-

phenanthroline and tri-n-butyltin chloride were purchased from Alfa Aesar.  Trans-

dichlorobis(triphenylphosphine)palladium(II) was obtained from Strem.  Dry solvents 

were obtained from an Innovative Technologies Pure-Solv 400 solvent purification 

system.  All other chemicals were used as received from commercial suppliers.  NMR 

spectra were recorded with a Varian Unity + 300 and were referenced to residual solvent 

peaks.  All coupling constants are listed in Hertz (Hz).  Mass spectrometry was carried 

out using a Thermo Finngan TSQ 700.   X-ray photoelectron spectroscopy (XPS) was 

carried out on a PHI 5700 XPS system equipped with dual Mg X-ray source and 
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monochromatic Al X-ray source complete with depth profile and angle-resolved 

capabilities.  3,8-dibromo-1,10-phenanthroline was prepared from 1,10-phenanthroline 

by Yamamoto’s method.85  5-(Tributylstannyl)-2,2’-bithiophene was prepared by 

Swager’s method.86  The target ligand, 3,8-Bis(2,2’-bithien-5-yl)-1,10-phenanthroline, 

(BT)2phen, was prepared according to modification of literature procedures.87  5-methyl-

2-(4-fluoro-phenyl)-pyridine (F-mppy), 5-methyl-2-(4-bromo-phenyl)-pyridine (Br-

mppy), tetrakis-5-methyl-2-(5-fluoro-phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III),  

tetrakis-5-methyl-2-(5-bromo-phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III), and 

tetrakis-(2-phenylpyridine)-bis-(μ-chloro)-diiridium(III) were prepared according to 

literature methods.21 

 

Electrochemistry 

Electrochemical syntheses and studies were performed in a dry-box under a 

nitrogen atmosphere using a GPES system from Eco. Chemie B.V.  All the 

electrochemical experiments were carried out in a three-electrode cell with Ag/AgNO3 

reference electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M 

Bu4NPF6 in CH3CN), a Pt working electrode, and a Pt wire coil counter electrode.  

Potentials were relative to this 0.01 M Ag/AgNO3 reference electrode.  Ferrocene was 

used as an external reference to calibrate the reference electrode before and after 

experiments were performed and that value was used to correct the measured potentials.  

All electrochemistry was performed in dichloromethane (DCM) solutions using 0.1 M 

[(n-Bu)4N][PF6] (TBAPF6) as the supporting electrolyte.  The TBAPF6 was purified by 

recrystallization three times from hot ethanol before being dried for 3 days at 100-150 °C 

under active vacuum prior to use.   Polymer films were prepared on Delta Technologies 

ITO-coated glass for spectroscopic measurement and on stainless steel for XPS.  

Electrosyntheses of the polymer films were performed from 1 x 10-3 M monomer 
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solutions by continuous cycling between -1.5 V and 1.5 V at v = 100 mVs-1.  The films 

obtained were then washed with fresh DCM before performing further experiments. 

UV-Vis and Luminescent Measurements 

All spectroscopic data was obtained in DCM solutions unless otherwise noted.  

Absorption spectra were recorded on a Varian Cary 6000i UV-VIS-NIR 

Spectrophotometer with Starna Quartz Fluorometer Cells with a pathlength of 10 mm.  

Luminescent measurements were recorded on a Photon Technology International QM 4 

spectrophotometer equipped with a 6-inch diameter K Sphere-B integrating sphere.  For 

quantum yield measurements, the integrating sphere was used.  For quantum yield 

determination, λmax of the excitation profile was used as the excitation wavelength.  

Quantum yield was calculated by dividing the area under the emission peak of the 

complex by the difference between the area under the excitation peak of the sample from 

that of a blank solution (Aem sample/(Aex blank-Aex sample), where A = area under peak).88 

 

X-Ray Crystal Structure Analysis 

Single crystals of 1 suitable for X-ray diffraction analysis were grown by slow 

liquid diffusion of diethyl ether into a concentrated solution of 1-chlorobenzene.  

Crystallographic and structural refinement data are provided in Table 3.  Diffraction data 

for 1 was collected on a Nonius Kappa CCD diffractometer with graphite 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at 153 K. An absorption correction 

was applied using GAUSSIAN. The structure was solved by direct methods and refined 

anisotropically using full-matrix least-squares method with the SHELX 97 program 

package.89 The coordinates of the non-hydrogen atoms were refined anisotropically, 

while hydrogen atoms were included in the calculation isotropically but not refined. 

Neutral atom scattering factors were taken from Cromer and Waber. 90 
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Synthesis 

Preparation of Complexes 

The complexes were synthesized from a general procedure described below and is 

shown in Scheme 3.  A solution of tetrakis-(R1, R2-ppy)-bis-(μ-chloro)-diiridium(III) (1 

equiv.) in MeOH (8 mL) was added to a solution of (BT)2phen (2 equiv.) in 1,2-

dichloroethane (4 mL).  The solution was heated to reflux for 2 hours.  After cooling to 

room temperature, a saturated aqueous solution of KPF6 (2 mL) was added.   The reaction 

mixture was filtered and washed with water and diethyl ether.  The solid was purified by 

recrystallization from DCM and ether, followed by recrystallization from DCM and 

hexanes. 

 

 

 

 

[Ir(ppy)2((BT)2phen)][PF6]  (ppy = 2-phenypyridine) (1) 

Prepared according to general procedure using tetrakis-(2-phenylpyridine)-bis-(μ-

chloro)-diiridium(III).  After purification, an orange-red solid was obtained, 1 (76%).  1H 

NMR (300 MHz, CDCl3) δ8.76 (d, 2H, J = 1.8 ), 8.38 (d, 2H, J = 1.8), 8.16 (s, 2H), 8.06 

(d, 2H, J = 8.1), 7.88 (d, 2H, J = 6.9), 7.79 (t, 2H, J = 2.4), 7.62 (d, 2H, J = 5.4), 7.42 (d, 

2H, J = 3.6), 7.23 (m, 6H), 7.09 (m, 6H), 6.90 (t, 2H, J = 6.0), 6.48 (d, 2H, J = 7.2).  13C 

{1H} NMR could not be obtained due to poor solubility of the compound. MS (CI): calcd 

for C50H32IrN4S4 (M+) 1009.29, found 1009.  m.p.:  250 – 258 °C. 
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[Ir(F-mppy)2((BT)2phen)][PF6] (F-mppy = 5-methyl-2-(4-fluoro-phenyl)-

pyridine) (2) 

Prepared according to general procedure using tetrakis-(5-methyl-2-(4-fluoro-

phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III).  After purification, an orange-red solid 

was obtained, 2 (78%).  1H NMR (300 MHz, CDCl3) δ8.99 (d, 2H, J = 3.0), 8.66 (d, 2H, 

J = 1.8), 8.44 (d, 2H, J = 1.8), 8.20 (s, 2H), 7.83 (m, 4H), 7.60 (d, 2H, J = 6.9), 7.46 (s, 

2H), 7.18 (m, 8H), 6.95 (t, 2H, J = 2.4), 6.10 (dd, 2H, J = 9.3, J = 2.7), 2.03 (s, 6H).  13C 

{1H} NMR could not be obtained due to poor solubility of the compound.  MS (CI):  

calcd for C52H34F2IrN4S4 (M+) 1073.13, found 1073.  m.p.:  315 – 321 °C. 

 

 

[Ir(Br-mppy)2((BT)2phen)][PF6] (Br-mppy =  5-methyl-2-(4-bromo-phenyl)-

pyridine)  (3) 

Prepared according to general procedure using tetrakis-(5-methyl-2-(4-bromo-

phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III).  After purification, a red solid was 

obtained, 3 (75%).  1H NMR (300 MHz, CDCl3) δ8.99 (d, 2H, J = 3.0), 8.66 (d, 2H, J = 

2.1), 8.44 (d, 2H, J = 2.1), 8.20 (s, 2H), 7.88 (m, 4H), 7.61 (d, 2H, J = 7.5), 7.45 (s, 2H), 

7.37-7.08 (m, 10H), 6.51 (d, 2H, J = 1.8), 2.03 (s, 6H).   13C {1H} NMR could not be 
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obtained due to poor solubility of the compound.  MS (CI): calcd for C52H34Br2IrN4S4 

(M+) 1195.14, found 1195.  m.p.:  201 – 207 °C. 

 

 

 

[Gd(tta)3((BT)2phen)] (tta =  2-2-thenoyltrifluoroacetone) (4) 

Gd(tta)3(H2O)2 was prepared according to literature procedure.91  Gd(tta)3(H2O)2 

(0.067 mg, 0.078 mmol) was added into a suspension of (BT)2phen (0.040 mg, 0.078 

mmol) in toluene (10 mL). The mixture was refluxed for half an hour to get a clear 

orange-yellow solution. After filtration, the filtrate was slowly cooled to room 

temperature and stored in a refrigerator.  An orange precipitate formed and was collected 

by filtration, 4 (39%).  MS (CI): calcd for C52H31F9GdN2O6S7 (M+) 1332.50, found 1108 

(-1 tta).  m.p.:  142 - 148 °C. 

 

RESULTS AND DISCUSSION 

Synthesis and Characterization of Complexes 

The polymerizable ligand, (BT)2phen, in which the 1,10-phenanthroline(phen) 

moiety serves as a metal binding site and the 2,2’-bithiophene (BT) as a polymerizable 

group, was prepared according to a modified literature procedure.87  The ligand was 

obtained as an orange solid.  The cyclometalating ppy ligands were varied in the series of 

complexes to provide a broad range of color emission from the metal complexes and 

were either commercially available or synthesized according to literature procedures.22  
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IrCl3·H2O was reacted with two equivalents of the ppy ligands to form the chlorine 

bridged dimer according to literature procedure.22  The dimer was then combined with the 

BT2(phen) ligand to produce monomers 1, 2, and 3 (Scheme 3).    All compounds, 

including monomers, were obtained in good yield and are slightly soluble in common 

organic solvents.  All solution, gas-phase, and solid-state data obtained for the monomers 

are consistent with the proposed molecular structures. 

 

Scheme 3.  Synthesis of iridium(III) complexes. 

 

 

Structure of Complex 1 

The solid-state structure of monomer 1 was determined by X-ray diffraction 

analysis and the resulting ORTEP representation can be seen in Figure 11.  The six-

coordinate Ir(III) lies in the center of a slightly distorted octahedral environment as the 

N3 – Ir – N1 bond angle is 97.0° and the N3’ – Ir – N1 angle is 96.0°.  These angles are 

slightly increased due to the steric bulk of the bithiophene groups on the polymerizable 

ligand so that no interaction between the ppy ligands and the (BT)2phen occurs.  
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Figure 11.  ORTEP diagram of 1 showing the labeling scheme of atoms at 30% 
probability level.  Hydrogen atoms, solvent molecules, and counter ions are 
omitted for clarity. 

 The coordination environment around the metal center is defined by two carbon 

and two nitrogen atoms from the ppy ligands and by two nitrogen atoms from the 

(BT)2phen ligand.  The Ir-N1(phen) bond distance (2.168 Å) is slightly longer than the Ir-

N3(ppy) bond distance (2.065 Å), which is consistent with the data of the parent complex 

[Ir(ppy)2(1,10-phen)][PF6], which does not contain the bithiophene polymerizable groups 

(Ir-Nphen 2.164 Å; Ir-Nppy 2.060 Å).69     A dihedral angle of 16.4° is seen between the 

planes of the thiophene rings, while between the thiophene and phenanthroline rings is 

13.5°.  The relatively small dihedral angles between the aromatic rings are consistent 

with a large amount of conjugation across the (BT)2phen ligand, and does not perturb 

electronic properties of the aromatic system.92  The remaining structural parameters that 

were determined agree well with the parent complex.  Selected bond lengths and angles 

are given in Table 4.  

 

Spectroscopic Properties of Monomers 1 - 3 

The photophysical properties of this series of three monomers have been studied 

under a variety of conditions.  The data from these experiments are summarized in Table 

1. The absorption spectra of 1, 2 and 3 (Figure 12) correspond primarily to the absorption 
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of the (BT)2phen ligand (Table 1), however, the metal complexes display a red-shift from 

that of the free ligand.  This shift is due to the extended conjugation of the ligand as it 

planarizes when bound to the metal, as seen by the small dihedral angles between the 

thiophene and phen rings (vide supra).  The π – π* transition near 270 nm originates from 

the cyclometalating ppy ligands and is also red shifted from that of the free ligand.  

Figure 13 shows the excitation spectra of the three monomers.  All monomers display 

broad excitation peaks similar to the UV-Vis absorption spectra.    The emission spectra 

of 1, 2, and 3 (Figure 14) display strong, broad emission peaks which shift in maxima due 

to the change in cyclometalating ppy ligands.  The trend in the shift of emission 

wavelength (3 > 1 > 2) is consistent with that of previous reports when considering the 

electron rich nature of the (BT)2phen ligand, which is primarily responsible for the 

excitation of the complex.21 Emission studies were also conducted at 77 K in frozen 2-

methyltetrahydrofuran solutions, giving a qualitatively stronger emission with no 

distinguishable change in emission wavelength.  

 

Table 1.  λmax of UV-Vis and photoluminescence data of compounds (BT)2phen, 1, 2, 
and 3. 

Compound Absorbancea λmax 
(nm) (ε) 

Excitationa 
λmax (nm) 

Emissiona 
λmax (nm) 

Фa 

(BT)2Phen 
 

257(12000), 307(9000), 
396(18000) 

400 480 0.2453 

1 264(38000), 352(24000), 
442(33000) 

425 547 0.0039 

2 273(57000), 361(23000), 
461(33000) 

400 512 0.0784 

3 273(57000), 408(42000) 
467(35000) 

320 589 0.0041 

a  All data were obtained in a DCM solution at RT.  Unit of ε is M-1cm-1. 
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Figure 12.  UV-Visible spectra of 1 – 3 in DCM at room temperature. 

 

 

 

Figure 13.  Excitation spectra of 1 – 3 in DCM at room temperature. 

    



35 
 

 

Figure 14.  Emission spectra of 1 – 3 in DCM at room temperature. 

 

Electrochemistry/Electropolymerization   

Monomers 1, 2, and 3 were electropolymerized to form poly-1, -2, and -3 

(Scheme 4) as electrode-confined films on a platinum button for scan rate dependence 

studies,  ITO-coated glass for emission studies and stainless steel for X-ray photoelectron 

spectroscopy (XPS) analysis.  

Scheme 4.  Electrochemical polymerization of iridium-containing monomers to form 
conducting metallopolymers. 
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Cyclic voltammetry of 1, 2, and 3 in a window from +1.5 to -1.5 V (vs Fc/Fc+) 

showed growth of a polymer film.  The first scan of the CV for poly-1 showed oxidation 

at 0.9 V, corresponding to irreversible oxidation of the monomer.  Sequential scans 

showed a reversible wave with E1/2 = 0.57 V corresponding to the redox properties of the 

electrode-confined polymer which is deposited on the working electrode, and 0.9 V 

(continued monomer oxidation), whose positions steadily become more positive as the 

number of scans is increased.   Figures 15 - 17 show the CV of 1 – 3 respectively.  The 

insets of Figure 15a – 17a shows a linear relationship between current increase/decrease 

and the number of scans during polymerization indicating uniform growth of the polymer 

up to 20 scans.  A scan rate dependence study was conducted on poly-1 which is shown 

in Figure 15b.  As shown in the inset of Figure 15b, the current of the electrode-confined 

film has a linear relationship to the electrochemical scan rate up to 100 mV/s.  This result 

indicates a strongly adsorbed electroactive material that is not limited by the ionic flux of 

counter ions and also implies conductivity of the polymer film.  At higher scan rates there 

is a decrease in charge mobility through the polymer backbone resulting in less facile ion 

transport and a deviation from the linear relationship.  Thinner polymer films may give a 

more linear response than those studied.  Similar data were observed for poly-2, and 

poly-3 and can be seen in Figures 16 and 17 respectively.  Table 2 shows the 

electrochemical data of the three monomers. 

Table 2.  Electrochemical properties of 1 – 3. 

Complex Eox
a (V) Ered

a (V)
1 0.78b

, 0.44c -1.04 
 

2 
 

0.69b
, 0.45c -1.15 

3 
 

0.75b
, 0.45c -1.05 

  
 a Versus Fc/Fc+ . b Oxidation of monomer.  c Oxidation of polymer. 
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a) 

 

b) 

 

 

Figure 15.  (a)  Cyclic voltammogram of 1 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.  Inset:  plot of current versus numbers of scans.  (b)  Scan rate 
dependence study of 1.  Inset:  plot of current versus scan rate. 
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a) 

 

b) 

 

Figure 16.  (a)  Cyclic voltammogram of 2 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.  Inset:  Current versus numbers of scans.  (b)  Scan rate dependence 
study of 2.  Inset:  Current versus scan rate. 
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a) 

 

b) 

 

Figure 17.  (a)  Cyclic voltammogram of 3 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.  Inset:  Current versus numbers of scans.  (b)  Scan rate dependence 
study of 3.  Inset:  Current versus scan rate. 
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Characterization of Polymers 

In order to characterize the polymer films, XPS studies were conducted to 

determine the elemental composition of the polymer through survey scans of the film.  

Quantitative XPS analysis of poly-1 reveals that the film has an atomic ratio of iridium 

(4f):sulfur (2p) = 1:5.02, which is consistent with the stoichiometric molar ratio found in 

the monomer by the same technique, 1:4.86, and proposed film structure, 1:4.  Results for 

poly-2 showed the polymer having an Ir:S ratio of 1:7.06, which is higher than the 

theoretical value, but is an average of three separate sample studies all having similar 

data.  The atomic ratio for poly-3 is 1:5.04, which is similar to the results of poly-1 and 

the theoretical film structure.  Similar small deviations in the molar ratios from the 

theoretical values of the polymers have been previously reported.38  Survey scans taken 

from the polymer films are plotted in Figures 18 - 20 for poly-1, poly-2, and poly-3 

respectively.   

 

 

Figure 18.  XPS survey scan of poly-1.   
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Figure 19.  XPS survey scan of poly-2.   

 

 

Figure 20.  XPS survey scan of poly-3.  Inset:  Expanded version of showing Br peak.   
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Spectroscopic Properties of Polymers 

Figure 21 shows the UV-Vis absorption spectra of poly-1, poly-2, and poly-3 

deposited on ITO-coated glass.  These polymers display very broad absorption bands 

characteristic of the extended aromatic system of a conjugated metallopolymer structure.  

The absorption is red-shifted from that of 1, 2, 3 and of the (BT)2phen ligand.  Emission 

spectra of the polymers were recorded with an excitation wavelength of 400 nm and 

showed no observable emission.   

 

Figure 21.  UV-Visible absorption spectra of poly-1, -2, -3 on ITO-coated glass at room 
temperature. 

With this result, copolymerizations with a metal-containing monomer to 

bithiophene ratio of 1:50 and 1:100 were conducted.  The copolymerization was done to 

determine if the spacing of the metal centers in the polymer chain and the overall density 

of the metal complexes in the films had any role in quenching of the emission.  This was 

attempted with 1 as the monomer and freshly recrystallized 2,2’-bithiophene according to 

Scheme 5.  The cyclic voltammograms of the 1:50 and 1:100 ratio copolymers can be 

seen in Figures 22 and 23 respectively.     
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Scheme 5.  Co-electropolymerization of 1 with 2,2’-bithiophene. 

 

.  

 

 

Figure 22.  (a)  Cyclic voltammogram of 1 with 50 mol equivalents of 2,2’-bithiophene  
in DCM with 0.1 M TBAPF6 at a scan rate of 0.1 V/s.  Inset:  Current versus 
number of scans.  (b)  Scan rate dependence study of copolymer.  Inset:  
Current versus scan rate. 

 

The cyclic voltammograms for the copolymerizations look similar to the three 

monomers, showing uniform growth of the polymer films and a linear relationship 

between current and scan rate indicating an electroactive material and also implies 

conductivity of the film.     
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Figure 23.  (a)  Cyclic voltammogram of 1 with 100 mol equivalents of 2,2’-bithiophene  
in DCM with 0.1 M TBAPF6 at a scan rate of 0.1 V/s.  Inset:  Current versus 
number of scans.  (b)  Scan rate dependence study of copolymer.  Inset:  
Current versus scan rate. 

  UV-Vis absorption and emission spectra were taken on ITO-coated glass.  The 

UV-Visible spectra of both copolymers plotted with poly-1 for comparison can be seen in 

Figure 24.  The absorption spectra of the copolymers display a much broader and 

stronger absorption band than poly-1, which can be attributed to absorption from the 

extra bithiophene units.  No observable emission was detected from the copolymer films 

using the λmax of the absorption spectra as the excitation wavelength.   

 

Figure 24.  UV-Visible absorption spectra of 50:1 copolymer, 100:1 copolymer, and 
poly-1 on ITO-coated glass at room temperature. 
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Excited state energy level studies were conducted on the ligand, monomers and 

polymers in order to establish the thermodynamic favorability of charge transfer to 

promote emission from the 3MLCT excited state.  Triplet energy level determination of 

the free ligand was done at 77 K in 2-methyltetrahydrofuran with the use of anthracene as 

a triplet photosensitzer.93  In order to confirm the assignment for this triplet energy level, 

a gadolinium complex was synthesized.  Gadolinium is used as its lowest energy excited 

state is significantly higher than that of the polymerizable ligand.94   The emission spectra 

of the (BT)2phen, the anthracene photosensitizer experiment and the Gd(tta)3(BT)2phen 

complex can be seen in Figure 25.  

 

Figure 25.  Emission spectra of (BT)2phen, (BT)2phen with anthracene as the 
photosensitzer, and Gd(tta)3(BT)2phen. 

Figure 26 shows the energy level diagram associated with 1 – 3, (BT)2phen, and 

poly-(BT)2phen.     It can be seen that there is a sufficient energy gap between the ligand 

S1 and T1 energy levels and the metal T1 level, resulting in the 3MLCT energy state being 

the lowest lying exciting state.  This charge transfer results in the emission that is 

observed from 1, 2, and 3 in solution.  However, for complex 2, the 3MLCT and 3LC 
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(BT)2phen are very close, so the emission spectrum is more likely a mixture of the two 

excited states.    

 

 

 

Figure 26.  Energy level diagram of complexes 1 (blue), 2 (red), 3 (black), (BT)2phen 
and poly-(BT)2phen. 

 The T1 level was obtained by polymerizing uncoordinated (BT)2phen on ITO-

coated glass and taking an emission spectrum at 77 K.  No room temperature 

fluorescence emission was observed from this film.  The (BT)2phen polymer T1 is shifted 

to a substantially lower energy level than is observed in the free ligand, 2.31 eV, as a 

result of the extended conjugation upon polymerization.  This leads to much less 

favorable charge transfer to T1, and therefore, no observable emission in the 

metallopolymers.    

 

CONCLUSIONS 

In summary, we have demonstrated the design, synthesis and characterization of 

three novel cationic Ir(III) complexes which can serve as monomers for the formation of 

conducting metallopolymers.  Efficient color tunable light emission was achieved from 
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the monomers in solution by simple synthetic variation of the ligands; however, no 

observable emission was seen from the polymers.  Future efforts will focus on tuning the 

triplet energy level of the polymerizable ligand using methods such as incorporating a 

conjugation-breaking unit into the polymer chain.  This strategy to electronically 

decouple the polymer backbone from the metal complex should raise the triplet excited 

state energy level to promote an efficient metal to ligand charge transfer emissive state 

with tunable light emission from the polymer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 
 

CRYSTALLOGRAPHIC DATA 

Table 3. Crystal data and structure refinement for complex 1. 

Formula                   C50H32F6N4PS4Ir·2H2O   
Fw    1190.24      
Cryst syst.   Monoclinic    
Space group   P2(1)/n   
a, Å     16.810(3)     
b, Å     13.806(3)     
c, Å     22.468(5)  
β, deg                                      94.02(3)    
V, Å3     5201.5(18)    
Z     4  
Dcalc, g cm-3    1.520    
temp, K    153(1)     
F(000)    2360    
μ, mm-1    2.821       
θ rang, deg    2.93-25.00         
reflns meads    26927      
reflns used    8955       
params    613    
Ra (I > 2σ(I))    R1 = 0.0986      
                  wR2 = 0.2055      
Ra (all data)    R1 = 0.2572            
    wR2 = 0.2861       
S    0.993      
 
aR1=Σ|Fo|–|Fc|Σ|Fo|.wR2=[Σw[(Fo

2–Fc
2)2]/Σ|[w(Fo

2)2]]1/2. 
w=1/[σ2(Fo

2)+(0.075P)2], where P = [max(Fo
2,0)+2Fc

2]/3. 
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Table 4. Selected bond lengths (Å) and angles (°) for 1.  

Ir(1)-C(39)           2.00(2)  

Ir(1)-N(3')          2.02(2)  

Ir(1)-N(3)            2.065(19)  

Ir(1)-C(39')         2.07(2)  

Ir(1)-N(1)            2.13(2)  

Ir(1)-N(2)           2.168(18)  

C(39)-Ir(1)-N(3')     92.1(9)  

C(39)-Ir(1)-N(3)      79.7(9)  

N(3')-Ir(1)-N(3)      170.3(7)  

C(39)-Ir(1)-C(39')    90.2(8)  

N(3')-Ir(1)-C(39')    81.9(8)  

N(3)-Ir(1)-C(39')     92.9(8)  

C(39)-Ir(1)-N(1)      176.0(8) 

N(3')-Ir(1)-N(1)      91.4(7)  

N(3)-Ir(1)-N(1)       97.0(8)  

C(39')-Ir(1)-N(1)     92.2(8)  

C(39)-Ir(1)-N(2)      100.6(8)  

N(3')-Ir(1)-N(2)      96.0(8)  

N(3)-Ir(1)-N(2)      90.6(7)  

C(39')-Ir(1)-N(2)    169.1(8)  

N(1)-Ir(1)-N(2)       77.1(8) 
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Chapter 3:  Phosphorescent Heteroleptic Cyclometalated Iridium(III) 
Complexes:  Synthesis, Photophysical Properties and 

Electropolymerization into Conducting Metallopolymers  

INTRODUCTION 

Previous research on cyclometalated iridium(III) complexes has shown the 

luminescence from the complexes can come from two primary transitions, a metal-to-

ligand charge transfer (MLCT) where an electron from a metal d orbital is promoted to a 

vacant π* orbital on one of the bound ligands, and ligand – centered transitions (LC) in 

which an electron is promoted amongst π orbitals on one of the ligands.21,22,73,95  Most 

previous research agrees the emissive state of cyclometalated iridium(III) complexes 

comes from the lowest triplet excited state (T1), which is primarily 3LC in composition 

with 3MLCT mixed in through strong spin-orbital coupling.  The nature of this excited 

state and the degree of mixing amongst energy levels varies based on the ligands 

coordinated to the metal center.21,22,73,95  The complexes presented in this chapter are of a 

general formula, [Ir(CˆN)2(N^N)][PF6], and the 3LC transitions vary based on which 

ligand is responsible for the emission.  Both the cyclometalating C^N ligands and the 

ancillary N^N ligand can undergo a 3LC transition and their emission energies differ 

greatly. 

Incorporating iridium(III) complexes into solid-state device architectures has been 

previously accomplished by a two primary strategies.  These include doping of 

iridium(III) complexes into a polymer host material and covalently coupling an iridium 

metal center to a polymer backbone.47-56  Our previous research has shown the 

coordination of an iridium(III) metal center directly into a conducting polymer backbone 

in order to provide an efficient route of energy transfer from the polymer to the metal 

center due to the proximity of the components.  We previously showed a series of 
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polymerizable cationic iridium(III) complexes with color tunable light emission.23  

However, after these complexes were electropolymerized into conducting polymer thin 

films, no observable light emission was detected from the polymers.  Energy level 

determination studies were conducted and showed the triplet energy level of the polymer 

backbone was not substantially higher than that of the T1 energy level of the complex and 

resulted in non-radiative decay from the polymer triplet energy level and no observable 

light emission.   

Previous research has shown thiophene based polymer systems with large 

substituents in the 3 and 4 position of the thiophene ring have a much higher triplet 

energy level than unsubstituted systems.39  The new approach discussed here involves 

incorporating substituent groups in the 3 and 4 positions of thiophene rings in the 

polymer backbone in order to raise the triplet energy level of the polymer system by 

perturbing the conjugation through the polymer backbone.    This was done by choosing 

an ethylenedioxythiophene(EDOT) substituted 1,10-phenanthroline ligand which 

contains a metal-binding site and polymerizable end groups.  The EDOT ring system was 

chosen as the polymerizable group because of the substituents on the desired positions of 

the thiophene ring, its ability to be electropolymerized, and its commercial availability.    

In this chapter, I will discuss the design, synthesis and characterization of a series of 

iridium(III) complexes and their corresponding conducting metallopolymers exhibiting 

strong phosphorescent light emission.  In order to fully understand the excited state 

energy levels associated with our polymerizable complexes, the synthesis of new 

iridium(III) model complexes was accomplished.  These complexes, as well as several 

other previously characterized complexes, were studied to understand the excited state 

energy levels and energy transfer processes involved in the polymerizable complexes. 
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EXPERIMENTAL PROCEDURE 

General Methods  

Air- and moisture-sensitive reactions were carried out in flame-dried glassware 

using standard Schlenk techniques under an inert argon atmosphere.  Dry DMF was used 

as received from EMD in sure-seal bottles.  Bromine was obtained from EMD.  1,10-

phenanthroline and tri-n-butyltin chloride were purchased from Alfa Aesar.  Trans-

dichlorobis(triphenylphosphine)palladium(II) was obtained from Strem.  Dry solvents 

were obtained from an Innovative Technologies Pure-Solv 400 solvent purification 

system.  All other chemicals were used as received from commercial suppliers.  NMR 

spectra were recorded with a Varian Unity + 300 and were referenced to residual solvent 

peaks.  All coupling constants are listed in Hertz (Hz).  Mass spectrometry was carried 

out using a Thermo Finngan TSQ 700.   X-ray photoelectron spectroscopy (XPS) was 

carried out on a PHI 5700 XPS system equipped with dual Mg X-ray source and 

monochromatic Al X-ray source complete with depth profile and angle-resolved 

capabilities.  3,8-dibromo-1,10-phenanthroline was prepared from 1,10-phenanthroline 

by Yamamoto’s method.85 2-(Tributylstannyl)-3,4-(ethylenedioxy)thiophene was 

prepared by Swager’s method.86  The target ligand, 3,8-bis(3,4-ethylenedioxy)thien-2-yl)-

1,10-phenanthroline, (EDOT)2phen, was prepared according to literature procedures.38  5-

methyl-2-(4-fluoro-phenyl)-pyridine) (F-mppy), 5-methyl-2-(4-bromo-phenyl)-pyridine) 

(Br-mppy), tetrakis-5-methyl-2-(5-fluoro-phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III),  

tetrakis-5-methyl-2-(5-bromo-phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III), tetrakis-(2-

phenylpyridine)-bis-(μ-chloro)-diiridium(III), were prepared according to literature 

methods.21   [Ir(ppy)2(ACN)2][PF6](8) was prepared according to the literature method.96 

[Ir(ppy)2phen][PF6](11), [Ir(F-mppy)2phen][PF6](12), [Ir(Br-mppy)2phen][PF6](13) were 

prepared according to literature methods.21,69  
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Electrochemistry 

 Electrochemical syntheses and studies were performed in a dry-box under a 

nitrogen atmosphere using a GPES system from Eco. Chemie B.V.  All the 

electrochemical experiments were carried out in a three-electrode cell with Ag/AgNO3 

reference electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M 

Bu4NPF6 in CH3CN), a Pt working electrode, and Pt wire coil counter electrode.  

Potentials were relative to this 0.01 M Ag/AgNO3 reference electrode.  Ferrocene was 

used as an external reference to calibrate the reference electrode before and after 

experiments were performed and that value was used to correct the measured potentials.  

All electrochemistry was performed in dichloromethane (DCM) solutions using 0.1 M 

[(n-Bu)4N][PF6] (TBAPF6) as the supporting electrolyte.  The TBAPF6 was purified by 

recrystallization three times from hot ethanol before being dried for 3 days at 100-150 °C 

under active vacuum prior to use.   Polymer films were prepared on Delta Technologies 

ITO-coated glass for spectroscopic measurement and on stainless steel for XPS.  

Electrosyntheses of the polymer films were performed from 1 x 10-3 M monomer 

solutions by continuous cycling between -1.5 V and 1.5 V at v = 100 mVs-1.  The films 

obtained were then washed with fresh DCM before further experiments. 

 

Spectroscopy 

 All spectroscopic data was obtained in DCM solutions unless otherwise noted.  

Absorption spectra were recorded on a Varian Cary 6000i UV-Vis-NIR 

Spectrophotometer with Starna Quartz Fluorometer Cells with a pathlength of 10 mm.  

Luminescent measurements were recorded on a Photon Technology International QM 4 

spectrophotometer equipped with a 6-inch diameter K Sphere-B integrating sphere.  For 

quantum yield measurements, the integrating sphere was used.  For quantum yield 
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determination, λmax of the excitation profile was used as the excitation wavelength.  

Quantum yield was calculated by dividing the area under the emission peak of the 

complex by the difference between the area under the excitation peak of the sample from 

that of a blank solution (Aem sample/(Aex blank-Aex sample), where A = area under 

peak).88 

 

X-Ray Crystal Structure Analysis 

  Single crystals of 5 suitable for X-ray diffraction analysis were grown by slow 

liquid diffusion of diethyl ether into a concentrated solution of 1-chlorobenzene.  

Crystallographic and structural refinement data are provided in Table 7.  Diffraction data 

for 5 was collected on a Nonius Kappa CCD diffractometer with graphite 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at 153 K. An absorption correction 

was applied using GAUSSIAN. The structure was solved by direct methods and refined 

anisotropically using full-matrix least-squares method with the SHELX 97 program 

package.89 The coordinates of the non-hydrogen atoms were refined anisotropically, 

while hydrogen atoms were included in the calculation isotropically but not refined. 

Neutral atom scattering factors were taken from Cromer and Waber.90  

 

Density Functional Theory Calculation 

  Density functional theory (DFT) calculations were performed using.  The 

HOMO and LUMO were determined using a hybrid functional (B3LYP) and the SDD 

basis set. 
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Synthesis  

Preparation of Iridium(III) Complexes 

The complexes were synthesized from a general procedure described below and is 

shown in Scheme 6.  A solution of tetrakis-(R1-R2-ppy)-bis-(µ-chloro)-diiridium(III) (1 

equiv.) in MeOH was added to a solution of (EDOT)2phen (2 equiv.) in 1,2-

dichloroethane.  The solution was heated to reflux for 2 hours.  After cooling to room 

temperature, a saturated solution of KPF6 (2 ml) was added.  The reaction mixture was 

filtered and washed with water and diethyl ether.  The solid was further purified by 

recrystallization from DCM and ether, followed by recrystallization from DCM and 

hexanes. 

 

 

[Ir(ppy)2(EDOT)2phen][PF6] (ppy = 2-phenylpyridine) (5) 

Prepared according to general procedure using tetrakis-(2-phenylpyridine)-bis-(µ-

chloro)-diiridium(III).  After purification, an orange-red solid was obtained, 5 (51%).  1H 

NMR (300 MHz, CDCl3) δ 9.22 (d, 2H, J = 5.7), 7.85 (d, 2H, J = 7.5), 7.71 (t, 4H, J = 

6.6), 7.46 (d, 4H, J = 8.1), 6.72 (m, 6H), 6.53 (t, 4H, J = 6.0), 5.91 (d, 2H, J = 7.8), 4.17 

(m, 8H).  13C 19 NMR could not be obtained due to poor solubility of the compound.  MS 

(ESI):  Calc. for C46H32IrN4O4S2 (M+):  961.12.  Found:  961.15.  m.p.:  242-248 ºC.  
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Elemental anal. calcd. for 5 · CH2Cl2/C6H14/C6H5Cl:  C59H53Cl3F6IrN4O4PS2: C, 50.99; 

H, 3.84; N, 4.03.  Found C, 50.97; H, 3.70; N, 4.22. 

 

 

 

[Ir(F-mppy)2(EDOT)2phen][PF6]  (F-mppy =  5-methyl-2-(4-fluoro-phenyl)-

pyridine) (6) 

Prepared according to general procedure using tetrakis-(5-methyl-2-(4-fluoro-

phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III).  After purification, an orange-red solid 

was obtained, 6 (59%).  1H NMR (300 MHz, CDCl3) δ 8.83 (s, 2H), 8.54 (s, 2H), 8.08 (d, 

2H, J = 3.9), 7.80 (m, 4H), 7.59 (s, 2H), 7.15 (s, 2H), 6.87 (t, 2H, J = 8.7), 6.52 (d, 2H, J 

= 4.5), 6.11 (d, 2H, J = 9.6), 4.21 (d, 8H, J = ), 2.01 (s, 6H).  13C {1H} NMR could not be 

obtained due to poor solubility of the compound.  MS (ESI):  Calc. for C48H34F2IrN4O4S2 

(M+):  1025.15.  Found: 1025.07.  m.p.:  230-235 ºC.  Elemental anal. calcd. for 6 ·  

C6H5Cl:  C54H39ClF8IrN4O4PS2  : C, 50.56; H, 3.06; N, 4.37.  Found C, 50.56; H, 3.47; N, 

4.01. 
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[Ir(Br-mppy)2(EDOT)2phen][PF6]  (Br-mppy = 5-methyl-2-(4-bromo-

phenyl)-pyridine)  (7) 

Prepared according to general procedure using tetrakis-(5-methyl-2-(4-bromo-

phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III).  After purification, a red solid was 

obtained, 7 (66%).  1H NMR (300 MHz, CDCl3) δ  8.74 (d, 2H, J = 1.8), 8.49 (d, 2H, J = 

1.8), 8.09 (s, 2H) 7.85 (d, 2H, J = 8.7), 7.59 (m, 4H), 7.22 (d, 2H, J = 1.8), 7.09 (s, 2H), 

6.42 (m, 4H), 4.17 ( m, 8H), 2.02 (s, 6H).  13C {1H} NMR could not be obtained due to 

poor solubility of the compound.  MS (ESI):  Calc. for C48H34Br2IrN4O4S2 (M+):  

1146.96.  Found: 1146.87.  m.p.:  251-254 ºC.  Elemental anal. calcd. for 7 · 

CH2Cl2/C6H5Cl  · 2 C6H14: C69H73Br2Cl3F6IrN4O4PS2;  C, 49.04; H, 4.35; N, 3.32.  Found 

C, 49.39; H, 4.19; N, 3.09. 
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[Ir(F-mppy)2(CH3CN)2][PF6]  (F-mppy =  5-methyl-2-(4-fluoro-phenyl)-

pyridine) (9) 

Prepared in the same manner as Ir(ppy)2(CH3CN)2PF6 from literature 

procedures.96  After purification, a yellow solid was obtained, 9 (56%).  1H NMR (300 

MHz, CD2Cl2) δ 8.76 (s, 2H), 7.79 (s, 4H), 7.55 (dd, 2H, J = 5.7, 3.0), 6.63 (dt, 2H, J = 

8.7, 2.4), 5.72 (dd, 2H, J = 9.6, 2.7), 2.54 (s, 6H), 2.34 (s, 6H).  13C {1H} NMR could not 

be obtained due to poor solubility of the compound.  MS (ESI):  Calc. for C28H24F2IrN4 

(M+):  646.73.  Found:  647.16.  m.p.:  187-190 ºC. 

 

 

 

[Ir(Br-mppy)2(CH3CN)2][PF6]   (Br-mppy =  5-methyl-2-(4-bromo-phenyl)-

pyridine) (10) 
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Prepared in the same manner as Ir(ppy)2(CH3CN)2PF6 from literature 

procedures.96  After purification, a yellow solid was obtained, 10, (70%).  1H NMR (300 

MHz, CDCl3) δ 8.76 (s, 2H), 7.75 (s, 4H), 7.35 (d, 2H, J = 8.4), 7.04 (d, 2H, J = 8.4), 

6.07 (d, 2H, J = 2.1), 2.55 (s, 6H), 2.34 (s, 6H).  13C {1H} NMR could not be obtained 

due to poor solubility of the compound.  MS (ESI):  Calc. for C28H24Br2IrN4 (M+):  

767.00.  Found:  766.99.  m.p.:  216-218 ºC. 

 

Preparation of Gadolinium(III) Complexes 

 

 

Gd(tta)3phen(EDOT)2 (tta = 2-thenoyltrifluoroacetone) (14) 
 

Gd(TTA)3(H2O)2 was prepared according to literature procedure.91 

Gd(TTA)3(H2O)2 (46.7 mg, 0.043 mmol) was added to a suspension of (EDOT)2phen (25 

mg, 0.054 mol) in toluene (10 mL).  The mixture was refluxed for 30 minutes.  After 

cooling to RT, the mixture was filtered, and the filtrate was placed in the refrigerator.  An 

orange solid was collected by filtration, 14, (54%).  LRMS (CI) calcd. for 

C63H73F9GdN2O10S5  m/z  1284.33, found 1283.92.  m.p.:  118-125 ºC. 
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Gd(btfac)3phen(EDOT)2 (btfac = benzoyl-1,1,1-trifluoroacetone) (15) 

Gd(btfac)3(H2O)2 was prepared according to literature procedure.91 

Gd(btfac)3(H2O)2 (0.027 g, 0.032 mmol) was added to a suspension of (EDOT)2phen 

(0.015 g, 0.033 mmol) in toluene (10 mL).  The mixture was refluxed for 30 minutes.  

After cooling to RT, the mixture was filtered, and the filtrate was placed in the 

refrigerator.  An orange solid was collected by filtration, 15 (66.5%).  LRMS (CI) calcd. 

for C54H37F9GdN2O10S2  m/z 1266.24, found 1051.08 (-1 btfac unit) .  m.p.:  170-179 ºC.  
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RESULTS AND DISCUSSION 

Synthesis and Characterization of Complexes   

Polymerizable Monomers   

The polymerizable ligand, (EDOT)2phen, where the 1,10-phenanthroline (phen) 

moiety serves as the metal binding site and the 3,4-ethylenedioxythiophene as a 

polymerizable group was prepared according to literature procedures.38  The 

cyclometalating ppy ligands were varied to study their interactions with the iridium metal 

center, in hopes of varying color emission of the complex.  These were either 

commercially available or synthesized according to literature procedures.21  IrCl3·H2O 

was combined with two equivalents of the ppy ligands to form a chlorine bridged dimer, 

which was then combined with (EDOT)2phen to produce monomers 5 – 7 (Scheme 6).  

All compounds, including monomers, were obtained in good yield and are slightly 

soluble in common organic solvents.   

Scheme 6.  Synthesis of monomers 5 – 7. 
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Model Compounds 

  The model compounds used were synthesized according to literature 

procedures.21,69,96 Complexes 8 – 10, which contain two acetonitrile groups bound to the 

iridium metal along with the same set of ppy ligands, were synthesized in order to study 

the photophysics and excited state energy levels of the bound ppy ligands.  Complexes 9 

and 10, had not been previously characterized, and were synthesized following the same 

preparation as 7.96   Complexes 11 - 13, have the same coordination environment as 5 - 7; 

however, they do not contain the EDOT polymerizable groups.21,69  

 

Solid State Structure of 5 

The solid state structure of monomer 5 was determined by X-ray diffraction 

analysis and the ORTEP representation can be seen in Figure 27.  Crystal data and 

structure refinement for 5 can be found in Table 7 and 8.   

 

 

Figure 27.  ORTEP diagram of 5 showing the labeling scheme of atoms at 30% 
probability level.  Hydrogen atoms, solvent molecules, and counter ions 
omitted for clarity. 

The six-coordinate iridium(III) lies in the center of a distorted octahedral 

environment with the N1-Ir-C35 bond angle of 95.7º and N1-Ir-C46 angle of 93.8º.  
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These angles are slightly increased due to the bulky substituents on the thiophene rings, 

and to prevent interaction between the EDOT groups on the polymerizable ligand and the 

cyclometalating ppy ligands.  The coordination environment around the Ir(III) metal 

center consists of two carbon and two nitrogen atoms from the ppy ligands and two 

nitrogen atoms from the (EDOT)2phen ligand.  A comparison of the bond distances of  5 

shows a Ir-N1(phen) distance (2.148 Å) slightly longer than the Ir-N3 (ppy) distance 

(2.029 Å), which is consistent to that of the parent complex, [Ir(ppy)2phen][PF6], which 

does not contain the EDOT polymerizable groups (Ir-Nphen 2.164 Å; Ir-Nppy 2.060 

Å).69  The dihedral angles between the planes of the thiophene rings and the phen ring 

system were calculated to be 7.57º and 10.75º, indicative of a mostly planar ligand 

structure.   The structural parameters determined agree well with the parent complex and 

selected bond lengths and angles are seen in Table 8.  

 

Photophysical Properties 

(EDOT)2phen Ligand   

Figure 28 shows the emission spectra of (EDOT)2phen in DCM at room 

temperature as well as the free ligand  in a solution of ethyl iodide:ether:ethanol:toluene 

in a 2:2:1:1 ratio at 77 K.  This solution was used as it has been shown to promote 

population of the triplet excited state in organic molecules.27  The emission spectrum in 

this solution shows fluorescence peaks from 400-450 nm and phosphorescence peaks 

from 550-650 nm.  The triplet energy level of the bound (EDOT)2phen ligand was 

determined through the synthesis of two gadolinium complexes, Gd(2-

thenoyltrifluoroacetone)3(EDOT)2phen and Gd(benzoyl-1,1,1-

trifluoroacetone)3(EDOT)2phen.  The gadolinium triplet energy level is much higher in 
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energy than that of the free ligand28, so the emission spectra observed from the complex 

can be assigned to phosphorescence of bound (EDOT)2phen and is shown in Figure 28.  

The emission spectra of the gadolinium complexes are blue-shifted from the 

phosphorescence of the free ligand, which indicates the free ligand is mostly planar, and 

twists upon coordination to a metal center. 

 

Figure 28.  Emission spectra of (EDOT)2phen at RT in DCM, at 77 K in ethyl 
iodide:ether:ethanol:toluene (2:2:1:1), Gd(tta)3(EDOT)2phen at RT in DCM 
and Gd(btfac)3(EDOT)2phen at RT in DCM. 

Polymerizable Monomers 5 – 7 

The photophysical properties of monomers 5 – 7 are shown in Figure 29.  The 

UV-Visible absorption spectra of the complexes correspond to that of the (EDOT)2phen 

ligand, however, the monomers display a red-shift from that of the free ligand due to the 

extended conjugation of the polymerizable ligand as planarization occurs during 

coordination.  The strong π – π* transitions near 260 nm (ε ≈ 4.3 x 104 – 5.5 x 104 cm-1M-

1) originate primarily from the cyclometalating ppy ligands.  The energies and extinction 
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coefficients of these bands correlate well with the absorption characteristics observed in 

the unbound ppy ligands.  Small shoulders can be seen in the region from 450-550 nm 

with molar coefficients less than 5000 M-1cm-1 that are assigned to 1MLCT transitions. 

 

Figure 29.  UV-Visible absorption spectra of 5 – 7 in DCM at room temperature. 

 

Figure 30.  Excitation spectra of 5 – 7 in DCM at room temperature. 
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Figure 31.  Emission spectra of 5 – 7 in DCM at room temperature. 

The excitation spectra of 5 – 7 (Fig. 30) display very broad, intense peaks from 

350 to 450 nm with minimal structure and resemble the UV-Vis spectra. The emission 

spectra of 5 - 7 (Fig. 31) display strong broad phosphorescent emission peaks with 

vibronic structure.  The emission peak centered around 475 nm is due to fluorescence 

from the (EDOT)2phen ligand, which is red-shifted from that of the free ligand due to 

planarization from coordination to the metal.  The lifetime of this peak was measured to 

be 1.386 nanoseconds which confirms our assignment.    The emission peaks near 615 

nm show vibronic structure and are assigned to 3LC transitions from the (EDOT)2phen 

ligand.  This ligand phosphorescence is red-shifted from that of the free ligand (Fig. 28) 

by 50 - 75 nm, again due to planarization effects.  Evidence for this planarization comes 

from the small dihedral angles between the planes of the thiophene and phen ring systems 

observed in the crystal structure of 5.  Monomers 5 - 7 show quantum yields between 

2.73 and 5.73% in solution and lifetimes near 9 μs.  The large Stoke’s shift observed is 

consistent with previous reports of complexes with emission from a predominantly low-



 67

lying 3LC energy level.29  A small blue shift in the emission wavelength for the 

monomers was observed at 77 K taken in 2-MeTHF, and also showed increased vibronic 

structure at lower temperatures.  Photophysical properties of 5 – 7 can also be found in 

Table 5.       

 

Model Compounds   

The photophysical characteristics of all model compounds studied can be seen in 

Table 5.  The UV-Vis of complexes 8 – 13 can be seen in Figure 32.  The absorption 

spectra for 8 - 13 all display an intense band near 260 nm corresponding to a π – π* 

transition which originates from the ppy ligands.  Also observed is a weak 1MLCT 

absorption band which varies in the complexes from 375 – 400 nm.    As observed in 

Figure 33, the emission profiles of the model compounds, 8 – 13, vary greatly in shape 

and wavelength, which is due to differences in the lowest energy excited states of the 

complexes. For complexes 8 - 10, the emission profiles show emission bands near 450 

nm with vibronic structure which can be assigned to a 3LC transition from the ppy 

ligands.  Complexes 11 - 13 show much broader, featureless emission profiles, which are 

assigned to 3MLCT transitions.  These complexes also show color tuning amongst the 

various ppy ligands employed.   Complexes 8 - 10 have longer lifetimes when compared 

to 10 - 12, which is consistent with our assignments and also correlates well to the 

proposed assignments for complexes 5 – 7.  The photophysical properties of 8 – 13 can 

also be found in Table 5.       
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Figure 32.  UV-Visible absorption spectra of 8 – 13 in DCM at room temperature. 

 

 

 

Figure 33.  Emission spectra of 8 – 13 in DCM at room temperature. 
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Electrochemistry 

Electropolymerization of Monomers 5-7 

All monomers were electropolymerized to form poly-5, -6, and -7 (Scheme 7) as 

electrode-confined films on a platinum button for scan rate dependence studies, ITO-

coated glass for photophysical studies or stainless steel for X-ray photoelectron 

spectroscopy (XPS) analysis. 

   

Scheme 7.  Electrochemical polymerization of iridium-containing monomers to form 
conducting metallopolymers 

 

 

 

Cyclic voltammetry of the monomers in a window from -1.5 to 1.5 V (versus 

Fc/Fc+) showed growth of a polymer film.  The CV of monomer 5 is shown in Figure 34a 
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and electropolymerization data for monomers 6 and 7 can be seen in Figs. 35a-36a 

respectively.  Data discussed is for 5, which is a representative class of this series of 

monomers.  The first scan showed an oxidation at 0.74 V, representative of the 

irreversible oxidation of the monomer.  Sequential scans showed an oxidation at 0.30 V 

corresponding to the oxidation of the electrode-confined polymer, and continued 

monomer oxidation at 0.78 V, which continue to grow more positive as more scans are 

conducted.    The inset of Figs. 34a-36a shows a linear relationship between current and 

number of scans, demonstrating uniform polymer growth up to 20 scans.  Scan rate 

dependence studies were conducted on all monomers and is shown in Fig. 34b-36b.  

Shown in the inset of Fig. 34b-36b is a plot of current versus scan rate, which varies 

linearly up to 100 mV/s.  This is indicative of a strongly adsorbed electroactive material 

that is not limited by ionic flux of counter ions and also implies conductivity of the 

polymer film.  The deviation from linearity at higher scans is primarily due to less ion 

mobility through the polymer backbone, but may also be due to the thickness of the 

polymer film.   Oxidation and reduction potentials can be found in Table 5 for all three 

monomers. 
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a) 

 

 

b)  

 

Figure 34.  Cyclic voltammogram of 5 in DCM with 0.1 M TBAPF6 at a scan rate of 0.1 
V/s.  Inset:  Current versus numbers of scans.  (b)  Scan rate dependence 
study of 5.  Inset:  Current versus scan rate. 
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a)  

 

 

b)  

 

Figure 35.  Cyclic voltammogram of 6 in DCM with 0.1 M TBAPF6 at a scan rate of 0.1 
V/s.  Inset:  Current versus numbers of scans.  (b)  Scan rate dependence 
study of 6.  Inset:  Current versus scan rate. 
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a) 

 

b) 

 

Figure 36.  Cyclic voltammogram of 7 in DCM with 0.1 M TBAPF6 at a scan rate of 0.1 
V/s.  Inset:  Current versus numbers of scans.  (b)  Scan rate dependence 
study of 7.  Inset:  Current versus scan rate. 
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Model Complexes 

Electrochemisty was performed on all model compounds and their oxidation and 

reduction potentials can be found in Table 5.  Cyclic voltammograms of complexes 8 - 13 

can be found in Figures 37 – 42, respectively. 

 

 

 

Figure 37.  Cyclic voltammogram of 8 in DCM with 0.1 M TBAPF6 at a scan rate of 0.1 
V/s.   
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Figure 38.  Cyclic voltammogram of 9 in DCM with 0.1 M TBAPF6 at a scan rate of 0.1 
V/s.   

 

Figure 39.  Cyclic voltammogram of 10 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.   
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Figure 40.  Cyclic voltammogram of 11 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.   

 

 

Figure 41.  Cyclic voltammogram of 12 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.   
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Figure 42.  Cyclic voltammogram of 13 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.   

Table 5. Photophysical and electrochemical properties of iridium(III) complexes. 

Complex Absorbancea

λmax (nm)( ε) 
Emissiona

λmax (nm) 
Φa τa 

(μs) 
τb 

(μs) 
Eox

c
 

(V) 
Ered

c

(V)
5  
 

257(48,000), 410(23,000) 
434(22,000) 

613 0.0273 9.96 36.51 0.74d 

0.30e 
-0.97 

6  262(45,000), 408(22,000), 
432(27,000) 

612 0.0354 9.92 35.90 0.85d 

0.32e 
-1.03 

7   
 

266(55,000), 409(27,000) 
434(32,000) 

615 0.0573 10.03 39.37 0.91d 

0.37e 
-1.04 

8[21]
 

 
251(40,000), 373(4,600) 471, 502 0.0092 12.29 16.76 

 
0.78d -0.51 

9    
 

261(29,000), 381(3,000) 465, 498 0.0114 11.69 19.26 0.61d -0.59 
 

10    
 

274(37,000), 387(4,300) 477, 511 0.0245 10.24 15.54 0.79d -0.40 

11[2,20] 

 
269(41,000), 384(2,100) 577 0.125[2] 0.69[2] - 0.73d -0.60 

12[2] 
 

266(64,000), 365(9,600) 545 0.21 1.32[2] - 0.90d -0.72 
 

13[2] 
 

270(79,000), 375(11,000) 546 0.19 1.36[2] - 0.92d -0.74 

 a  All data were obtained in a DCM solution at RT.  Unit of ε is M-1cm-1.  b  All data, unless  
referenced, were obtained in a 2-MeTHF solution at 77K.  c  Versus Fc/Fc+ . d   Oxidation of  
monomer.  e  Oxidation of polymer. 
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DFT Calculations 

Polymerizable Monomers 5 – 7 

  DFT calculations were carried out on monomers 5 - 7 to investigate the 

influence of the ppy ligands on the iridium complexes and to complement the 

experimental photophysical studies conducted on the monomers.  The HOMO is 

localized largely on the ppy ligands with some metal orbital character while the LUMO is 

localized primarily on the (EDOT)2phen ligand (Figure 43).  The calculated result of the 

excited state consisting of electron density only on the (EDOT)2phen ligand corresponds 

well to the observed emission profile of monomers 5 – 7.  This shows that the 

cyclometalating ppy ligands play little role in effecting the excited state of the iridium 

complexes and that the lowest excited state is dominated by the (EDOT)2phen ligand.  

The HOMO to LUMO +1 transition (406 nm) corresponds well to the 1MLCT band in the 

observed UV-Vis spectra.  Excited state DFT calculations were also carried out in order 

to better understand the emission profiles of the monomers.  These calculations 

determined a triplet excited state energy level at 635 nm (1.951 eV), which corresponds 

well with the phosphorescent emission peak.  Calculated results for monomers 6 and 7 

compare well to that of 5 and correlate well to the experimentally observed emission 

profiles.   A graphical representation of the HOMOs and LUMOs can be seen in Figure 

44.  The energy gaps do change slightly amongst the three monomers as the predicted 

HOMO and LUMO are lowered slightly due to the electron withdrawing substituent, 

however, this change in energy gap is not observed in the emission profiles of the 

monomers.   
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Figure 43.  Comparison of HOMO and LUMO energy levels and gaps for 5 – 7. 

Model Complexes 

 DFT calculations were also performed on the model compounds in order to 

understand the relative HOMO and LUMO energy levels of the complexes.  Complexes 8 

– 10, have the HOMO localized on the phenyl ring of the ppy ligands and the LUMO is 

localized on the pyridine ring.  These results agree with those previously seen in similar 

complexes.95  For complexes 11 – 13, the ppy ligands dominate the HOMO, while the 

LUMO is primarily on the phen ligand.  Both have some electron density on the metal 

center corresponding with the 3MLCT emission observed.  The energy gaps amongst the 

two sets of complexes also agree with their observed relative emission energies as 11 – 

13 are at a lower energy than 8 – 10. 
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Figure 44.  Comparison of HOMO and LUMO energy levels and gaps for 8 – 13. 

 

 

Photophysical Properties and Characterization of Polymer Films 

To characterize the polymer films, XPS studies were conducted to determine the 

elemental composition of the polymer.  Quantitative XPS results of poly-5 show the film 

having an atomic ratio of iridium(4f):sulfur(2p) = 1:1.81.  This result is consistent with 

the expected molar ratio in the proposed film structure (1:2).  Results from poly-6 and 

poly-7 showed ratios of 1:2.44 and 1:3.20 respectively, which agree with the results 

obtained from poly-1 and that of the expected molar ratio.   The ratio for poly-7 is higher 

than expected; however, small deviations from expected molar ratios in polymer films 

have been previously seen and reported.23,38  Data plots for XPS data of all polymers can 

be seen in Figures 45 - 47. 
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Figure 45 .  XPS survey scan of poly-5.   

 

Figure 46.  XPS survey scan of poly-6.   
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Figure 47.  XPS survey scan of poly-7.   

 

Spectroscopic properties of the polymer films are shown in Figures 48 and 49.  

The UV-Vis absorption spectra of poly-5, poly-6, and poly-7 were taken as thin films 

deposited on ITO-coated glass.  Fig. 48 shows much broader, red-shifted absorption 

spectra from that of the corresponding monomers, which is due to the extended aromatic 

systems of the conjugated metallopolymer.  Fig. 49 shows emission spectra of the 

polymers films, which were taken with excitation wavelengths corresponding to the λmax 

of the excitation profile of the polymer films.  The polymers showed weak broad 

emission peaks from 550 – 600 nm.  This emission was blue-shifted from that of the 

monomer, which is attributed to the twisting of the polymer chain due to the steric bulk 

of the EDOT groups.  This twisting raises the triplet energy level of the polymer, 

effectively blue-shifting emission from that of the monomer.30  
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Figure 48.  UV-Visible absorption spectra of poly-5, -6, -7 on ITO-coated glass at room 
temperature. 

 

 

Figure 49.  Emission spectra of poly-5, -6, -7 on ITO-coated glass at room temperature. 



 84

 

Excited State Energy Levels 

The energy levels associated with complexes 5 - 13 have been determined through 

a variety of experimental techniques and are presented in Table 6.  The primary energy 

level responsible for phosphorescent decay in each metal complex is listed as T1, the 

lowest excited state energy level of the complex.  On the basis of our experimental 

observations, mechanisms of phosphorescent emission from the iridium complexes are 

shown in Figure 49.  After the 1MLCT excitation, inter-system crossing to the 3MLCT 

occurs due to strong spin-orbital coupling.  Following this transition, three different types 

of energy transitions are observed amongst the different complexes, and are dependent 

upon the energy of 3LC excited state of the cyclometalating and ancillary ligands relative 

to that of the 3MLCT.  Type I emission, seen in complexes 5 – 7, is attributed to the 

phosphorescent decay from the 3LC (EDOT)2phen state, which lies at a lower energy 

level than the 3LC ppy and the 3MLCT.  Type II emission, observed in complexes and 11 

– 13, comes from the 3MLCT state, which occurs when the level of all 3LC states are 

higher in energy.  Evidence for Type II emission is seen in the emission profiles of 11 - 

13, which display broad, featureless emission peaks with generally shorter lifetimes.  

Type III emission, complexes 8 – 10, occurs from the 3LC ppy state which lies lower than 

the 3MLCT in these complexes.  Evidence for Types I and III decay is also seen in the 

emission profiles, as the emission peaks have vibronic structure with longer lifetimes.   
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Table 6.  Energy levels associated with iridium(III) complexes.  Values in eV.   

 ppy ligands phen/ACN ligands    
 1LC 3LC 1LC 3LC 1MLCT T1 

5 
 4.93 2.64  

 
3.00 

 
 

2.51 

2.86 2.02 
(3LCphen) 

6 
 4.75 2.67 2.85 2.02 

(3LCphen) 

7 4.52 2.60 2.86 2.02 
(3LCphen) 

8[23]
 

 4.93 2.64  
 
- 

 
 
- 

3.32 2.64 
(3LCppy) 

9 4.75 2.67 3.25 2.67 
(3LCppy) 

10 4.52 2.60 3.20 2.60 
(3LCppy) 

11[2, 20]  4.93 2.64  
 

3.04 

 
 

2.53 

3.23 2.15 
(3MLCT) 

12[2] 
 4.75 2.67 3.40 2.27 

(3MLCT) 
13[2] 
 4.52 2.60 3.31 2.27 

(3MLCT) 

 

 

 

 

Figure 50.  Suggested mechanism of phosphorescent decay processes in iridium(III) 
complexes. 
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The most probable molecular orbitals responsible for the different types of 

emission in the complexes from our DFT calculations are illustrated in Figure 51.  Type I 

emission comes from a LUMO to HOMO-1 transition, which is a 3LC(EDOT)2phen  

decay.  Type II emission decay is primarily from the LUMO to the HOMO, with each 

having some metal character.  This corresponds well to the observed 3MLCT emission, 

which also shows color tuning due to the ppy ligands.  For Type III emission, the LUMO 

to HOMO transition corresponds well to the observed emission profile as a 3LC from the 

ppy ligands.    

 

 

Figure 51.  Molecular orbitals related to emission pathways for different emission types. 
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CONCLUSIONS 

The design, synthesis, and characterization of a series of three novel 

cyclometalated iridium(III) complexes has been accomplished.  The complexes served as 

monomers for the formation of conducting metallopolymers and showed efficient light 

emission in solution at room temperature.  No color tuning was observed amongst the 

monomers as the most probable emission pathway was determined to be triplet 

phosphorescence from our polymerizable ligand which remained constant amongst the 

monomers.  This low-lying triplet excited state was due to a planar ligand conformation 

in the monomer complexes as evidenced by the small dihedral angles between the EDOT 

and phen ring systems observed in the crystal structure of 5.  Two series of model 

complexes have been synthesized and were used to fully study and understand the excited 

state energy levels in our novel monomers, and helped us gain knowledge regarding the 

fundamentals of color tuning emission in these systems.  The first set, with the 

phen(EDOT)2 ligand replaced by two acetonitrile ligands, allowed us to study the excited 

states and emission pathways of the bound cyclometalating ppy ligands.  The second set, 

containing a phen ligand without polymerizable groups, allowed us to study the effects of 

the polymerizable groups on the excited states of the complexes.              

The three novel monomers were readily electropolymerized to form highly 

uniform metallopolymer thin films on a variety of electrode surfaces.  The conducting 

metallopolymers exhibit broad emission near 550 nm, which is blue-shifted from the 

monomers due to the twisting of the polymer chain caused by the substituent groups on 

the 3 and 4 position of the thiophene ring system.  These substituent groups caused the 

desired twisting effect which raised the triplet energy level of the polymer backbone and 

allowed for efficient 3MLCT emission to be observed. The room temperature polymer 

emission is promising for the use of these materials as the active layer in PLEDs and 
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future efforts for these materials will focus on directly incorporating them into a 

functioning device.   
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CRYSTALLOGRAPHIC DATA 

Table 7.  Crystal data and structure refinement for 5. 

Identification code    shelxl 

Empirical formula    C57.50 H42.50 Cl1.25 F7.50 Ir1.25 N5 O5 P1.25 S2.50 

Formula weight    1429.39 

Temperature     153(2) K 

Wavelength     0.71073 Å 

Crystal system    Monoclinic 

Space group     P 21/n 

Unit cell dimensions   a = 14.832 Å  α= 90°. 

     b = 12.315 Å  β= 102.58°. 

     c = 29.421 Å  γ = 90°. 

Volume    5244.9 Å3 

Z     4 

Density (calculated)   1.810 Mg/m3 

Absorption coefficient  3.462 mm-1 

F(000)     2825 

Crystal size    ? x ? x ? mm3 

Theta range for data collection 2.38 to 26.75°. 

Index ranges    -18<=h<=18, -15<=k<=15, -37<=l<=37 

Reflections collected   21136 

Independent reflections  11104 [R(int) = 0.0463] 

Completeness to theta = 26.75° 99.4 %  

Refinement method   Full-matrix least-squares on F2 
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Data / restraints / parameters  11104 / 384 / 577 

Goodness-of-fit on F2   0.988 

Final R indices [I>2sigma(I)]  R1 = 0.0570, wR2 = 0.1360 

R indices (all data)   R1 = 0.1044, wR2 = 0.1482 

Largest diff. peak and hole  1.689 and -0.557 e.Å-3 
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Table 8.   Bond lengths [Å] and angles [°] for 5. 

Ir(1)-N(3)    2.029(7) 

Ir(1)-C(35)    2.042(5) 

Ir(1)-C(46)    2.042(6) 

Ir(1)-N(4)    2.045(5) 

Ir(1)-N(1)    2.148(5) 

Ir(1)-N(2)    2.155(5) 

N(3)-Ir(1)-C(35)  79.9(3) 

N(3)-Ir(1)-C(46)  93.6(2) 

C(35)-Ir(1)-C(46)  94.4(3) 

N(3)-Ir(1)-N(4)  96.2(3) 

C(35)-Ir(1)-N(4)  173.2(2) 

C(46)-Ir(1)-N(4)  80.3(3) 

N(3)-Ir(1)-N(1)  171.7(2) 

C(35)-Ir(1)-N(1)  95.7(2) 

C(46)-Ir(1)-N(1)  93.8(2) 

N(4)-Ir(1)-N(1)  88.9(2) 

N(3)-Ir(1)-N(2)  95.1(2) 

C(35)-Ir(1)-N(2)  87.8(2) 

C(46)-Ir(1)-N(2)  171.3(2) 

N(4)-Ir(1)-N(2)  98.1(2) 

N(1)-Ir(1)-N(2)  77.6(2) 

C(8)-N(1)-Ir(1)  128.0(5) 

C(11)-N(1)-Ir(1)  112.5(4) 
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C(17)-N(2)-Ir(1)  128.0(5) 

C(15)-N(2)-Ir(1)  112.9(5) 

C(25)-N(3)-Ir(1)  127.1(6) 

C(29)-N(3)-Ir(1)  113.4(5) 

C(45)-N(4)-Ir(1)  125.5(5) 

C(41)-N(4)-Ir(1)  115.6(5) 

C(36)-C(46)-Ir(1)  127.5(5) 

C(40)-C(46)-Ir(1)  112.7(5) 
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Chapter 4:  Phosphorescent tris-Cyclometalated Iridium(III) Complexes 
and Corresponding Metallopolymers 

INTRODUCTION 

Cyclometalated complexes of d6 transition metal ions have been heavily 

researched in recent years due to their strong photophysical properties.50,96-98  Iridium(III) 

tris-cyclometalated complexes in particular have received attention due to their short 

phosphorescent excited state lifetimes and high quantum yields.21,22  Due to strong spin-

orbital coupling of the metal center, efficient intersystem crossing from the singlet to 

triplet excited state is observed.  This has led to their use in various applications including 

their incorporation into light-emitting diodes (LEDs) and polymer light-emitting diodes 

(PLEDs).   

Tris-cyclometalated iridium(III) complexes have been researched since Watts and 

coworkers first reported the synthesis of fac-Ir(ppy)3 which demonstrated strong 

phosphorescence in solution.99  Both the facial and meridional isomers are formed during 

the synthesis of tris-cyclometalated complexes, and it has been shown that they have 

markedly different photophysical properties.97  The fac isomer shows an order of 

magnitude higher quantum yield in solution at room temperature.  These types of 

cyclometalated complexes have shown high efficiency in OLEDs due to their 

photophysical properties and high thermal stability.  Their incorporation into PLEDs is 

typically done by doping the complexes into a polymer host.  This method has 

demonstrated good results, but has also shown some aggregation and concentration 

quenching problems at high doping concentrations.47-56     

Our research has focused on the design and synthesis of tris-cyclometalated Ir(III) 

complexes that contain two phenylpyridine, ppy, based cyclometalating ligands, and a 

third cyclometalating ligand, which has polymerizable end groups.  This design will 
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allow us to easily electropolymerize our Ir(III) monomers into highly uniform conducting 

Wolf Type II metallopolymer thin films.24 This series of complexes was designed to take 

advantage of the strong photophysics of tris-cyclometalated Ir(III) complexes, while 

potentially reducing  the problems previously seen with the incorporation of metal 

complexes into PLEDs by taking advantage of the controlled method of 

electropolymerization.  In this chapter, I will discuss the design, synthesis and 

characterization of a new series of tris-cyclometalated complexes demonstrating strong 

photophysical properties and their corresponding conducting metallopolymers. 

 

EXPERIMENTAL 

General Methods 

Air- and moisture-sensitive reactions were carried out in flame-dried glassware 

using standard Schlenk techniques under an inert argon atmosphere.  Dry DMF was used 

as received from EMD in sure-seal bottles.  4-bromobenzeneboronic acid, 2,5-

dibromopyridine, and tri-n-butyltin chloride were purchased from Alfa Aesar.  Trans-

dichlorobis(triphenylphosphine)palladium(II) was obtained from Strem.  Dry solvents 

were obtained from an Innovative Technologies Pure-Solv 400 solvent purification 

system.  All other chemicals were used as received from commercial suppliers.  NMR 

spectra were recorded with a Varian Unity + 300 and were referenced to residual solvent 

peaks.  All coupling constants are listed in Hertz (Hz).  Mass spectrometry was carried 

out using a Thermo Finngan TSQ 700.   X-ray photoelectron spectroscopy (XPS) was 

carried out on a PHI 5700 XPS system equipped with dual Mg X-ray source and 

monochromatic Al X-ray source complete with depth profile and angle-resolved 

capabilities.  5-bromo-2-(4-bromophenyl)pyridine was prepared according to a 
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modification of literature procedure.21  5-(Tributylstannyl)-3,4-ethylenedioxythiophene 

was prepared by Swager’s method.86  5-methyl-2-(4-fluoro-phenyl)-pyridine (F-mppy), 5-

methyl-2-(4-bromo-phenyl)-pyridine (Br-mppy), tetrakis-5-methyl-2-(5-fluoro-phenyl)-

pyridine)-bis-(μ-chloro)-diiridium(III),  tetrakis-5-methyl-2-(5-bromo-phenyl)-pyridine)-

bis-(μ-chloro)-diiridium(III), tetrakis-(2-phenylpyridine)-bis-(μ-chloro)-diiridium(III) 

were prepared according to literature methods.21
  

 

Electrochemistry 

Electrochemical syntheses and studies were performed in a dry-box under a 

nitrogen atmosphere using a GPES system from Eco. Chemie B.V.  All the 

electrochemical experiments were carried out in a three-electrode cell with Ag/AgNO3 

reference electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M 

Bu4NPF6 in CH3CN), a Pt working electrode, and Pt wire coil counter electrode.  

Potentials were relative to this 0.01 M Ag/AgNO3 reference electrode.  Ferrocene was 

used as an external reference to calibrate the reference electrode before and after 

experiments were performed and that value was used to correct the measured potentials.  

All electrochemistry was performed in dichloromethane (DCM) solutions using 0.1 M 

[(n-Bu)4N][PF6] (TBAPF6) as the supporting electrolyte.  The TBAPF6 was purified by 

recrystallization three times from hot ethanol before being dried for 3 days at 100-150 °C 

under active vacuum prior to use.   Polymer films were prepared on Delta Technologies 

ITO-coated glass for spectroscopic measurement and on stainless steel for XPS.  

Electrosyntheses of the polymer films were performed by continuous cycling between -

1.5 V and 1.5 V at v = 100 mVs-1.  The films obtained were then washed with fresh DCM 

before further experiments. 
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UV-Vis and Luminescent Measurements 

All spectroscopic data was obtained in DCM solutions unless otherwise noted.  

Absorption spectra were recorded on a Varian Cary 6000i UV-Vis-NIR 

Spectrophotometer with Starna Quartz Fluorometer Cells with a pathlength of 10 mm.  

Luminescent measurements were recorded on a Photon Technology International QM 4 

spectrophotometer equipped with a 6-inch diameter K Sphere-B integrating sphere.  For 

quantum yield measurements, the integrating sphere was used.  For quantum yield 

determination, λmax of the excitation profile was used as the excitation wavelength.  

Quantum yield was calculated by dividing the area under the emission peak of the 

complex by the difference between the area under the excitation peak of the sample from 

that of a blank solution (Aem sample/(Aex blank-Aex sample), where A = area under peak).88 

 

X-Ray Crystal Structure Analysis 

  Single crystals of 17 suitable for X-ray diffraction analysis were grown by slow 

liquid diffusion of methanol into a concentrated solution of acetonitrile.  Crystallographic 

and structural refinement data are provided in Table 10.  Diffraction data for 17 was 

collected on a Nonius Kappa CCD diffractometer with graphite monochromated Mo-Kα 

radiation (λ = 0.71073 Å) at 153 K. An absorption correction was applied using 

GAUSSIAN. The structure was solved by direct methods and refined anisotropically 

using full-matrix least-squares method with the SHELX 97 program package.89 The 

coordinates of the non-hydrogen atoms were refined anisotropically, while hydrogen 

atoms were included in the calculation isotropically but not refined. Neutral atom 

scattering factors were taken from Cromer and Waber.90  
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Density Functional Theory Calculation 

  Density functional theory (DFT) calculations were performed using.  The 

HOMO and LUMO were determined using a hybrid functional (B3LYP) and the SDD 

basis set. 

 

Synthesis and Characterization 

 

 

Preparation of phpy(EDOT)2 (16) 

A solution of 5-bromo-2-(4-bromophenyl)pyridine (2.069 g, 6.61 mmol), 2-

(tributylstannyl)-3,4-(ethylenedioxy)thiophene (6.27 g, 14.54 mmol) and Pd(II)(PPh3)2Cl2 

(5 mol %) in 20 mL of dry DMF was heated to 80 ºC for 16 hours.  The solvent was 

removed and column chromatography of the residue on silica-gel with 

dichloromethane/hexanes (3:1) as the eluent gave the pure product.  Yield: 24%.  1H 

NMR (300 MHz, CDCl3) δ 9.02 (s, 1H), 8.00 (dd, 3H, J = 10.2, 7.2), 7.80 (d, 2H, J = 

8.7), 7.70 (d, 1H, J = 9.3), 6.33 (d, 2H, J = 11.7), 4.28 (m, 8H). 13C {1H} NMR could not 

be obtained due to poor solubility of the compound. HRMS (CI): calcd for C23H17NO4S2  

m/z 435.06 (M+), found 435.0596.  m.p.:  200 - 206 °C. 
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Preparation of Iridium(III) Complexes 

The complexes were synthesized from a general procedure described below and 

the synthesis is shown in Scheme 8.  A solution of tetrakis-(R1, R2-ppy)-bis-(μ-chloro)-

diiridium(III) (1 equiv.), 16 (2 equiv.), triethylamine (2 equiv.) and 2,4-pentanedione (2 

equiv.) in sparged ethylene glycol was heated at 130 ºC for 48 hours.  After cooling to 

room temperature the reaction mixture was extracted with DCM and water and the 

organic phase was dried over Na2SO4. The solvent was removed and the crude product 

was purified through column chromatography with DCM:Hexanes (3:1) as the eluent. 

The solid was further purified by recrystallization from DCM and hexanes.   

 

 

[Ir(ppy)2phpy(EDOT)2]  (ppy = 2-phenypyridine) (17) 

Prepared according to general procedure using tetrakis-(2-phenylpyridine)-bis-(μ-

chloro)-diiridium(III).  After purification, an orange-red solid was obtained, 17 (11%).  
1H NMR (300 MHz, CDCl3) δ 8.08 (d, 1H, J = 2.7), 7.87 (q, 2H, J = 5.1). 7.76 (d, 1H, J 

= 8.4), 7.58 (m, 8H), 7.25 (m, 2H), 6.60 (m, 8H), 6.25 (s, 1H), 6.14 (s, 1H), 4.01 (m, 8H).   
13C {1H} NMR could not be obtained due to poor solubility of the compound. HRMS 

(CI): calcd for C45H32IrN3O4S2 (M+) 935.10, found 935.15.  m.p.:  235-239 °C. 
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[Ir(F-mppy)2phpy(EDOT)2] (F-mppy = methyl-2-(4-fluoro-phenyl)-pyridine) 

(18) 

Prepared according to general procedure using tetrakis-(5-methyl-2-(4-fluoro-

phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III). After purification, an orange-red solid 

was obtained, 18 (2%).    1H NMR (300 MHz, CDCl3) δ 8.43(s, 1H), 7.89(s, 1H), 7.81 (d, 

1H, J = 8.4), 7.73-7.53 (m, 6H), 7.39-7.22 (m, 6H), 6.62-6.58 (m, 2H), 6.30 (dd, 1H, J = 

11.4, 8.7, 2.4), 6.20 (d, 1H, J = 27), 6.08 (dd, 1H, J = 12.9, 10.2, 2.4)  4.11 (m, 8H), 2.04 

(d, 6H, J = 5.4)     13C {1H} NMR could not be obtained due to poor solubility of the 

compound. MS (CI): calcd for C47H34F2IrN3O4S2 (M+) 999.13, found 999.16.  m.p.:  215-

219 °C. 

 

 

[Ir(Br-mppy)2(phpy(EDOT)2] (Br-mppy =  5-methyl-2-(4-bromo-phenyl)-

pyridine)  (19) 
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Prepared according to general procedure using tetrakis-(5-methyl-2-(4-bromo-

phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III).  After purification, an orange-red solid 

was obtained, 19 (4%).    1H NMR (300 MHz, CDCl3) δ 8.49 (d, 1H, J = 1.8), 7.87 (s, 

1H), 7.82-7.58 (m, 4H), 7.52-7.26 (m, 6H), 7.09-7.00 (m, 3H), 6.70 (d, 1H, J = 1.8), 6.49 

(d, 1H, J = 2.1), 6.26 (s, 1H), 6.17 (s, 1H), 4.14 (m, 8H), 2.06 (d, 6H, J = 6.9)    13C {1H} 

NMR could not be obtained due to poor solubility of the compound. MS (CI): calcd for 

C47H34Br2IrN3O4S2 (M+) 1120.95, found1121.00.  m.p.:  200-204 °C. 

 

 

RESULTS AND DISCUSSION 

Synthesis and Characterization of Complexes 

The synthesis of the cyclometalating polymerizable ligand, 16, was accomplished 

with a two step process involving a Suzuki coupling followed by a Stille coupling.  The 

phenylpyridine moiety serves as the cyclometalating (C^N) metal binding site and the 

3,4-ethylenedioxythiophene(EDOT) substituents serve as our polymerizable end groups.   

Monomers 17 – 19 were then formed through the reaction of 16 with the chlorine bridged 

iridium dimer with ppy, F-mppy, and Br-mppy respectively.   The synthetic scheme of the 

polymerizable ligand and metal complexes can be seen in Scheme 8.   
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Scheme 8.  Synthetic scheme of electropolymerizable ligand, 16, and monomers 17 – 19. 

 

Solid State Structure of 17 

A solid state structure of monomer 17 that was not fully refined was determined 

by X-ray diffraction analysis and the ORTEP representation can be seen in Figure 52.  

Crystal data and structure refinement for 17 can be found in Tables 10 and 11.  It can be 

seen that the six coordinate iridium metal center lies in a distorted octahedral 

environment.  It can be seen by the crystal structure of 17, the meridional isomer was 

formed during synthesis.  The coordination environment around the Ir(III) metal center 

consists of two carbon and two nitrogen atoms from the ppy ligands and one carbon and 

one nitrogen from the phpy(EDOT)2 ligand.  The dihedral angles between the thiophene 

ring and phenyl ring was calculated to be 20.9º and the angle between the pyridine ring 
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system and thiophene ring was calculated to be 10.7º.  These small dihedral angles 

indicate a very planar ligand structure upon metal coordination.   

 

 

Figure 52.  ORTEP diagram of 17 showing the labeling scheme of atoms at 30% 
probability level.  Hydrogen atoms and solvent molecules omitted for 
clarity. 

 

Spectroscopic Properties of 16 - 19 

The photophysical properties of 16 have been studied under a variety of 

conditions.  Figure 53a shows the UV-Visible, excitation and emission spectra of 16 in a 

dichloromethane solution at room temperature.  The absorption spectrum displays an 

intense band centered at 365 nm which corresponds to a π – π* transition of the ligand.  

The emission spectrum is consistent with fluorescence emission from the singlet excited 

state, which was confirmed by a lifetime of 1.004 ns.   Electropolymerization of 16 was 

performed to form poly-16 as an electrode-confined film onto a platinum button and 

ITO-coated glass.  Figure 53b shows the CV of 16.  The photophysics of poly-16 are 

shown in Figure 53c.  The absorption spectrum displays a broad absorption that is red-

shifted from that of the free ligand due to the extended conjugation of the system.  
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Polymer emission is observed near 600 nm, which is indicative of a low-lying excited 

state in the polymer chain.   

 

Figure 53.  (a)  Photophysical properties of 16 taken in CH2Cl2 at room temperature. (b)  
Electropolymerization of 16 in 0.1 M TBAPF6 in CH2Cl2 at 0.1V/s.  Inset:  
plot of current versus number of scans.  (c)  Photophysical properties of 
poly - 16 on ITO-coated glass.  (d)  UV-Vis-NIR Spectroelectrochemistry of 
poly - 16.      

 

In an attempt to further study the effects of electrochemical doping on conducting 

polymerizable ligand, UV-Vis-NIR spectroelectrochemical investigations of 16 were 
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performed (Figure 53d).  Upon oxidation at 0.76 V, low energy transitions (800-1400 

nm) are observed.  These transitions are consistent with the formation of polaron states 

within the polymer backbone and are commonly observed in thiophene based systems.92  

The photophysics of monomers 17 - 19 are shown in Figure 54 - 56.  All three 

monomers display similar UV-Vis and emission spectra.  The UV-Vis spectra (Fig. 54) 

display intense absorption bands near 260 nm, corresponding to π – π* energy transitions 

which originate from the ppy ligands.  The absorption bands from 350 to 430 nm 

correspond well to the absorption spectrum seen in 16 and are consistent with a π – π* 

transition of the ligand. A low energy absorption band is observed near 490 nm which is 

assigned to a 1MLCT energy transition. 

 

 

Figure 54.  UV-Visible absorption spectra of 17 – 19 taken in CH2Cl2 at room 
temperature.   
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Figure 55.  Excitation spectra of 17 – 19 taken in CH2Cl2 at room temperature.   

 

    Figure 56.  Emission spectra of 17 – 19 taken in CH2Cl2 at room temperature. 
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The excitation spectra (Fig. 55) for all three monomers are very similar with a 

λmax near 400 nm.  The emission spectra of 17 – 19 (Fig. 56) all display broad red 

emission profiles with vibronic coupling, and are assigned to primarily a 3LC energy 

transition from the triplet excited state of 16.  A small emission peak is observed near 500 

nm which is assigned to fluorescence from 16, but is slightly red-shifted from the 

emission of the free ligand due to a small degree of ligand planarization upon 

coordination to the metal center.  Emission studies were also conducted at 77 K and 

showed a slight blue shift in the emission profile as well as increased vibronic coupling.  

Quantum yield and lifetime measurements were performed on all three monomers as well 

as 16 and are summarized in Table 9.   

 

Table 9.  Photophysical and electrochemical properties of compounds 16 - 19. 

Compound Absorbancea 

 λmax(nm) (ε) 
Emissiona 
λmax (nm) 

Фa

(%) 
τ Eox 

(V vs. Fc/Fc+) 
Ered 

(V vs. Fc/Fc+) 
16 300(12000), 359(30000) 

 
422 22.9 1.004 ns 0.08b, 0.52c -0.48b

17 246(40000), 283(36000) 
371(30000), 412(16000) 
475(4500) 
 

612, 668 1.59 11.35 μs 0.23b, 0.75c 

1.18b 
0.50c, 0.82b

18 264(31000), 380(20000) 
408(17000), 467(3200) 
 

612, 669 1.00 13.68 μs 0.48c, 0.98b 0.50c, 0.82b

19 276(45000), 383(28000) 
411(26000), 455(7700) 

614, 671 3.62 5.66 μs 0.37c, 0.90b 
 

-0.40b, 0.73c 

a  All data were obtained in a DCM solution at RT.  Unit of ε is M-1cm-1.  b  
Oxidation/Reduction of monomer.  c  Oxidation/Reduction of polymer. 
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Theoretical Calculations 

DFT calculations were performed on all three monomers to support our 

experimental observations, and all showed similar results.  Figure 56 shows a diagram of 

the calculated energy levels and images of the HOMO and LUMO of the complexes.  The 

calculated energy gap between the calculated HOMO and LUMO agrees well with the 
1MLCT energy transition seen in the UV-Vis spectra.  The HOMO is localized primarily 

on the iridium metal center and ppy ligands, while the LUMO is delocalized across the 

polymerizable ligand which agrees well with our assignment of a 3LC energy transition in 

the emission profiles of the monomers.   

 

 

    Figure 57.  DFT energy level diagrams for 17 with comparison of HOMO and 
LUMOs. 
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Electrochemistry/Electropolymerization   

Monomers 17 – 19 were electropolymerized to form poly-17 – 19 (Scheme 9) on 

a variety of working electrode surfaces including a platinum button for scan rate 

dependence studies, stainless steel for X-Ray Photoelectron Spectroscopy (XPS) and 

ITO-coated glass for photophysical studies.   

Scheme 9.  Electrochemical polymerization of iridium-containing monomers to form 
conducting metallopolymers. 

 

 

The CVs of 17 - 19 are shown in Figure 58 – 60, respectively.  The first scan in 

the CV of 17 shows an oxidation of the monomer at 0.75 V and sequential scans show a 

reversible oxidation of the polymer at 0.25 V and continued monomer oxidation at 0.75 

V, which continue to grow more positive as the number of scans increases.  A third 

oxidation peak is present at 0.03 V and is assigned to an oxidation of the phenyl ring on 

16 which can be seen in Figure 53b.    The insets of Figure 58a – 60a show a linear 

relationship of current versus number of scans suggesting uniform growth of the polymer 

films up to 20 scans.  A scan rate dependence study was conducted on the polymer film, 
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and shows a linear relationship between current and scan rate up to 500 mV/s (Figure 58b 

inset).  This linearity is indicative of a strongly adsorbed electroactive film that is not 

limited by the ionic flux of counter ions and also implies conductivity of the polymer 

film.  Cyclic voltammograms of 18 and 19 can be seen in Figure 59 and 60.  The CV for 

18 showed similar oxidation and reduction potentials as 17 and also showed uniform 

polymer growth and scan rate dependence.  The results for 19 were slightly different, as 

the polymer showed weak results during the scan rate dependence study; however, the 

polymer showed uniform growth and a film was deposited on the electrode surface. 
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a) 

 
 
b) 

 

Figure 58.  (a)  Electropolymerization of 17, 0.1 M TBAPF6, Pt electrode.  Inset:  The 
peak current versus number of scans.  (b)  Scan rate dependence of 17, Pt 
electrode.  Inset:  Peak current versus scan rate. 
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a) 

 

 

b) 

 

Figure 59.  (a)  Electropolymerization of 18, 0.1 M TBAPF6, Pt electrode.  Inset:  The 
peak current versus number of scans.  (b)  Scan rate dependence of 18, Pt 
electrode.  Inset:  Peak current versus scan rate. 
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a) 

 

b) 

 

Figure 60.  (a)  Electropolymerization of 18, 0.1 M TBAPF6, Pt electrode.  Inset:  The 
peak current versus number of scans.  (b)  Scan rate dependence of 18, Pt 
electrode.  Inset:  Peak current versus scan rate. 
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Characterization and Spectroscopic Properties of Polymers 

XPS analysis of poly-17 was conducted to determine the elemental ratio of 

iridium (4f):sulfur (2p) in the polymer film.  The results showed an Ir:S ratio of 1:2.07, 

which correspond well to the expected theoretical ratio of 1:2.  XPS results of poly-18 

and poly-19 showed iridium:sulfur ratios of 1:3.19 and 1:4.24 respectively.  Both of these 

results showed a slightly higher Ir:S ratio than expected, however similar deviations in 

similar XPS results have been previously observed.23,38    XPS survey scans for the 

polymer films can be seen in Figures 61 – 63. 

 

 

Figure 61.  XPS survey scan of poly-17. 
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Figure 62.  XPS survey scan of poly-18. 

 

 

 

Figure 63.  XPS survey scan of poly-19. 
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The UV-Visible spectra of poly-17 - 19 can be seen in Figure 64.   These spectra 

display very broad absorption bands centered near 430 nm, which is red-shifted from that 

of the monomers and is characteristic of an extended π-conjugated system.  Emission 

spectra of the polymer films were taken under a variety of conditions, including room 

temperature, 77 K and as a suspension in DMF.  The room temperature emission spectra 

of poly-17 and poly-18 taken on ITO-coated glass are shown in Figure 65, and display 

very similar emission profiles to that of the monomers in solution but are much less 

intense.  These emission profiles were expected as the lowest excited state in these 

systems is the triplet energy level of the polymerizable ligand.  Emission from poly-19 

was not detected at room temperature, and therefore, other photophysical techniques were 

attempted.  Photophysical studies taken at 77 K or as a suspension in DMF also did not 

show any detectable emission.  However, the emission results for poly-17 and poly-18 

are very promising and these materials make strong candidates for application into 

PLEDs.   

 

Figure 64.  UV-Visible absorption spectra of poly- 17 - 19 on ITO-coated glass. 
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Figure 65.  Room temperature emission spectra of poly – 17 and poly – 18 on ITO-
coated glass. 

 

CONCLUSIONS 

In summary, we have demonstrated the design, synthesis and characterization of 

novel tris-cyclometalated iridium(III) metal complexes and their corresponding 

conducting metallopolymers.  The monomers demonstrated efficient phosphorescence in 

solution at room temperature, but no emission color tuning was observed.  The observed 

emission was assigned to phosphorescence from the triplet excited state of our 

polymerizable ligand, which was not varied amongst the monomers. This result indicated 

a low-lying triplet excited state energy level for the phpy(EDOT)2 ligand due to a planar 

ligand structure in the complexes.  This planar structure was also confirmed by the small 
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dihedral angles between the planes of the EDOT ring and the phenyl or pyridine rings 

observed in the crystal structure of 17.   

The three monomers were readily electropolymerized to form conducting 

metallopolymer thin films, and poly-17 and poly-18 displayed room temperature light 

emission from ITO-coated glass.  The emission profiles were similar to that of the 

monomers in solution, and the phosphorescence was assigned to triplet emission from the 

polymer backbone which was made more probable by the presence of the iridium(III) 

metal centers.  The observed room temperature polymer emission is promising for the use 

of these materials in solid-state lighting.  Future efforts will focus on the further 

promotion of twisting of the polymer backbone in order to raise the triplet energy level to 

promote a 3MLCT emission pathway, allowing for efficient color tunable light emission 

from the polymer materials.  
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CRYSTALLOGRAPHIC DATA 

Table 10. Crystal data and structure refinement for complex 17. 

Crystal data 
C48H32IrN3O4S2     V = 3794 (2) Å3 
Mr = 971.09      Z = 4 
?, ?       F(000) = 1928 
a = 18.468 (5) Å     Dx = 1.700 Mg m−3 
b = 12.632 (5) Å     Mo Kα radiation, λ = 0.71069 Å 
c = 17.114 (5) Å     μ = 3.68 mm−1 
α = 90.000 (5)°     T = 100 K 
β = 108.128 (5)°     × × mm 
γ = 90.000 (5)° 
 
Data collection 
Radiation source: fine-focus sealed tube  Rint = 0.443 
graphite      θmax = 25.0°, θmin = 3.0° 
53723 measured reflections    h = −21→21 
6610 independent reflections    k = −14→14 
3539 reflections with I > 2σ(I)   l = −20→20 
 
Refinement 
Refinement on F2  Primary atom site location: structure-

invariant direct methods 
Least-squares matrix: full  Secondary atom site location: 

difference Fourier map 
R[F2 > 2σ(F2)] = 0.136  Hydrogen site location: inferred from 

neighboring sites 
wR(F2) = 0.316  H atoms treated by a mixture of 

independent and constrained 
refinement 

S = 1.08  w=1/[σ2(Fo2)+(0.1025P)2+ 
25.9117P] where P = (Fo2 + 2Fc2)/3 

6610 reflections     (Δ/σ)max = 0.068 
466 parameters     Δρmax = 2.12 e Å−3 
294 restraints      Δρmin = −3.45 e Å−3 
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Table 11. Selected bond lengths (Å) and angles (°) for 17.  

Ir(1) – N(1a)   2.181 

Ir(1) – C(1c)   2.005 

Ir(1) – N(2a)   2.035 

Ir(1) – C(2c)   2.164 

Ir(1) – C(3c)   2.062 

Ir(1) – N(3)   2.116 

C(1c) – Ir(1) – N(2a)  89.6 

C(1c) – Ir(1) – C(3c)  92.6 

C(1c) – Ir(1) – N(3)  92.2 

C(1c) – Ir(1) – C(2c)  169.3 

C(1c) – Ir(1) – N(1a)  78.7 

N(2a) – Ir(1) – C(3c)  95.2 

N(2a) – Ir(1) – N(3)  175.9 

N(2a) – Ir(1) – C(2c)   82.2 

N(2a) – Ir(1) – N(1c)  87.8 

C(3c) – Ir(1) – N(3)  81.0 

C(3c) – Ir(1) – C(2c)  95.0 

C(3c) – Ir(1) – N(1a)  170.8 

C(3c) – Ir(1) – C(2c)  96.2 

N(3) – Ir(1) – N(1a)  95.9 

C(2c) – Ir(1) – N(1a)  93.8 
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Chapter 5:  Polymerizable Phosphorescent tris-Cyclometalated 
Iridium(III) Complexes Containing a meta-linked Toluene Spacer in the 

Polymer Backbone 

INTRODUCTION 

The development and research of solid-state lighting has been of intense focus in 

recent years.1  Polymer light-emitting diodes (PLEDs) have been researched since their 

initial fabrication in 1990 when a conjugated polymer was used as an electroluminescent 

material.39,100  Polymeric materials have many advantages over other inorganic 

electroluminescent materials including ease of processing and mechanical properties.41,43  

Tris-cyclometalated iridium(III) complexes have been incorporated into solid-

state light-emitting devices due their strong photophysical properties, including high 

quantum yields and short phosphorescent lifetimes.21,22,69  Due to strong-spin orbital 

coupling of the iridium metal center, efficient inter-system crossing from the singlet to 

the triplet excited state is observed, which allows for triplet exciton harvesting in a device 

and therefore, a theoretical device efficiency of up to 100%.39   

Emission wavelength color tuning has been observed from iridium(III) 

cyclometalated complexes through simple ligand environment variation.12,21,22,67,68,101  

Through the addition of electron-withdrawing or electron-donating groups on the 

cyclometalating ligands, the HOMO and LUMO of the complex can be significantly 

altered.  Most commonly, electron-donating groups stabilize the HOMO of the complex 

by removing electron density from the metal center, therefore increasing the HOMO-

LUMO energy gap and blue-shifting the emission wavelength.22  With small substituent 

changes to the ligands coordinated to the iridium metal center, emission colors from blue-

green to red have been observed and reported.21,22   
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The incorporation of iridium(III) complexes into polymer light-emitting diodes 

(PLEDs) has been a focus of recent research due to the advantages of polymer materials 

for light-emitting applications.  Most commonly, polymer materials are doped with 

iridium triplet emitters and drop-casted or spin-coated onto a glass substrate.  This 

method has provided PLEDs with strong photophysical performance, however, lacks 

control over film morphology.47-53  Our approach involves directly incorporating iridium 

into the conducting polymer backbone, allowing for direct electronic communication 

between the polymer material and metal center.   Polymer growth will be accomplished 

through electropolymerization, allowing for the formation of highly uniform conducting 

metallopolymers, which allows for a higher degree of control over the film morphology 

and thickness. 

Our previous research has utilized an iridium(III) binding ligand with thiophene 

derivatives as electropolymerizable end groups and has shown a need for a high triplet 

energy level of the polymer backbone to promote efficient 3MLCT emission in the 

polymer film.23 An effective method of raising the triplet energy level is to incorporate 

large substituent groups in the 3 and 4 positions of the thiophene rings.39  This promotes 

an efficient twist in the polymer backbone and disrupts conjugation to blue-shift light 

emission and raise the triplet energy level of the polymer.  This can also be accomplished 

in polymer systems through the incorporation of spacing groups that causes twisting in 

the polymer chain.  For our research, we have designed a ligand that has a toluene 

spacing group meta-linked between the phenylpyridine (C^N) metal binding site and the 

EDOT polymerizable end groups.  This linkage should sufficiently twist the ligand from 

planarity disrupting conjugation and effectively raise the triplet energy level of the 

polymer backbone.  In this chapter, I will discuss the design, synthesis and 

characterization of our polymerizable ligand, iridium(III) monomers and corresponding 
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conducting metallopolymers that exhibit color tunable light emission in both monomer 

and polymer form.   

 

EXPERIMENTAL 

General Methods 

Air- and moisture-sensitive reactions were carried out in flame-dried glassware 

using standard Schlenk techniques under an inert argon atmosphere.  Dry DMF was used 

as received from EMD in sure-seal bottles.  4-bromobenzene boronic acid, 2,5-

dibromopyridine, tri-n-butyltin chloride were purchased from Alfa Aesar.  Trans-

dichlorobis(triphenylphosphine)palladium(II) was obtained from Strem.  Dry solvents 

were obtained from an Innovative Technologies Pure-Solv 400 solvent purification 

system.  All other chemicals were used as received from commercial suppliers.  NMR 

spectra were recorded with a Varian Unity + 300 and were referenced to residual solvent 

peaks.  All coupling constants are listed in Hertz (Hz).  Mass spectrometry was carried 

out using a Thermo Finngan TSQ 700.   X-ray photoelectron spectroscopy (XPS) was 

carried out on a PHI 5700 XPS system equipped with dual Mg X-ray source and 

monochromatic Al X-ray source complete with depth profile and angle-resolved 

capabilities.  5-bromo-2-(4-bromophenyl)pyridine was prepared according to literature 

procedure.  5-(Tributylstannyl)-3,4-ethylenedioxythiophene was prepared by Swager’s 

method.86  5-methyl-2-(4-fluoro-phenyl)-pyridine (F-mppy), 5-methyl-2-(4-bromo-

phenyl)-pyridine (Br-mppy), tetrakis-5-methyl-2-(5-fluoro-phenyl)-pyridine)-bis-(μ-

chloro)-diiridium(III),  tetrakis-5-methyl-2-(5-bromo-phenyl)-pyridine)-bis-(μ-chloro)-

diiridium(III), tetrakis-(2-phenylpyridine)-bis-(μ-chloro)-diiridium(III) were prepared 

according to literature methods.21 
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Electrochemistry 

Electrochemical syntheses and studies were performed in a dry-box under a 

nitrogen atmosphere using a GPES system from Eco. Chemie B.V.  All the 

electrochemical experiments were carried out in a three-electrode cell with Ag/AgNO3 

reference electrode (silver wire dipped in a 0.01 M silver nitrate solution with 0.1 M 

Bu4NPF6 in CH3CN), a Pt working electrode, and Pt wire coil counter electrode.  

Potentials were relative to this 0.01 M Ag/AgNO3 reference electrode.  Ferrocene was 

used as an external reference to calibrate the reference electrode before and after 

experiments were performed and that value was used to correct the measured potentials.  

All electrochemistry was performed in dichloromethane (DCM) solutions using 0.1 M 

[(n-Bu)4N][PF6] (TBAPF6) as the supporting electrolyte.  The TBAPF6 was purified by 

recrystallization three times from hot ethanol before being dried for 3 days at 100-150 °C 

under active vacuum prior to use.   Polymer films were prepared on Delta Technologies 

ITO-coated glass for spectroscopic measurement and on stainless steel for X-ray 

Photoelectron Spectroscopy.  Electrosyntheses of the polymer films were performed by 

continuous cycling between -1.5 V and 1.5 V at v = 100 mVs-1.  The films obtained were 

then washed with fresh DCM before further experiments were conducted. 

 

Spectroscopy 

All spectroscopic data was obtained in DCM solutions unless otherwise noted.  

Absorption spectra were recorded on a Varian Cary 6000i UV-VIS-NIR 

Spectrophotometer with Starna Quartz Fluorometer Cells with a pathlength of 10 mm.  

Luminescent measurements were recorded on a Photon Technology International QM 4 
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spectrophotometer equipped with a 6-inch diameter K Sphere-B integrating sphere.  For 

quantum yield measurements, the integrating sphere was used.  For quantum yield 

determination, λmax of the excitation profile was used as the excitation wavelength.  

Quantum yield was calculated by dividing the area under the emission peak of the 

complex by the difference between the area under the excitation peak of the sample from 

that of a blank solution (Aem sample/(Aex blank-Aex sample), where A = area under peak).88 

 

Density Functional Theory Calculation 

    Density functional theory (DFT) calculations were performed using.  The 

HOMO and LUMO were determined using a hybrid functional (B3LYP) and the SDD 

basis set. 

 

Synthesis and Characterization 

  

 

Preparation of 2-bromo-6-(3,4-ethylenedioxythiophene)toluene (20) 

A solution of 2-(tributylstannyl)-3,4-(ethylenedioxy)thiophene (3.45 g, 8.00 

mmol) and 2,6-dibromotoluene (2.00 g, 8.00 mmol) and tetrakis(triphenylphoshine) 

palladium (5 mol %) in 20 mL dry DMF was heated at 110 ºC for 24 hours.  The solvent 

was removed and column chromatography of the residue on silica gel with hexanes/ 

dichloromethane (3:1) as the eluent gave the pure product, 20 (64%).  1H NMR (300 

MHz, CDCl3) δ 7.57 (d, 1H, J = 8.1), 7.32 (d, 1H, J = 7.8), 7.08 (t, 1H, J = 15.6), 6.43 (s, 
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1H), 4.20 (s, 4H), 2.47 (s, 3H).   13C {1H} NMR (300 MHz, CDCl3) δ 141.1, 137.7, 

137.4, 133.4, 132.1, 130.2, 126.5, 125.9, 115.8, 98.6, 64.4, 20.7.  HRMS (CI+): calcd for 

C13H11BrO2S  m/z 311.19 (M+), found 311.9648. 

 

.  

  Preparation of 5-(tributylstannyl)-2-(4-(tributylstannyl)phenyl)pyridine (21) 

A solution of 5-bromo-2-(4-bromophenyl)pyridine (1.500 g, 4.79 mmol) in THF 

was treated dropwise with 1.60 M n-butyllithium (7.2 ml, 11.52 mmol) and stirred for a 

half hour at -78 ºC under nitrogen.  3.75 mL (13.83 mmol) of tributylstannyl chloride was 

then added to the solution.  After stirring the solution at room temperature overnight, the 

solvent was evaporated and the product was dissolved in hexanes and filtered.  The 

filtrate was evaporated and then distilled at 150 ºC to remove excess tributylstannyl 

chloride to give a brown oil, 21 (87%).  1H NMR (300 MHz, CDCl3) δ 8.73 (s, 1H), 7.98 

(d, 2H, J = 8.1), 7.82 (dd, 1H, J = 9.3, 6.0), 7.69 (d, 1H, J = 8.4), 7.60 (d, 2H, J = 8.1), 

1.59 (m, 12H), 1.34 (m, 12H), 1.13 (m, 12H), 0.91 (m, 18H).   13C {1H} NMR  (300 

MHz, CDCl3) δ 156.8, 155.8, 144.6, 143.0, 139.0, 136.9, 126.2, 120.2, 29.0, 27.3, 13.6, 

9.5.  HRMS (CI): calcd for C35H61NSn2  m/z  735.28 (M+ H), found 736.2926.    
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 Preparation of L1 (22) 

A solution of 5-(tributylstannyl)-2-(4-(tributylstannyl)phenyl)pyridine (1.261 g, 

1.72 mmol), 2-bromo-6-(3,4-ethylenedioxythiophene)toluene (1.178 g, 3.79 mmol ) and 

trans-dichlorobis-(triphenylphosphine)palladium(II) (5 mol %) in 20 mL of dry DMF 

was heated to 80 ºC for 16 hours.  The solvent was removed and column chromatography 

of the residue on silica-gel with dichloromethane/hexanes (3:1) as the eluent gave the 

pure product, 22 (8%).  1H NMR (300 MHz, CDCl3) δ 8.69 (d, 1H, J = 2.4), 8.15 (dd, 2H,  

J = 8.4, 4.5), 7.90 (d, 1H, J = 9.0), 7.80 (dd, 1H, J = 6, 10.5), 7.49 (d, 2H, J = 8.7), 7.31 

(m, 6H), 6.40 (d, 2H, J = 3.9), 4.24 (s, 8H), 2.26 (d, 6H, J = 4.8). 13C {1H} NMR could 

not be obtained due to poor solubility of the compound. HRMS (CI): calcd for 

C37H29NO4S2 m/z 615.76 (M+ H), found 615.15.  m.p.: 243-245 °C. 

 

Preparation of Iridium Complexes 

The complexes were synthesized from a general procedure described below and is 

shown in Scheme 11.  A solution of tetrakis-(R1, R2-ppy)-bis-(μ-chloro)-diiridium(III) (1 

equiv.), 22 (2 equiv.), triethylamine (2 equiv.) in sparged ethylene glycol was heated at 

130 ºC for 48 hours.  After cooling to room temperature the reaction mixture was 

extracted with DCM and water and the organic phase dried over Na2SO4. The solvent 

was removed and the crude product was purified through column chromatography with 

DCM:Hexanes (3:1) as the eluent.  The solid was further purified by recrystallization 

from DCM and hexanes.   
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[Ir(ppy)2(L1)]  (ppy = 2-phenypyridine) (23) 

Prepared according to general procedure using tetrakis-(2-phenylpyridine)-bis-(μ-

chloro)-diiridium(III).  After purification, a yellow-orange solid was obtained, 23 (8%).  
1H NMR (300 MHz, CDCl3) δ 7.92 (d, 1H, J = 9.6), 7.86 (m, 1H), 7.70 (d, 1H, J = 9.0), 

7.62 (m, 5H), 7.50 (m, 2H), 7.33-7.05 (m, 8H), 6.98-6.75 (m, 10H), 6.35 (d, 2H, J = 

15.9), 4.21 (s, 8H), 2.04 (d, 6H, J = 5.4)    13C {1H} NMR could not be obtained due to 

poor solubility of the compound. HRMS (CI): calcd for C59H44IrN3O4S2 (M+ H), 1115.35 

found 1115.2402.  m.p.:  186-188 °C. 

 

 

[Ir(F-mppy)2(L1)] (F-mppy =  5-methyl-2-(4-fluoro-phenyl)-pyridine) (24) 

Prepared according to general procedure using tetrakis-(5-methyl-2-(4-fluoro-

phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III).  After purification, a yellow-orange solid 
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was obtained, 24 (3%).  1H NMR (300 MHz, CDCl3) δ 7.95 (d, 1H, J = 8.4), 7.74-7.51 

(m, 6H), 7.41-7.30 (m, 4H), 7.21-7.06 (m, 7H), 6.97-6.89 (m, 2H) 6.57-6.45 (m, 4H), 

6.45 (s, 1H), 6.32 (s, 1H),  4.21 (s, 8H), 2.11 (d, 6H, J = 7.5), 2.05 (d, 6H, J = 5.2).  13C 

{1H} NMR could not be obtained due to poor solubility of the compound. HRMS (ESI): 

calcd for C61H46F2IrN3O4S2 (M+H) 1179.38, found 1180.2574.  m.p.:  238-240 °C. 

 

 

 

[Ir(Br-mppy)2(L1)] (Br-mppy =  5-methyl-2-(4-bromo-phenyl)-pyridine)(25) 

Prepared according to general procedure using tetrakis-(5-methyl-2-(4-bromo-

phenyl)-pyridine)-bis-(μ-chloro)-diiridium(III).  After purification, a yellow-orange solid 

was obtained, 25 (7%).  1H NMR (300 MHz, CDCl3) δ 7.94 (s, 1H), 7.72-7.56 (m, 4H), 

7.39-7.30 (m, 5H), 7.20-7.08 (m, 5H), 6.94-6.83 (m, 9H), 6.36 (d, 2H, J = 18), 4.21 (s, 

8H), 2.07 (m, 12H). 13C {1H} NMR could not be obtained due to poor solubility of the 

compound. MS (CI): calcd for C61H46Br2IrN3O4S2 (M+ H) 1301.19, found 1302. 
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RESULTS AND DISCUSSION 

Synthesis and Characterization of Complexes 

The synthesis of the cyclometalating (C^N) metal binding polymerizable ligand, 

22, was accomplished in a multi-step manner beginning with a Suzuki coupling to form 

5-bromo-2-(4-bromophenyl)pyridine, which was combined with 2 equivalents of tri-n-

butylstannyl chloride.  The product, and 2-bromo-6-(3,4-ethylenedioxythiophene)-

toluene were combined via a Stille coupling to form 22 in a 8% yield.  The 

phenylpyridine moiety serves as the cyclometalating (C^N) metal binding site and the 

3,4-ethylenedioxythiophene(EDOT) substituents serve as the polymerizable end groups.   

Monomers 23 – 25 were then synthesized through the reaction of 22 with the chlorine 

bridged iridium dimer with ppy, F-mppy, and Br-mppy ligands respectively.   The 

synthesis of the polymerizable ligand and metal complexes can be seen in Scheme 10.   

Scheme 10.  Synthetic scheme for ligand 22 and monomers 23 – 25. 
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Photophysical and Electrochemical Properties of 22 - 25 

The photophysics of 22 were studied under a variety of conditions and the UV-

Visible absorption, excitation and emission spectra can be seen in Figure 66.  The UV-

Vis spectrum shows an intense π – π* transition near 290 nm.  The emission spectrum 

shows a broad, featureless profile centered at 380 nm.  The emission has been assigned to 

an intraligand charge transfer from the EDOT polymerizable groups to the 

phenylpyridine moiety, which has been confirmed through a solvochromatic emission 

study.  The quantum yield and lifetime of 22 in a dichloromethane solution at room 

temperature were measured to be 5.07% and 0.8191 ns, respectively.  The 77 K emission 

spectrum was taken in a solution of ethyl iodide:ether:ethanol:toluene (2:2:1:1) and 

shows two emission bands.  A fluorescence emission peak near 360 nm and a 

phosphorescence peak centered at 515 nm.  From the phosphorescent peak, the triplet 

energy level of 22 was calculated to be 2.56 eV, which is slightly lower than that of 2-

phenylpyridine (2.79 eV).  However, this result indicates the twist caused by the meta-

linked toluene group in 22 is disrupting conjugation enough to localize the excited state 

primarily on the ppy binding moiety. 
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Figure 66.     UV-Visible absorption, excitation and emission spectra of 22 taken at room 
temperature in CH2Cl2 solution and emission spectra taken in ethyl 
iodide:ether:ethanol:toluene (2:2:1:1) at 77 K.  

 

 

Figure 67.     HOMO and LUMO DFT images of 22. 

The ILCT emission and the twisting of 22 is further confirmed by DFT 

calculations and images of the HOMO and LUMO can be seen in Figure 67.  The 

electron density is completely localized on the EDOT ring in the HOMO of 22, while in 

the LUMO, it is localized primarily on the ppy binding site with some extension into the 

toluene ring system.  These theoretical results show the ligand should be able to undergo 
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electropolymerization and form a conducting metallopolymer, while maintaining 

photophysics similar to that of Ir(2-phenylpyridine)3.   

 Electrochemistry was performed on 22 and the CV can be seen in Figure 68.  The 

CV shows an irreversible oxidation at 0.69 V corresponding to oxidation of the EDOT 

ring of the monomer.  In sequential scans, an oxidation at 0.07 V corresponding to 

polymer oxidation is observed.  A monomer reduction process is observed in the first 

scan at -0.68 V, while in sequential scans, two reduction processes are observed.  Further 

monomer reduction is observed at -0.69 V and polymer reduction at -0.93 V.    

 

Figure 68.  Cyclic voltammogram of 22 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.  

 

Photophysical Properties for 23 - 25 

The photophysics of the monomers have been studied under a variety of 

conditions and the UV-Vis absorption, excitation and emission spectra can be seen in 
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Figures 69 - 71.  The absorption spectra of all three monomers are very similar, showing 

a large π – π* transition near 275 nm, which correlates well to the transitions observed for 

the ppy cyclometalating ligands.  A low intensity absorption band is observed from 375 - 

400 nm which is assigned to a 1MLCT transition.  The excitation spectra (Fig. 70) of all 

three monomers are very similar and all correspond well to the observed UV-Vis spectra.    

The emission spectra (Fig. 71) show broad emission profiles for all three monomers and 

are assigned to a mixed 3MLCT and 3LC excited state transition.  There is a small degree 

of color tuning amongst the three monomers due to the difference in substituent groups 

on the ligands, as observed by the difference in λmax of the monomers.  Table 12 displays 

the photophysical and electrochemical data for 22 and 23 – 25.   

 

 

Table 12.  Photophysical and electrochemical properties of 22 – 25. 

 Absorbancea λmax 
(nm) (ε) 

Emissiona 
λmax (nm) 

Фa

(%) 
τ Eox 

(V vs. Fc/Fc+) 
Ered 

(V vs. Fc/Fc+) 
22 289(41000) 

 
382 5.07 0.8191 ns 0.07c, 0.69b -0.69b, -0.93c

23 246(59000), 285(60000),  
325(32000), 383(14000) 

541 5.12 11.58 μs 0.18b,0.62c, 
0.86b 

0.16b, 0.60c 
0.85b 

24 250(50000), 279(40000), 
325(17000), 370(8300) 
 

534 4.70 11.75 us 0.35b, 0.68c, 
0.88b 

0.34b, 0.68c, 
0.87b 

25 253(40000), 275(42000),  
325(19000), 377(9200) 

531 1.54 12.07 μs 0.40b, 0.75c, 
0.89b 

0.38b, 0.73c,  
0.88b 

a  All data were obtained in a DCM solution at RT.  Unit of ε is M-1cm-1.  b  Monomer 
oxidation/reduction.  c  Polymer oxidation/reduction.   
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Figure 69.     UV-Visible absorption spectra for 23 – 25. 

 

Figure 70.     Excitation spectra for 23 – 25. 
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Figure 71.     Emission spectra for 23 – 25. 

 

Theoretical Calculations for 23 – 25 

DFT calculations for monomers 23 – 25 were conducted in order to support our 

experimental observations, and Figure 72 shows the HOMO, LUMO and energy gap for 

the three monomers.  For 23, the electron density on the HOMO is localized primarily on 

the ppy ligands and the iridium metal center.  The LUMO shows the electron density 

located mainly on the ppy binding moiety of the polymerizable cyclometalating ligand 

with some density extension onto the toluene ring.  Similar results were observed for the 

LUMO calculation of the free polymerizable ligand.  This suggests a MLCT absorption 

and emission process, with the emission being similar to that of Ir(ppy)3 due to the 

localization of electron density on the ppy metal binding site.  The HOMO-LUMO 

energy gap was calculated to be 386 nm, which correlates well to the observed absorption 

band in the UV-Vis spectrum that was assigned to a 1MLCT transition.  The calculated 
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excited state also correlates well to the observed emission spectrum for 23, in that the 

emission profile is assigned to an 3MLCT transition and is only slightly red-shifted from 

that of Ir(ppy)3.
97,99

  For monomers 24 and 25, similar electron density localization was 

observed on both the HOMO and LUMO of the complexes.  The HOMO-LUMO energy 

gap was increased slightly when compared to 23, due to the stabilization of the HOMO 

through the addition of the electron withdrawing substituents on the ppy cyclometalating 

ligands.  This energy gap increase correlates well to the observed emission profiles in that 

the emission spectra for 24 and 25 are blue-shifted from 23.  The DFT calculations have 

supported our experimental observations and helped confirm our assignments of the 

observed absorption and emission spectra.     

 

 

Figure 72.  DFT energy level diagrams with comparison of HOMOs and LUMOs. 

 



 137

 

Electrochemistry/Electropolymerization   

All three monomers were electropolymerized into conducting metallopolymers 

(Scheme 11) onto a variety of electrodes including a platinum button for scan rate 

dependence studies, stainless steel for X-Ray Photoelectron Spectroscopy (XPS) and 

ITO-coated glass for photophysical studies.  

Scheme 11.  Electrochemical polymerization of iridium-containing monomers to form 
conducting metallopolymers. 

 

The cyclic voltammogram of 23 - 25 are shown in Figure 73 – 75, respectively.    

Figure 73a shows polymer growth as an electrode confined film.  In the first scan, shown 

in red, monomer oxidation can be seen at 1.04 V.  In sequential scans, polymer oxidation 

is seen at 0.65 V, followed by continued monomer oxidation at 1.04 V.  A third redox 

couple is present at 0.30 V and corresponds to the oxidation of the phenyl ring of the 

polymerizable ligand.  The insets of Fig. 73a-75a show a plot of current versus number of 

scans and the observed linear relationship up to 20 scans is indicative of uniform polymer 

growth on the electrode surface.  A scan rate dependence study was conducted on the 

polymer film and can be seen in Fig. 73b.  The inset shows a plot of current versus scan 

rate and the observed linear relationship up to 500 mV/s indicates a strongly absorbed 

electroactive material that is not limited by ionic flux and also implies conductivity of the 
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polymer film.  Oxidation and reduction potentials for 22 and 23 – 25 can be seen in Table 

12. 

 

Characterization of Polymers 

The polymer films were characterized through XPS surface analysis.  For poly-

23, the elemental ratio between Ir(4f) and S(2p) was determined to be 1:2.68, which 

correlates well to the theoretical ratio of 1:2.  For poly-24 and poly-25, the ratio was 

determined to be 1:2.45 and 1:3.68 which correlate well to the theoretical ratio of 1:2.  

The ratio of poly-25 is slightly higher than the expected ratio, however, similar 

deviations in XPS results have been observed.23,38   XPS survey scans for 23 – 25  can be 

seen in Figures 76 – 78. 
  



 139

a) 

 

b) 

            

Figure 73.  Cyclic voltammogram of 23 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.  Inset:  Current versus numbers of scans.  (b)  Scan rate dependence 
study of 23.  Inset:  Current versus scan rate. 



 140

a) 

 

b) 

 

Figure 74.  Cyclic voltammogram of 24 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.  Inset:  Current versus numbers of scans.  (b)  Scan rate dependence 
study of 24.  Inset:  Current versus scan rate. 
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a) 

 

b) 

 

Figure 75.  Cyclic voltammogram of 25 in DCM with 0.1 M TBAPF6 at a scan rate of 
0.1 V/s.  Inset:  Current versus numbers of scans.  (b)  Scan rate dependence 
study of 25.  Inset:  Current versus scan rate. 
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Figure 76.  XPS survey scan of poly-23.   

 

Figure 77.  XPS survey scan of poly-24.   
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Figure 78.  XPS survey scan of poly-25.   

 

Spectroscopic Properties of Polymers 

The photophysics of the polymer films were studied on ITO-coated glass and as 

suspensions in a DMF solution.  The UV-Vis absorption spectra of the polymer taken on 

ITO-coated glass are shown in Figure 79.  All three polymers display weak absorption 

bands between 400 and 450 nm.  Absorption spectra were also recorded from the 

polymers as a suspension in a DMF solution and can be seen in Figure 80.  Poly-23 and 

poly-25 showed weak absorption peaks near 375 nm, which are primarily due to ligand 

based absorption.  No observable emission was detected from the polymer films on ITO-

coated glass; however, as a suspension in a DMF solution (Fig. 81), emission profiles 

were observed for the polymers near 425 nm.  This emission is slightly red-shifted from 

the emission spectra of the 22 in DMF.  The emission profiles are most likely due to 3LC 

emission from the polymer backbone, as the lifetimes for poly-23 – 25 were calculated to 
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be 12.35, 8.75, and 6.69 μs, respectively.  This observed room temperature emission from 

poly-23 – 25 is promising for the potential of these materials to be incorporated into 

PLEDs and further experiments will focus on improving the polymer emission from ITO-

coated glass. 

 

 

Figure 79.  UV-Vis spectra of poly-23 – 25 taken on ITO-coated glass at room 
temperature.   
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Figure 80.  UV-Vis spectra of poly-23 – 25 taken as a suspension in DMF at room 
temperature.   

.   

 

Figure 81.  Emission spectra of poly-23 – 25 taken as a suspension in DMF at room 
temperature.   
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CONCLUSIONS 

In summary, we have demonstrated the design, synthesis and characterization of 

novel tris-cyclometalated iridium(III) metal complexes and their corresponding 

metallopolymers.  The monomers displayed efficient phosphorescence at room 

temperature in solution, and a small degree of color tuning was observed in the emission 

profiles.  This color tuning was due to the variation of our ppy cyclometalating ligands, 

with the electron-withdrawing halogen substituents blue-shifting light emission through 

stabilization of the HOMO in the complexes. The most probable emission pathway for 

the monomers is assigned to a mixed excited state of 3MLCT and 3LC transitions.  DFT 

calculations were performed and compare well to the observed experimental data for the 

three complexes.  The HOMO was localized primarily on the iridium metal center and 

the ppy cyclometalating ligands, the LUMO was localized on the ppy metal binding site 

of the polymerizable ligand and the energy gap between the energy levels corresponded 

well to the observed 1MLCT UV-Vis absorption band. 

The three monomers were electropolymerized to form conducting metallopolymer 

thin films. The UV-Vis of the polymer films all displayed very weak absorption bands 

near 400 nm and displayed qualitatively intense light emission from DMF suspensions at 

room temperature.  The most probable emission pathway is phosphorescence from the 

triplet excited state of the polymer backbone.  The observed room temperature polymer 

emission is promising for the use of these materials for solid-state lighting.   Future 

efforts for the polymer materials will be to further study the thin films on ITO-coated 

glass with different film thicknesses through varying the number of scans during 

electropolymerization.  Copolymerizations with excess ligand or excess EDOT will be 

used to determine the effect on the emission caused by spacing out iridium metal centers 

in the polymer film. 
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SUMMARY AND FUTURE DIRECTIONS OF RESEARCH PROJECT 

 
We have demonstrated the design, synthesis, and characterization of four series of 

novel iridium(III) cyclometalated complexes which serves as monomers for the formation 

of conducting metallopolymers grown through electropolymerization.  These light-

emitting polymer materials show efficient room temperature light emission and have 

promise for use as the active layer in PLEDs.  

 Throughout this research, it has become clear that an understanding of the excited 

state energy pathways and transitions is of great importance to try to accurately predict 

the emission profiles of the iridium monomers.  The changes that occur during the 

transition from well-defined monomers to polymeric material are much harder to control 

or predict.  Achieving polymer luminescence has been accomplished; however, this has 

been much more difficult than expected and is dominated by 3LC phosphorescence.  We 

have gained valuable knowledge and understanding throughout our research efforts, and 

it will help us and others to effectively design metallopolymer systems for luminescent 

devices.     

The technique of electropolymerization has allowed us to easily form conducting 

metallopolymer thin films.  For polymer growth to occur through electropolymerization, 

the redox potential of the polymer backbone must be lower than that of the metal center.  

The redox potential of iridium is slightly higher than that of our polymerizable thiophene 

ring systems, allowing us to form polymer systems without having any affect on the 

metal center. 
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The control of the triplet excited state energy level of the polymer backbone is 

crucial in all of our systems.  The triplet excited state of the polymer must be higher than 

that of the 3MLCT energy level in order to achieve the desired, color tunable, light 

emission.  Our research has shown that color tunable emission based on varying the 

cyclometalating ppy ligands can be achieved when the lowest excited state in the 

complex is the 3MLCT energy level or the 3LC energy level of the ppy ligands.  These are 

the two excited states that are influenced by the electronic effects of the electron-

withdrawing substituents.   When the triplet excited state of the polymer is the lowest 

excited state in the material, only phosphorescence from the polymer backbone will be 

observed.  In highly conjugated conducting polymers, the triplet excited state of the 

polymer will almost certainly be low-lying unless deliberate and specific molecular 

design features are used to perturb the relative excited state levels.  The extension of 

conjugation greatly affects the energy of the triplet excited state, as the greater the 

conjugation length, the lower the triplet energy level.  Therefore, controlling the degree 

of conjugation became a key aspect in our work, and we accomplished this in two 

primary fashions.   (1)  Incorporating large substituent groups on our 

electropolymerizable thiophene ring system to promote a twist in the backbone upon 

polymerization.  (2)  Attaching a toluene spacing ring between the ppy metal binding unit 

and the electropolymerizable EDOT groups.   

 The first method of incorporating substituents on the thiophene ring system to 

raise the triplet energy level of the polymer backbone worked well in our cationic 

complexes.  In the first set of monomers and corresponding polymers, we used 2,2’-
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bithiophene groups as the polymerizable units on our ligand and we observed no room 

temperature emission from our polymers.  In the second set, we used an EDOT ring 

system containing substituents in the 3 and 4 positions of the thiophene ring in place of 

the bithiophene groups.  The polymers from this series showed emission at room 

temperature as films on ITO-coated glass.   

 The second method of incorporating a toluene ring meta-linked between the ppy 

metal binding site and the EDOT polymerizable groups worked well in our neutral 

complexes.  The first set of neutral complexes and polymers, with a ligand containing a 

ppy metal binding site and EDOT polymerizable groups showed polymer emission near 

600 nm, indicating a very low-lying excited state.  For the second set of complexes, the 

toluene spacer was incorporated, and the polymers displayed emission profiles that were 

blue-shifted from that of the monomers near 450 nm.  This series of polymers are the 

most promising as they show the strongest emission of all the series of polymers we have 

prepared and studied.  Future studies on the polymer films for all series of complexes will 

include studies on the effect of film thickness on the emission.  Also, copolymerization 

studies of the monomers with excess EDOT or polymerizable ligand should be conducted 

to determine the effect of spacing out the iridium metal center in the polymer film.     

Synthetically, the neutral C^N metal binding monomers are difficult to form, with 

yields under 10%, making them less promising for use in devices.  The cationic N^N 

metal binding monomers are formed much easier synthetically and in much higher yield 

(60 – 70%).  Therefore, it would be worthwhile to design a ligand system based on the 

N^N binding mode that incorporates both the EDOT polymerizable end groups and the 
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meta-linked toluene spacer.     This could be accomplished with the use of 1,10-

phenanthroline (phen) metal binding site, which we have previously used for the 

formation of our cationic monomers, or with another common neutral ligand, 2,2’-

bipyridine (bpy), which has been used for the formation of luminescent transition metal 

complexes.  The bpy ligand may have several benefits over the phen derivative, in that it 

would most likely be more soluble allowing for easier synthesis and characterization, and 

it may also allow for more twisting upon polymerization due to the less rigid ring 

structure when compared to phen.     

 The research goal behind all of our systems was to incorporate them into PLEDs, 

and now that we have initial data showing stable polymer films that demonstrate light 

emission at room temperature, we would like to use these materials in devices.  Even 

with the synthetic difficulties of several of our complexes, it would be interesting to see 

how the metallopolymers functioned under electrical excitation as opposed to the 

photoexcitation processes we have attempted thus far. 

 The use of conducting metallopolymers for luminescent devices is a very 

promising field and further research will allow for a more thorough understanding of 

these systems.  Understanding the fundamental energy pathways and transitions, which 

are crucial to the efficiency of these devices, is of great importance and will be a focus of 

our continued research as they are the basis for the future of luminescent devices.   
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