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ABSTRACT 

Luminescent transition metal complexes, especially ones that contain iridium, have attracted 

considerable attention due to their unique photophysical properties and their applications in 

optoelectronic technology, photocatalysis, and phosphorescent probes in biological systems. Due 

to their continued development and implementation in applications, careful control and 

optimization of photophysical and electrochemical properties of these complexes are needed, 

motivating studies to understand structural-property relationships in order to design top performing 

molecular phosphors. While many iridium(III) complexes were designed, those emitting in the 

blue-green to yellow regions of the visible spectrum have already achieved near unity quantum 

yields. The luminescence quantum yields in the long-wavelength regions (orange, red, and near-

infrared) region tend to be intrinsically low for common structure types in this class. This 

dissertation is mainly focused on exploring ligand design strategies for new iridium(III) complexes. 

Chapter 1 introduces general photophysical principles of transition metal complexes with a brief 

overview of classes of cyclometalated iridium(III) complexes. In Chapters 2–4, various new 

designs of bis-cyclometalated iridium(III) complexes are presented and organized according to 

emission color ranging from green to yellow, red, and near-infrared regions with detailed studies 

of their electrochemistry and photophysical properties. 
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1.1 Luminescence of Organometallic Compounds 

Over the last few decades, a great deal of attention has been on the preparation of luminescent 

transition metal complexes  of second or third-row transition metals, such as ruthenium(II), 

palladium(II), silver(I), osmium(II), iridium(III), platinum(II), and gold(I), as well as to the first 

row, e.g., copper(I) and zinc(II)1,2. These complexes are renowned for their applications in the 

diverse areas from sensing,3–9 bioimaging,10,11 photoredox catalysts for organic 

transformations,12,13 and solar fuels.14,15 The most prolific and commercially fruitful applications 

have been employing these complexes as the emitters in optoelectronic technologies such as light-

emitting electrochemical cells (LECs)16–18 and organic light-emitting diodes (OLEDs),19–26 which 

are expected to soon surpass most emerging display technologies due to their lower power 

consumption and lightweight designs, as well as higher brightness and resolution compared to the 

traditional liquid crystal displays (LCDs).17 In this regard, intense research has been focused on 

enhancing the performance through improvement in the device structure and the development of 

better materials using transition metal complexes. Many synthetic strategies and the associated 

photophysics and photochemistry are driven by the metal center enhanced spin-orbit couplings 

(SOC), giving partial mixing between triplet and singlet manifolds.24 This niche has made these 

emitting complexes very promising for a wide range of applications. 

In the scope of this dissertation, in Chapter 1, general photophysical principles of transition 

metal complexes are introduced, overviewing the different electronic transition pathways. 

Furthermore, a brief overview of the cyclometalated iridium(III) complexes will be presented. 

Chapters 2, 3, and 4 are various new designs of bis-cyclometalated iridium (III) complexes 

organized according to emission colors ranging from green to yellow, red, and near-infrared 

regions, with detailed studies of their electrochemistry and photophysics properties. 
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1.2 Basic Photophysics of Transition Metal Complexes 

The photophysical processes of transition metal complexes are schematically shown in a 

simplified Jablonski diagram in Figure 1.1. A molecule is promoted from the lowest (ground) 

electronic state (S0) to a higher energy singlet excited electronic state (Sn) with the absorption of 

lights of a specific wavelength. The excited molecule dissipates the energy by going through two 

non-radiative processes, vibrational relaxation and internal conversion, to the lowest-lying singlet 

excited state (S1). A radiative relaxation occurs from the S1 state to the ground state (S0) by emitting 

a photon, commonly called fluorescence. The transition between S1 to the lowest-lying triplet 

excited state (T1) state is in principle forbidden due to the conservation of spin angular momentum; 

however, the incorporation of heavy atoms into the molecule increases the strength of spin-orbit 

coupling (SOC) between the spin angular momentum and the orbital angular momentum making 

the triplet excited state (Tn) state achievable. The excited molecule can then undergo a fast 

intersystem crossing (ISC) process from Sn to Tn. Tn state relaxes the energy through a non-

radiative pathway to T1, which is followed by a radiative transition from T1 state to S0 known as 

Figure 1.1. Simplified Jablonski diagram. 
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phosphorescence. Since fluorescence happens within the same spin multiplicity, its radiative 

lifetime is on the nanosecond timescale, whereas phosphorescence, which involves a change in 

spin multiplicity, has a much longer radiative lifetime (microseconds to seconds timescale). 

Compared to many classical fluorescent organic emitters, which have OLED device quantum 

efficiencies capped at 25% based on spin statistics,24,27 the emitters that contain heavy metals 

generate light through phosphorescence, the increase in spin-orbit coupling (SOC) allowing both 

singlet and triplet excitons to be harvested through intersystem crossing (ISC). With this 

mechanism, organometallics emitters have the potential of reaching internal quantum efficiencies 

near 100%.28 

The photophysical properties of transition metal complexes are determined by the nature of 

the molecular orbitals (MOs). As shown in Figure 1.2, the electronic transitions of transition metal 

complexes are often more complicated than organic chromophores due to the interaction between 

central metal d orbitals and its surrounding ligands σ/π orbitals. Photoexcitation of transition metal 

Figure 1.2. Simplified molecular orbital diagram for a general transition metal complexes with 
excitation transitions. 
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complexes can be characterized as metal-centered (MC), ligand-centered (LC), interligand or 

ligand-to-ligand charge-transfer (ILCT or LLCT), metal-to-ligand charge-transfer (MLCT), and 

ligand-to-metal charge-transfer (LMCT).29–32 When the transition occurs between filled and 

unoccupied d orbitals of the metal, the excited state is assigned as MC (d-d character). An LC 

excited state is formed as a result of electron transition between an occupied molecular orbital and 

unoccupied molecular orbital of the same ligands (e.g., LC or π-π* character). ILCT and LLCT 

transitions are defined as the transition between occupied molecular orbitals of one type of ligand 

to the unoccupied molecular orbitals of neighboring ligands. An MLCT excited state involves a 

transition from a filled d orbital to an unoccupied π* orbital of a ligand, while in LMCT excited 

states, the electrons are excited from a ligand orbital to an orbital that is primarily metal-based.  

 

1.3 Cyclometalated Iridium Complexes 

Over the past decades, a significant study has focused on the development of a d6 pseudo-

octahedral cyclometalated iridium(III) complexes. The chief attributes that allow them to be 

applied in many optoelectronic applications include chemical inertness, good photo- and thermal 

stabilities, and most importantly their photophysical properties, namely facile color tunability over 

the whole visible range from blue to red, high photoluminescence quantum yields (ΦPL), and 

relatively short phosphorescence lifetimes (τ).  
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1.3.1. Synthesis and Structure 

Cyclometalated iridium(III) complexes are obtained via a standard two-step synthesis 

procedure, as shown in Scheme 1.1. The first step, called the Nonoyama reaction,33 involves 

refluxing excess amount of the cyclometalated C^N ligand precursor with IrCl3•xH2O in an 

aqueous alcoholic solution to generate a μ-chloro bridged bis-cyclometalated iridium(III) dimer. 

In these structures, C^N represents the cyclometalating ligand, with the “C” atom on the anionic 

carbon donor, and the “N” atom part of a charge-neutral nitrogen donor. By substitution of the 

chloride ligands in the iridium(III) dimer, two major classes of iridium(III) complexes, homoleptic 

complexes of the type Ir(C^N)3, and heteroleptic bis-cyclometalated [Ir(C^N)2(LL’)]n complexes 

(LL’= ancillary ligand(s), and n= –1, 0, +1), can be obtained. Homoleptic tris-cyclometalated 

iridium(III) complexes can be synthesized if a third C^N ligand is identical to that in the μ-chloro 

bridged iridium(III) dimer. In the case of the homoleptic products, the coexistence of the two 

isomers, the facial (fac) form or meridional (mer) form, is generally seen. It has been known that 

the kinetic product, mer-Ir(C^N) 3, can be converted to a thermodynamic product fac-Ir(C^N)3 by 

applying heat or photoexcitation.34 Conversion of the chloride on the dimer to the anticipated 

 
Scheme 1.1. Synthesis of different classes of cyclometalated iridium(III) complexes. 

 



 

7 

heteroleptic complexes requires a different type of ligand is replaced. As seen in Figure 1.3, many 

C^N ligands have been synthesized including 2-phenylpyridine (ppy), 2-benzothienylpyridine (bt), 

2-(2-thienyl)pyridine (thpy), 2-(2-pyridyl)benzothiophene (btp), and 1-phenylisoquinoline (piq). 

As an ancillary ligand, both monodentate ligands such as cyanide (CN−), thiocyanate (SCN−), 

chloride (Cl−), and bidentate ligands like acetylacetonate (acac), picolinate (pic), and bipyridine 

(bpy) can be applied to give structure-property diversity. Many of the heteroleptic complexes 

[Ir(C^N)2(LL’)]n are known to have room-temperature phosphorescence similar to those of the tris-

cyclometalated complexes, leading to the conclusion that the luminescence is mainly controlled 

by the common [Ir(C^N)2] fragment with emission wavelength strongly dependent on the choice 

of cyclometalating ligands.35–37 On the other hand, the ancillary ligand in heteroleptic complexes 

can sometimes influence the emission color but most often has profound impacts on the redox 

properties and excited-state dynamics.38–40 

 

 
Figure 1.3. Structure of archetypal heteroleptic iridium(III) complexes with commonly used 
cyclometalating C^N ligand (blue) and ancillary ligand (red) structures. 
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1.3.2. Excited-state Photophysics  

Photoexcitation of iridium(III) complexes consists multiple optical excitation paths, as 

illustrated in Figure 1.4(a). In most of the cases, the triplet state arises principally from electronic 

transitions from the highest occupied molecular orbital (HOMO), which is assigned as a 

delocalized t2g orbital of iridium mixed with π orbitals of C^N ligands, to the lowest unoccupied 

molecular orbital (LUMO) that involves the π* orbitals of C^N ligand.41 The presence of ancillary 

ligand(s) can influence the energy of the excited state by altering the electron-density at the metal 

center. Furthermore, strong SOC exerted by the iridium core facilitates triplet MLCT and LC 

transitions, yielding four main electronic states: singlet and triplet metal-to-ligand charge-transfer 

(1MLCT and 3MLCT) transitions and singlet and triplet ligand-centered (1LC and 3LC) transitions. 

Studies of the excited-state properties of cyclometalated iridium(III) complexes have shown that 

luminescence from these complexes originates from a lowest excited state (T1) that is best 

described as a ligand-centered triplet (3LC) with singlet and triplet metal-to-ligand charge-transfer 

(1,3MLCT) character mixed in through the spin-orbit coupling (SOC) and configuration interaction 

 
Figure 1.4. (a) Excitation transitions of a generic cyclometalated iridium(III) complexes. (b) 
Emissive-excited state in cyclometalated iridium(III) complexes. 
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(CI) (Figure 1.4(b)) .26,42–46  

The nature of the excited state of iridium(III) complexes can be determined by the degree of 

the mixing of 1,3MLCT character and 3LC state into the lowest excited state (T1).47,48 This can be 

qualitatively estimated by observing photophysical properties, i.e., emission spectral shape, 

lifetime, rigidochromic, and solvatochromic behaviors.22,49,50 Generally, LC phosphorescence 

exhibits well-resolved vibronic progression upon cooling to a lower temperature, and the overall 

structure match with its free ligand emission profile. MLCT phosphorescence spectra, on the other 

hand, have broad featureless phosphorescence spectra and those measured at lower temperature 

tend to lose fine vibronic progression indicating there is a strong coupling between metal-ligand 

vibration sidebands.51–53 The lifetime of phosphorescence originating from LC transition is 

generally longer than that of MLCT transition, which reflects reduced metal contribution in the 

LC transition. In addition, MLCT-type of phosphorescence, containing polar excited state, can 

suffer strong rigidochromism54 and solvatochromism7,47 due to an increase of dipole-dipole 

interaction between the solvent molecules and the excited complexes. 
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Ancillary Ligand Effect on Red-emitting Bis-cyclometalated Iridium(III) 

Complexes 
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2.1 Introduction 

Phosphorescent iridium(III) complexes have been extensively used in numerous applications 

such as bioimaging,55–59 photoredox catalysis,60–62 and sensing.63,64 The triplet excited states with 

mixed ligand-centered (3LC or 3π-π*) and metal-to-ligand charge-transfer (3MLCT or 3dπ*) 

characters allow them to become the leading class of molecular phosphors in optoelectronic 

applications, such as light-emitting electrochemical cells (LECs)34,65,66 and organic light-emitting 

diodes (OLEDs).24,47,52,67,25,68–70 The strong spin-orbit coupling (SOC) induced by the iridium(III) 

metal center increases the rate of intersystem crossing (ISC), a formally spin-forbidden process, to 

populate the triplet states from the singlet states to generates high phosphorescence efficiency at 

room temperature.24,28 Most of the iridium(III) complexes developed in the past two decades are 

homoleptic complexes of the type fac-Ir(C^N)3, and neutral heteroleptic bis-cyclometalated 

Ir(C^N)2(LL’) complexes (C^N = cyclometalating ligand, LL’ = ancillary ligand(s)). Intense 

research has been conducted on heteroleptic complexes because they are often cheaper and easier 

to be prepared than their homoleptic analogues. The incorporation of the ancillary ligand can also 

provide a unique channel to change the emission color71,72 as well as have profound impacts on 

the redox properties and excited-state dynamics.38,39 The combination of cyclometalating and 

ancillary ligands determines the nature of the emissive T1 state, which most often involves mixed 

ligand-centered (3LC or 3ππ*) and metal-to-ligand charge-transfer (3MLCT or 3dπ*) states mixing 

through configuration interaction (CI).52,53  

Highly efficient emission properties, relatively short excited-state lifetime, and excellent 

color tunability are key features of cyclometalated iridium complexes.73 There are several 

examples with emission in the blue to yellow region of the visible spectrum with near-unity 

quantum yields.68,74,75 However, orange and red-emitters often suffer from lower phosphorescence 
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quantum yields. The photoluminescence quantum yield (ΦPL) can be expressed as the ratio of the 

radiative rate constant (kr) to the sum of the radiative and non-radiative (knr) rate constants. In order 

to achieve high photoluminescence quantum yield, it is necessary to either increase the kr or reduce 

the knr. There are a few reasons for the typically lower quantum yields in red-emitting phosphors. 

From second-order perturbation theory, the radiative rate constant kr has an inherent cubic 

dependence on the transition energy,52,53 and is expected to be smaller upon reaching longer 

emission wavelengths. According to the energy gap law,76–79 the nonradiative rate constant is 

inversely related to the energy difference between the ground and excited states. A larger knr value 

for longer wavelength emission (orange and red) is attributed to the increase of vibrational overlap 

between excited and ground states.79 Nevertheless, it is still possible to fabricate red iridium-based 

OLEDs with sufficient performance for device applications, with the best-performing red emitters 

exhibiting photoluminescence quantum yields ≈ 0.5.48,80,81 There is certainly room for fundamental 

advances in the design of iridium(III) complexes which phosphoresce efficiently in the lower-

energy regions of the visible spectrum.  

The π-π* energy gap of the C^N ligand plays an important role in fine-tuning the emission 

wavelength of iridium(III) complexes. Reduction of the energy gap, i.e., spectral red-shift, can be 

achieved by (1) incorporation of electron-donating sulfur-containing heterocycles,47 (2) extension 

of the π-conjugation,82,83 or (3) addition of an electron-withdrawing (or donating) substituent or 

atom at the pyridyl (or phenyl) fragment.84–86 While novel cyclometalating ligands can provide 

potential strategies for phosphorescence color tuning, designing new cyclometalating ligands is 

not always fruitful since the syntheses of homoleptic Ir(C^N)3 or chloride-bridged [Ir(C^N)2(μ-

Cl)]2 complexes, the latter being common precursors of heteroleptic Ir(C^N)2(LL’) complexes, are 

sometimes difficult to achieve in high yield due to steric and electronic constraints of the 
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cyclometalating ligand. Therefore, tuning the emission color and excited-state dynamics by 

altering the ancillary ligand structure in heteroleptic iridium(III) complexes with known 

cyclometalating ligands could be an easier, more efficient, and more expeditious approach. There 

are several well-known strategies that use ancillary ligands to tune the emission and/or 

photochemical properties of cyclometalated iridium complexes, including ancillary ligands that 

are chromophoric and completely change the nature of the excited state or those that have subtler 

effects on the frontier orbitals and excited states.71,72,87–90 Our group has previously demonstrated 

that β-ketoiminate (acNac) and β-diketiminate (NacNac) ancillary ligands, isoelectronic with the 

widely used β-diketonate (acac) ancillary ligands,47,91 can have a significant influence on the 

electronic structures of bis-cyclometalated iridium complexes.38,92 As a highlight of the previous 

work, we were able to show impressive phosphorescence quantum yields for the yellow-emitting 

complex Ir(bt)2(acNac) (bt = 2-phenylbenzothiazole, ΦPL = 0.82) with a moderate redshift of the 

emission maximum from 557 to 571 nm. 

To gain further insight into the role of the ancillary ligand in determining the excited-state 

properties of red-emitting complexes, we have designed a family of new heteroleptic iridium(III) 

complexes with systematic variations in the ancillary ligand. The synthesis, electrochemical redox 

properties, and photophysical properties of these bis-cyclometalated iridium complexes featuring 

two cyclometalating ligands are reported herein. The emission color still depends strongly on the 

choice of cyclometalating ligand, but by using a variety of ancillary ligand structures, we can 

interrogate the effects of the donor atoms (O,N, N,N, and S,N), the substituent(s) on nitrogen (alkyl 

or aryl), and the bite angle (four-, five-, or six-membered chelating rings). The work described 

here also leads to a mechanistic proposal for the substantial increase in quantum yield in some of 

these complexes. A thorough investigation of time-resolved emission reveals that the increase in 
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quantum yield correlates with an increase in kr. Several pieces of experimental evidence, namely, 

rigidochromism, solvatochromism, vibronic structure, and electrochemical data, suggest that this 

augmentation of the radiative rate is brought on by the higher MLCT character and larger spin-

orbit coupling term in these complexes. To further investigate the relationship between the 

electronic structures and nonradiative decay, we also calculate Huang-Rhys factors (S) from the 

77 K emission spectra to estimate the degree of vibrational nonradiative coupling in each of the 

complexes. This study introduces some new compounds with red photoluminescence quantum 

efficiencies that rival some of the best-performing OLED compounds, while significantly 

increasing our knowledge of how ancillary ligand structure controls the excited-state dynamics in 

these complexes.  

 

2.2 Results and Discussion 

2.2.1 Synthesis 

The syntheses of 16 new complexes of the type Ir(C^N)2(L^X) and their numerical 

designations are outlined in Scheme 2.1. Two cyclometalating ligands (C^N = 2-(2-

pyridyl)benzothiophene (btp) and 1-phenylisoquinoline (piq)) were chosen to engender the target 

Scheme 2.1. Synthetic procedure to prepare all iridium(III) complexes. 
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complexes with emission in the red region of the spectrum.47,48,93 The ancillary L^X ligands, 

consisting of a combination of neutral “L” and anionic “X” donors, are N-phenylacetamidate (paa), 

N-isopropylbenzamidate (ipba), N,Nʹ-diisopropylbenzamidinate (dipba), 2-(2-pyridyl)indolate 

(2PyI), N-phenyl-β-ketoiminate (acNac), 2-phenoxypyridine (2OPhPy), N,Nʹ-diphenyl-β-

diketiminate (NacNac), and N-phenyl-β-thioketoiminate (SacNac) which form four-, five-, or six-

membered metallacyclic iridium complexes. The numbering scheme uses numerical designators 

for each C^N ligand (btp = 1 and piq = 2), with letters (a–h) denoting each L^X ligand. The 

complexes Ir(C^N)2(L^X) are prepared by treatment of [Ir(C^N)2(μ-Cl)]2 with the appropriate 

amidate ancillary ligands in the presence of sodium methoxide as a base in dichloromethane,94,95 

in-situ generated lithium salt of dipba ancillary ligand, or potassium salts of larger-bite-angle five- 

and six-membered heterocycle ancillary ligands in tetrahydrofuran at room temperature.38,92 

Following column chromatography or simple washing with ether/pentane, these 16 new complexes 

were obtained in isolated yields ranging between 29 to 93%. The identity and purity are validated 

by 1H and 13C{1H} NMR spectrometry. The NMR spectra of the NacNac and dipba complexes 

demonstrate C2 symmetry, so a single set of resonances attributed to the rotationally equivalent 

C^N ligands is observed. In the case of other new compounds, C1 symmetry is evident, and thus a 

much more complex aromatic region in the 1H NMR and 13C{1H} NMR results. In these C1 

molecules, each carbon in the molecule gives rise to a distinct NMR resonance. The NMR spectra 

of all complexes are consistent with the presence of a single species, with no evidence for the 

existence of any isomeric products. 
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2.2.2 Crystal Structures 

Seven of the new complexes, 1b, 1c, 1d, 1e, 2f, 2e, and 2h were characterized by single-

crystal X-ray diffraction, and their structures are depicted in Figures 2.1 and 2.2. In all cases, the 

iridium center resides in the center of a distorted octahedral geometry with the two nitrogen atoms 

of the C^N ligands are in a trans disposition relative to each other. All crystal structures, except 

for 2PyI complex 2f and SacNac complex 2h, show a delocalized core within the ancillary ligand 

chelate ring. Complex 1c resides on a special position in the crystal, such that the C2 symmetry 

and equal C–N bond distances in the dipba ligand are enforced by crystallographic symmetry. Four 

complexes displayed in Figure 2.2 are used to compare the electronic structure of the various bite 

angle. The C–O and C–N, bond distances in 1b and the C–N and C–C bond distances in 1d are 

intermediate between typical single- and double-bond distances, consistent with a π-delocalized 

core. In complex 2f, the bond metrics are consistent with the localization of the negative charge 

on the phenoxide oxygen; in particular, the bond distances in the pyridine ring are typical, and the 

distance between the two rings (1.480(6) Å) is suggestive of a C–C single bond with no π 

delocalization between the rings. Complex 2h contains a much longer Ir–S bond  (2.3964(11) Å) 

compared to Ir–N (2.186(3) Å), resulting in a more distorted structure than the other six-membered 

Figure 2.1. X-ray crystal structures of 1c, 1e, and 2e. Thermal ellipsoids are drawn at the 50% 
probability level with solvent molecules and hydrogen atoms eliminated.  

 1c 2e1e 
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chelate complexes presented here or in other recently disclosed compounds from our group.38,92,96 

In addition, the 1.714(5) Å S–C bond distance indicates very little π bonding, and the alternating 

short and long bond distances in the rest of the SacNac core are consistent with minimal π 

delocalization, indicating the SacNac core is best described as an imine-thiolate-type ligand. 

Comparing different ring sizes of the ancillary ligand, the X–Ir–N (X = O or N) bite angle increases 

gradually as the ring of the ancillary ligand is expanded, from 59.90(9)° (paa), 77.52(19)° (2PyI),  

and 84.69(11)° (2OPhPy). The presence of sulfur augments the chelate angle, such that the bite 

angle is much larger in 2h (91.39(9)°) when compared to other six-membered chelate structures in 

the series.  
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2.2.3 Electrochemistry 

The electrochemical properties of all complexes were investigated by cyclic voltammetry (CV) 

in acetonitrile solution. In most of the bis-cyclometalated iridium(III) complexes, the lowest 

unoccupied molecular orbital (LUMO) is located on the C^N ligands while the highest occupied 

molecular orbital (HOMO) has a more complicated nature since it consists of a mixture of the C^N 

aryl and iridium-centered dπ orbitals. From the electrochemistry data presented in Table 2.1 and 

Figure 1.3 (a), the reduction processes for the btp complexes (1a–1h) are found to be irreversible 

except for complexes 1c, 1d and 1f, which exhibit reversible reduction wave at −2.53, −2.38 and 

−2.46 V vs. the ferrocenium/ferrocene (Fc+/Fc) couple, respectively. For the piq complexes, which 

are shown in Figure 2.3 (b), two reversible one-electron reduction waves are observed beyond −2.0 

V, likely resulting from a subsequent population of a π* orbital on each C^N ligand. Comparing 

 
Figure 2.3. Cyclic voltammograms of Ir(btp)2(L^X) (1a–1h, left) and Ir(piq)2(L^X) (2a–2h, right) 
are recorded at 0.1 V/s in acetonitrile with 0.1 M TBAPF6 supporting electrolyte, a glassy carbon 
working electrode, a platinum wire counter electrode, and a silver wire pseudoreference. Potentials 
are referenced to an internal standard of ferrocene, and currents are normalized to bring all of the 
traces onto the same scale. 
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complexes with the same C^N ligand incorporated, the potentials only slightly depend on the 

identity of the ancillary ligand. In contrast, all of the complexes display a formal IrIV/IrIII redox 

couple, with a half-wave potential that is strongly dependent on the identity of the L^X ligand. To 

visualize the effect of the ancillary ligands on the frontier orbital energy levels, Table 2.2 presents 

the IrIV/IrIII potential, referenced to Fc+/Fc, of all complexes. Completely irreversible oxidation 

waves are observed for all btp complexes, except for 1b (L^X = ipba), 1c (L^X = dipba), and 1f 

(L^X = 2OPhPy). The effect of ancillary ligand chelate ring size on the oxidation potential can be 

discerned by comparing paa complexes (1a and 2a) and their acNac analogies (1e and 2e). In piq 

complex 2a, the oxidation potential of the paa complex is 90 mV more positive than the acNac 

complex, whereas no significant change in oxidation potential is seen for btp compounds. The 

Table 2.1. Summary of the reduction potentials for all complexes. 
 C^N = btp (1)      C^N = piq (2) 
L^X = paa (a) 0.52b −2.08, −2.34 
L^X = ipba (b) 0.54b −2.11, −2.37 
L^X = dipba (c) 0.59 −2.21, −2.49 
L^X = 2PyI (d) 0.59 −2.13, −2.36 
L^X = acNac (e) 0.41 −2.20, −2.46 
L^X = 2OPhPy (f) 0.42 −2.14, −2.38 
L^X = NacNac (g) 0.47 −2.25, −2.51 
L^X = SacNac (h) 0.46 −2.18, −2.43 

[a] Irreversible couple, Ep,c is reported. [b] No well-defined reduction observed. 
 

 Table 2.2. Summary of IrIV/IrIII potentials for all complexes. 
 C^N = btp (1)  C^N = piq (2) 
L^X = paa (a) +0.34[a] +0.40[a] 
L^X = ipba (b) +0.36 +0.42 
L^X = dipba (c) +0.21 +0.12 
L^X = 2PyI (d) +0.31[a] +0.19[a] 
L^X = acNac (e) +0.34[a] +0.27 
L^X = 2OPhPy (f) +0.27 +0.33[a] 
L^X = NacNac (g) +0.07[a] −0.06 
L^X = SacNac (h) +0.37 +0.24[a] 

[a] Ep,a is reported. 
 

 

 



 

20 

reported oxidation potentials for Ir(piq)2(acac)97 and Ir(btp)2(acac)98 are quite similar, and 

replacing acac with acNac (1e and 2e), i.e., replacing one oxygen with one N-phenyl group, results 

in a cathodic shift of ca. 0.1 to 0.2 V in E(IrIV/IrIII). Substituting acNac (1e and 2e) to NacNac (1g 

and 2g), i.e., replacing the second oxygen with a second N-phenyl, results in a further and slightly 

larger cathodic shift of ca. 0.3 V. Thus, the oxidation potentials for the NacNac-containing 

complexes are very near the Fc+/Fc potential, and shifted by ca. 0.5 V relative to the analogous 

acac complex. Changing the L^X ligand to SacNac (1h and 2h) induces an anodic shift of ca. 

0.26–0.30 V relative to their NacNac analogues, with values very similar to acNac (1e and 2e). All 

of these results are consistent with the notion that the L^X ligand strongly affects the energy of the 

metal-centered HOMO while not perturbing the LUMO energy much at all. The net result of this 

would be a decrease in the energy of one or more MLCT states since the gap between the dπ 

HOMO and the C^N π* LUMO is now smaller. Furthermore, we observe that piq-ligated 

complexes exhibit oxidation potentials that are more sensitive to the substitution of the L^X ligand 

than the btp series.  

 

2.2.4 Photophysical Properties  

The UV-Vis absorption spectra and steady-state and time-resolved emission spectra were 

recorded in tetrahydrofuran solution at room temperature for all complexes. The overlaid 

absorption spectra grouped by different C^N ligands are displayed in Figures 2.4. In all cases, the 

intense absorption bands in the UV region is assigned to the spin-allowed ligand-centered π→π* 

transitions (1LC) with molar extinction coefficients (ε) ranging from 14–59 × 103 M–1cm–1. The 

weak lowest-energy absorption bands extending beyond 500 nm for btp and beyond 600 nm for 

piq complexes can be tentatively assigned as singlet and triplet metal-to-ligand charge-transfer 
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(1MLCT/3MLCT) transitions, as previously established for many other similar cyclometalated 

iridium complexes.47,53 The positions of these MLCT bands are affected by the identity of the C^N 

ligand.  

All of the complexes are luminescent in a fluid solution of deaerated tetrahydrofuran at room 

temperature when excited within their absorption manifold. The excitation spectra of the emissive 

complex shown in Figures 2.5 and 2.6, were also collected and overlay very well with the UV-Vis 

absorption spectra, indicating the phosphorescence signal arises from the corresponding iridium 

complex and ruling out that emission originates from an impurity. Table 2.3 summarizes the steady-

state and time-resolved emission data. Figures 2.7 and 2.8 show room-temperature and 77 K 

emission spectra of all iridium(III) complexes. Complexes with phenyl-substituted C^N ligands 

(C^N = piq) exhibit spectra with poorly resolved vibronic structure at room temperature and 

emission wavelengths that are quite sensitive to the ancillary ligand structure, with λmax spanning 

a range of 625–678 nm. The emission lifetimes (τ) are in the range of 0.55 to 1.6 μs with radiative 

rate constants (kr) on the order of 105 s−1 for most of the piq complexes. Upon cooling the solution  

Figure 2.4. Overlaid absorption spectra of (a) Ir(btp)2(L^X), and (b) Ir(piq)2(L^X) complexes in 
THF at room temperature. 

 

(b)
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Figure 2.5. Overlaid UV-Vis absorption (blue) and excitation spectra (red) of Ir(btp)2(L^X) 
complexes, recorded in THF at room temperature. 
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Figure 2.6. Overlaid UV-Vis absorption (blue) and excitation spectra (red) of Ir(piq)2(L^X) 
complexes, recorded in THF at room temperature. 
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to 77 K, the emission spectra show well-defined vibronic structures with a rigidochromic blue shift 

of ~20 nm (ca. ~510 cm−1) on average. For btp complexes, the vibronic structure is clearer at room 

temperature, and the emission wavelengths are less sensitive to the ancillary L^X series than 

observed in the piq series (λmax = 596–625 nm for the new btp complexes) with 3.8–7.8 μs lifetimes. 

The btp complexes display better-resolved spectra with an average rigidochromic shift of ~15 nm 

(ca. 440 cm−1) at 77 K. The kr values for btp complexes are always smaller than the corresponding 

piq complex with the same L^X ligand, in most cases by slightly less than one order of magnitude, 

such that radiative rate constants for most of the btp complexes are in the range of 104 s−1. In these  

Table 2.3. Summary of emission properties of all iridium(III) complexes. 

 λmax [nm]    Huang-Rhys 
Factor 

 THF 
at 293 K[a] 

Toluene 
at 293 K[a] 

Toluene 
at 77 K[a]  ΦPL τ[b] 

[μs] 
kr

[c]×105[s-1]/ 
knr

[c]×105[s-1] 
Sa Sb 

1a 622 625 609 0.016 5.5 0.029 / 1.8 1.55 0.83 
1b 625 628 614 0.34 5.1 0.67 / 1.3 1.27 0.67 
1c 622 623 609 0.79 5.3 1.5 / 0.40 1.55 0.64 
1d 596 597 586 0.24 7.8 0.30 / 0.97 1.71 0.92 
1e 614 615 603 0.33 5.8 0.57 / 1.2 1.42 0.82 
1f 618 618 612 0.24 4.8 0.50 / 1.5 1.12 1.09 
1g 609 609 596 0.21 6.3 0.33 / 1.3 1.68 0.86 
1h 622 616 601 0.0034 4.0 0.0085 / 2.5 1.51 0.93 
2a 631 629 608 0.12 0.55 2.2 / 16 1.14 0.72 
2b 636 635 621 0.47 0.99 4.8 / 5.4 0.92 0.61 
2c 671 667 656 0.34 0.74 4.6 / 8.9 0.53 0.39 
2d 625 620 601 0.46 1.6 2.8 / 3.4 1.31 0.80 
2e 637 633 617 0.80 1.0 8.0 / 2.0 0.93 0.69 
2f 638 633 614 0.54 1.1 4.9 / 4.1 0.95 0.68 
2g 678 666 658 0.17 0.82 2.1 / 10 0.46 0.46 
2h 622 616 601 0.0017 1.3 0.013 / 7.7 1.45 0.89 
[a] λex = 420 nm. [b] λex = 430 nm. [c] kr = ΦPL/τ and knr = (1−ΦPL)/τ. 
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Figure 2.7. Overlaid emission spectra of Ir(btp)2(L^X) recorded in THF solution and toluene glass 
at 77 K (λex = 420 nm). Blue squares lines represent spectra recorded at room temperature, and red 
circles lines represent spectra recorded at 77 K. 
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Figure 2.8. Overlaid emission spectra of Ir(piq)2(L^X) recorded in THF solution and toluene glass 
at 77 K (λex = 420 nm). Blue squares lines represent spectra recorded at room temperature, and red 
circles lines represent spectra recorded at 77 K. 
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series of new iridium(III) complexes, Ir(btp)2(dipba) (1c, λmax = 622 nm), and Ir(piq)2(acNac) (2e, 

λmax = 637 nm) have photoluminescence quantum yields of ca. 80% in solution, which exceed their 

respective acac complexes by a large margin.47,93 In addition, ΦPL values for 1c and 2e are also 

significantly higher than fac-Ir(piq)3 (ΦPL = 0.45)81 and Ir(tmq)2(acac) (tmq = 4-methyl-2-

(thiophen-2-yl)quinoline, ΦPL = 0.55),99 two compounds used in champion red OLEDs and a host 

of other top-performing red emitters, all of which have solution quantum yields ≤ 0.62.100–103 

Outliers to these general kr trends include both SacNac complexes 1h and 2h, which have 

exceptionally small (~103 s−1) kr values that contribute to their nearly negligible 

photoluminescence quantum yields. 

The increases in quantum efficiency that we observe are caused in large part by an increase 

in the radiative rate constant, kr. The quantum mechanical expression for the triplet state kr is shown 

in Equation 1.52  

The value of kr depends on the cube of the energy gap between the excited state and the ground 

state (ΔE3) and a squared term that includes spin-orbit coupling (SOC) and the transition dipole. 

Incorporation of nitrogen-containing or smaller bite angle ancillary ligands decreases the energy 

gap between the excited state and the ground state. However, in complexes 1c and 2a-2g, kr 

increases relative to the respective acac complex in spite of this decrease in excited-state energy 

gap, indicating that one or both of the other two terms in Equation 1 is being augmented. The 

transition dipole term in Equation 1 is associated with the transition probability from the singlet 

ground state to the singlet excited state(s) that mix with the T1 state through spin-orbit coupling. 

𝑘𝑘r = const × ΔE3 × ��
〈𝜙𝜙𝑆𝑆𝑛𝑛�𝐻𝐻��𝜙𝜙𝑇𝑇1〉
𝐸𝐸𝑇𝑇1 − 𝐸𝐸𝑆𝑆𝑛𝑛���������

𝑆𝑆𝑆𝑆𝑆𝑆

× 〈𝜙𝜙𝑆𝑆0|𝑒𝑒𝐫𝐫|𝜙𝜙𝑆𝑆𝑛𝑛〉���������
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We have no direct evidence that the transition dipole is being favorably altered; UV-Vis absorption 

spectra for acac complexes47,93 and the new compounds described here are markedly similar, with 

several overlapping singlet absorptions and a much weaker S0→T1 transition that overlaps the 

emission band. That said, we cannot rule out a subtle change in the transition dipole term.  

Assuming similar transition dipoles, the photophysical data is consistent with a substantial 

increase in the spin-orbit coupling being an important contributor to the enhanced kr values. A 

qualitative excited-state diagram is presented in Figure 2.8, focusing only on the states that mix 

into the emissive T1 state and leaving out higher-lying states (e.g., 1LC, Tn>1, ligand field states). 

The emissive excited-state (T1) of bis-cyclometalated iridium complexes have long been known 

to include contributions from ligand-centered (3LC, or 3ππ*) states on the C^N ligand and metal-

to-ligand charge-transfer (3MLCT, or 3dπ*) states, which mix through configuration interaction 

(CI). This excited-state mixing requires that the interacting states be of the same symmetry, 

although in low-symmetry complexes like those presented here (C1 or C2 point group) there are 

many states of the correct symmetry to mix.52,53 All of the spin-orbit coupling arises from the 

 
Figure 2.9. Qualitative diagram showing a proposed mechanism for the increase in kr caused by 
incorporating new ancillary ligands. 
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MLCT states, and a very simplified picture can be generated by considering only one 1,3MLCT 

pair and one 3LC state, although in reality many states must be considered in order to quantitatively 

evaluate emission spectra.52,104 Note that even though 1MLCT state is lower than the 1LC state, the 

ordering of the triplet states is inverted, on account of the much larger singlet-triplet gap in the LC 

states, originating from large electron exchange interactions. Also, spin-orbit coupling between 

1LC and 3LC is expected to be very small, both because of the larger singlet-triplet energy gap and 

that the metal-centered orbitals do not participate to an appreciable extent in these states, which 

greatly diminishes the spin-orbit Hamiltonian. As the diagram on the left in Figure 2.9 shows, in 

Ir(C^N)2(acac) or fac-Ir(C^N)3 complexes with highly conjugated C^N ligands, where the 3LC 

states are very low in energy, configuration interaction between the 3LC and 3MLCT states is weak, 

resulting in less spin-orbit coupling and a smaller kr value. In contrast, when nitrogen-containing 

and smaller bite-angle ancillary ligands are incorporated, the MLCT states are stabilized, and they 

contribute more strongly to T1, which results in larger spin-orbit coupling and a larger kr value, as 

shown in the right diagram of Figure 2.9. For illustrative purposes the 3LC state is shown lower in 

energy than the 3MLCT state, which is typically the case for cyclometalated iridium(III) 

complexes,52,53 and consistent with this supposition all of the 77 K emission spectra of the new 

complexes include vibronic structure. That said, the available experimental evidence does not rule 

out the possibility that in some cases the order is reversed.  

Several aspects of the emission properties, particularly for the piq complexes, are also 

consistent with enhanced MLCT character in the excited state. One piece of supporting evidence 

comes from the rigidochromic shift in the emission spectra when cooled to 77 K. This shift is 

substantially larger than that observed for acac complexes, which have very little 

rigidochromism,39 and such behavior is attributed to the enhancement of charge-transfer character 
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in the emissive excited state.105 Furthermore, the complex Ir(piq)2(dipba) (2c) exhibits pronounced 

solvatochromism, which as shown in Figure 2.10 along with Table 2.4, for its room-temperature 

emission spectrum, further supporting the notion that charge-transfer character increases in 

complexes with nitrogen-containing ancillary ligands. One other piece of supporting evidence for 

the enhanced MLCT character is the vibronic structure, which becomes less pronounced in 

complexes 2c and 2g with N,N chelating ligands NacNac and dipba. 

The abovementioned trends in kr show that in many of the complexes here, especially in the 

piq series, the value of kr is higher than the respective fac-Ir(C^N)3 and/or Ir(C^N)2(acac) 

complexes. This is consistent with an increase in MLCT character in the T1 state, which leads to 
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Figure 2.10. Overlaid emission spectra of Ir(piq)2(dipba) (2c), recorded in four different solvents. 
Solid lines with closed symbols represent spectra recorded at room temperature, and dashed lines 
with opened symbols represent spectra recorded at 77 K. All samples were excited at λ = 420 nm. 

Table 2.4. Summary of emission spectra of complex 2c, recorded in different solvents. 

Solvent λem [nm] (293 K) λem [nm] (77 K) 

THF 671  
MeCN 685  

Toluene 667 656, 713 
Butyronitrile 678 678, 718 
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larger spin-orbit coupling and faster radiative rates. To further evaluate the nature of the excited 

states, the Huang-Rhys factor (S) can be considered, which is related to the geometric distortion 

of the excited state relative to the ground state, and they give a measure of the strength of vibronic 

coupling between the two states. At 77 K, the vibronic structure in the emission spectra becomes 

well-resolved. The energy difference between the 0-0 transition and 0-1 transition is related to the 

energy of the dominant vibrational mode, and for the compounds described here this vibronic 

spacing is slightly dependent on the C^N ligand, averaging 1437 ± 28 cm−1 for C^N = btp (1a–h), 

and 1281 ± 51 cm−1 for C^N = piq (2a–h. 2g was not included since it has poorly resolved vibronic 

structure at 77 K). The well-resolved vibronic structure at 77 K allows the Huang-Rhys factor to 

be estimated from the relationship I0-0 = Itot×e–S, where I0-0 is the intensity at the electronic origin 

(0-0 transition) and Itot is the total emission intensity. Since the vibrational fine-structure observed 

in the emission spectra is often the result of more than one vibronic transition, and because even 

at 77 K line-broadening causes overlap of the vibronic bands, it is difficult to determine S with 

absolute certainty. Nevertheless, comparing relative S values for a series of compounds can be 

informative. As previously outlined by Burn, Samuel et al.,106 there are two different ways to 

estimate I0-0, which result in the two different estimates of S shown in Table 2.3. For Sa, the 

integrated area from short wavelength onset to the I0-0 maximum is doubled to provide an estimate 

of I0–0, and for Sb the integrated area from short wavelength onset to minimum between I0-1 and I0-

0 is used. In all cases, the value of the Huang-Rhys parameter for the btp complexes is larger than 

that of the piq complexes, at parity of ancillary L^X ligand. This is consistent with the notion that 

the triplet state in btp complexes is more ligand-localized, resulting in larger geometric distortion, 

whereas for piq complexes, the excited state has more delocalized MLCT character and the 

excited-state distortion is smaller. The values of S for the btp complexes are all close to or greater 
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than 1, indicating the T1 states in these compounds are in the strong coupling limit, such that the 

energy-gap law does not apply.78 However, the Huang-Rhys parameters for the piq series are 

mostly <1, indicating the energy-gap law could be applicable. A plot of ln(knr) vs. the excited-state 

energy should be linear, and as shown in Figure 2.11, five of the compounds fit the linear trend 

quite well, but there are three outliers. Complexes 2a and 2h have knr values that are higher than 

the expected values based on the energy gap law, and this deviation may be of electronic origin 

and indicate an electronic state localized on the L^X ligand that can be thermally populated. It is 

unclear why the knr for acNac complex 2e is lower than that predicted by the energy gap law, 

though we do note that the Huang-Rhys factor for this compound is ~1, so the weak coupling 

assumption of the energy-gap law may not be applicable.  

The ancillary ligand can also have subtle effects on the Huang-Rhys parameter. In both series 

of complexes (btp and piq), the 2PyI ancillary ligand gives rise to the largest Huang-Rhys factor, 

indicating a more localized state in 1d and 2d. One other trend that emerges in the piq series is that 

Figure 2.11. Plot of ln(knr) vs. excited-state energy for complexes 2a–h. A best-
fit line for five of the compounds is shown, with the outliers labeled. The excited-
state energy was estimated from the room-temperature emission maximum. 
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the N,N’-donor ancillary ligands dipba in 2c and NacNac in 2g result in smaller S values than the 

mixed-donor complexes. The small Huang-Rhys parameter for these compounds suggests a 

delocalized excited-state in these complexes that likely involves significant contributions from 

both the C^N and L^X ligands, which is responsible for the smaller excited-state distortion in these 

compounds. This observation also supports the idea that the T1 states in complexes 2c and 2g likely 

involve considerable ligand-to-ligand charge-transfer (LLʹCT) character, with contribution from a 

HOMO that has a significant orbital density on the ancillary ligand to the LUMO that is primarily 

assigned to cyclometalating ligand. Finally, a comparison of 1a/b and 2a/b shows that swapping 

the positions of alkyl and aryl substituents on amidate ancillary ligands has a small effect on 

vibronic coupling, with a smaller Huang-Rhys parameter and thus, more MLCT character observed 

when the nitrogen atom is alkyl-substituted. Further support of this observation is the observed 

increase in radiative decay rate in going from 1a to 1b and 2a to 2b, again consistent with increased 

MLCT character in the excited state.  

One final outcome of this study is that in spite of the success of acNac in promoting fast 

radiative rates and high photoluminescence quantum yields, especially when paired with piq, 

replacing oxygen with sulfur in the SacNac complexes 1h and 2h has a deleterious effect on the 

quantum yield. The value of knr remains similar to the isoelectronic acNac and NacNac complexes, 

but the radiative rate is dramatically smaller and is the cause of the reduced quantum yields. We 

reasoned that incorporating a sulfur donor could be a way to further destabilize the iridium dπ 

HOMO and increase its contribution to the T1, with the better energy matching and greater radial 

extension of sulfur p orbitals leading to greater metal-ligand π overlap. However, the structural 

data (Figures 2.7 and 2.8) and electrochemistry (Table 2.2) run counter to this hypothesis. The 

crystal structure of 2h is suggestive of very little π bonding between the S and C in the SacNac 
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ligand, meaning this ligand is perhaps better thought of as an imine-thiolate, not as delocalized as 

acNac and NacNac. Thus, even if there is π-overlap between iridium and sulfur, π-donor 

interactions with the nitrogen atom are greatly reduced. In the cyclic voltammograms of 1h and 

2h, the IrIV/IrIII couple, which reports on the HOMO energy, is very similar to that of the acNac 

analogues, indicating no further destabilization of the HOMO. Regardless of the precise reasons, 

the obvious conclusion from this study is that sulfur donors are not a good design element for red-

emitting cyclometalated iridium complexes. 

 

2.3 Conclusions 

This work presents a comprehensive study on the effects of ancillary structural parameters on 

the excited states of red-emitting cyclometalated iridium complexes. This series of iridium 

complexes includes eight different ancillary ligands, which can form four-, five-, and six-

membered metallacycles with the iridium center. In addition to varying chelate ring size, the 

combination of donor atoms (O,N, N,N, and S,N) and the substituent patterns were varied. In 

general, the excited-state properties of the btp complexes are insensitive to the ancillary L^X ligand, 

with most members of the series having very similar emission wavelengths, quantum yields, and 

kr/knr values. A much wider range of properties was observed in the piq series, where the emission 

wavelength and nature of the excited state is much more responsive to the ancillary L^X ligand. A 

mechanism is proposed whereby destabilizing the metal-centered HOMO leads to lower MLCT 

energies, increasing the MLCT character of the emissive excited state. This larger MLCT 

contribution enhances spin-orbit coupling and leads to larger observed kr values. Evaluation of 

Huang-Rhys parameters provides further insight into the vibronic coupling between the excited 

state and ground state as well as the differences between the piq and btp series, which appear to 
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arise from a T1 state that is more C^N-localized in the btp complexes versus a state that is 

delocalized over the C^N and L^X ligands in the piq complexes. Taken together, the 

electrochemical and photophysical properties of the iridium complexes discussed in this chapter 

show that varying the substitution, bite angle, and donor atoms of the ancillary ligands can all 

influence the ground- and excited-state electronic structures, motivating additional experimental 

and computational studies to continue to generalize these structure-property relationships and 

design top-performing red phosphors.  

.  

2.4 Experimental Section 

2.4.1 Materials 

Starting materials and reagents were used without further purification. Solvents for reactions 

and optical measurements were dried by the method of Grubbs, passing through dual alumina 

columns on a commercial solvent purification system (SPS), and stored over 3 Å molecular sieves. 

All reactions were executed in a nitrogen-filled glovebox operating at <1 ppm of O2 and H2O. All 

NMR solvents were dried and stored over 3 Å molecular sieves in the glovebox; CDCl3 was also 

stored over potassium carbonate. The cyclometalated iridium dimers [Ir(C^N)2(μ-Cl)]2 (C^N = 2-

(2-pyridyl)benzothiophene (btp), and 1-phenylisoquinoline (piq)) were prepared by the method of 

Nonoyama33, refluxing IrCl3·nH2O with 2−2.3 equiv. of the cyclometalating ligand in a 3:1 

mixture of 2-ethoxyethanol and water. Potassium salts of the 2PyI, acNac, 2OPhPy, NacNac, and 

SacNac ligands were prepared via deprotonation of the protonated ligand precursor with benzyl 

potassium, as described previously by our lab for acNac and NacNac.38 Tetrabutylammonium 

hexafluorophosphate (TBAPF6) was recrystallized from hot ethanol and ferrocene was sublimed 

at ambient pressure before use in electrochemical experiments. 
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2.4.2 Physical Methods 

1H and 13C{1H} NMR spectra were recorded at room temperature using a JEOL ECA-400, 

ECA-500, or ECA-600 NMR spectrometer. UV-Vis absorption spectra were recorded in 

tetrahydrofuran or toluene solutions in screw-capped quartz cuvettes using an Agilent Carey 8454 

UV-Vis spectrophotometer. Luminescence lifetimes were measured with a Horiba DeltaFlex 

Lifetime System, using 430 nm pulsed diode excitation. Steady-state emission spectra were 

recorded using a Horiba FluoroMax-4 spectrofluorometer with appropriate long-pass filters to 

exclude stray excitation light from detection. In order to exclude air, samples for emission spectra 

were prepared in a nitrogen-filled glovebox using anhydrous solvents. Samples for room-

temperature emission were housed in 1 cm quartz cuvettes with septum-sealed screw caps, and 

samples for 77 K emission were contained in a customized quartz EPR tube with high-vacuum 

valve and immersed in liquid nitrogen using a finger Dewar. Emission quantum yields were 

determined relative to a standard of tetraphenylporphyrin in toluene, which has a reported 

fluorescence quantum yield (ΦF) of 0.11.107 Cyclic voltammetry (CV) measurements were 

performed with a CH Instruments 602E potentiostat interfaced with a nitrogen glovebox via wire 

feedthroughs. Samples were dissolved in acetonitrile with 0.1 M TBAPF6 as a supporting 

electrolyte. A 3 mm diameter glassy-carbon working electrode, a platinum wire counter electrode, 

and a silver wire pseudo-reference electrode were used. Potentials were referenced to an internal 

standard of ferrocene.  
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2.4.3 Synthesis 

Preparation of Ir(btp)2(paa) (1a). Inside the glovebox, [Ir(btp)2(μ-Cl)]2 (20 mg, 0.015 

mmol), N-phenylacetamide ligand (10 mg, 0.074 mmol), and sodium methoxide (10 mg, 0.19 

mmol) were placed in a vial containing 10 mL of dichloromethane. The orange solids were slowly 

dissolved forming a reddish brown solution. On the next day, the solvent was concentrated and 4 

mL of toluene was added to extract the crude product. The brown mixture was filtered through 

Celite and the solution was removed under vacuum. 5 mL of diethyl ether was added to remove 

free N-phenylacetamide ligand. The orange mixture was filtered and washed with more diethyl 

ether. The solid was washed down from the pipet using dichloromethane. The solvent was removed 

and dried under vacuum for several hours, but the product remained solvated with ca. 0.13 equiv. 

of methylene chloride. Yield: 12 mg (52%). 1H NMR (600 MHz, C6D6) δ: 8.98 (d, J = 5.5 Hz, 1H, 

ArH), 8.81 (d, J = 5.5 Hz, 1H, ArH), 7.43–7.38 (m, 2H, ArH), 7.09–7.05 (m, 3H, ArH), 6.83–6.70 

(m, 8H, ArH), 6.60–6.52 (m, 3H, ArH), 6.47 (d, J = 8.3 Hz, 1H, ArH), 6.31–6.29 (m, 1H, ArH), 

6.24–6.22 (m, 1H, ArH), 1.88 (s, 3H, CH3). 13C{1H} NMR (151 MHz, CD2Cl2) δ: 181.2, 166.2, 

165.4, 151.8, 150.0, 148.6, 146.3, 145.7, 144.4, 142.2, 141.98, 141.9, 138.4, 137.9, 135.6, 132.8, 

128.8, 128.0, 127.8, 127.6, 125.3 (2 overlapped peaks), 125.2, 125.1, 123.7, 123.3, 122.8, 120.1, 

119.4, 118.5, 118.0, 23.4. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 283 (14000), 340 (sh) (7500), 500 

(2700). 

Preparation of Ir(btp)2(ipba) (1b). Prepared analogously to 1a, using [Ir(btp)2(μ-Cl)]2 (20 

mg, 0.015 mmol), N-isopropylbenzamide (10 mg, 0.067 mmol), and sodium methoxide (10 mg, 

0.19 mmol). Even after drying for couple hours, ca. 0.29 equiv. of dichloromethane was remained. 

Yield: 8 mg (34%). 1H NMR (600 MHz, CDCl3) δ: 9.15–9.09 (m, 2H, ArH), 7.80 (m, 2H, ArH), 

7.70–7.59 (m, 4H, ArH), 7.49–7.38 (m, 5H, ArH), 7.18–7.01 (m, 4H, ArH), 6.87–6.76 (m, 2H, 
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ArH), 6.40 (d, J = 8.6 Hz, 1H, ArH), 6.12 (d, J = 8.3 Hz, 1H, ArH), 3.88 (sep, J = 6.19 Hz, 1H, 

((CH3)2CHN), 0.83 (d, J = 6.19 Hz, 3H, CH3), 0.14 (d, J = 6.87 Hz, 3H, CH3). 13C{1H} NMR (151 

MHz, CDCl3) δ: 179.3, 166.9, 166.4, 151.4, 150.4, 150.3, 146.7, 146.3, 143.9, 142.5, 142.1, 138.0, 

137.7, 137.5, 135.9, 132.7, 129.8, 128.3, 127.6, 125.8, 125.4, 125.2, 124.7, 123.8, 123.4, 122.8, 

122.7, 119.2, 118.9, 118.5, 117.7, 48.7, 23.9 (2 overlapped peaks). UV-Vis (THF): λ / nm (ε / M−1 

cm−1) 272 (45000), 291 (51000), 339 (sh) (31000), 503 (11000). 

Preparation of Ir(btp)2(dipba) (1c). In the glovebox, bromobenzene (~61 mg, 0.39 mmol) 

in 2 mL of tetrahydrofuran was first cooled in the coldwell filled with liquid nitrogen. A hexane 

solution of n-BuLi (~0.1 mL, 2.5 M) was added, and the reaction was stirred in the coldwell for 

30 mins. The reaction mixture was then added dropwise to N,N-diisopropylcarbodiimide (DIC) 

(~49 mg, 0.387 mmol). The colorless solution was stirred inside the coldwell for another 30 min 

and then added dropwise to the Teflon-capped glass tube containing [Ir(btp)2(μ-Cl)]2 (25 mg, 

0.0193 mmol) in 5 mL of tetrahydrofuran. After stirring at 80°C overnight, the reaction was cooled 

to room temperature. The volatile was removed, and the crude product was re-dissolved in toluene 

and was filtered through Celite. The toluene was dried under vacuum to form reddish-orange 

residue. This crude product was dissolved in minimum amount of tetrahydrofuran and pentane was 

added to slowly induce precipitation. The solid was filtered and washed with 2 x 2 mL of diethyl 

ether. The resulting solid was collected by dissolving in CH2Cl2, and the resulting solution was 

concentrated to dryness. Yield: 29 mg (93%). 1H NMR (600 MHz, CDCl3) δ: 9.40 (d, J = 5.5 Hz, 

2H, ArH), 7.77–7.74 (m, 2H, ArH), 7.65–7.56 (m, 4H, ArH), 7.43–7.36 (m, 3H, ArH), 7.23 (m, 

2H, ArH), 7.16–7.13 (m, 2H, ArH), 7.07–7.03 (m, 2H, ArH), 6.82–6.80 (m, 2H, ArH), 6.31 (d, J 

= 8.25 Hz, 2H, ArH), 3.14 (sept, J = 6.2 Hz, 2H, (CH3)2CHN), 0.53 (d, J = 6.2 Hz, 6H, CH3), 

−0.062 (d, J = 6.2 Hz, 6H, CH3).13C{1H} NMR (151 MHz, CDCl3) δ: 176.0, 167.3, 154.2, 151.6, 
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147.5, 142.7, 136.7, 136.4, 134.0, 128.4, 127.9, 125.9, 124.7, 123.4, 122.6, 118.4, 117.8, 47.6, 

24.3 (2 overlapped peaks). UV-Vis (THF): λ / nm (ε / M−1 cm−1) 289 (22000), 330 (14000), 351(sh) 

(11000) 431 (5100), 514 (2800), 583 (700).  

Preparation of Ir(btp)2(2PyI) (1d). In the glovebox, [Ir(btp)2(μ-Cl)]2 (25 mg, 0.020 mmol) 

was suspended in 2 mL of tetrahydrofuran. A solution of the potassium salt of 2PyI (10 mg, 0.039 

mmol) in tetrahydrofuran was added. The resulting orange mixture was stirred at room temperature, 

eventually evolving to a reddish-brown solution which was stirred overnight. On the next day, the 

solution was concentrated in vacuo, leaving a dark brown residue. The crude product was extracted 

with 4 mL of toluene and filtered through Celite. The toluene was removed under vacuum. The 

resulting residue was re-dissolved in 1 mL of tetrahydrofuran. 4 mL of pentane was added slowly 

to the stirred tetrahydrofuran solution to precipitate out the desired product. The product was 

filtered and washed down the pipet using dichloromethane. The CH2Cl2 was removed under 

vacuum and dried. 2 mL of pentane was used to triturate the products. The solvent was evaporated 

in vacuo. Yield: 27 mg (86%). 1H NMR (600 MHz, CDCl3) δ: 7.92 (d, J = 8.3 Hz, 1H, ArH), 7.77–

7.74 (m, 2H, ArH), 7.66–7.51 (m, 9H, ArH), 7.15–7.08 (m, 3H, ArH), 6.88–6.64 (m, 6H, ArH), 

6.51 (t, J = 7.6 Hz, 1H, ArH), 6.19–6.12 (dd, J = 8.3 Hz, 2H, ArH), 6.00 (d, J = 8.3 Hz, 1H, ArH). 

13C{1H} NMR (151 MHz, CDCl3) δ: 166.1, 165.7, 158.8, 151.3, 150.2, 150.1, 149.3, 147.3, 146.5, 

145.5, 143.5, 142.5, 137.7, 137.1 (2 overlapped peaks), 136.7, 134.9, 130.9, 126.0, 125.9, 125.2, 

125.1, 123.9, 123.8, 122.9 (2 overlapped peaks), 121.6, 121.5, 120.8, 120.2, 119.9, 119.1, 118.7, 

118.3, 117.6, 115.9, 102.4. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 263 (40000), 289 (44000), 331 

(sh) (35000), 366 (sh) (33000), 469 (sh) (7300). 

Preparation of Ir(btp)2(acNac) (1e). In the glovebox, [Ir(btp)2(μ-Cl)]2 (65 mg, 0.050 mmol) was 

suspended in 2 mL of tetrahydrofuran. A solution of acNacK (22 mg, 0.11 mmol, 2.1 equiv.) in 5 
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mL of tetrahydrofuran was added slowly to the stirred mixture. After stirring overnight a reddish-

brown solution resulted, which was concentrated in vacuo. The dark residue was extracted with 5 

mL of toluene and filtered through Celite. The toluene was removed under vacuum, and the 

compound was further purified by flash column chromatography. The compounds were first 

dissolved in a minimum amount of 50% CH2Cl2/hexane. The column was packed with the same 

polarity of solvent and eluted with a gradient of CH2Cl2/hexane eluent under pressure. With 

increasing content of CH2Cl2 in the eluent, the reddish-orange band of the complex was collected 

as the major fraction at ca. 80% CH2Cl2/hexane. The solvent was removed using rotary evaporator. 

The product was triturated with 2 mL of room-temperature diethyl ether and pentane, and was 

further dried in vacuo. Yield: 47 mg (60%). 1H NMR (500 MHz, C6D6) δ: 9.10 (d, J = 5.1 Hz, 1H, 

ArH), 8.83 (d, J = 5.7 Hz, 1H, ArH), 7.38 (d, J = 8.0 Hz, 1H, ArH), 7.27 (d, J = 7.5 Hz, 1H, ArH), 

7.15 (d, J = 8.0 Hz, 1H, ArH), 6.90–6.77 (m, 7H, ArH), 6.58–6.55 (m, 4H, ArH),  6.40–6.37 (m, 

2H, ArH), 6.34–6.31 (m, 1H, ArH), 6.29–6.26 (m, 1H, ArH), 5.40–5.38 (m, 1H, ArH), 4.88 (s, 1H, 

PhNC(CH3)CHC(O)CH3), 1.71 (s, 3H, CH3), 1.46 (s, 3H, CH3). 13C{1H} NMR (151 MHz, CDCl3) 

δ: 177.4, 166.6, 166.3, 161.2, 152.6, 151.1, 150.9, 149.3, 149.2, 147.1, 146.6, 142.6 (2 overlapped 

peaks), 137.8, 137.4, 136.3, 134.1, 127.4, 126.0, 125.5, 125.5, 124.6, 124.4, 123.5 (2 overlapped 

peaks), 123.21 (2 overlapped peaks), 122.6, 122.5, 122.3, 118.5, 118.5, 118.3, 117.9, 98.4, 27.7, 

25.1. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 288 (31000), 331 (24000), 342 (sh) (22000), 487 (5200). 

Preparation of Ir(btp)2(2OPhPy) (1f). In the glovebox, [Ir(btp)2(μ-Cl)]2 (27 mg, 0.020 

mmol) was suspended in 2 mL of tetrahydrofuran. A solution of potassium salt of 2OPhPy (10 mg, 

0.049 mmol) in tetrahydrofuran was added. The resulting orange mixture was stirred at room 

temperature. To ensure the reaction was completed, the reddish-brown solution was stirred 

overnight at room temperature. On the next day, the solution was concentrated in vacuo, leaving a 
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dark brown residue. The crude product was extracted with 4 mL of toluene and filtered through 

Celite. The toluene was removed under vacuum. Column chromatography was used for 

purification. The column was packed with silica and eluted with 25% ethyl acetate/hexane. The 

orange band of the complex was collected as the major fraction at 50% ethyl acetate/hexane. 

Removal of the solvent under vacuum rendered an orange-yellow product. The solid was dissolved 

in ether and hexane was added slowly to precipitate the desired product. Yield: 24 mg (78%). 1H 

NMR (600 MHz, CDCl3) δ: 9.18 (m, 1H, ArH), 8.04 (m, 1H, ArH), 7.78–7.39 (m, 9H, ArH), 7.28–

7.24 (m, 1H, ArH), 7.08–7.02 (m, 2H, ArH), 6.93–6.88 (m, 2H, ArH), 6.78–6.74 (m, 3H, ArH), 

6.49–6.39 (m, 4H, ArH), 6.06–6.04 (m, 1H, ArH).13C{1H} NMR (151 MHz, CDCl3) δ: 169.1, 

165.7, 165.3, 157.3, 152.5, 151.7, 149.8, 149.5, 147.5, 147.2, 146.2, 142.9, 142.3, 138.0, 137.5, 

137.4, 135.7, 134.7, 131.6, 130.1, 127.2, 126.3, 125.7, 125.3, 124.7, 124.2, 123.7, 123.5, 123.0, 

122.8, 122.6, 121.8, 118.9, 118.4, 118.1, 118.0, 115.3. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 287 

(59000), 330 (sh) (36000), 353 (sh) (32000), 490 (9000).  

Preparation of Ir(btp)2(NacNac) (1g). A sample of [Ir(btp)2(μ-Cl)]2 (64 mg, 0.049 mmol) was 

suspended in 2 mL of tetrahydrofuran. A solution of NacNacK (30 mg, 0.10 mmol, 2.1 equiv.) in 

5 mL of tetrahydrofuran was added to the stirred mixture. The resulting reddish-brown mixture 

was stirred overnight at room temperature, during which time the solids were drawn into solution 

and a dark brown solution resulted. The solvent was removed under reduced pressure and the 

resulting residue was extracted with 5 mL of toluene and filtered through Celite. The toluene was 

removed in vacuo, and the residue was washed with 2 × 2 mL of room-temperature diethyl ether, 

leaving the product as a brown solid which was dried in vacuo. Yield: 61 mg (72%). 1H NMR (600 

MHz, C6D6) δ: 9.30 (d, J = 5.5 Hz, 2H, ArH), 7.15 (d, J = 8.3 Hz, 2H, ArH), 6.99 (d, J = 7.6 Hz, 

2H, ArH), 6.94 (t, J = 6.9 Hz, 2H, ArH), 6.79 (t, J = 7.6 Hz, 2H, ArH), 6.74–6.70 (m, 4H, ArH), 



 

42 

6.55 (d, J = 7.6 Hz, 2H, ArH), 6.42–6.32 (m, 8H, ArH), 5.43 (d, J = 7.6 Hz, 2H, ArH), 4.73 (s, 1H, 

PhNC(CH3)CHC(CH3)NPh), 1.64 (s, 6H, CH3). 13C{1H} NMR (151 MHz, CDCl3) δ: 167.0, 156.9, 

156.0, 152.3, 151.2, 146.5, 142.6, 137.2, 135.0, 127.0, 126.7, 125.7, 124.1, 124.0, 124.0, 122.8, 

122.6, 122.1, 118.7, 118.1, 95.5, 25.3. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 297 (28000), 330 

(20000), 353 (19000), 374 (sh) (16000), 433 (sh) (5800), 481 (2600). 

Preparation of Ir(btp)2(SacNac) (1h). In the glovebox, [Ir(btp)2(μ-Cl)]2 (20.0 mg, 0.015 

mmol) was suspended in 4 mL of tetrahydrofuran. A solution of potassium salt of SacNac (10.0 

mg, 0.060 mmol) in 2 mL of tetrahydrofuran was added. The resulting reddish-brown mixture was 

stirred at room temperature overnight. On the next day, the solution was concentrated in vacuo, 

leaving a dark brown residue. 4 mL of toluene was added to extract out the crude product. The 

toluene mixture was filtered through Celite, and toluene was evaporated. Column chromatography 

on silica was performed with 60% CH2Cl2/hexane. The polarity was increased up to 100% CH2Cl2 

until the orange band of the complex was fully collected. The solvent was removed under vacuum. 

The solid recovered was washed with diethyl ether to yield the desired product. Yield: 10 mg 

(44%). 1H NMR (600 MHz, CD2Cl2 ) δ: 9.53 (d, J = 5.5 Hz, 1H, ArH), 8.89 (d, J = 5.5 Hz, 1H, 

ArH), 7.81–7.75 (m, 2H, ArH), 7.59–7.58 (m, 2H, ArH), 7.44 (d, J = 8.3 Hz, 1H, ArH), 7.30 (d, J 

= 7.6 Hz, 1H, ArH), 7.11–7.08 (m, 2H, ArH), 7.02–6.94 (m, 2H, ArH), 6.76–6.72 (m, 2H, ArH), 

6.57–6.58 (m, 2H, ArH), 6.26 (d, J = 8.9 Hz, 1H, ArH), 6.19–6.16 (m, 1H, ArH), 6.12 (s, 1H, 

PhNC(CH3)CHC(S)CH3), 6.04 (d, J = 8.3 Hz, 1H, ArH), 5.95 (d, J = 8.3 Hz, 1H, ArH), 5.17 (d, J 

= 8.3 Hz, 1H, ArH), 2.11 (s, 3H, CH3), 1.61(s, 3H, CH3). 13C{1H} NMR (151 MHz, CD2Cl2) δ: 

166.8, 165.1, 164.1, 162.6, 162.4, 151.3, 151.2, 150.7, 147.6, 146.3, 146.2, 142.9, 142.2, 137.9, 

137.2, 136.30, 135.3, 127.4, 127.3, 125.5, 125.1, 124.9, 124.26, 123.7, 123.6, 123.1, 122.6, 122.3, 
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122.0, 120.9, 119.6, 119.4, 119.3, 119.0, 118.7, 32.3, 27.6. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 

279 (sh) (24000), 291 (25000), 321 (20000), 408 (8900), 452 (sh) (6000). 

Preparation of Ir(piq)2(paa) (2a). Inside the glovebox, [Ir(piq)2(μ-Cl)]2 (25 mg, 0.020 

mmol), N-phenylacetamide ligand (10 mg, 0.074 mmol), and sodium methoxide (11 mg, 0.20 

mmol) were placed in a vial containing 10 mL of CH2Cl2 solvent. The dark red solution was stirred 

overnight. On the next day, the solution was dried under vacuum. 4 mL of toluene was added to 

extract the crude product and filtered through Celite. The solvent was evaporated under vacuum. 

2 mL of diethyl ether was added to dissolve the remaining free amide ligand, and the red solid was 

filtered through a pipet plugged with glass fiber. 3 mL of dichloromethane was added to re-

dissolved the products, and the solution was dried in vacuo. 1 mL of pentane was used to triturate 

the products to form fine powder. Yield: 20 mg (70%). 1H NMR (600 MHz, C6D6) δ: 9.17 (d, J = 

6.2 Hz, 1H, ArH), 8.89 (d, J = 6.2 Hz, 1H, ArH), 8.65–8.55 (m, 2H, ArH), 8.07–8.02 (dd, J = 7.56 

Hz, 2H, ArH), 7.29–7.23 (m, 2H, ArH), 7.11–7.03 (m, 3H, ArH), 7.02–6.93 (m, 2H, ArH), 6.86 (t, 

J = 7.6 Hz, 2H, ArH), 6.81–6.72 (m, 3H, ArH), 6.71–6.68 (m, 3H, ArH), 6.65-6.52 (m, 4H, ArH), 

2.03 (s, 3H, CH3). 13C{1H} NMR (151 MHz, CD2Cl2) δ: 179.8, 169.7, 168.2, 154.8, 149.6, 146.6, 

145.4, 145.3, 142.9, 141.4, 137.1, 136.9, 132.7, 132.6, 131.0, 130.8, 130.1, 129.9, 129.1, 

129.0,128.5(2 overlapped peaks), 128.0 (2 overlapped peaks), 127.5, 127.3, 126.9, 126.4, 126.3, 

123.1(2 overlapped peaks), 122.7, 121.0, 120.7, 120.6, 119.8, 23.3. UV-Vis (THF): λ / nm (ε / M−1 

cm−1) 299 (42000), 342 (sh) (22000), 355 (sh) (19000), 485 (7200). 

Preparation of Ir(piq)2(ipba) (2b). Inside the glovebox, [Ir(piq)2(μ-Cl)]2 (20 mg, 0.016 

mmol), N-isopropylbenzamide ligand (10 mg, 0.067 mmol), and sodium methoxide (11 mg, 0.20 

mmol) were placed in a vial containing 10 mL of dichloromethane. The red solids were slowly 

dissolved forming a reddish brown solution. On the next day, the solvent was concentrated and 4 
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mL of toluene was added to extract the crude product. The dark red mixture was filtered through 

Celite, and the solvent was removed under vacuum. 5 mL of diethyl ether was added to triturate 

the red solids. The red mixture was stored in the freezer to initiate more solid formation. A couple 

of hours later, the solid mixture was filtered and washed with cold diethyl ether and room- 

temperature pentane. The red solid was redissolved through the filter pipet using CH2Cl2. The 

solvent was dried under vacuum. Yield: 16 mg (67%). 1H NMR (600 MHz, CD2Cl2) δ: 9.10 (d, J 

= 6.9 Hz, 1H, ArH), 9.02–8.91 (m, 3H, ArH), 8.23–8.15 (dd, J = 8.3 Hz, 2H, ArH), 8.02–8.00 (m, 

2H, ArH), 7.80–7.62 (m, 6H, ArH), 7.54–7.53 (m, 2H, ArH), 7.41–7.39 (m, 3H, ArH), 6.89 (t, J = 

7.6 Hz, 2H, ArH), 6.66–6.56 (m, 2H, ArH), 6.40 (d, J = 7.6 Hz, 1H, ArH), 6.14 (d, J = 7.6 Hz, 1H, 

ArH),  3.91 (sep, J = 6.19 Hz, 1H, (CH3)2CHN), 0.95 (d, J = 6.19 Hz, 3H, CH3), 0.00 (d, J = 6.19 

Hz, 3H, CH3). 13C{1H} NMR (151 MHz, CD2Cl2) δ: 178.0, 170.1, 168.5, 157.0, 151.2, 146.6, 

145.7, 142.9, 141.5, 138.6, 137.1, 136.9, 133.0, 132.2, 130.9, 130.7, 130.1, 129.8, 129.3, 129.1, 

128.9, 128.1 (2 overlapped peaks), 127.9, 127.8, 127.5 (3 overlapped peaks), 127.2, 127.1, 126.4, 

126.3, 126.2, 120.5, 120.4, 120.2, 119.6, 49.1, 24.0, 23.9. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 

291 (35000), 342 (sh) (20000), 357 (sh) (17000), 423 (9400), 482 (6300), 557 (3800) 

Preparation of Ir(piq)2(dipba) (2c).  In the glovebox, bromobenzene (~50 mg, 0.31 mmol) 

in 2 mL of tetrahydrofuran was first cooled in the coldwell filled with liquid nitrogen. A hexane 

solution of n-BuLi (~0.1 mL, 2.5 M) was added, and the reaction was stirred in the coldwell for 

30 mins. The reaction mixture was then added dropwise to N,N-diisopropylcarbodiimide (DIC) 

(~40 mg, 0.31 mmol). The colorless solution was stirred inside the coldwell for another 30 min, 

and then added dropwise to a Teflon-capped glass tube containing [Ir(piq)2(μ-Cl)]2 (100 mg, 0.079 

mmol) in 5 mL of tetrahydrofuran. After stirring at 80°C overnight, the reaction was cooled to 

room temperature. The volatiles were removed, and the crude product was re-dissolved in a 
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minimum amount of tetrahydrofuran and pentane was slowly added to from the dark solids. The 

product was again dissolved in dichloromethane, and hexane was slowly added to precipitate out 

the side product. The CH2Cl2/hexane solution was removed using rotary evaporator, leaving the 

dark red solid, which was dried in vacuo. Yield: 106 mg (84%). 1H NMR (600 MHz, CDCl3) δ: 

9.42 (d, J = 6.2 Hz, 2H, ArH), 8.95 (d, J = 8.2 Hz, 2H, ArH), 8.15 (d, J = 7.6 Hz, 2H, ArH), 7.97 

(m, 2H, ArH), 7.71–7.68 (m, 4H, ArH), 7.58 (d, J = 6.9 Hz, 2H, ArH), 7.43 (t, J = 7.6 Hz, 2H, 

ArH), 7.37–7.32 (m, 3H, ArH), 6.84 (t, J = 6.9 Hz, 2H, ArH), 6.60 (t, J = 6.9 Hz, 2H, ArH), 6.36 

(d, J = 7.6 Hz, 2H, ArH), 3.25 (sept, J = 6.2 Hz, 2H, (CH3)2CHN), 0.66 (d, J = 6.2 Hz, 6H, CH3), 

–0.13 (d, J = 6.2 Hz, 6H, CH3).13C{1H} NMR (151 MHz, CDCl3) δ: 174.6, 170.5, 160.0, 146.2, 

143.4, 137.3, 136.4, 132.8, 130.2, 129.7, 128.8, 128.3, 128.1, 128.0, 127.3, 127.2, 126.3, 119.3, 

119.2, 48.4, 24.8, 24.7. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 301 (47000), 336 (26000), 359 (sh) 

(18000), 46700 (11000), 57400(200). 

Preparation of Ir(piq)2(2PyI) (2d). In the glovebox, [Ir(piq)2(μ-Cl)]2 (26 mg, 0.020 mmol) 

was suspended in 2 mL of tetrahydrofuran. A solution of the potassium salt of 2PyI (10 mg, 0.043 

mmol) in tetrahydrofuran was added. The resulting orange mixture was stirred at room temperature 

overnight. On the next day, the solution was concentrated in vacuo, leaving a dark brown residue. 

The crude product was extracted with 4 mL of toluene and filtered through Celite. The toluene was 

removed under vacuum. The crude product was dissolved in a minimum amount of tetrahydrofuran 

(~1 mL). 5 mL of pentane was added dropwise into the tetrahydrofuran solution to slowly 

precipitate out the desired product. The product was filtered and washed down the pipet filter using 

CH2Cl2. The dichloromethane was removed and the product dried under vacuum. Yield: 27 mg 

(85%). 1H NMR (600 MHz, C6D6) δ: 8.60 (d, J = 7.6 Hz, 2H, ArH), 8.19–8.12 (m, 2H, ArH), 7.89–

7.84 (m, 2H, ArH), 7.69–7.65 (m, 2H, ArH), 7.47 (d, J = 8.3 Hz, 1H, ArH), 7.32 (s, 1H, ArH), 
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7.06–6.83 (m, 11H, ArH), 6.78–6.74 (m, 3H, ArH), 6.67–6.60 (m, 2H, ArH), 6.27 (d, J = 6.2 Hz, 

1H, ArH), 6.04 (d, J = 6.2 Hz, 1H, ArH), 5.91–5.89 (m, 1H, ArH). 13C{1H} NMR (151 MHz, 

CDCl3) δ: 169.5, 160.8, 158.9, 155.8, 149.2, 146.8, 146.7, 146.0, 145.8, 142.4, 141.1, 136.8, 136.6, 

136.4, 133.1, 132.8, 131.2, 130.7, 130.5, 130.4 (2 overlapped peaks), 130.2, 129.4, 127.8, 127.7, 

127.3, 127.1, 127.0, 126.9, 126.4, 126.2, 121.2, 120.9 (2 overlapped peaks), 120.7 (2 overlapped 

peaks), 120.6, 120.3, 120.3, 117.3, 116.1, 101.8. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 294 (27000), 

330 (sh) (20000), 354 (sh) (20000), 462 (7200).  

Preparation of Ir(piq)2(acNac) (2e). In the glovebox, [Ir(piq)2(μ-Cl)]2 (53 mg, 0.041 mmol) 

was suspended in 2 mL of tetrahydrofuran. A solution of acNacK (19 mg, 0.089 mmol, 2.1 equiv.) 

in 5 mL of tetrahydrofuran was added to the stirred mixture. The resulting reddish-brown mixture 

was stirred overnight at room temperature, during which time the solids were drawn into solution 

and a dark red solution resulted. The resulting residue was extracted with 5 mL of toluene and 

filtered through Celite. The toluene was removed in vacuo, and the residue was triturated with 2 

mL of room-temperature diethyl ether before filtering off the red product. The solid was collected 

from the filter by dissolving in CH2Cl2, and the resulting solution was concentrated to dryness. 

Finally, the product washed with 2 × 2 mL of room-temperature pentane and dried in vacuo. The 

product remained solvated with ca. 1 equiv. of CH2Cl2. Yield: 51 mg (65%). 1H NMR (400 MHz, 

C6D6) δ: 9.23 (d, J = 6.0 Hz, 1H, ArH), 9.01 (d, J = 6.4 Hz, 1H, ArH), 8.66 (d, J = 8.7 Hz, 1H, 

ArH) 8.51–8.49 (m, 1H, ArH), 8.05 (d, J = 8.2 Hz, 1H, ArH), 7.68 (d, J = 7.8 Hz, 1H, ArH), 7.32–

7.28 (m, 2H, ArH), 7.13–7.02 (m, 4H, ArH), 6.96–6.92 (m, 2H, ArH), 6.83–6.77 (m, 2H, ArH), 

6.68–6.58 (m, 4H, ArH), 6.52–6.48 (m, 2H, ArH), 6.41–6.37 (m, 1H, ArH), 6.20–6.16 (m, 1H, 

ArH), 5.23 (d, J = 7.8 Hz, 1H, ArH), 4.94 (s, 1H, PhNC(CH3)CHC(O)CH3), 1.76 (s, 3H, CH3), 

1.53 (s, 3H, CH3). 13C{1H} NMR (151 MHz, CDCl3) δ: 178.2, 170.1, 169.2, 161.4, 157.6, 156.7, 
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149.2, 146.5, 145.2, 142.6, 141.0, 137.0, 136.8, 133.2, 130.5, 130.3, 129.8, 129.3, 129.1, 128.5, 

128.1, 127.9, 127.8, 127.6 (2 overlapped peaks), 127.4 (2 overlapped peaks), 127.3, 127.1, 126.9, 

126.5, 126.4, 123.9, 122.6, 120.7, 119.5, 119.2, 118.7, 98.3, 28.0, 24.9. UV-Vis (THF): λ / nm (ε 

/ M−1 cm−1) 296 (33000), 336 (sh) (21000), 390 (sh) (10000), 437 (4700), 483 (4500).  

Preparation of Ir(piq)2(2OPhPy) (2f). In the glovebox, [Ir(piq)2(μ-Cl)]2 (43 mg, 0.034 

mmol) was suspended in 2 mL of tetrahydrofuran. A solution of the potassium salt of 2OPhPy (20 

mg, 0.097 mmol) in tetrahydrofuran was added. The resulting reddish-brown mixture was stirred 

overnight at room temperature. The next day, the solution was concentrated in vacuo, leaving a 

dark brown residue. The crude product was extracted with 4 mL of toluene and filtered through 

Celite. The toluene was removed under vacuum. The crude product was then dissolved in 

minimum amount of tetrahydrofuran (~2 mL). 10 mL of pentane was added dropwise into the 

tetrahydrofuran solution to slowly precipitate out the desired product. The product was filtered 

through a pipet with glass fiber. The solid was washed with minimum amount of diethyl ether and 

then washed down the pipet using CH2Cl2, and the solvent was removed and dried under vacuum. 

Yield: 47 mg (90%). 1H NMR (600 MHz, C6D6) δ: 9.61 (d, J = 6.2 Hz, 1H, ArH), 8.85 (d, J = 8.3 

Hz, 2H, ArH), 8.65–8.64 (m, 1H, ArH), 8.35 (d, J = 8.3 Hz, 1H, ArH), 8.13–8.06 (m, 2H, ArH), 

7.64 (d, J = 6.2 Hz, 1H, ArH), 7.21–7.00 (m, 8H, ArH), 6.89 (t, J = 7.56 Hz, 1H, ArH), 6.81–6.79 

(m, 1H, ArH), 6.75 (d, J = 6.2 Hz, 1H, ArH), 6.70–6.60 (m, 5H, ArH), 6.54–6.51 (m, 2H, ArH), 

6.39–6.36 (m, 1H, ArH), 5.79 (d, J = 6.2 Hz, 1H, ArH). 13C{1H} NMR (151 MHz, CDCl3) δ: 170.2, 

169.0, 168.8, 158.0, 157.8, 152.3, 149.9, 146.4, 146.2, 143.0, 141.0, 137.3, 137.3, 136.6, 134.3, 

132.8, 130.9, 130.8, 130.7, 130.3, 130.2, 129.6, 129.3, 129.0, 127.7 (2 overlapped peaks), 127.5, 

127.3, 127.0, 126.8, 126.7 (2 overlapped peaks, 126.2, 124.3, 122.8, 121.5, 121.0, 120.0, 119.9, 

118.6, 114.6. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 297 (43000), 349 (36000), 492 (sh) (7500). 
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Preparation of Ir(piq)2(NacNac) (2g). To a stirred suspension of [Ir(piq)2(μ-Cl)]2 (56 mg, 0.044 

mmol) in 2 mL of tetrahydrofuran, a solution of NacNacK (27 mg, 0.093 mmol, 2.1 equiv.) in 5 

mL of tetrahydrofuran was added. The resulting dark brown mixture was stirred overnight at room 

temperature, during which time the solids were drawn into solution, and a brown solution was 

formed. The solvent was removed under reduced pressure, and the resulting residue was extracted 

with 5 mL of toluene and filtered through Celite. The toluene was removed in vacuo, and the 

residue was washed with 2 × 2 mL of room-temperature diethyl ether, leaving the product as a 

reddish-brown solid, which was dried in vacuo. Yield: 44 mg (58%). 1H NMR (500 MHz, CDCl3) 

δ: 9.22 (d, J = 6.3Hz, 2H, ArH), 8.70 (d, J = 8.6 Hz, 2H, ArH),  

7.97 (d, J = 8.0 Hz, 2H, ArH), 7.71 (t, J = 6.9 Hz, 2H, ArH), 7.65–7.57 (m, 6H, ArH), 6.66 (t, J = 

7.5 Hz, 2H, ArH), 6.57 (d, J = 8.0 Hz, 2H, ArH), 6.47–6.43 (m, 4H, ArH), 6.24 (t, J = 7.5 Hz, 2H, 

ArH), 6.14 (t, J = 7.5 Hz, 2H, ArH), 5.81 (d, J = 5.8 Hz, 2H, ArH), 5.10 (d, J = 8.0 Hz, 2H, ArH), 

4.61 (s, 1H, PhNC(CH3)CHC(CH3)NPh), 1.61 (s, 6H, CH3).13C{1H} NMR (151 MHz, CDCl3) δ: 

170.3, 161.5, 156.4, 156.3, 152.2, 145.1, 143.3, 136.7, 133.0, 130.4, 129.2, 128.2, 127.3 (2 

overlapped peaks), 127.1, 126.8, 126.4, 125.0, 124.5, 122.1, 119.2, 118.9, 95.1, 25.4. UV-Vis 

(THF): λ / nm (ε / M−1 cm−1) 298 (48000), 341(sh) (31000), 398 (sh) (26000), 451 (7600). 

Preparation of Ir(piq)2(SacNac) (2h). In the glovebox, [Ir(piq)2(μ-Cl)]2 (20.0 mg, 0.016 

mmol) was suspended in 4 mL of tetrahydrofuran. A solution of SacNacK (10.0 mg, 0.066 mmol) 

in 2 mL of tetrahydrofuran was added dropwise. While stirring, the solid mixture became a dark 

brown solution immediately. The reaction was stirred for another 2 hours to ensure the reaction 

went to completeness. The solvent was first concentrated, and 4 mL of toluene was added to extract 

out the desired crude products. The brown mixture was filtered through Celite to remove any 

inorganic salt, and toluene was evaporated. 2 mL of diethyl ether was added to triturate the solid. 
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The red mixture was stored in the freezer to initiate more precipitation. The mixture was filtered 

through a glass pipet plugging with glass fiber, and solid was washed in diethyl ether and pentane. 

Afterwards, the solid was washed down with dichloromethane, and the solution was concentrated. 

Column chromatography on silica was performed using 30% of hexane in CH2Cl2 as an eluent. 

The red band of the complex was collected in the eluent. The solvent was removed under vacuum 

to yield the desired product. Yields: 8 mg (29%). 1H NMR (600 MHz, CDCl3) δ: 9.62 (d, J = 6.2 

Hz, 1H, ArH), 8.92 (d, J = 8.3 Hz, 1H, ArH), 8.81 (d, J = 6.9 Hz, 1H, ArH), 8.56 (d, J = 8.3 Hz, 

1H, ArH), 8.09 (d, J = 8.3 Hz, 1H, ArH), 7.93 (t, J = 8.3 Hz, 2H, ArH), 7.75–7.55 (m, 5H, ArH), 

7.48 (t, J = 6.9 Hz, 2H, ArH), 6.81 (m, 1H, ArH), 6.62–6.55 (m, 3H, ArH), 6.50 (d, J = 7.6 Hz, 

1H, ArH), 6.37–6.30 (m, 3H, ArH), 6.19 (t, J = 7.6 Hz, 1H, ArH), 6.09 (s, 1H, 

PhNC(CH3)CHC(S)CH3), 5.87 (d, J = 7.6 Hz, 1H, ArH), 4.95 (d, J = 7.6 Hz, 1H, ArH),  2.16 (s, 

3H, CH3), 1.59 (s, 3H, CH3). 13C{1H} NMR (151 MHz, CDCl3) δ: 170.7, 169.0, 166.2, 165.1, 

162.0, 153.7, 150.7, 145.5, 144.9, 143.1, 143.0, 142.9, 142.5, 136.9, 136.4, 132.4, 131.4, 130.5, 

130.4, 129.8 (2 overlapped peaks), 129.4, 129.2, 128.9, 127.7, 127.5, 127.2, 126.9, 126.3, 123.0, 

122.7, 121.2, 121.0, 120.6, 120.2, 120.1, 119.8, 119.7, 119.6, 33.4, 27.7. UV-Vis (THF): λ / nm (ε 

/ M−1 cm−1) 290 (35000), 343 (sh) (21000), 391 (sh) (13000), 444 (10000). 

 

2.4.4 X-ray Crystallography Details 

Single crystals were grown by vapor diffusion of vapor diffusion of pentane or hexane vapor 

into concentrated tetrahydrofuran, toluene, mixed toluene/CH2Cl2, or CH2Cl2/CDCl3 solutions. 

Crystals were mounted on a Bruker Apex II three-circle diffractometer using MoKα radiation (λ = 

0.71073 Å). The data was collected at 123(2) K and was processed and refined within the APEXII 

software. Structures were solved by direct methods in SHELXS and refined by standard difference 
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Fourier techniques in the program SHELXL.108 Hydrogen atoms were placed in calculated 

positions using the standard riding model and refined isotropically; all non-hydrogen atoms were 

refined anisotropically. The structure of 1e included a disordered dichloromethane solvent 

molecule and a disordered N-phenyl ring. Distance restraints (SADI) were used for all 1,2 and 1,3 

distances within the disordered parts, and rigid bond restraints SIMU and DELU were employed 

for the thermal displacement parameters. CCDC 1858394 (1b), 1861968 (1c), 1858395 (1d), 

1540976 (1e), 1540977 (2e), 1858396 (2f), and 1858397 (2h) contain the supplementary 

crystallographic data for this chapter. These data are provided free of charge by the Cambridge 

Crystallographic Data Centre. Crystallographic details are summarized in Tables 2.5–2.7.  
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Table 2.5. Crystallographic summary for complexes 1c, 1e, and 2e. 
 1c·CH2Cl2 1e•2CH2Cl2 2e 

CCDC 11861968 1540976 1858396 

Crystal data 

Chemical formula C40H37Cl2IrN4S2 C39H32Cl4IrN3OS2 C41H32IrN3O 

Mr 900.95 956.79 774.89 

Crystal system, 
space group 

Monoclinic, C2/c Monoclinic, P21/c Triclinic, P1̄ 

a, b, c (Å) 13.2791(8), 21.2737(13),
13.2932(13) 

12.9276(5), 24.1615(10),
13.3586(5) 

8.441(2), 11.844(3) ,  
16.460(4) 

α, β, γ (°) 90, 102.2146(6), 90 90, 116.2263(4), 90 96.665(3), 100.755(3), 
103.614(3) 

V (Å3) 3670.3(5) 3743.0(3) 1549.1(7) 

Z 4 4 2 

µ (mm-1) 3.93 4.00 4.35 

Crystal size (mm) 0.15 × 0.10 × 0.02 0.36 × 0.20 × 0.10 0.20 × 0.13 × 0.06 

Data collection 

Tmin, Tmax 0.624, 0.746 0.570, 0.746 0.615, 0.746 

No. of measured,  
independent and  
observed [I > 2σ(I)] 
reflections 

11375, 4250, 3159   22840, 8612, 7428   37058, 6830, 6484   

Rint 0.029 0.024 0.030 

(sin θ/λ)max (Å-1) 0.652 0.651 0.641 

Refinement 

R[F2 > 2σ(F2)], 
wR(F2), S 

0.026,  0.061,  1.02 0.039,  0.110,  1.05 0.021,  0.052,  1.09 

No. of reflections 4250 8612 6830 

No. of parameters 226 527 417 

No. of restraints 7 405 0 

 
w = 1/[σ2(Fo

2) + (0.0247
P)2 + 7.7179P]   
where P = (Fo

2 + 2Fc
2)/3 

w = 1/[σ2(Fo
2) + (0.0523

P)2 + 22.351P]   
where P = (Fo

2 + 2Fc
2)/3 

w = 1/[σ2(Fo
2) + (0.0263

P)2 + 1.8253P]   
where P = (Fo

2 + 2Fc
2)/3 

∆〉max, ∆〉min (e Å-3)) 1.09, –0.90 2.39, –2.51 3.42, –0.37 
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Table 2.6. Crystallographic summary for complexes 1b and 1d. 
 1b 1d 

CCDC 1858394 1858395 

Crystal data 

Chemical formula C36H28IrN3OS2 C39H25IrN4S2 

Mr 774.93 805.95 

Crystal system, 
space group 

Monoclinic, P21/c Monoclinic, C2/c 

a, b, c (Å) 
15.3396 (7), 15.0659 (7), 
13.1481 (6) 

36.330 (9), 9.349 (2), 
17.898 (4) 

α, β, γ (°) 90, 90.7734 (6), 90 90, 94.915 (4), 90 

V (Å3) 3038.3 (2) 6056 (3) 

Z 4 8 

µ (mm-1) 4.57 4.59 

Crystal size (mm) 0.20 × 0.09 × 0.07 0.12 × 0.09 × 0.03 

Data collection 

Tmin, Tmax 0.666, 0.746 0.610, 0.746 

No. of measured,  
independent and  
observed [I > 2σ(I)] 
reflections 

18656, 6985, 6103 17167, 6630, 5255 

Rint 0.023 0.042 

(sin θ/λ)max (Å-1) 0.650 0.641 

Refinement 

R[F2 > 2σ(F2)], 
wR(F2), S 

0.024,  0.061,  1.06 0.042,  0.095,  1.05 

No. of reflections 6985 6630 

No. of parameters 390 415 

No. of restraints 0 0 

 
w = 1/[σ2(Fo

2) + (0.0301P)2 + 2.572
1P]   
where P = (Fo

2 + 2Fc
2)/3 

w = 1/[σ2(Fo
2) + (0.0376P)2 + 37.29

6P]   
where P = (Fo

2 + 2Fc
2)/3 

∆〉max, ∆〉min (e Å-3)) 1.74, –0.49 4.41, –2.00 
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Table 2.7. Crystallographic summary for complexes 2f and 2h. 
 2f·THF 2h 

CCDC 1858396 1858397 

Crystal data 

Chemical formula C45H36IrN3O2 C41H32IrN3S 

Mr 842.97 790.95 

Crystal system, 
space group 

Triclinic, P1̄ Monoclinic, P21/n 

a, b, c (Å) 8.3178 (5), 15.3643 (9), 
15.5466 (9) 

9.0796 (4), 18.2492 (8), 
19.0318 (8) 

α, β, γ (°) 115.4392 (7), 104.0654 (8), 
95.0622 (8) 

90, 90.4449 (6), 90 

V (Å3) 1697.78 (17) 3153.4 (2) 

Z 2 4 

µ (mm-1) 3.98 4.34 

Crystal size (mm) 0.36 × 0.14 × 0.10 0.20 × 0.07 × 0.04 

Data collection 

Tmin, Tmax 0.589, 0.746 0.532, 0.746 

No. of measured,  
independent and 
observed [I > 2σ(I)] 
reflections 

9801, 6828, 6251   18610, 6929, 5666   

Rint 0.017 0.035 

(sin θ/λ)max (Å-1) 0.625 0.641 

Refinement 

R[F2 > 2σ(F2)], 
wR(F2), S 

0.029,  0.074,  1.06 0.027,  0.069,  1.07 

No. of reflections 6828 6929 

No. of parameters 460 417 

No. of restraints 40 – 

 w = 1/[σ2(Fo
2) + (0.0436P)2 + 0.722

P]   
where P = (Fo

2 + 2Fc
2)/3 

– 

∆〉max, ∆〉min (e Å-3)) 1.93, –0.82 0.89, –0.86 
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Chapter 3 

Effects on Electron-rich Ancillary Ligands on Green- and Yellow-

emitting Bis-cyclometalated Iridium(III) Complexes 
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3.1  Introduction 

Through Chapter 2, we elaborated on the concept that the ancillary ligands in bis-

cyclometalated iridium(III) complexes tend to influence the degree to which the metal-to-ligand 

charge-transfer triplet state (3MLCT, or 3dπ*) mixes with the C^N ligand-centered triplet state 

(3LC, or 3ππ*). This perturbation of excited-state character causes minor changes in the emission 

wavelengths,47 but most importantly, can increase the photoluminescence quantum yield with an 

increase of the radiative rate constant kr.109 Using π-donating, nitrogen-containing L^X ancillary 

ligands, we have reported orange- and red-emitting bis-cyclometalated iridium(III) complexes 

with excellent color purity and some of the highest known photoluminescence quantum yields. 

These increases in quantum yield were shown to correlate with an increase in MLCT character in 

the excited states.38,110,111 In Chapter 3, we have designed eight new heteroleptic iridium(III) 

complexes, which emit in the green to yellow region of the visible spectrum, to determine whether 

electron-rich ancillary ligands can also impart beneficial effects on the excited-state dynamics of 

compounds in these regions of the spectrum. The synthesis and characterization of complexes 

Ir(thpy)2(L^X) (thpy = 2-(2-thienyl)pyridine) and Ir(bo)2(L^X) (bo = 2-phenylbenzoxazole) with 

systematic variations of the ancillary ligand donor atoms and substituents are described. We 

investigated the photophysical properties of the complexes via their UV-Vis absorption and 

photoluminescence spectra and studied the electrochemical characteristics using cyclic 

voltammetry (CV). The color of the emission still largely depends on the choice of the 

cyclometalating ligands, but the excited-state dynamics can be influenced significantly by the 

ancillary ligand, with fast triplet radiative rates often observed for compounds with electron-rich 

L^X ligands. One example reported here has a higher photoluminescence quantum yield than other 
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structurally related compounds showing the potential of using ancillary ligand modification to 

optimize photoluminescence properties. 

 

3.2 Results and Discussion 

3.2.1 Synthesis 

The syntheses of eight new complexes and their numbering scheme are summarized in 

Scheme 3.1. The cyclometalating ligands (C^N = 2-(2-thienyl)pyridine (thpy) and 2-

phenylbenzoxazole (bo)), which are known to furnish iridium(III) complexes that emit in the green 

to yellow region of the visible spectrum, were used to conduct a systematic study of the effects of 

structurally and electronically diverse ancillary ligands on phosphorescence in this region. The 

ancillary ligands (L^X) that are paired with these cyclometalating ligands are N-phenylacetamidate 

(paa), N-isopropylbenzamidate (ipba), N,Nʹ-diisopropylbenzamidinate (dipba), N-phenyl-β-

ketoiminate (acNac), N,N’-diphenyl-β-diketiminate (NacNac), and N-phenyl-β-thioketoiminate 

(SacNac). All of the reactions and purification were similar to previously reported methods. Under 

 

Scheme 3.1. Synthesis of iridium(III) complexes. 
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an inert atmosphere, the chloro-bridged dinuclear complex, [Ir(C^N)2(μ-Cl)]2 could readily be 

converted to heteroleptic Ir(C^N)2(L^X) by replacing the two bridging chlorides with a bidentate 

ligand. The L^X ligand was installed either by using an excess amount of amidate ancillary ligand 

(i.e., paa or ipba) in the presence of sodium methoxide as a base in dichloromethane or by adding 

a stoichiometric amount of the potassium or lithium salt of the ancillary ligand in tetrahydrofuran. 

Using these two methods, these complexes were formed with acceptable yields ranging from 39–

96%. The 1H and 13C{1H} NMR investigation confirms that dipba (1c) and NacNac (1e and 2e) 

complexes are C2 symmetric, whereas the rest of complexes are C1 symmetric, and as such every 

aromatic proton and every 13C resonance has a unique chemical shift.  

 

3.2.2 Crystal Structures 

Complexes 1a, 1c, 1d, and 2d were characterized by single-crystal X-ray diffraction, and their 

structures are depicted in Figure 3.1. In all cases, a distorted octahedral coordination geometry, 

exhibiting cis–C,Cʹ and trans–N,Nʹ arrangements of the C^N ligands about the iridium(III) center, 

is observed. The C–N bond distances of the dipba core in 1c, the C–N and C–O bond distances of 

the paa core in 1a, and the C–O, C–C, and C–N bond distances of the acNac ring in 1d and 2d and 

are all intermediate between single- and double-bond distances, consistent with significant π 

delocalization. Unsurprisingly, the bite angles of the amidate complex 1a (paa, ∠N(3)–Ir(1)–O(1) 

= 59.77(10)°) and the amidinate complex 1c (dipba, ∠N(3)–Ir(1)–N(4) = 60.59(1)°) are much 

smaller than the ligand bite angle in β-ketoiminate complex 1d (acNac, ∠N(3)–Ir(1)–O(3) = 

88.30(2)°) and 2d (acNac, ∠N(3)–Ir(1)–O(3) = 87.79(8)°).  
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3.2.3 Electrochemistry 

The cyclic voltammograms (CV) of all complexes 1a–1f, 2d, and 2e were measured in 

acetonitrile containing 0.1 M of tetrabutylammonium hexafluorophosphate (TBAPF6), and their 

results are summarized in Table 3.1 along with their CV plots that are shown in Figure 3.2. The 

reduction processes for all thpy complexes are found to be irreversible, with Ep,c values that are all 

beyond −2.55 V vs. the ferrocenium/ferrocene (Fc+/Fc) couple. When C^N = bo, a single reversible 

wave is observed in the solvent window occurring at −2.46 V (2d, L^X = acNac) and −2.61 V (2e, 

 

1a 1c

1d 2d

Figure 3.1. X-ray crystal structures of 1a, 1c, 1d, and 2d. Thermal ellipsoids are drawn at the 50% 
probability level with solvent molecules and hydrogen atoms eliminated.   
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L^X = NacNac). The potentials only slightly depend on the identity of the ancillary ligand within 

the same C^N ligand series, which is consistent with the notion that the energy of the lowest 

unoccupied molecular orbital (LUMO), which is primarily a π* orbital localized on the 

cyclometalating ligands, is minimally altered.  

In contrast, all of the complexes here display a formal IrIV/IrIII redox couple, with a half-wave 

potential that is strongly dependent on the identity of the L^X ligand. To visualize the effect of the 

ancillary ligands on the redox couples, Table 3.1 and Figure 3.2 present the IrIV/IrIII potentials for 

all new complexes. Completely reversible oxidation waves are observed for all bo complexes, and 

their potentials show a similar trend to other previously reported acNac and NacNac 

complexes.38,110 Replacing acetylacetonate (acac)47 with acNac results in a cathodic shift of ca. 

0.20 V,98 and exchanging the second oxygen with a second N-phenyl (L^X = NacNac) induces 

another cathodic shift by ca. 0.45 V relative to the acNac complex. Similarly, complexes of thpy 

analogues show a difference of ca. 0.32 V going from acNac (1d) to NacNac (1e). Furthermore, 

the series of oxidation potentials of Ir(thpy)2(L^X) complexes was used to compare the effect of 

donor atoms (O,N, N,N, or S,N), substituents, and the bite-angles of ancillary ligands (four- or six-

membered chelate rings). In general, ancillary ligands with two nitrogen donors, i.e., dipba and 

NacNac, induce more dramatic cathodic shifts of the IrIV/IrIII potential than isoelectronic O,N 

donors (paa, ipba, and acNac) and S,N donors (SacNac). For the amidate complexes, going from 

1a, where the isopropyl group is N-bound and the phenyl ring is on the backbone, to 1b, where the 

phenyl ring is attached to the N position of amidate and the alkyl group is on the back, results in a 

small anodic shift less than 10 mV, suggesting there is a minimal electronic effect on the oxidation 

process of the iridium complexes when switching substituent positions. The IrIV/IrIII potentials in 

the smaller bite-angle ipba/dipba series follow a similar trend as acNac/NacNac. The potential for 
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O,N mixed chelate 1b (+0.34 V) is more positive than that of the N,N’-chelated dipba analogue 1c 

(+0.13 V), with a similar trend observed in the larger bite-angle series 1d (+0.27 V, L^X = acNac) 

and 1e (−0.048 V, L^X = NacNac). Changing the L^X ligand to SacNac (1f) induces an anodic 

shift of ca. 0.28 V relative to their NacNac analogues, with values very similar to acNac. All of 

the electrochemical features of complexes provide evidence that modification of ancillary ligands 

perturbs the energy of the highest occupied molecular orbital (HOMO), which has been previously 

characterized as an iridium-centered d orbital with some delocalization into the bound aryl from 

the cyclometalating ligand. The results are consistent with significant π donation from the ancillary 

ligand to the dπ orbitals on the metal, and it is also likely that orbitals from these electron-rich 

ancillary ligands participate substantially in the HOMO, as was previously determined 

computationally on related complexes.110  

 
Figure 3.2. Cyclic voltammograms of Ir(thpy)2(L^X) (1a–1f, left) and Ir(bo)2(L^X) (2d–2e, right) 
are recorded at 0.1 V/s in acetonitrile with 0.1 M TBAPF6 supporting electrolyte, a glassy carbon 
working electrode, a platinum wire counter electrode, and a silver wire pseudoreference. Potentials 
are referenced to an internal standard of ferrocene, and currents are normalized to bring all of the 
traces onto the same scale. 
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3.2.4 Photophysical Properties 

UV-Vis absorption spectra of all complexes were measured in degassed tetrahydrofuran 

solution at room temperature, and those of the new complexes are presented in Figure 3.3. The 

strong absorption bands in the ultraviolet region between 250 and 350 nm can be ascribed to the 

spin-allowed C^N ligand-centered π→π* transitions (ε = 12–37 × 104 M–1cm–1). The weaker 

absorption bands occurring around ca. 500 nm in the visible region are typically mixed singlet and 

triplet MLCT transitions, in analogy to other complexes with the same cyclometalating 

ligands.47,112 Similar to previously reported NacNac complexes, the complexes Ir(thpy)2(NacNac) 

(1e) and Ir(bo)2(NacNac) (2e) have a more intense absorption shoulder at ca. 400 nm assigned to 

a NacNac-centered π→π* transition, based on previous studies done in our group.92 In general, 

within the same type of cyclometalating ligand, the UV-Vis absorption spectra are unperturbed by 

the various ancillary ligands. 

 

 

(a) (b)

Figure 3.3. Overlaid absorption spectra of (a) Ir(thpy)2(L^X), and (b) Ir(bo)2(L^X) complexes in 
THF at room temperature. 
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Figure 3.4. Overlaid emission spectra of all iridium(III) complexes recorded in THF solution and 
toluene glass at 77 K (λex = 420 nm). Blue squares lines represent spectra recorded at room 
temperature, and red circles lines represent spectra recorded at 77 K. 
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Figure 3.5. Overlaid UV-Vis absorption (blue) and excitation spectra (red) of iridium(III) 
complexes, recorded in THF at room temperature. 
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The photoluminescence spectra of the iridium(III) complexes were measured in fluid 

solutions of deaerated tetrahydrofuran at room temperature and toluene at 77 K upon excitation at 

420 nm. All of the complexes described here are luminescent at both temperatures, except for 1f. 

Overlaid emission spectra of the complexes grouped by the cyclometalated ligands are displayed 

in Figure 3.4. The steady-state and time-resolved emission data are summarized in Table 3.1. 

Excitation spectra of all of the luminescent new complexes were collected and are shown in Figure 

3.5. In each case, the excitation spectrum and absorption spectrum are closely matched, indicating 

that the emission originates from the corresponding iridium complex. 

As shown in Figures 3.4 and Table 3.1, complexes with the two different C^N ligands 

reported here, thpy and bo, emit in similar regions of the visible spectrum. Room-temperature 

Table 3.1. Electrochemical and photoluminescence properties of all iridium(III) complexes. 

   λmax [nm]  

 E1/2(IrIV/IrIII) 
[V][a] 

Ered 
[V][a] 293 K[b] 77 K[c] ΦPL

[b] 
τ[b] 
[μs] 

kr
[c]×105[s-1]/ 

knr
[c]×105[s-1] 

1a +0.35[d] −2.55[d] 
549(sh), 

590, 
614(sh) 

562, 574(sh), 
584, 613, 
635, 668 

0.0094 4.0 0.024 / 2.5 

1b +0.34 −2.60[d] 
551(sh), 

584, 
620(sh) 

543, 566, 
575(sh), 

586(sh), 615 
0.015 5.9 0.10 / 1.6 

1c +0.13 −2.80[d] 578, 
613(sh) 

569, 587(sh), 
617 0.60 2.2 2.7 / 1.8 

1d +0.27 −2.69[d] 566, 607 555, 577, 
602, 628, 656 0.065 3.6 0.18 / 2.6 

1e −0.048[d] −2.80[d] 566, 
602(sh) 

551, 572, 
583(sh), 597, 
623(sh), 652 

0.049 0.34 1.4 / 28 

1f +0.23 −2.65[d] [e] [e] [e] [e] [e] 
2d +0.37 −2.46 537, 577 527, 570, 622 0.082 0.23 3.6 / 40 

2e −0.08 −2.61 583, 
618(sh) 

549, 594, 
649(sh) 0.070 0.53 2.8 / 21 

[a] In deoxygenated MeCN, referenced to Fc+/Fc. [b] In deoxygenated THF. [c] In 
deoxygenated toluene glass. [d] Irreversible wave, Ep,a or Ep,c is reported. [e] Nonemissive. 
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emission maxima span the green-yellow region, ranging from 537 to 590 nm. Changing the 

ancillary ligand can have a moderate impact on the emission profile, and the new complexes 

reported here allows for some comparisons of the effects of chelate ring size, donor atoms, and 

substituents on the emission wavelengths and excited-state dynamics. In the bo complexes, 

sequentially substituting an oxygen donor for a N-Ph donor, i.e., replacing acac with acNac (2d), 

results in a 426 cm−1 red shift of the emission maximum, and adding another N-Ph (2e) induces a 

larger red shift of 1469 cm−1. The well-resolved vibronic structure observed in Ir(bo)2(acac) and 

Ir(bo)2(acNac) (2d) is absent in the broad and featureless spectrum of Ir(bo)2(NacNac), indicating 

an increase of MLCT character in the triplet excited state (T1).  

However, for the (N)acNac complexes 1d and 1e, where C^N = thpy, the same substitutions 

have a minimal impact on the emission wavelength, which is observed at 562 nm in 

Ir(thpy)2(acac)47 and shifts minimally to 566 nm in 1d and 1e. This observation suggests that the 

emissive excited states for complexes bearing thpy as the cyclometalated ligand have the majority 

of ligand-centered character, with smaller MLCT contribution. We have previously observed 

similar trends in other compounds featuring the same ancillary ligands,38,110 and the general 

observation is that the emission wavelengths of complexes with phenyl-based C^N ligands are 

strongly perturbed by (N)acNac ancillary ligands, whereas complexes with thiophene-based 

cyclometalating ligands are less sensitive to the ancillary ligand. The effect of the ring size on the 

ancillary ligand is also noted. Unlike the six-membered chelated complexes (1d and 1e), with small 

bite-angle amidate (1a and 1b) and amidinate (1c) ancillary ligands the emission wavelength red 

shifts (λmax = 578–590 nm), and the vibronic structure in the room-temperature emission spectra is 

less pronounced. We also note that complex 1c, which has a four-membered chelating dipba 

ancillary ligand, has the largest kr, resulting in a quantum yield of 0.60, the highest in the thpy 
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series and over 2× higher than Ir(thpy)2(acac). This observation is analogous to what we observed 

in the complex Ir(btp)2(dipba) (btp = 2-pyridylbenzothiophene),110 a π-extended red-emitting 

analogue of 1c. This complex also has a photoluminescence quantum yield (ΦPL = 0.79) that stands 

out from other Ir(btp)2(L^X) complexes. It is not clear why partnering the dipba ancillary ligand 

with thiophene-based iridium cyclometalates is such an effective strategy, but we now have two 

examples in both the yellow (C^N = thpy) and red (C^N = btp) regions where the amidinate 

ancillary ligand results in a large increase in ΦPL. Another comparison possible with this series is 

the effect of the substituent pattern on the ancillary ligand. The amidate complex with N-iPr 

substitution and a backbone phenyl ring (1b) show slight blue-shift of 174 cm−1 compared to 

otherwise identical complexes with N-Ph substitution and a methylated backbone (1a). However, 

both amidate complexes have rather low quantum yields. The quantum yield for N-iPr thpy 

complex 1b (ΦPL = 0.015) is only slightly higher than the respective N-Ph analogue (ΦPL=0.0094). 

Upon cooling the solution to 77 K (Figure 3.4), the emission spectra of all complexes show a well-

defined vibronic structure with rigiochromic shifts in the range of 11–26 nm (ca. 350–780 cm−1) 

for the thpy series and 7–19 nm (ca. 250–610 cm−1) for the bo series.  

Several pieces of experimental evidence from our work show the influence of ancillary 

ligands on the electronic structure of the complexes and lead to some important insights into 

structure-property relationships. The suite of green- and yellow-emitting complexes described here 

follow many of the same basic trends as we observed in orange and red-emitting analogues 

previously published by our group.38,110,111 The main effect of the ancillary ligand is to influence 

the energy of the HOMO, which has the effect of shrinking the HOMO–LUMO gap. For 

complexes with phenyl-based C^N ligands, e.g., the bo complexes 2d and 2e presented in this 

work, their smaller HOMO–LUMO gap correlates with a decrease in excited-state energy and a 
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shift to longer-wavelength emission. For thpy complexes, the triplet excited state (T1) 

predominantly involves C^N-centered π→π* transitions113,114 and has a smaller contribution from 

the HOMO. Consistent with this notion, these complexes display vibronically structured emission 

bands with longer emission lifetimes (0.34–5.9 μs), and in most cases, the emission wavelength 

and lifetime are not substantially altered when the ancillary ligand is changed. Nevertheless, we 

did find one example, Ir(thpy)2(dipba) (1c), where the ancillary ligand is effective at perturbing the 

excited-state dynamics in a beneficial way and increasing the quantum yield. However, for the rest 

of the complexes described here, the photoluminescence quantum yields are lower than their 

parental Ir(C^N)2(acac) complexes. This outcome suggests that electron-rich ancillary ligands, 

which in many cases support red-emitting complexes with quantum yields that rival or exceed 

state-of-the-art emitters, may not be a good design element for compounds emitting in the middle 

regions of the visible spectrum.  

 

3.3 Conclusions 

In this work, we have demonstrated the syntheses, characterization, electrochemical, and 

photophysical properties of eight new heteroleptic cyclometalated iridium(III) complexes bearing 

various types of ancillary ligands. The work presents a systematic study on the effect of ancillary 

ligand structural parameters towards the excited states of green-yellow emitting cyclometalated 

iridium(III) complexes. Considering the UV-Vis, photoluminescence, and electrochemical 

properties, we could infer that the donor atoms, substituents, and bite angles of the ancillary ligand 

all play a role in determining the energy of the HOMO and the character of the emissive excited 

state.  
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3.4 Experimental Details 

3.4.1 Materials 

All reactions were executed in a nitrogen-filled glovebox operating at <1 ppm of O2 and H2O. 

All starting materials and reagents were obtained from commercial sources and used without 

further purification. Solvents for reactions and optical measurements were dried by the method of 

Grubbs, passing through dual alumina columns on a commercial solvent purification system (SPS), 

and stored over 3 Å molecular sieves. The cyclometalated iridium dimers [Ir(C^N)2(μ-Cl)]2 (C^N 

= 2-(2-thienyl)pyridine (thpy) and 2-phenylbenzoxazole (bo)) were prepared by the method of 

Nonoyama,33 refluxing IrCl3·nH2O with 2−2.3 equiv. of the cyclometalating ligand in a 3:1 

mixture of 2-ethoxyethanol and water. Potassium salts of the acNac, NacNac, and SacNac ligands 

were prepared via deprotonation of the protonated ligand precursor with benzyl potassium, as 

described previously by our lab for acNac and NacNac.38,110 Tetrabutylammonium 

hexafluorophosphate (TBAPF6) was recrystallized from hot ethanol, and ferrocene was sublimed 

at ambient pressure before use in electrochemical experiments. 

 

3.4.2 Physical Methods 

1H and 13C{1H} NMR spectra were recorded at room temperature using a JEOL ECA-400, 

ECA-500, or ECA-600 NMR spectrometer. The static nanoESI-MS experiments were carried out 

using a Thermo Exactive mass spectrometer and operated in positive ionization mode, with a spray 

voltage at 1.5 kV. UV-Vis absorption spectra were recorded in tetrahydrofuran or toluene solutions 

in screw-capped quartz cuvettes using an Agilent Carey 8454 UV-Vis spectrophotometer. 

Luminescence lifetimes were measured with a Horiba DeltaFlex Lifetime System, using 430 nm 

pulsed diode excitation. Steady-state emission spectra were recorded using a Horiba FluoroMax-
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4 spectrofluorometer with appropriate long-pass filters to exclude stray excitation light from 

detection. In order to exclude air, samples for emission spectra were prepared in a nitrogen-filled 

glovebox using anhydrous solvents. Samples for room-temperature emission were housed in 1 cm 

quartz cuvettes with septum-sealed screw caps, and samples for 77 K emission were contained in 

a customized quartz EPR tube with high-vacuum valve and immersed in liquid nitrogen using a 

finger Dewar. Emission quantum yields were determined relative to a standard of 

tetraphenylporphyrin in toluene, which has a reported fluorescence quantum yield (ΦF) of 0.11.107 

Cyclic voltammetry (CV) measurements were performed with a CH Instruments 602E potentiostat 

interfaced with a nitrogen glovebox via wire feedthroughs. Samples were dissolved in acetonitrile 

with 0.1 M TBAPF6 as a supporting electrolyte. A 3 mm diameter glassy-carbon working electrode, 

a platinum wire counter electrode, and a silver wire pseudo-reference electrode were used. 

Potentials were referenced to an internal standard of ferrocene.  

 

3.4.3 Synthesis 

Preparation of Ir(thpy)2(paa) (1a). [Ir(thpy)2(μ-Cl)]2 (20 mg, 0.018 mmol), N-

phenylacetamide ligand (10 mg, 0.074 mmol), and sodium methoxide (10 mg, 0.19 mmol) were 

placed in a 20 mL vial containing 10 mL of anhydrous dichloromethane. The orange solids were 

slowly dissolved forming an orange-red solution. The solvent was concentrated and 3 mL of 

toluene was added to extract the crude products. The brown mixture was filtered through Celite 

and the solution was removed under vacuum. 2 mL of diethyl ether was added to remove free N-

phenylacetamide ligand. The resulting mixture was stored in the freezer overnight to initiate 

precipitation of more orange solids. The mixture was filtered and washed with more diethyl ether 

and pentane. The solid was washed down from the pipet using dichloromethane. The solvent was 
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dried under vacuum. Yield: 9 mg (39%). 1H NMR (600 MHz, CD2Cl2) δ: 8.75 (d, J = 5.7 Hz, 1H, 

ArH), 8.54 (d, J = 5.6 Hz, 1H, ArH), 7.68–7.65 (m, 2H, ArH), 7.55–7.51 (m, 1H, ArH), 7.45 (d, J 

= 7.9 Hz, 1H, ArH), 7.29–7.27 (m, 1H, ArH), 7.19–7.15 (m, 1H, ArH), 7.03–6.98 (m, 5H, ArH), 

6.86–6.84 (m, 1H, ArH), 6.49 (d, J = 7.9 Hz, 2H, ArH), 6.08–6.04 (m, 1H, ArH), 2.09 (s, 3H, CH3). 

13C{1H} NMR (151 MHz, CD2Cl2) δ: 180.2, 165.3, 164.4, 152.1, 151.3, 149.7, 145.2, 144.7, 137.5, 

137.1, 136.3, 133.4, 131.3, 130.7, 128.9, 128.7 (2 overlapped peaks), 128.2 (2 overlapped peaks), 

123.6, 122.9, 119.6, 119.0, 117.3, 116.9, 23.2. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 283 (30000), 

326 (sh) (14000), 402 (sh) (4900), 475 (5500). HRMS-ESI (m/z): [M+H]+ cald for C26H20IrN3OS2, 

648.07553; found, 648.07135. 

Preparation of Ir(thpy)2(ipba) (1b). [Ir(thpy)2(μ-Cl)]2 (48 mg, 0.044 mmol), N-

isopropylbenzamide ligand (30 mg, 0.18 mmol), and sodium methoxide (24 mg, 0.44 mmol) were 

placed in a 20 mL vial containing 10 mL of anhydrous dichloromethane. The orange solids were 

slowly dissolved forming a brown solution. The solution was filtered through Celite and the 

solvent was removed under vacuum to form a reddish orange residue. 2 mL of dichloromethane 

was added to form a complete solution, and was added dropwise to a vial containing 10 mL of 

hexane. With stirring, bright orange precipitates formed. The mixture was filtered and the solid 

was dried under vacuum for 2 hours. Yield: 32 mg (54%). 1H NMR (600 MHz, CD2Cl2) δ: 8.91 

(d, J = 5.6 Hz, 1H, ArH), 8.85 (d, J = 5.6 Hz, 1H, ArH), 7.66 (m, 2H, ArH), 7.57–7.44 (m, 4H, 

ArH), 7.38 (m, 3H, ArH), 7.18 (m, 2H, ArH), 7.11–7.01 (m, 2H, ArH), 6.25 (d, J = 4.7 Hz, 1H, 

ArH), 6.07 (d, J = 4.7 Hz, 1H, ArH), 3.83 (sept, J = 6.2 Hz, 1H, (CH3)2CHN), 0.94 (d, J = 6.1 Hz, 

3H, CH3), 0.07 (d, J = 6.2 Hz, 3H, CH3). 13C{1H} NMR (151 MHz, CD2Cl2) δ: 178.6, 165.5, 164.8, 

154.6, 151.5, 149.6, 146.2, 138.0, 137.3, 136.8, 136.3, 133.5, 131.4, 131.1, 129.5, 128.1, 127.9, 

127.6, 119.4, 119.2, 119.1, 119.0, 118.8, 118.7, 48.7, 23.8, 23.6. UV-Vis (THF): λ / nm (ε / M−1 
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cm−1) 287 (22000), 327 (sh) (12000), 354 (sh) (8600), 401 (sh) (4300), 480 (4200). HRMS-ESI 

(m/z): [M+H]+ cald for C28H25IrN3OS2, 676.10683; found, 676.09839. 

Preparation of Ir(thpy)2(dipba) (1c). In the glovebox, bromobenzene (~50 mg, 0.31 mmol) 

in 2 mL of tetrahydrofuran was first cooled in the coldwell filled with liquid nitrogen. A hexane 

solution of n-BuLi (~0.1 mL, 2.5 M) was added, and the reaction was stirred in the coldwell for 

30 min. The reaction mixture was then added dropwise to N,N’-diisopropylcarbodiimide (DIC) 

(~40 mg, 0.31 mmol). The colorless solution was stirred inside the coldwell for another 30 min, 

and then added dropwise to a Teflon-capped glass tube containing [Ir(thpy)2(μ-Cl)]2 (112 mg, 

0.102 mmol) in 5 mL of tetrahydrofuran. After stirring at 80 °C overnight, the reaction was cooled 

to room temperature. The solvent was evaporated, and toluene was added to extract the crude 

product. The bright orange mixture was filtered through Celite. The solvent was removed using a 

rotary evaporator. 10 mL of diethyl ether was added to precipitate out the desired products. The 

bright orange solids were filtered and dried under vacuum for several hours. Yield: 140 mg (96%). 

1H NMR (600 MHz, CD2Cl2) δ: 9.13 (d, J = 5.7 Hz, 2H, ArH), 7.60–7.57 (m, 2H, ArH), 7.49 (d, 

J = 7.9 Hz, 2H, ArH), 7.37–7.34 (m, 3H, ArH), 7.24 (d, J = 7.6 Hz, 2H, ArH), 7.14 (d, J = 4.7 Hz, 

2H, ArH), 7.01–6.99 (m, 2H, ArH), 6.21 (d, J = 4.7 Hz, 2H, ArH), 3.13 (sept, J =  6.1 Hz, 2H, 

(CH3)2CHN), 0.63 (d, J = 6.1 Hz, 6H, CH3), –0.11 (d, J = 6.0 Hz, 6H, CH3). 13C{1H} NMR (151 

MHz, CDCl3) δ: 175.3, 166.2, 157.8, 151.4, 136.7, 135.9, 134.7, 131.9, 128.3, 128.2, 128.1, 127.9, 

117.9, 116.6, 47.8, 24.5, 24.3. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 286 (37000), 313 (sh) (23000), 

414 (9200), 497 (3300). HRMS-ESI (m/z): [M+H]+ cald for C31H32IrN4S2, 717.16976; found, 

717.16589. 

Preparation of Ir(thpy)2(acNac) (1d). [Ir(thpy)2(μ-Cl)]2 (50 mg, 0.046 mmol) was suspended in 

2 mL of tetrahydrofuran. A solution of acNacK (20 mg, 0.091 mmol, 2.0 equiv.) in 5 mL of 
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tetrahydrofuran was added to the stirred mixture. After stirring for 2.5 h at room temperature, a 

brown solution was observed, which was concentrated in vacuo. The resulting residue was 

extracted with 5 mL of toluene and filtered through Celite. The toluene was removed in vacuo, and 

the residue was washed with 2 mL of room-temperature diethyl ether before filtering off the bright 

orange solids. The solids were dissolved in CH2Cl2, which was removed in vacuo, and the residue 

was triturated with 2 mL of room temperature diethyl ether and followed by 2 mL of room-

temperature pentane. The product was dried in vacuo. Yield: 53 mg (85%). 1H NMR (400 MHz, 

C6D6) δ: 8.92 (m, 1H, ArH), 8.73 (m, 1H, ArH), 6.99 (m, 1H, ArH), 6.82–6.84 (m, 2H, ArH), 6.74–

6.78 (m, 3H, ArH), 6.57–6.69 (m, 3H, ArH), 6.44–6.46 (m, 1H, ArH), 6.30–6.36 (m, 2H, ArH), 

6.20–6.24 (m, 1H, ArH), 5.98 (d, J = 4.6 Hz, 1H, ArH), 5.48–5.51 (m, 1H, ArH), 4.87 (s, 1H, 

PhNC(CH3)CHC(O)CH3), 1.73 (s, 3H, CH3), 1.49 (s, 3H, CH3). 13C{1H} NMR (151 MHz, CDCl3) 

δ: 177.6, 165.7, 165.3, 161.2, 156.0, 153.4, 150.4, 149.8 148.7, 137.1, 136.8 (2 overlapped peaks), 

134.3, 132.1, 131.7, 127.9, 127.8, 127.6, 127.5, 123.7, 123.0, 122.4, 118.1, 117.7, 117.3, 116.6, 

98.3, 27.8, 24.7. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 282 (17000), 326 (14000), 370 (sh) (6300), 

468 (sh) (2500). HRMS-ESI (m/z): [M+H]+ cald for C29H24IrN3OS2, 688.10683; found, 

688.13196. 

Preparation of Ir(thpy)2(NacNac) (1e). A sample of [Ir(thpy)2(μ-Cl)]2 (56 mg, 0.051 mmol) was 

suspended in 2 mL of tetrahydrofuran. A solution of NacNacK (31 mg, 0.11 mmol, 2.1 equiv.) in 

5 mL of tetrahydrofuran was added to the stirred mixture. The resulting reddish orange mixture 

was stirred for overnight at room temperature, during which time the solids were drawn into 

solution and a dark red solution resulted. The solvent was removed in vacuo, and the resulting 

residue was extracted with 5 mL of toluene and filtered through Celite. The toluene was removed 

in vacuo, and the residue was washed with 2 × 2 mL of room-temperature diethyl ether, leaving 
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the product as an orange solid, which was dried in vacuo. Yield: 53 mg (69%). 1H NMR (400 MHz, 

CDCl3) δ: 9.02 (d, J = 5.5 Hz, 2H, ArH), 7.58 (m, 2H, ArH), 7.25 (d, J = 8.2 Hz, 2H, ArH), 7.00 

(m, 2H, ArH), 6.80 (t, J = 7.3 Hz, 2H, ArH), 6.52–6.66 (m, 8H, ArH), 5.59 (d, J = 4.6 Hz, 2H, 

ArH), 5.33 (d, J = 7.8 Hz, 2H, ArH), 4.54 (s, 1H, PhNC(CH3)CHC(CH3)NPh), 1.60 (s, 6H, 

CH3).13C{1H} NMR (151 MHz, CDCl3) δ: 165.8, 160.3, 156.2, 152.9, 150.9, 136.6, 135.1, 132.1, 

127.4, 127.3, 127.2, 124.5, 124.4, 122.5, 117.8, 116.9, 95.3, 25.1. UV-Vis (THF): λ / nm (ε / M−1 

cm−1) 287 (16000), 334 (11000), 384 (sh) (6800), 459 (sh) (1700). HRMS-ESI (m/z): [M + H]+ 

calcd for C35H29IrN4S2, 763.15411; found, 763.18195. 

Preparation of Ir(thpy)2(SacNac) (1f). Inside the glovebox, [Ir(thpy)2(μ-Cl)]2 (20 mg, 0.018 

mmol) was suspended in 2 mL of tetrahydrofuran. A solution of SacNacK (10 mg, 0.060 mmol) 

in 2 mL of tetrahydrofuran was added. The resulting brown solution was stirred at room 

temperature overnight. On the next day, the solution was concentrated in vacuo, leaving a dark 

brown residue. 4 mL of toluene was added to extract out the crude products. The toluene mixture 

was filtered through Celite to remove the salt impurities, and toluene was evaporated. Column 

chromatography on silica was performed with 80% of dichloromethane in hexane. The solvent 

was removed under vacuum. Yield: 12 mg (47%). 1H NMR (600 MHz, CDCl3) δ: 9.39 (d, J = 5.5 

Hz, 1H, ArH), 8.66 (d, J = 5.7 Hz, 1H, ArH), 7.59–7.53 (m, 2H, ArH), 7.47 (d, J = 8.1 Hz, 1H, 

ArH), 7.14 (d, J = 8.0 Hz, 1H, ArH), 7.05 (d, J = 4.8 Hz, 1H, ArH), 6.93–6.89 (m,  2H, ArH), 

6.81–6.75 (m, 2H, ArH), 6.68–6.67 (m, 1H, ArH), 6.59–6.56 (m, 1H, ArH), 6.30 (d, J = 7.7 Hz, 

1H, ArH), 6.02 (s, 1H, PhNC(CH3)CHC(S)CH3), 6.00 (d, J = 4.8 Hz, 1H, ArH), 5.79 (d, J = 4.7 

Hz, 1H, ArH), 5.28 (d, J = 5.1 Hz, 1H, ArH), 2.14 (s, 3H, CH3), 1.60 (s, 3H, CH3). 13C{1H} NMR 

(151 MHz, CDCl3) δ: 165.9, 165.9, 164.8, 164.5, 162.2, 151.4, 150.9, 150.5, 150.1, 137.1, 136.6, 

136.4, 135.9, 131.2, 131.0, 128.1, 127.9, 127.7, 127.6, 123.4, 122.4, 120.7, 120.1, 118.3, 118.3, 
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117.9, 117.2, 32.8, 27.5. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 282 (15000), 320 (sh) (13000), 395 

(6600), 436 (sh) (5200), 585 (1200). HRMS-ESI (m/z): [M+H]+ cald for C29H25IrN3S3, 704.08398; 

found, 704.08069. HRMS-ESI (m/z): [M+H]+ cald for C35H29IrN4S2, 763.15411; found, 

763.18195.  

Preparation of Ir(bo)2(acNac) (2d). In the glovebox, a sample of [Ir(bo)2(μ-Cl)]2 (25 mg, 

0.020 mmol) was suspended in 1 mL of tetrahydrofuran. A solution of acNacK (10 mg, 0.045 

mmol) in 3 mL of tetrahydrofuran was added to the stirred mixture. After stirring for 4 h at room 

temperature, a reddish brown solution was observed, which was concentrated in vacuo. The 

resulting dark residue was extracted with 5 mL of toluene to remove impurity salts, and the mixture 

was filtered through Celite. The toluene was removed under vacuum. Column chromatography 

was used for purification. The column was packed with silica and eluted with 50% dichlromethane 

in hexane. The orange band of the complex was collected as the major fraction at 80% 

dichlromethane in hexane. Removal of the solvent under vacuum rendered a bright orange product. 

Yield: 14 mg (46%). 1H NMR (500 MHz, C6D6) δ: 8.10–8.03 (m, 2H, ArH), 7.69 (d, J = 7.4 Hz, 

1H, ArH), 7.19–7.06 (m, 5H, ArH), 6.95–6.89 (m, 3H, ArH), 6.70–6.67 (m, 2H, ArH), 6.58–6.53 

(m, 5H, ArH), 6.48–6.45 (m, 1H, ArH), 6.34–6.30 (m, 1H, ArH), 5.53–5.51 (m, 1H, ArH), 4.96 

(s, 1H, PhNC(CH3)CHC(S)CH3), 1.78 (s, 3H, CH3), 1.53 (s, 3H, CH3). 13C{1H} NMR (151 MHz, 

CDCl3) δ: 178.9, 178.8, 178.3, 162.2, 153.9, 151.9, 150.2, 149.4, 139.9, 139.2, 134.0, 133.8, 131.6, 

130.6, 130.5, 129.4, 128.5 (2 overlapped peaks), 127.9, 127.0, 126.2, 125.9, 125.7, 125.2, 124.7 

(2 overlapped peaks), 124.6, 122.9, 122.7, 121.4, 119.4, 117.4, 117.2, 111.6, 111.2, 99.3, 27.8, 

24.3. UV-Vis (THF): λ / nm (ε / M−1 cm−1) 260 (12000), 285 (10000), 299 (sh) (9900), 351 (sh) 

(3400), 443 (1300). HRMS-ESI (m/z): [M+H]+ cald for C37H29IrN3O3, 756.18382; found, 

756.17987. 
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Preparation of Ir(bo)2NacNac (2e). To a stirred suspension of [Ir(bo)2(μ-Cl)]2 (50 mg, 0.041 

mmol) in 2 mL of tetrahydrofuran, a solution of potassium salt of NacNac (23 mg, 0.084 mmol) 

in 5 mL of tetrahydrofuran was added. The resulting dark brown mixture was stirred for overnight 

at room temperature, during which time the solids were drawn into solution and a brown solution 

was formed. The solvent was removed under vacuum. The resulting residue was extracted with 5 

mL of toluene and filtered through Celite. The toluene solution was removed in vacuo. The brown 

residue was washed with 2 × 2 mL of room-temperature Et2O, leaving the product as a dark brown 

solid. The solids were filtered, and reddissolved in 2 mL dichloromethane. 8 mL of hexane was 

slowly added to the dichloromethane solution to precipitate out the impurities. The solids were 

removed, and the remaining solution was dried under vacuum. Yield: 43 mg (63%). 1H NMR (500 

MHz, C6D6) δ: 8.30 (d, J = 7.9 Hz, 2H, ArH), 7.30–7.17 (m, 6H, ArH), 6.99–6.97 (m, 2H, ArH), 

6.85 (d, J = 7.7 Hz, 2H, ArH), 6.61-6.52 (m, 4H, ArH), 6.45–6.40 (m, 6H, ArH), 6.30–6.27 (m, 

2H, ArH), 5.52 (d, J = 7.6 Hz, 2H, ArH), 4.88 (s, 1H, PhNC(CH3)CHC(S)CH3), 1.67 (s, 6H, CH3). 

13C{1H} NMR (151 MHz, CDCl3) δ: 178.9, 158.2, 157.1, 157.0, 152.2, 150.4, 150.4, 140.0, 133.4, 

130.2, 129.5, 127.8, 126.8, 126.5, 126.1, 124.9, 124.5, 122.2, 119.5, 118.0, 111.3, 96.9, 24.9. UV-

Vis (THF): λ / nm (ε / M−1 cm−1) 287 (34000), 330 (26000), 345 (24000), 487 (5600). HRMS-ESI 

(m/z): [M+H]+ cald for C43H34IrN4O2, 831.23110; found, 831.22607. 

 

3.4.4 X-ray Crystallography Details 

Single crystals were grown from concentrated solutions by vapor diffusion of pentane. 

Crystals were mounted on a Bruker Apex II three-circle diffractometer using MoKα radiation (λ = 

0.71073 Å). The data was collected at 123(2) K and was processed and refined within the APEXII 

software. Structures were solved by direct methods in SHELXS and refined by standard difference 
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Fourier techniques in the program SHELXL.115 Hydrogen atoms were placed in calculated 

positions using the standard riding model and refined isotropically; all non-hydrogen atoms were 

refined anisotropically. The checkCIF report includes one Level B alert for the structure of 2d, 

attributed to residual electron density near the iridium atom. CCDC 1875208 (1a), 1875209 (1c), 

1836489 (1d), and 1875210 (2d) contain the supplementary crystallographic data for this paper. 

These data are provided free of charge by the Cambridge Crystallographic Data Centre. 

Crystallographic details are summarized in Tables 3.2 and 3.3. 

 

  



 

77 

Table 3.2. Crystallographic summary for complexes 1a and 1c. 
 1a  1c 

CCDC 1875208 1875209 

Crystal data 

Chemical formula C26H20IrN3OS2 C31H31IrN4S2 

Mr 646.77 715.92 

Crystal system, 
space group 

Monoclinic, P21/n Orthorhombic, Pna21 

a, b, c (Å) 10.2332 (6), 16.8558 (9), 13.6370 (8) 11.3588 (5), 30.8287 (13), 8.2502 (4) 

α, β, γ (°) 90, 94.6878 (7), 90 90, 90, 90 

V (Å3) 2344.4 (2) 2889.0 (2) 

Z 4 4 

µ (mm-1) 5.90 4.79 

Crystal size (mm) 0.18 × 0.09 × 0.02 0.42 × 0.13 × 0.10 

Data collection 

Tmin, Tmax 0.650, 0.746 0.551, 0.746 

No. of measured,  
independent and  
observed [I > 2σ(I)] 
reflections 

14336, 5403, 4583   17524, 6482, 5747   

Rint 0.056 0.027 

(sin θ/λ)max (Å-1) 0.650 0.649 

Refinement 

R[F2 > 2σ(F2)], 
wR(F2), S 

0.025,  0.056,  0.96 0.020,  0.042,  0.85 

No. of reflections 5403 6482 

No. of parameters 299 347 

No. of restraints 0 1 

∆〉max, ∆〉min (e Å-3)) 1.81, –1.75 0.63, –0.47 

Absolute structure  

Flack x determined using 2321 
quotients [(I+)-(I-)]/[(I+)+(I-)] 
(Parsons, Flack and Wagner,  
Acta Cryst. B69 (2013) 249-259). 

Absolute structure 
parameter 

 0.014 (5) 
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Table 3.3. Crystallographic summary for complexes 1d and 2d. 
 1d 2d·0.5C5H12 

CCDC 1836489 1875210 

Crystal data 

Chemical formula C29H24IrN3OS2 C39.50H33.50IrN3O3 

Mr 686.83 790.39 

Crystal system, 
space group 

Orthorhombic, Pca21 Triclinic, P1̄ 

a, b, c (Å) 16.942 (7), 8.548 (3), 34.757 (14) 10.2275 (6), 11.7382 (7), 15.6273 (10) 

α, β, γ (°) 90, 90, 90 106.1003 (7), 95.2902 (8),  
112.1937 (7) 

V (Å3) 5034 (3) 1627.55 (17) 

Z 8 2 

µ (mm-1) 5.50 4.14 

Crystal size (mm) 0.28 × 0.10 × 0.03 0.50 × 0.44 × 0.33 

Data collection 

Tmin, Tmax 0.523, 0.746 0.588, 0.746 

No. of measured,  
independent and 
observed [I > 2σ(I)] 
reflections 

28922, 10828, 10271   10182, 7314, 7130   

Rint 0.034 0.016 

(sin θ/λ)max (Å-1) 0.653 0.651 

Refinement 

R[F2 > 2σ(F2)], 
wR(F2), S 

0.026,  0.066,  1.11 0.021,  0.053,  1.07 

No. of reflections 10828 7314 

No. of parameters 648 427 

No. of restraints 1 21 

H-atom treatment H-atom parameters constrained  

  w = 1/[σ2(Fo
2) + (0.0308P)2]   

where P = (Fo
2 + 2Fc

2)/3 
 

∆ρmax, ∆ρmin (e Å-3) 1.15, –1.19 2.98, –1.71 

Absolute structure 
 

Refined as an inversion twin.  

Absolute structure 
parameter 

0.438 (7)  
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Chapter 4 

Efficient Near-infrared Luminescence from Bis-cyclometalated 

Iridium(III) Complexes with Rigid 8-quinoline-derived Ancillary Ligands 
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4.1 Introduction 

In the past few decades, most of the research has been focused on the development of 

new cyclometalated iridium complexes to cover the whole visible spectrum. Beyond the 

visible spectrum into the near-infrared (NIR) (700–900 nm), iridium(III) complexes with 

high photoluminescence quantum yields are relatively rare.116–119 These NIR-emitting 

materials have aroused particular interest in electroluminescent diodes promising for 

military optoelectronics and telecommunications.120 In addition, this spectral window is 

particularly desirable for biological applications because of decreased light scattering and 

background absorption, minimized photodamage, and improved tissue penetration 

depth.121,122 While most of the available NIR probes are mainly limited to organic dyes,123 

quantum dots (QDs),124 and lanthanide nanophosphors,125 it is clear that there is a demand 

for further development of novel NIR-active materials for these applications. 

The design of NIR phosphorescent materials that exhibit high photoluminescence 

quantum yields is intrinsically more difficult owing to their dependence on the energy gap 

law. According to the energy gap law, the nonradiative decay rate constant (knr) will 

increase when the energy gap is reduced. Also, from the second-order perturbation theory, 

the cubic dependence of radiative rate constant (kr) on the transition energy makes kr smaller 

for lower-energy emitters, which likewise contributes to the typically low quantum 

yields.78,110,126 One strategy in cyclometalated iridium complexes has been to alter the 

conjugation or place certain substituents at different positions of the main cyclometalating 

ligand. While in many cases successful at producing NIR phosphorescence, these strategies 

offer little predictive control over the excited-state dynamics, and the solubility of 

complexes with elaborately conjugated cyclometalating ligands can be limited. Another 
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possible way to optimize NIR phosphorescence involves modification of the ancillary 

ligand, which can perturb the excited-state dynamics by altering the ligand field strength 

and the relative energies of the metal-centered d-orbitals, modulating their participation in 

the low-energy triplet state. In Chapters 2 and 3, we reported that using different ancillary 

ligands, varying structural aspects such as chelate ring-size, donor atoms, and substituents 

can form yellow-, orange-, and red-emitting bis-cyclometalated iridium(III) complexes 

where the nature of the excited state and excited-state dynamics are strongly determined by 

the ancillary ligand. In addition, some of the red emitters we synthesized emit as high as 

0.8 photoluminescence quantum yields.110,111 

Herein we report five new neutral NIR iridium(III) complexes bearing a 

phenanthridine-benzothiophene (btph) skeleton as the cyclometalating ligand (C^N), which 

was previously used to support complexes applied as imaging probes for tumors and cancer 

cells.127–129 The π-conjugated system in the C^N ligand was extended at the pyridyl donor 

in order to shift the emission wavelengths up to the NIR region. Furthermore, after 

surveying the vast literature, we realized that the modification of 8-substituted-quinoline-

based ancillary ligands (L^X) is unexplored. The rationale of the design is that the planarity 

of the quinoline unit reduces knr by decreasing the vibrational modes from the aromatic 

ring. With this in mind, we introduced five new iridium(III) complexes incorporating 

substituted quinolines as the ancillary ligands.  
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4.2 Results and Discussion 

4.2.1 Synthesis 

The syntheses of five new iridium(III) complexes and their chemical structures are 

illustrated in Scheme 4.1, together with their abbreviation used in this chapter. The C^N 

ligand, btphH, was synthesized by Suzuki coupling reaction between 6-

chlorophenanthridine and benzo[b]thiophene-2-boronic acid in 90% yield.127 The µ-chloro-

bridge iridium dimer intermediate [Ir(btph)2(µ-Cl)2]2 was prepared from the reaction of 

IrCl3·nH2O with 2.1 equiv. of the btphH ligand. Complexes with 8-hydroxyquinoline 

(8OQ, 1), 8-carboxyquinoline (8COOQ, 2), and 10-hydroxybenzo[h]quinoline (10OBQ, 3) 

were synthesized using dichloromethane and ethanol mixture as the solvent and 

triethylamine as the base. Complex 4, containing 8-(1H-pyrrol-2-yl)quinoline (8PyQ), was 

made using NaH as the base in tetrahydrofuran solvent. Complex 5 (N-phenyl-8-

quinolinecarboxamide, 8CONPhQ) was synthesized by combining the potassium salt of the 

quinoline ancillary ligand with the iridium(III) dimer. The crude products were washed 

 

Scheme 4.1. Different synthetic routes to form desired NIR iridium(III) complexes. 



 

83 

with methanol, hexane, and pentane to give the desired products of Ir(btph)2(L^X) in 12–

61% yields. All the iridium(III) complexes were characterized by 1H NMR. The complexes 

reported here have C1 point group giving rise to distinct NMR resonances for each proton 

nucleus. Also, NMR spectra show the presence of a single product in each case, confirming 

the absence of any geometric isomers in the isolated products. 

 

4.2.2 Crystal Structures 

Single crystals of complexes 1 and 2 suitable for single-crystal X-ray diffraction 

measurements were grown via the slow diffusion of hexane vapor into a dichloromethane solution 

of the complex, and their structures are shown in Figure 4.1. The complexes feature a distorted 

octahedral iridium(III) center with phenanthridine moieties from both cyclometalating ligands in 

a trans orientation. In addition, both the benzothiophene and phenanthridine of the cyclometalating 

ligands were found to deviate from planarity.  In complex 1, the bond distances of O(1)–C(78), 

C(78)–C(79) and C(79)–N(3) of the ancillary ligand 8OQ are all intermediate between typical 

 
1 2

Figure 4.1. X-ray crystal structures of 1 and 2. Thermal ellipsoids are drawn at the 50% probability 
level with solvent molecules and hydrogen atoms eliminated.   
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single- and double-bond distances, consistent with a π-delocalized core whereas for complex 2 the 

bond length between quinoline and the carboxyl group remains single bond 1.520(6) Å, which 

suggests disconnection of π-delocalization. The bond lengths formed from the quinoline ancillary 

ligand to the metal center are Ir(1)–N(3) 2.167(4) Å and Ir(1)–O(1) 2.144(3) Å for complex 1, and 

Ir(1)–N(3) 2.210(3) Å and Ir(1)–O(1) 2.131(2) Å for complex 2. The bite angles ∠N(3)–Ir(1)–O(1) 

for the complexes 1 and 2 are 77.32(14)° and 82.00(10)°, respectively, which are similar to the 

typical five- and six-membered chelate complexes reported by our group.111 

 

4.2.3 Electrochemistry 

The cyclic voltammograms (CV) of all complexes were measured in tetrahydrofuran 

containing 0.1 M of tetrabutylammonium hexafluorophosphate (TBAPF6), and their results 

are summarized in Table 4.1 along with their CV plots that are shown in Figure 4.2. During 

 

1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0

4

2

 

 

(E vs. Fc+/Fc) / V

1

5

3

Figure 4.2. Cyclic voltammograms of Ir(btph)2(L^X) (1–5) were recorded at 0.1 V/s in THF with 
0.1 M TBAPF6 supporting electrolyte, a glassy carbon working electrode, a platinum wire counter 
electrode, and a silver wire pseudoreference. Potentials were referenced to an internal standard of 
ferrocene, and currents were normalized to bring all of the traces onto the same scale. 
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the anodic scan shown in Figure 4.2, the oxidation process, which originates from metal-

centered IrIV/IrIII redox couple, was detected between +0.05 to +0.46 V vs. Fc+/Fc, except 

for complexes 2 and 5 show a clear reversible oxidation wave. From the comparison 

between the substituents on the 8-position of the quinoline, we can also rank the electron-

donating ability: Py-(4) > O-(1) > CONPh-(5) > COO-(2). Sweeping in the negative 

direction, two reversible reduction waves of the complexes lie at similar potentials in all 

complexes, ca. –2.10 and –2.40 V, suggesting the reduction involves a population of a π* 

orbital in btph ligand, except complexes 2 and 5 show slightly different behavior at the 

second reduction wave. Similar to results published in other chapters,110,111,130 the energy 

of the lowest unoccupied molecular orbital (LUMO) is minimally altered while significant 

π donation from the ancillary ligand to the dπ orbitals on the metal that substantially 

influenced the highest occupied molecular orbital (HOMO).   

 

4.2.4 Photophysical Properties 

All complexes obtained are luminescent in tetrahydrofuran solution and exhibit 

relatively strong emission in the NIR region. Their absorption and emission spectra are 

shown in Figure 4.3. In the absorption spectra of complexes 1–5, intense absorption bands 

from 290 to 350 nm with large molar extinction coefficients (ε = 16–86 × 103 M-1cm-1) were 

observed, which can be assigned to spin-allowed ligand-centered (LC) π–π* transition of 

the 2-(benzo[b]thiophen-2-yl)phenanthridine cyclometalating ligands and quinoline 

ancillary ligands. A broad absorption peak with a molar extinction coefficient of 13–40 × 

103 M-1cm-1 was observed at 400–576 nm corresponding to a spin-allowed singlet metal-

to-ligand charge-transfer (1MLCT) state. The absorption band tailing beyond 600 nm is 



 

86 

largely attributed to ligand (btp)-centered triplet π–π* state with significant admixtures of 

the triplet metal-to-ligand charge-transfer (3MLCT) character (dπ(Ir)–π*(btp)),52,131 which 

supports the existence of the large SOC required for room-temperature phosphorescence.  

Steady-state room-temperature emission spectra of the five iridium(III) complexes 

were recorded in degassed tetrahydrofuran with 500 nm excitation, and they are displayed 

in Figure 4.3, and with major spectroscopic characteristics summarized in Table 4.1. The 

excitation spectra of the new complexes were also collected and shown in Figure 4.4, and 

in each case is superimposed with the absorption spectrum, indicating that luminescence  

 

Figure 4.3. Stacked plots of UV-Vis absorption and room-temperature PL emission spectra were 
measured in deaerated THF (black and red solid lines), along with 77 K PL emission spectra 
measured in toluene glass (blue dashed lines). 
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Figure 4.4. Overlaid UV-Vis absorption (blue) and excitation spectra (red) of iridium(III) 
complexes, recorded in THF at room temperature. 
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arises solely from the iridium complex. The emission maxima of all the complexes are in 

the range of 711–729 nm with the pyrrole complex 4 having the largest red-shift of 11 nm 

and hydroxyl complex 1 having the largest blue-shift of 7 nm comparing to the peak 

emission wavelength of Ir(btph)2(acac) (λmax = 718 nm).127 The emission spectra were also 

recorded in a frozen toluene glass at 77 K. Vibrationally well-resolved emission 

progressions with a small rigidochromic effect (279–347 cm-1) are shown, indicating that 

the excited state possess less of a charge-transfer nature. The moderate blue-shifts note for 

the E0-0 emission peak of these iridium(III) complexes corroborate the dominance of the 

1,3LC transitions over the 1,3MLCT transitions in the excited state.  

At room temperature, the photoluminescence quantum yield ΦPL of most of the 

complexes is similar to or significantly higher (0.28–0.36) than the reference complex 

Ir(btph)2(acac) (ΦPL = 0.28),127 except for complex 4 which only show ΦPL= 0.042. The PL 

decays are all single-exponential, and the lifetimes (τ) of the excited state at room 

temperature ranging from 1.0 to 2.0 μs. The calculated kr and knr are 0.42–2.1 x 105 s-1 and 

3.2–9.6 x 105 s-1, respectively. Most of the knr values reported here are smaller than the knr 

values of structurally related compounds as well as some other NIR-emitting iridium(III) 

complexes, suggesting the planarity of the quinoline moiety has successfully limited 

vibrational relaxation pathways.132,127 

Using the vibrational fine-structure observed in emission spectra in 77 K, which results 

from several overlapping satellites belonging to different vibronic transitions, we can 

calculate the full-width at half-maximum (FWHM) value (shown in Table 4.1) of the 

highest resolved vibronic energy band of all the complexes, which were found to be quite 

narrow, 47–59 nm (912–1113 cm-1). The Huang-Rhys factor (SM) is used to estimate the 
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degree of structural distortion that occurs in the excited state relative to the ground state. 

The calculated SM values were found to be 0.14–0.19, which is not large enough to induce 

dominant coupling between the excited- and ground-state vibrational modes from the 

coordinating ligands. From the energy difference between the E0–0 and E0–1 peaks, the 

ground-state vibrational quantum spacing (ħωM) was also calculated, ranging from 1300 to 

1390 cm-1. The slight increase of the ħωM between complexes 2 to 5 is due to the presence 

of additional aromatic ring breathing modes (aromatic in-plane and out of plane ring 

stretching and bending vibrations) arising from the N-Ph.  

 

4.3 Conclusions 

In this chapter, five novel bis-cyclometalated NIR iridium(III) phosphorescent emitters 

have been synthesized, and the excited-state properties of the compounds were examined 

in terms of the emission efficiencies. We demonstrate that incorporation of substituted 

Table 4.1. Electrochemical and photoluminescence properties of all iridium(III) complexes. 

   λmax [nm]  

 E1/2(IrIV/IrIII) 
[V] 

Ered 
[V] 

293 
K[b] 

77 
K[b] ΦPL

[b] 
τ[c] 
[μs] 

kr
[d]×105[s-1]/ 

knr
[d]×105[s-1] 

FWHM 

[cm-1] SM
[e] 

ħωM
[f] 

[cm-1] 

1 +0.40[a] –2.08, 
–2.36 711 695 0.36 2.0 1.8 / 3.2 959 0.14 1340 

2 +0.46[a] –2.04, 
–2.2[a] 724 704 0.30 1.7 1.8 / 4.1 1030 0.15 1360 

3 +0.34 –2.04, 
–2.38 723 711 0.28 1.5 1.9 / 4.8 1046 0.15 1390 

4 +0.05[a] –2.10, 
–2.39 729 711 0.042 1.0 0.42 / 9.6 1113 0.19 1300 

5 +0.42 –2.16 716 702 0.34 1.6 2.1 / 4.1 912 0.18 1330 
[a] Irreversible features are quoted as Ep,a or Ep,c values. [b] λex = 500 nm. [c] λex = 430 nm. [d] kr 
= ΦPL/τ and knr = (1−ΦPL)/τ. [e] The Huang-Rhys factor, SM, was estimated from the peak 
heights of the first two features emission spectra at 77 K. [f] The energy of ħωM was obtained 
from the energy difference of the first two emission peaks.  
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quinolines as the ancillary ligand can support intense NIR emission, producing complexes 

which are promising candidates medical imaging, biological probes, and sensors. Future 

work will apply the strategy described in this chapter to improve quantum yields for NIR 

phosphors, in particular in compounds with phenyl-bound C^N ligands, where the excited-

state dynamics are expected to be particularly sensitive to the ancillary ligand structure. 

 

4.4 Experimental Details 

4.4.1 Materials 

All reactions were executed in a nitrogen-filled glovebox operating at <1 ppm of O2 and H2O 

or on dual vacuum/nitrogen manifold using standard Schlenk techniques. All starting materials and 

reagents were obtained from commercial sources and used without further purification. Solvents 

for reactions and optical measurements were dried by the method of Grubbs, passing through dual 

alumina columns on a commercial solvent purification system (SPS), and stored over 3 Å 

molecular sieves. The cyclometalated iridium dimers [Ir(C^N)2(μ-Cl)]2 (C^N = 6-benzo[b]thien-

2-phenanthridine (btph)) were prepared by the method of Nonoyama,33 refluxing IrCl3·nH2O with 

2.1 equiv. of the cyclometalating ligand in a 3:1 mixture of 2-ethoxyethanol and water. The 

resulting dimer was used without further purification. Potassium salt of the 8CONPhQ ligand was 

prepared via deprotonation of the protonated ligand precursor with benzyl potassium, as described 

previously by our lab.38,110 Tetrabutylammonium hexafluorophosphate (TBAPF6) was 

recrystallized from hot ethanol, and ferrocene was sublimed at ambient pressure before use in 

electrochemical experiments. 
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4.4.2 Physical Methods 

1H spectra were recorded at room temperature using a JEOL ECA-500, or ECA-600 NMR 

spectrometer. The static nanoESI-MS experiments were carried out using a Thermo Exactive mass 

spectrometer and operated in positive ionization mode, with a spray voltage at 1.5 kV. UV-Vis 

absorption spectra were recorded in tetrahydrofuran solutions in screw-capped quartz cuvettes 

using an Agilent Carey 8454 UV-Vis spectrophotometer. Luminescence lifetimes were measured 

with a Horiba DeltaFlex Lifetime System, using 430 nm pulsed diode excitation. Steady-state 

emission spectra were recorded using a Horiba FluoroMax-4 spectrofluorometer with appropriate 

long-pass filters to exclude stray excitation light from detection. In order to exclude air, samples 

for emission spectra were prepared in a nitrogen-filled glovebox using anhydrous solvents. 

Samples for room-temperature emission were housed in 1 cm quartz cuvettes with septum-sealed 

screw caps, and samples for 77 K emission were contained in a custom quartz EPR tube with high-

vacuum valve and immersed in liquid nitrogen using a finger dewar. Solution quantum yields were 

determined relative to a standard of tetraphenylporphyrin in toluene, which has a reported 

fluorescence quantum yield (ΦF) of 0.11.107 Cyclic voltammetry (CV) measurements were 

performed with a CH Instruments 602E potentiostat interfaced with a nitrogen glovebox via wire 

feedthroughs. Samples were dissolved in tetrahydrofuran with 0.1 M TBAPF6 as a supporting 

electrolyte. A 3 mm diameter glassy-carbon working electrode, a platinum wire counter electrode, 

and a silver wire pseudo-reference electrode were used. Potentials were referenced to an internal 

standard of ferrocene. 

 

4.4.3 Synthesis 

General procedure for preparation of complexes 1–3. 2 mL of dichloromethane, 2 mL of 
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ethanol, and 1 mL of triethylamine were deoxygenated for 30 mins by bubbling with nitrogen. 

[Ir(btph)2(μ-Cl)]2 and the respective quinolone-based ancillary ligand were added. The reaction 

was bought to reflux at 80 °C for 16 h. The reaction was cooled to room temperature and the 

solution was concentrated to dryness. 2 mL of methanol was added to form the precipitate. The 

mixture was filtered, and the solids were washed with methanol, hexane, and pentane to yield the 

desired products. 

Preparation of Ir(btph)2(8OQ) (1). Prepared by the general procedure using 30 mg of 

[Ir(C^N)2(μ-Cl)]2 (0.018 mmol) and 11 mg of 8-hydroxyquinoline (0.076 mmol, 3.8 equiv.). Yield: 

4 mg, 12%. 1H NMR (500 MHz, CDCl3): δ = 9.46−9.44 (m, 1H, ArH), 9.38−9.36 (m, 1H, ArH), 

8.71 (d, J = 8.6 Hz, 1H, ArH), 8.58−8.56 (m, 2H, ArH) , 8.25−8.19 (m, 3H, ArH), 7.92−7.83 (m, 

5H, ArH), 7.72−7.67 (m, 2H, ArH), 7.35−7.28 (m, 2H, ArH), 7.12−7.04 (m, 3H, ArH), 7.00−6.94 

(m, 2H, ArH), 6.84 (d, J = 8.1 Hz, 1H, ArH), 6.63−6.52 (m, 4H, ArH), 6.46 (t, J = 7.4 Hz, 1H, 

ArH), 6.35−6.29 (m, 2H, ArH). UV-Vis (THF): λ / nm (ε / M–1cm–1) 293 (86000), 326 (sh) (57000), 

367 (54000), 413 (sh) (40000), 520 (25000), 551 (sh) (21000). HRMS-ESI (m/z): [M+H]+ cald for 

C51H31IrN3OS2, 958.15323; found, 958.15948. 

Preparation of Ir(btph)2(8COOQ) (2). Prepared by the general procedure using 33 mg of 

[Ir(C^N)2(μ-Cl)]2 (0.019 mmol) and 9 mg of 8-carboxyquinoline (0.052 mmol, 2.7 equiv.). Yield: 

23 mg, 61%. 1H NMR (500 MHz, CD2Cl2): δ = 9.52−9.51 (m, 1H, ArH), 9.38−9.36 (m, 1H, ArH)

, 8.99−8.95 (m, 2H, ArH), 8.74−8.72 (m, 1H, ArH), 8.65−8.63 (m, 1H, ArH), 8.42−8.41 (m, 1H, 

ArH), 8.21−8.14 (m, 2H, ArH), 8.05–7.95 (m, 4H, ArH), 7.81−7.74 (m, 2H, ArH), 7.51−7.32 (m, 

4H, ArH), 7.19−7.17 (m, 2H, ArH), 7.04−6.97 (m, 3H, ArH), 6.69−6.68 (m, 1H, ArH), 6.53−6.49 

(m, 3H, ArH), 6.40−6.38 (m, 1H, ArH), 6.21−6.18 (m, 1H, ArH). UV-Vis (THF): λ / nm (ε / M–

1cm–1) 293 (38000), 307 (36000), 360 (26000), 385 (26000), 407 (22000), 527 (11000), 557 (sh) 
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(10000). HRMS-ESI (m/z): [M+H]+ cald for C52H31IrN3O2S2, 986.14814; found, 986.04321. 

Preparation of Ir(btph)2(10OBQ) (3). Prepared by the general procedure using 30 mg of 

[Ir(C^N)2(μ-Cl)]2 (0.018 mmol) and 8 mg of 8-carboxyquinoline (0.041 mmol, 2.3 equiv.). Yield: 

13 mg, 36%. 1H NMR (600 MHz, DMSO-d6): δ = 9.52 (d, J = 7.6 Hz, 1H, ArH), 9.43 (d, J = 8.7 

Hz, 1H, ArH), 9.19 (d, J = 8.3 Hz, 1H, ArH), 9.03 (d, J = 7.8 Hz, 1H, ArH), 8.68 (d, J = 8.2 Hz, 

1H, ArH), 8.59−8.58 (m, 2H, ArH), 8.15 (m, 4H, ArH), 8.00–7.95 (m, 2H, ArH), 7.87−7.76 (m, 

2H, ArH), 7.41−7.34 (m, 2H, ArH), 7.21−7.12 (m, 4H, ArH), 7.03−7.00 (m, 2H, ArH), 6.88 (m, 

1H, ArH), 6.56−6.40 (m, 6H, ArH), 6.28 (d, J = 8.0 Hz, 1H, ArH), 6.12−6.09 (m, 1H, ArH). UV-

Vis (THF): λ / nm (ε / M–1cm–1) 294 (38000), 377 (27000), 401 (sh) (26000), 541 (9000), 576 (sh) 

(8000). HRMS-ESI (m/z): [M+H]+ cald for C55H33IrN3OS2, 1008.16888; found, 1008.02594. 

Procedure for preparation of complexes 4. [Ir(btph)2(μ-Cl)]2 (30 mg, 0.018 mmol), 8-(1H-

Pyrrol-2-yl)quinolone (8PyQ) (10 mg, 0.051 mmol), and NaH (7 mg, 0.18 mmol) were added into 

the flask and degased for 30 mins. 3 mL of dry tetrahydrofuran was added. The reaction was bought 

to reflux at 70 °C and allowed to stir for 16 h. After the reaction was cooled, the solution was 

passed through a Celite. The remaining solvent was evaporated to leave a dark residue. 2 mL of 

methanol was added to form red precipitation. The mixture was filtered, and the solids were 

washed with 1 mL of methanol, 2 mL of hexane, and 2 mL of pentane. The recovered solid was 

dissolved in 1 mL of dichloromethane. 3 mL of hexane was added while it was stirring to 

precipitate the product. The mixture was then filtered to yield the desired products. Yield: 20 mg, 

55%. 1H NMR (500 MHz, C6D6): δ = 9.60 (d, J = 8.0 Hz, 1H, ArH), 8.81−8.77 (m, 2H, ArH), 8.

20−8.17 (m, 2H, ArH), 7.93−7.91 (m, 2H, ArH), 7.80 (d, J = 7.6 Hz, 1H, ArH), 7.69 (d, J = 8.1 

Hz, 1H, ArH), 7.43−7.24 (m, 7H, ArH), 7.07−7.04 (m, 3H, ArH), 6.93–6.89 (m, 3H, ArH), 6.82 

(t, J = 7.6 Hz, 1H, ArH), 6.73−6.56 (m, 5H, ArH), 6.43−6.30 (m, 3H, ArH), 6.20 (t, J = 7.7 Hz, 
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1H, ArH), 5.70−5.65 (m, 1H, ArH). UV-Vis (THF): λ / nm (ε / M–1cm–1) 294 (28000), 363 (16000), 

376 (16000), 423 (13000), 532 (sh) (6000). HRMS-ESI (m/z): [M+H]+ cald for C55H34IrN4S2, 

1007.18486; found, 1007.18530. 

Procedure for preparation of complexes 5. In the glovebox, [Ir(btph)2(μ-Cl)]2 (50 mg, 0.029 

mmol) was suspended in 2 mL of tetrahydrofuran A solution of the potassium salt of N-phenyl-8-

quinolinecarboxamide, 8CONPhQK (0.069 mmol, 2.4 equiv.), dissolved in 5 mL of 

tetrahydrofuran, was added to the stirred mixture. The resulting mixture was stirred overnight at 

room temperature, during which time the solids were drawn into solution and a purple solution 

resulted. The resulting residue was extracted with 5 mL of toluene and filtered through Celite. The 

toluene was removed in vacuo, and the residue was triturated with 2 mL of room-temperature 

diethyl ether before filtering off the red product. The solid was collected from the filter by 

dissolving in dichloromethane, and the resulting solution was concentrated to dryness. Finally, the 

product was redissolved in minimum amount of tetrahydrofuran, and pentane was slowly added in 

to precipitate out the crude product. The solids were again dissolved in minimum amount of 

dichloromethane, and hexane was added while it was stirring to precipitate the desired product. 

The product was filtered and dried under vacuum. Yield: 10 mg, 16%. 1H NMR (500 MHz, C6D6): 

δ = 9.36 (d, J = 7.4 Hz, 1H, ArH), 9.24 (d, J = 8.2 Hz, 1H, ArH), 9.04–8.96 (m, 2H, ArH), 8.20

−8.07 (m, 4H, ArH), 7.97 (m, 1H, ArH), 7.43 (t, J = 7.4 Hz, 2H, ArH), 7.36–7.24 (m, 5H, ArH), 

7.17–7.15 (m, 2H, ArH), 7.08–7.07 (m, 2H, ArH), 7.01–6.91 (m, 4H, ArH), 6.80 (d, J = 8.4 Hz, 

1H, ArH), 6.66−6.51 (m, 4H, ArH), 6.38−6.20 (m, 6H, ArH). UV-Vis (THF): λ / nm (ε / M–1cm–

1) 293 (31000), 370 (16000), 408 (sh) (12000), 568 (6400). 
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4.4.4 X-ray Crystallography Details 

Single crystals were grown by vapor diffusion of hexane vapor into concentrated 

dichloromethane solution. Crystals were mounted on a Bruker Apex II three-circle diffractometer 

using MoKα radiation (λ = 0.71073 Å). The data was collected at 123(2) K and was processed and 

refined within the APEXII software. Structures were solved by direct methods in SHELXS and 

refined by standard difference Fourier techniques in the program SHELXL.115 Hydrogen atoms 

were placed in calculated positions using the standard riding model and refined isotropically; all 

non-hydrogen atoms were refined anisotropically. Crystallographic details are summarized in 

Table 4.2. 
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Table 4.2. Crystallographic summary for complexes 1 and 2. 
 1·CH2Cl2 2 

Crystal data 

Chemical formula C52H32Cl2IrN3OS2 C52H30IrN3O2S2 

Mr 1042.02 985.11 

Crystal system, 
space group 

Triclinic, P1 Monoclinic, P21/c 

a, b, c (Å) 10.9146 (16), 12.9032 (19), 14.947 (2) 11.6553 (5), 17.7049 (7), 21.3456 (9) 

α, β, γ (°) 91.818 (1), 106.550 (1), 94.174 (1) 90, 98.312 (1), 90 

V (Å3) 2009.4 (5) 4358.5 (3) 

Z 2 4 

µ (mm-1) 3.61 3.20 

Crystal size (mm) 0.27 × 0.20 × 0.11 0.28 × 0.16 × 0.15 

Data collection 

Tmin, Tmax 0.591, 0.746 0.584, 0.746 

No. of measured,  
independent and  
observed [I > 2σ(I)] 
reflections 

42541, 9341, 7865 26503, 9757, 8238 

Rint 0.063 0.026 

(sin θ/λ)max (Å-1) 0.653 0.645 

Refinement 

R[F2 > 2σ(F2)], 
wR(F2), S 

0.038,  0.092,  1.06 0.029,  0.076,  1.03 

No. of reflections 9341 9757 

No. of parameters 578 542 

No. of restraints 68 107 

∆〉max, ∆〉min (e Å-3)) 2.60, −1.49 1.60, −1.20 

Absolute structure   

Absolute structure 
parameter 
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Figure A.1. 1H NMR spectrum of Ir(btph)2(8OQ) (1), recorded at 500 MHz in CDCl3. 

Figure A.2. 1H NMR spectrum of Ir(btph)2(8COOQ) (2), recorded at 500 MHz in CD2Cl2. 
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Figure A.3. 1H NMR spectrum of Ir(btph)2(10QQ) (3), recorded at 600 MHz in DMSO-d6.  

Figure A.4. 1H NMR spectrum of Ir(btph)2(8PyQ) (4), recorded at 500 MHz in C6D6. 
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Figure A.5. 1H NMR spectrum of Ir(btph)2(8CONPhQ) (5), record at 500 MHz in C6D6. 
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