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PREFACE 

In recent years, there has been considerable interest in iridium(III) complexes 

within both academic and industrial research due to their diverse applications in areas such 

as cellular imaging, photodynamic therapy (PDT), organic light-emitting diodes (OLEDs), 

catalysis, photochemical sensors, and biomarkers. These complexes are noted for their high 

photoluminescence quantum yields, adjustable emission wavelengths, excellent light 

stability, significant Stokes shifts, and prolonged luminescence lifetimes. These 

advantageous properties primarily arise from the efficient spin-orbit coupling (SOC) 

associated with the iridium metal, facilitating effective inter-system crossing between 

singlet and triplet states.  

In therapeutic applications, especially in PDT, iridium complexes have shown 

potential as photosensitizers. PDT is a non-invasive approach that uses light-activated 

reactions between a photosensitizer and molecular oxygen to generate reactive oxygen 

species (ROS), which can induce cancer cell death. This method has gained attention as a 

clinical option for treating various diseases, particularly cancer and actinic keratosis. While 

mononuclear Ir(III) complexes have been previously utilized as sensitizers in PDT, di- and 

multi-nuclear Ir(III) complexes have not been extensively studied. In addition to their 

biomedical applications, iridium complexes are also used as emitters in optoelectronic 

devices like OLEDs. OLEDs consist of multiple layers, including electron transport, hole 

transport, and hole injection layers, arranged between two electrodes. When an appropriate 

voltage is applied, electrons and holes are injected into the emissive layer, where they 

recombine to form excitons, leading to light emission. This thesis focuses on the design 

and development of new and efficient Ir(III)-based photosensitizers and emissive materials. 

It aims to explore the properties of dinuclear iridium-based complexes and their structure-

property relationships. The research includes the synthesis of various iridium complexes, 

their characterization, and an investigation of their photophysical properties, along with 

their therapeutic and optoelectronic applications. 

The thesis is organised into four chapters, of which the Chapter 1 provides an 

overview and literature review of the chemistry of iridium complexes and current 

advancements in PDT and OLEDs. The usage of cyclometalated iridium (III) metal 

complexes as photosensitizers for PDT and emissive layers in lighting devices are 

discussed in detail.  
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In the Chapter 2, we discuss the imaging and photodynamic therapeutic effect of a 

new dinuclear iridium complex (IR-DI). PDT is a rapidly advancing treatment approach 

utilizing laser-triggered photosensitizers for combating cancer and iridium-based 

photosensitizers show promise for their ability to both image and treat cancer. In this 

chapter, we report a dinuclear Ir(III) complex (IR-DI) along with a structurally similar 

monomer complex (IR-MO) having 2-(2,4-difluorophenyl)pyridine and 4′-methyl-2,2′-

bipyridine ligands. The comparative investigation of the mononuclear and dinuclear Ir(III) 

complexes showed similar absorption profiles, but the dinuclear derivative IR-DI exhibited 

a higher photoluminescence quantum yield (Φp) of 0.70 compared to that of IR-MO (Φp = 

0.47). Further, IR-DI showed a higher singlet oxygen generation quantum yield (Φs) of 

0.49 compared to IR-MO (Φs = 0.28), signifying the enhanced potential of the dinuclear 

derivative for image-guided photodynamic therapy. In vitro assessments indicate that IR-

DI shows efficient cellular uptake and significant photocytotoxicity in the triple-negative 

breast cancer cell line MDA-MB-231. In addition, the presence of a dual positive charge 

on the dinuclear system facilitates the inherent mitochondria targeting ability without the 

need for a specific targeting group. Subcellular singlet oxygen generation by IR-DI was 

confirmed using Si-DMA, and light-activated cellular apoptosis via ROS-mediated PDT 

was verified through various live-dead assays performed in the presence and absence of 

the singlet oxygen scavenger NaN3. Further, the mechanism of cell death was elucidated 

by an Annexin V-FITC/PI flow cytometric assay and by investigating the cytochrome c 

release from mitochondria using Western blot analysis. 

Chapter 3 of the thesis focuses on the design and development of a cationic 

cyclometalated Ir(III) complex (IR-ISO) with 1-phenylisoquinoline as the cyclometalating 

ligand and 4′-methyl-2,2′-bipyridine as the bridging ligand for viscosity activated PDT 

applications. Intracellular viscosity has been demonstrated as a vital contributor or 

indicator for diabetes, atherosclerosis and even cell malignancy, because these disease 

conditions could affect protein–protein interactions in cellular membranes. Thus, it is 

imperative to develop an instantaneous and non-destructive viscosity sensing probe for 

imaging and therapeutic application. In this regard, we developed a new viscosity sensitive 

dinuclear iridium complex which freely rotates and shows weak luminescence in a low-

viscosity environment, while in viscous media due to restricted intermolecular rotation 

(RIR), exhibit significantly enhanced luminescence. The Ir(III) based viscosity probe, IR-

ISO showed a higher singlet oxygen generation quantum yield (Φs) of 0.90 in neat glycerol 
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compared to that in neat methanol (Φs= 0.67), signifying the enhanced activity of dinuclear 

complex in viscous environment. In vitro experiments demonstrated that IR-ISO exhibited 

enhanced cellular luminescence in breast cancer cell line SK-BR-3, while comparatively 

faint luminescence was observed in normal cell line MCF-10A. The selectivity of IR-ISO 

towards breast cancer cell line SK-BR-3 and subsequent enhancement in luminescence and 

singlet oxygen quantum yields validate the possibility of viscosity assisted, enhanced PDT. 

Further, the generation of subcellular singlet oxygen by IR-ISO was confirmed using 

singlet oxygen sensor green (SOSG), while light-triggered cellular apoptosis via ROS-

mediated PDT was validated through various live-dead assays. Additionally, the 

mechanism of cell death was clarified using an Annexin V-FITC/PI flow cytometric assay 

and cell cycle analysis. 

Chapter 4 discusses the synthesis and optoelectronic applications of two iridium 

dinuclear complexes with 2-(4-tert-butylphenyl)pyridine as the cyclometalating ligands 

and bibenzimidazole (IR-BIB) or DPP (IR-DPP) as the bridging ligand. These molecules 

are specifically designed to exhibit efficient luminescence in the solid state and hence can 

be used as emissive layers in OLED devices. The IR-BIB and IR-DPP complexes 

exhibited PLQYs of 0.75 and 0.27, respectively. The OLED device fabrication was 

proceeded with high PLQY derivative, IR-BIB and the performance of the OLED devices 

were optimized by several parameters, including current efficiency, power efficiency, 

luminescence intensity and EQE. Optimized devices of IR-BIB alone and IR-BIB doped 

in PVK showed luminescence maximum of 150 cd/m2 and 6,300 cd/m2, respectively. The 

OLED device incorporating IR-BIB doped PVK demonstrated higher EQE of 5.85%, 

while the IR-BIB alone device exhibited an EQE of 0.028%. This chapter highlights the 

application of the dinuclear iridium complexes as a excellent emitting layers in OLED and 

demonstrates the potential of these materials for optoelectronic applications. 
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CHAPTER 1 

Iridium(III) Complexes and their Applications in 

Optoelectronics and Cancer Biology: An Overview 

 

1.1. Abstract 

 

 

Iridium based transition metal complexes have attracted significant interest in 

recent years due to their unique combination of photophysical and chemical properties. 

These complexes exhibit remarkable photoluminescence, stability, and electron transfer 

capabilities, making them highly versatile for various applications. Iridium based materials 

show great promise in organic light-emitting diodes (OLEDs) for enhancing 

electroluminescence efficiency, as well as in water-splitting catalysts for sustainable 
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hydrogen production. Their luminescent properties enable their use in ion detection and 

cellular imaging, while their photosensitizing capabilities are crucial in photodynamic 

therapy (PDT) for generating reactive oxygen species (ROS) to target cancer cells. 

Additionally, iridium complexes play a vital role in lighting and display technologies due 

to their tunable emission properties. Most iridium complexes employed in these 

applications have traditionally been mononuclear. However, recent research has 

increasingly focused on dinuclear iridium(III) complexes, which provide distinct 

advantages through their metal-metal interactions. These interactions enhance 

photophysical performance by increasing photoluminescence efficiency, tuning excited-

state lifetimes, and improving emission properties. Furthermore, dinuclear iridium 

complexes exhibit stronger spin-orbit coupling, facilitating efficient intersystem crossing 

and enhancing emission quantum yields. 

In the realm of photodynamic therapy (PDT), dinuclear iridium complexes are 

emerging as powerful photosensitizers. When activated by light, these complexes can 

efficiently generate singlet oxygen species, leading to localized cell death in cancerous 

tissues thereby providing a minimally invasive alternative to traditional cancer treatments. 

The presence of an additional metal center allows dinuclear systems to achieve higher 

photoluminescence and singlet oxygen generation quantum yields, rendering them superior 

to mononuclear iridium complexes. In addition to therapeutic applications, dinuclear 

iridium complexes show promise in cellular sensing and imaging, particularly for detecting 

biologically relevant ions and molecules. Their luminescent response to environmental 

changes can be utilized for real-time monitoring in biological systems, enhancing the 

functionality of these versatile materials. Furthermore, the high photoluminescence 

characteristics make the iridium(III) complexes well-suited for organic light-emitting 
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diodes (OLEDs), where high brightness, color purity, and energy efficiency are crucial for 

next-generation displays and lighting solutions. 

This thesis aims to explore the synthesis, characterization, and application of 

dinuclear iridium(III) complexes in three key areas: PDT, sensing, and OLEDs. By 

studying the relationship between ligand design, coordination geometry, and photophysical 

behavior, this research seeks to optimize the performance of dinuclear iridium complexes 

for multifunctional roles. The findings are expected to contribute to the development of 

advanced iridium based materials, offering solutions to current challenges in 

optoelectronics and cancer therapy. These studies also provide insights into future 

directions for the design of functional materials in related fields. 
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1.2. Introduction 

In recent years, luminescent transition-metal complexes have emerged as a focal 

point across multiple scientific fields, with wide-ranging applications in optoelectronics, 

anticancer therapies, bio-sensing, and bio-imaging. Complexes formed primarily by 

second- and third-row transition metal ions coordinated with organic ligands display 

diverse excited states - such as metal-to-ligand charge transfer (MLCT), ligand-to-ligand 

charge transfer (LLCT), intra-ligand charge transfer (ILCT), ligand-to-metal charge 

transfer (LMCT), metal–metal-to-ligand charge transfer (MMLCT), and ligand–metal-to-

metal charge transfer (LMMCT)—which contribute to their exceptional emission 

properties.1-3 Notably, these photophysical characteristics can be fine-tuned by modifying 

the coordination ligands. Among transition metal complexes, iridium complexes have 

garnered particular attention due to their outstanding photophysical properties and the 

relative ease with which they can be synthesized. 

Iridium (Ir) is a group 9 transition metal situated in period 6, following cobalt and 

rhodium, with an atomic number of 77 and an electronic configuration of [Xe] 4f14 5d7 6s2. 

Discovered in 1804 by English chemist Smithson Tennant, it was identified as a trace 

element within platinum.4 Iridium is notable for its remarkable chemical and physical 

properties, being both inert and resistant to corrosion. The chemistry of iridium is highly 

diverse and fascinating, displaying a range of oxidation states from -1 to +9, three 

coordination numbers (4, 5, and 6), and multiple coordination geometries. The most 

prevalent oxidation states for iridium complexes are +1 and +3. In the +1 oxidation state, 

iridium, with a d8 electron configuration, forms either tetra-coordinate or penta-coordinate 

compounds, with square planar or trigonal bipyramidal geometries, respectively. In the +3 

oxidation state, iridium has a 5d6 electron configuration and almost exclusively forms 
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hexacoordinate, octahedral complexes.4 These complexes exhibit remarkable 

photostability, high PL quantum yields at room temperature, shorter excited-state lifetimes, 

favorable cell-membrane permeability, and a tunable fluorescence wavelength spanning 

the blue to near-infrared region.5-11 Moreover, their substantial Stokes shift minimizes self-

quenching, and their extended phosphorescence lifetimes offer advantages in reducing 

unwanted autofluorescence in biological systems through techniques such as time-gated 

imaging and photoluminescence lifetime imaging. 12, 13 

 

Figure 1.1. Molecular orbital diagram for iridium(III) complexes in octahedral 

coordination: (1) MC (Metal centred ligand field transition); (2) MLCT (Metal to ligand 

charge transfer); (3) ILCT (Intra ligand charge transfer) or LLCT (Ligand to ligand charge 

transfer); (4) LMCT (Ligand to metal charge transfer) and Room temperature 

phosphorescence accompanied by rapid intersystem crossing is shown in the inset. Figure 

adapted from reference 1. 

The efficiency of phosphorescent emission in iridium complexes is closely tied to 

the strong spin-orbit coupling facilitated by the 5d orbitals of the Ir3+ ion (ξIr = 4430 

cm−1).6, 14 This coupling allows for efficient intersystem crossing (ISC) from singlet to 

triplet states, enabling the spin-forbidden relaxation process that promotes radiative decay 

from the triplet state. This decay mainly arises from triplet metal-to-ligand charge transfer 

(3MLCT) or a combination of 3MLCT and ligand-centered (3LC) transitions.3, 15-18 
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Additionally, various interesting processes such as intramolecular inter-ligand energy 

transfer (ILET) and ligand-to-ligand charge transfer (LLCT) are observed in certain iridium 

complexes (Figure 1.1).19 The energy of the excited states can be adjusted by changing the 

substituents in the cyclometalating or ancillary ligand systems, resulting in a broad range 

of emission colors. This versatility renders phosphorescent iridium(III) complexes highly 

valuable for various applications, such as organic light-emitting diodes (OLEDs), 

photodynamic therapy (PDT), light-emitting electrochemical cells (LEECs), 

photosensitizers for water-splitting, and biological labelling. Additionally, they are utilized 

in electro-generated chemiluminescence, dye-sensitized solar cells, singlet oxygen 

sensitizers, luminescent sensitizers for DNA charge-transfer reactions, photocatalysis for 

organic synthesis and CO2 reduction, chemosensors, metallo-pharmaceuticals, and 

nonlinear optics (Figure 1.2).20-43 The extensive exploration of these compounds 

underscores their potential impact across diverse technological and scientific domains.  

 

Figure 1.2. Applications of cyclometalated iridium(III) complexes. Figure adapted from 

reference 1. 
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1.3. Fundamentals of Photoluminescence and Electroluminescence 

1.3.1. Photoluminescence 

Luminescence refers to the light emitted by a substance resulting from an 

electronically excited state.44 When a molecule absorbs energy such as light, it gets excited 

to a higher electronic state and returns to the ground state by radiative or non-radiative 

decay. When the energy is lost radiatively, the process is known as photoluminescence. 

Based on the nature of the excited state, luminescence is typically categorized as either 

fluorescence or phosphorescence. Figure 1.3 shows a Jablonski diagram illustrating 

different photoluminescent processes. In the diagram, the states labelled "S" represent 

singlet states, where electrons have anti-parallel spins, while the states labelled "T" denote 

triplet states, where electrons have parallel spins. The vertical lines indicate radiative 

transitions between these states.45 

 

Figure 1.3. Perrin-Jablonski diagram highlighting fluorescence and phosphorescence. 

Figure adapted from reference 45. 
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Typically, an electron rapidly transitions to a lower energy vibrational state within 

the same excited electronic state, a phenomenon referred to as vibrational relaxation.46 

Non-radiative relaxation to lower energy electronic states with the same multiplicity is 

called internal conversion (IC). In contrast, intersystem crossing is another type of non-

radiative decay that occurs between excited states with different multiplicities, such as from 

the singlet state S1 to the triplet state T1. This transition is forbidden in traditional organic 

compounds due to the need for a change in spin multiplicity.44, 45 

The fluorescence and phosphorescence can be distinguished based on the spin states 

of the involved electrons and the timescales of their emissions. Fluorescence, characterized 

by its rapid emission, occurs when an electron in an excited singlet state returns to the 

ground state, typically within a few nanoseconds. This spin-allowed transition results in 

the emission of a photon, making fluorescence a fast process with a high decay rate. The 

efficiency of fluorescence can be quantified by the photoluminescence quantum yield 

(PLQY) and the fluorescence lifetime. In contrast, phosphorescence involves a transition 

from an excited triplet state to the ground state. Due to the same spin orientation of 

electrons in the triplet state, this transition is spin-forbidden, resulting in a much slower 

process compared to fluorescence. Phosphorescence lifetimes can range from milliseconds 

to several seconds, and in some cases, even minutes. The efficiency of phosphorescence, 

similar to fluorescence, can be described by the phosphorescence PLQY and the 

phosphorescence lifetime. 44, 47 

The discovery that heavy metal complexes can enhance phosphorescence has been 

a significant advancement in the field of luminescent materials. Heavy metals like iridium, 

platinum, and osmium exhibit strong spin-orbit coupling (SOC), which is the interaction 

between an electron's spin and its orbital motion around the nucleus. This strong SOC in 
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heavy atoms leads to more efficient intersystem crossing (ISC) from the singlet to the triplet 

state, breaking down the spin selection rules that typically govern these transitions in 

organic molecules.48-51 As a result, the presence of heavy metal complexes facilitates the 

transition from the triplet state to the ground state, enabling faster and more efficient 

phosphorescence. This has led to the development of phosphorescent emitters with high 

PLQYs and reduced lifetimes to the order of microseconds.47 The enhancement of 

phosphorescence through heavy metal complexes has significant implications for the 

design and development of advanced luminescent materials, enabling their use in a wide 

range of applications that require efficient and long-lasting emission properties. 

1.3.1.1. Emission Quantum yield and Lifetime 

The non-radiative decay pathway competes with luminescence and can reduce the 

quantum yield of photoluminescence in the emitting species. This reduction happens 

because deactivation occurs through vibrational (thermal) processes rather than radiative 

dissipation. The quantum yield, defined as the ratio of emitted photons to absorbed photons, 

is associated with the rates of radiative (kr) and non-radiative (knr) processes, as shown in 

Equation (1)44, 52 

PLQY =
𝑘𝑟

(𝑘𝑟 +  knr)
                    Equation (1) 

The lifetime of the excited states can be defined as the inverse of the total of radiative and 

non-radiative decay rates, as shown in Equation (2)44, 52 

1

τ
=   𝑘𝑟  +  𝑘𝑛𝑟               Equation (2) 
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The excited state lifetime (τ), defined as the average time taken between the 

excitation and return to the ground state, is generally in the order of 10-9 s for the 

fluorescence and 10-6 to 10-3 s for the phosphorescence.44 

1.3.1.2. Electronically Excited States in Transition Metal Complexes 

In transition metal complexes, the metal atom causes mixing of its d orbitals with 

the conjugated ligands of π-character. Consequently, photoexcitation of these compounds 

can lead to various electronic transitions, depending on the nature of the molecular orbitals 

(MOs). As a result, there are four principal types of excited states possible (Figure 1.4): d-

d, d- π*, π- π* and π-d.44, 52 

 

Figure 1.4. Simplified molecular orbital diagram in a coordination complex. M denotes 

the metal and L denotes ligand. Figure adapted from reference 52. 

(i) d-d transition state - The metal-centered (MC) transitions, where the excited 

state results from transitions involving only the metal's occupied and unoccupied 

d orbitals. 
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(ii) π- π* transition state - The ligand-centered (LC) transitions, occurring when an 

electron moves from a π-bonding or non-bonding orbital to higher anti-bonding 

π* orbitals within the ligands. If these orbitals are situated on different ligands, 

the excitation involves inter-ligand or ligand-to-ligand charge transfer (ILCT or 

LLCT). 

(iii) π-d transition state - The ligand-to-metal charge transfer (LMCT) transitions, 

where electrons are excited from a ligand π orbital to an orbital that is 

predominantly based on the metal. 

(iv) d-π* transition state - The metal-to-ligand charge transfer (MLCT) transitions, 

which involve the excitation of electrons from a metal-centered d orbital to a 

ligand π* orbital. 

The relative energy levels of these states are essential in determining the 

photophysical properties of organometallic complexes. These properties can be effectively 

adjusted through careful selection of the ligand system and the central metal atom. 

1.3.2. Electroluminescence 

Electroluminescence refers to the emission of light from organic or semiconducting 

materials when a voltage is applied. In photoluminescence, electrons are excited from the 

ground state to excited singlet states by absorbing light. In contrast, electroluminescence 

involves the injection of charge carriers with random spin orientations, leading to the 

formation of excitons with various spin states upon recombination.53 According to spin-

statistics calculations (Figure 1.5), electrical excitation typically produces one singlet 

exciton for every three triplet excitons. Singlet excitons, which have an antisymmetric spin 

configuration and a total spin quantum number (S) of zero, can decay to the ground state 
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through spin-allowed transitions. Conversely, triplet excitons have a spin quantum number 

(S) of one, making their transition to the ground state spin-forbidden.53 

 

Figure 1.5. Vector representation of the four spin states of the two electrons. Figure 

adapted from reference 53. 

In fluorescent emitters, triplet excitons typically decay non-radiatively to the 

ground state. Since 75% of the excitons generated are triplet excitons, the internal quantum 

efficiency (IQE) of a fluorescent emitter is restricted to 25%. In contrast, phosphorescent 

emitters can utilize 100% of the excitons due to strong spin-orbit coupling (SOC) caused 

by the heavy atom effect.54 Under electrical excitation, singlet excitons can convert to 

triplet states through intersystem crossing (ISC), allowing emission from the triplet state. 

This ability to harvest both singlet and triplet excitons enables phosphorescent emitters to 

attain maximum IQE of 100% (Figure 1.6).54 
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Figure 1.6. Schematic representation of singlet and triplet excitons in the 

electroluminescence process. Figure adapted from reference 54. 

 

1.4. Iridium Complexes 

The transition metal ions are placed within an octahedral ligand environment, their 

d orbitals undergo a splitting into two sets: three degenerate orbitals termed t2g and two 

degenerate orbitals termed eg (Figure 1.7). The energy separation between these sets (Δ) 

is affected by several factors: (i) the oxidation state of the metal, where higher oxidation 

states result in a larger Δ; (ii) the spatial extent of the d orbitals, which is relatively small 

for 3d metals and progressively larger for 4d and 5d metals; and (iii) the strength of the 

ligand field. When Δ is sufficiently large, the metal ion prefers a low-spin electron 

configuration (t2g
6 eg

0), a behaviour commonly seen in Ir(III) complexes. Consequently, 

Ir(III) complexes have a singlet ground state, characterized by no unpaired electrons, while 

their excited states can be either singlet or triplet.52, 55 
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Figure 1.7. (a) Splitting of d orbitals, in an octahedral environment; (b) Orbital 

representation of the MLCT, LC, and MC transitions and (c) Electronic transitions 

involving MLCT, LC and MC excited states. Figure adapted from reference 52. 

The strong spin-orbit coupling (SOC) in Ir(III) complexes, combined with their 

efficient photoluminescence, can be primarily attributed to the high ligand-field splitting 

energy of the d orbitals. The energy is further enhanced by the use of high-field 

cyclometalating ligands.56 This leads to a significant energy gap between the d-d orbitals 

in cyclometallated Ir(III) complexes, reducing the chances of non-radiative metal-centered 

(MC) transitions.12 As a result, the triplet state (T1) typically acts as the lowest energy 

emitting state, often arising from a mix of triplet levels that include both 3MLCT and 3LC 

state, or a combination of both (Figure 1.7b).52, 55 This blending of excited states is a direct 
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result of SOC, which not only integrates states of similar energies but also generates new 

mixed states. The MLCT or LC emission, depends on the energy levels of the ligand's π/π* 

orbitals. Therefore, the choice or design of the cyclometalating ligand plays a crucial role 

in determining both the nature of the emitting state and the color of the emission.12, 52, 57 

 

Figure 1.8. (a) The general structure of an iridium(III) complex; (b) Adjusting the ΔE 

energy between the HOMO and LUMO states by adding electron donating and 

withdrawing groups to the C^N and N^N ligands and (c) Examples of the range of emission 

colors achieved through molecular engineering of Ir(III) complexes. Figure adapted from 

reference 52. 

The color and nature of the excited state in Ir(III) complexes can be modified 

through molecular engineering. By combining phenyl-pyridine ligands (C^N ligands), 

which coordinate with Ir(III) via carbon and nitrogen atoms, with bipyridine or 

phenanthroline ligands (N^N ligands) that bind through nitrogen atoms, different emission 

colors can be achieved.4 The C^N ligands, which are anionic, primarily contribute to the 

HOMO, while the neutral N^N ligands, with their lower energy antibonding π* orbitals, 

are associated with the LUMO. To achieve blue emission, the energy difference between 
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withdrawing groups, such as fluorine, to the C^N ligands, which stabilizes the HOMO and 

results in higher energy (blue) emission. Similarly, adding electron-donating groups to the 

N^N ligands can achieve the same result. Conversely, the addition of electron-donating 

groups to the C^N ligands or electron-withdrawing groups to the N^N ligands shifts the 

emission toward red emission (Figure 1.8).4, 52 

The Ir(III) complexes are generally classified as homoleptic tris-cyclometalated 

(Ir(C^N)3) and heteroleptic bis-cyclometalated [Ir(C^N)2(L^X)] complexes, where C^N 

represents a cyclometalating ligand and L^X denotes an ancillary ligand. These complexes 

demonstrate remarkable thermal stability and substantial electronic interactions due to the 

robust Ir–C bond, which is comparable to a covalent bond. This leads to extensive 

electronic interactions between the iridium d-orbitals and the π-orbitals of ligand.4 The 

synthesis of these complexes usually consists of two-step process. Initially, the HC^N 

ligand reacts with iridium chloride (IrCl3.nH2O), forming a dichloro-bridged dinuclear 

dimer [Ir(C^N)2(μ-Cl)]2 through the Nonoyama reaction (Figure 1.9a).58 This dimer is a 

versatile precursor for synthesizing various complexes due to its compatibility with a wide 

range of ligands. Further reaction of the dichloro-bridged dimer with an additional 

cyclometalating ligand results in the formation of tris-cyclometalated complexes. These 

can be homoleptic if the C^N ligands are identical, forming [Ir(C^N)3], or heteroleptic if a 

different C^N ligand is used (Figure 1.9b, c).  
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Figure 1.9. (a) Generalized synthetic scheme of iridium(III) complexes: Examples for (b) 

Homoleptic tris-cyclometalated iridium(III) complex; (c) Heteroleptic tris-cyclometalated 

iridium(III) complex; (d) Neutral heteroleptic bis-cyclometalated iridium complex and (e) 

Cationic heteropeptic bis-cyclometlated iridium(III) complex. Figure adapted from 

reference 52. 

For tris-cyclometalated Ir(III) complexes, two isomeric forms can occur: facial (fac) and 

meridional (mer) (Figure 1.9a).4, 59-64 The mer isomer can be isomerized to the more stable 

fac isomer through thermal or photochemical processes. The chloride dimer can also react 

with chelating ligands to form a wide array of neutral bis-cyclometalated complexes 

[Ir(C^N)2(L^X)], where L^X are anionic ligands like β-diketonates, picolinates, and 

pyridineazolates (Figure 1.9d), or charged complexes [Ir(C^N)2(L^L)]+ with neutral 

ligands such as diimine or phosphines (Figure 1.9e).4, 50, 65-67 Researchers have developed 

a range of neutral and ionic mono-, bis-, and tris-cyclometalated Ir(III) complexes that emit 

light across the visible spectrum.68, 69 
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1.5. Photodynamic Therapy (PDT) 

Photodynamic therapy (PDT) has attracted considerable interest as an alternative 

cancer treatment because of its ability to selectively target and destroy tumor cells while 

preserving healthy cells. In the last decade, the clinical application of PDT has grown 

significantly. Although PDT has been used for over 30 years to treat bacterial and fungal 

infections, its application in cancer therapy has seen notable growth.70-74 PDT works by 

producing reactive and toxic oxygen species when a photosensitizer is activated, which 

then destroys tumor tissue. It has several clear advantages over traditional treatments: it is 

non-invasive, highly selective, and allows multiple treatments without the risk of resistance 

or dose limits, as seen in radiotherapy. Additionally, it promotes faster healing with little 

to no scarring, can be done on an outpatient basis, and generally has fewer side effects. 

PDT involves four main stages (Figure 1.10).75-77 

 The first stage is the introduction of the photosensitizer into the body. 

 In second stage, the photosensitizer selectively accumulates around the tumor 

tissue during a period of incubation. 

 The third stage involves irradiating the tumour tissue with a light stimulus, which 

excites the photosensitizer and generates cytotoxic reactive oxygen species 

(ROS). 

 Finally, in the fourth stage, these ROS react with biological substrates such as 

nucleotides, amino acids, proteins, and lipids, disturbing normal cell functions 

and inducing cell death. 

A photosensitizer in PDT can be considered a "stimuli-responsive system," 

remaining dormant in the dark and becoming active only when exposed to light of selective 

wavelength. 
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Figure 1.10. Schematic representation of different stages of PDT. Figure adapted from 75. 

Photodynamic therapy (PDT), typically dependent on oxygen, can still occur in 

low-oxygen (hypoxic) environments. PDT is categorized into two types based on its 

photochemical reactions: type I and type II (Figure 1.11).78-80 Upon light activation, the 

photosensitizer (PS) transitions from its ground singlet state (S0) to an excited singlet state 

(S1), and then to an excited triplet state (T1). This triplet state initiates photochemical 

reactions through two distinct pathways: type I and type II. In type I PDT, the triplet state 

photosensitizer (T1) engages in electron transfer processes, reacting directly with biological 

substrates to produce free radicals. These free radicals can further interact with triplet 

oxygen (3O2) and water to form superoxide (O2
•−), hydroxyl (•OH), and hydrogen peroxide 

(H2O2). Conversely, in type II PDT, the triplet state photosensitizer (T1) converts 

surrounding triplet oxygen (3O2) into cytotoxic singlet oxygen (1O2) through direct energy 

transfer. Thus, type II PDT is more effective in oxygen-rich environments, while type I 

PDT can operate in hypoxic conditions.80-83 

The mechanism of cell death induced by PDT-either apoptosis or necrosis-depends 

on the photosensitizer’s location in the cell and the quantity of singlet oxygen generated. 
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Several literature reports indicate that photosensitizers primarily localized in the 

mitochondria or endoplasmic reticulum are more likely to induce apoptosis. In contrast, 

those in the plasma membrane or lysosomes tend to promote necrosis. Additionally, PDT 

triggers acute local inflammation, which stimulates an immune response against cancer 

cells.79, 84-86 Type I PDT's ability to function under hypoxic conditions and type II PDT's 

effectiveness in well-oxygenated environments allow PDT to be versatile in various 

physiological conditions.87 The localization of the photosensitizer within cellular structures 

helps in determining the pathway of cell death and influences the overall therapeutic 

outcome.80 Moreover, the immune response elicited by the localized inflammation adds 

another layer of effectiveness to PDT as a cancer treatment strategy.79 

 

Figure 1.11. Schematic representation of type I and type II PDT. Figure adapted from 

reference 92. 

 

1.5.1. Generation of Singlet Oxygen  

Photosensitized generation is an efficient and controllable method for producing 

singlet oxygen ((1O2) and requires oxygen, light of a specific wavelength, and a 

photosensitizer (PS) that can absorb and utilize this energy to excite oxygen to its singlet 

state. The PS is crucial in photodynamic therapy (PDT) as it generates reactive oxygen 

species (ROS) upon irradiation with light of a selected wavelength. Typically, a PS is a 
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single, stable chemical compound with high purity. An ideal PS should exhibit high 

efficiency in ISC from the singlet to triplet state, very low toxicity in the absence of light 

(dark toxicity), minimal phototoxicity to normal tissues, and strong absorption at longer 

wavelengths.88 

The primary photophysical processes involved in reaching the triplet excited state 

(S0-S1-T1 or S0-S1-Tn-T1) are generally quantum mechanically forbidden. Achieving the 

triplet state in an organic compound requires a non-radiative transition from S1 to Tn or S1 

to T1, known as intersystem crossing (ISC).79 As previously mentioned, this transition 

involves changing spin states, and during ISC, both energy and total angular momentum 

(comprising orbital and spin components) must be conserved. The key interaction 

facilitating the coupling of two spin states and the conservation of total angular momentum 

is the spin-orbit coupling (SOC), where the electron spin couples with orbital angular 

momentum.89 

Several factors enhance ISC, including: 

 The heavy atom effect, where the presence of heavy atoms increases SOC. 

 Low-lying n-π* transitions that facilitate spin-state changes. 

 Exciton coupling, where interactions between excitons can promote ISC. 

 Intramolecular spin conversion, where spin states are converted within the 

molecule. 

These factors contribute to the efficiency and effectiveness of photosensitizers in 

producing singlet oxygen, making them essential for the success of PDT. 

The heavy atom effect plays a crucial role in enhancing spin-orbit coupling (SOC) 

and intersystem crossing (ISC). Atoms with high atomic numbers, such as iridium (Ir) and 
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platinum (Pt), create significant SOC due to their high positive nuclear charge (Z), which 

accelerates electrons to relativistic speeds and intensifies the coupling between their spin 

and orbital magnetic moments. This effect scales with Z^4 (where Z is the nuclear charge) 

and is observable in elements like ruthenium (Ru) and osmium (Os).90-93 In addition to the 

heavy atom effect, ISC can be enhanced by low-lying n-π transitions. Transitions between 

non-bonding and anti-bonding (n-π*) states have a small energy gap between singlet (S1) 

and triplet (T1) states, which facilitates ISC. El-Sayed’s selection rule supports this, as 

transitions from S1 (n, π*) to T1 (π-π*) are allowed due to their small energy gap and angular 

momentum conservation.90 Exciton coupling also contributes to ISC enhancement. When 

two identical chromophores are close together, their transition dipole moments interact, 

forming delocalized excited states from a single local singlet excitation. If these singlet 

states are near the energy of the triplet state, ISC is promoted.79 

1.5.2. Types of Photosensitizers 

Different classes of photosensitizers that can generate singlet oxygen include 

organic dyes and aromatic hydrocarbons, which absorb UV-vis light and are commonly 

used in biological applications. Porphyrins, phthalocyanines, and related tetrapyrroles are 

notable for their strong absorption in the visible spectrum and their ability to generate 

singlet oxygen.80 However, porphyrins and organic photosensitizers suffer from poor 

solubility and photostability (prone to degradation with prolonged light exposure). 

Additionally, they may have limited absorption range, reducing overall efficiency. To 

address this, transition metal complexes, particularly those containing heavy metals, were 

introduced for their strong ability to generate singlet oxygen.  
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1.5.3. Photosensitizers based on Transition Metal Complexes  

The limitations of organic, and porphyrin photosensitizers have prompted the 

investigation of transition metal-based photosensitizers. These inorganic complexes, 

particularly those incorporating heavy atoms, offer promising alternatives due to their 

enhanced photophysical properties. Transition metal complexes, such as those containing 

Pt(II), Ir(III), and Ru(II), can be designed to exhibit strong absorption in the visible region 

and produce effective triplet states for singlet oxygen generation.94, 95 Ir(III) complexes, in 

particular, have shown significant advantages over Ru (II) and Pt (II) complexes.95, 96 They 

exhibit high photostability, long lifetimes, high phosphorescence quantum yields, 

substantial Stokes shifts, and tunable emission colors.97 These properties make Ir(III) 

complexes effective in generating reactive oxygen species (ROS) under both normoxic and 

hypoxic conditions, which is beneficial for both imaging and therapeutic applications in 

cancer treatment. Consequently, Ir(III) complexes are increasingly recognized as 

promising candidates for photodynamic therapy (PDT), with ongoing research focusing on 

their potential for cancer diagnosis and therapy. Figure 1.12 illustrates common class of 

Ir(III) complexes used in PDT and imaging, demonstrating their versatility and 

effectiveness in medical research.79 

 

Figure 1.12. Structure of common iridium complexes used as photosensitizers for PDT. 
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1.5.4. Iridium Complexes as Effective Generators of Singlet Oxygen 

Recent advancements in the development of Ir(III) complexes for singlet oxygen 

generation have demonstrated promising potential in photodynamic therapy (PDT) and 

related applications (Figure 1.13).98 The rapid growth in the chemistry and application of 

cyclometalated Ir(III) complexes, as highlighted in reviews by You and Nam, underscores 

their significance in this area.99 Certain Ir(III) complexes have achieved remarkable singlet 

oxygen quantum yields (ΦΔ) approaching unity. Various Ir(III) complexes featuring two 

cyclometalated ligands and an ancillary diketonate (e.g., [Ir(C^N)₂(O^O)]) (complex 1) 

have been investigated for their capacity to generate singlet oxygen through both energy 

and electron transfer pathways.100 For instance, Murata's studies on Ir(III) complexes 

revealed a range of ΦΔ values, from 0.26 for [Ir(pip)₂(acac)] (where pip = 2-phenylimidazo-

4,5-f-1,10-phenanthroline) to 0.97 for [Ir(ppy)₂(bpy)] (where ppy = 2-phenylpyridine) 

(complexes 2 and 3). These variations in singlet oxygen generation efficiency are attributed 

to differences in the oxidation potential of the sensitizer and the triplet energy levels.101 In 

another study, Pope et al., explored the photooxidation properties of the first pyrene-based 

Ir(III) complex (complex 4). They reported both neutral cyclometalated [Ir(C^N)3] and 

heteroleptic cationic [Ir(C^N)2(N^N)]+ complexes, with the cationic species showing 

superior singlet oxygen photogeneration performance.102 Recent modifications to Ir(III) 

complexes have further enhanced their efficiency. For example, Maggioni and colleagues 

developed a polymer complex by incorporating bis(cyclometalated) Ir(ppy)2
+ fragments 

into phenanthroline pendants of a poly-(amidoamine) copolymer (complex 5).103 The 

corresponding molecular complex [Ir(ppy)2(bap)]+ was also synthesized for comparison 

(complex 6). In aqueous solutions, the polymer complex formed nano-aggregates that 

sensitized singlet oxygen generation, although it exhibited a lower quantum yield than the 

molecular complex. Photodynamic therapy examination indicated that both complexes 
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induced cell apoptosis upon light exposure, with the molecular complex 6 yielding higher 

apoptotic cell fractions. However, the polymer complex displayed lower levels of necrosis 

and reduced toxicity in the absence of irradiation. These findings suggest that conjugating 

iridium sensitizers to polymers may mitigate cellular damage, providing a promising 

approach for developing effective and safer PDT agents. 

 

Figure 1.13. Structure of various iridium complexes (1-6) reported for singlet oxygen 

generation. 

 

1.5.5. Applications of Iridium(III) Complexes in Biological Systems 

To effectively utilize the synthesized complex in biological systems, several 

requirements must be satisfied, and modifications to the ligand can significantly enhance 

its efficiency. Below, three primary criteria are discussed that are essential for optimizing 

the complex's performance in biological applications. 
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1.5.5.1 Cellular Uptake of Iridium(III) Complexes 

For effective intracellular photodynamic therapy (PDT) and imaging, it is essential 

that the reagent is taken up by cells efficiently and at a controlled rate. Cyclometalated 

Ir(III) polypyridine complexes show better cellular uptake than their chlorinated parts. This 

improved uptake is due to the enhanced lipophilicity resulting from the cyclometalation 

and polypyridine structures.104 Research by Velders et al., has highlighted the impact of 

different amino acid substituents on the uptake efficiency of a series of Ir(III) complexes. 

Among these, Ir(III) complexes conjugated with lysine generally show greater uptake 

compared to those with glycine or alanine. This variation is likely due to differences in 

lipophilicity, as evidenced by the range of lipophilicity values observed for complexes with 

aliphatic alkyl chains. Interestingly, while higher lipophilicity is often associated with 

increased cellular uptake, the most lipophilic complex in this series showed lower 

efficiency in cellular internalization due to its tendency to self-aggregate in aqueous 

solutions, hindering its cellular uptake.105, 106 The mechanism of cellular uptake for Ir(III) 

polypyridine complexes has been further explored through studies involving temperature 

variations and uptake inhibitors. For instance, the complex [Ir(ppy)2(bpy-(C4)2]
+, upon 

internalization into HeLa cells at 37 °C, forms a diffuse emissive background with 

cytoplasmic granules.107 The disappearance of these cytoplasmic foci at lower temperatures 

(4 °C) or in the presence of endocytic inhibitors suggests that the complex enters cells via 

both passive diffusion and endocytosis. The interaction of biological substrates with Ir(III) 

polypyridine complexes also affects their intracellular distribution and uptake 

mechanisms.108, 109 For example, indole-substituted complexes internalize through an 

energy-dependent process such as endocytosis. Further investigations by Mao et al., with 

bis-cyclometalated Ir(III) complexes revealed that cellular uptake can be reduced at lower 

temperatures and in the presence of metabolic inhibitors, though endocytosis inhibitors did 
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not impact uptake.110 This indicates that the complexes penetrate the cell membrane 

through an energy-dependent mechanism, bypassing endocytic pathways. These findings 

underscore the complexity of cellular uptake mechanisms and the influence of chemical 

modifications on the efficacy of Ir(III) complexes in PDT and imaging applications. 

1.5.5.2. Activatable Photosensitizers for Imaging and Therapy   

Photosensitizers are not limited to therapeutic applications like singlet oxygen 

generation; they also play a crucial role in imaging, especially in the near-infrared (NIR) 

spectrum. This capability makes them valuable for both therapy and diagnostic imaging, a 

concept known as theranostics.76, 111 Theranostics merges therapeutic and diagnostic 

functions to enhance drug efficacy and accurately target tumor sites. This dual functionality 

allows for the assessment of chemotherapy by visualizing tumor progression and provides 

real-time feedback on therapeutic outcomes. Additionally, fluorescence from 

photosensitizers can serve as a non-invasive optical biopsy tool, distinguishing between 

benign and malignant cells without the need for traditional histological methods. The 

fluorescence signal also helps monitor treatment success; a decrease in fluorescence 

indicates effective cell destruction, offering a dosimetric guide for adjusting therapy in real 

time.76 Photosensitizers with luminescent properties can reveal their localization and the 

extent of their uptake by diseased tissues. This characteristic is particularly useful for 

developing photosensitizers that become active only in the presence of specific target 

molecules, thereby minimizing non-specific phototoxicity. Ideally, activatable 

photosensitizers provide precise imaging by differentiating target cells from normal cells. 

Furthermore, photosensitizers can be conjugated with agents from other imaging 

modalities, such as radio-labeled or MRI contrast agent-conjugated photosensitizers, 

creating multifunctional probes that offer combined imaging and therapeutic 
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capabilities.112 Many of iridium(III) complexes, exhibit intense, long-lived, and 

environmentally sensitive emissions. This makes them excellent reporters for monitoring 

local biological events and intracellular dynamics. Techniques such as laser scanning 

confocal microscopy enable detailed tracking of these complexes within cells, while 

phosphorescence lifetime imaging (PLIM) leverages their long-lived phosphorescence for 

highly sensitive measurements.112 

1.5.5.3. Key Organelle-Targeting Strategies for Iridium Complexes 

Moving forward, metal complexes have been designed to target specific organelles 

within cells, enhancing therapeutic precision. Organelles like the cytomembrane, 

lysosome, mitochondrion, golgi apparatus, endoplasmic reticulum, and nucleus are crucial 

for cellular function, and their dysfunction can lead to diseases such as cancer, Parkinson’s, 

Alzheimer’s, and diabetes.113, 114 The clinical success of cisplatin has catalyzed the 

development of metal-based anticancer agents targeting organelles to improve therapeutic 

outcomes.115-119 Two primary strategies for targeting organelles involve attaching metal 

centers to organelle-specific moieties or adjusting the metal complex’s properties to meet 

organelle-targeting requirements.120, 121 Peptides and small molecules are common 

targeting moieties, though peptides can be degraded by enzymes, unlike more stable small 

molecules. Another approach is to modify the ligands of a metal complex to enhance its 

organelle targeting. For example, lysosome targeting, complexes may incorporate moieties 

like amines that become protonated in the acidic lysosomal environment, leading to 

accumulation within lysosomes.122, 123 Alternatively, hydrophilic cationic metal complexes 

can utilize the endocytic pathway to reach lysosomes. 
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1.5.6. Literature Review 

 

Figure 1.14. (a) Structure of lysosome targeting Ir(III) probe and corresponding real time 

tracking of two photon excited lysosomes in A549 cell line and (b) Structure of 

mitochondria targeting Ir(III) probes with the corresponding confocal images of probe 

colabelled with mitotracker red in HeLa cell lines. Figure adapted from 124 and 125. 

Recent advances include Ir(III) complexes developed by Mao et al., which 

specifically target lysosomes and induce autophagic responses in live cells (Figure 

1.14a).124 These complexes not only facilitate lysosome imaging but also enhance 

sensitivity through their two-photon absorption (TPA) properties, making them compatible 

with various staining methods and reducing background noise. Chao et al., reported a series 

of mitochondria targeting iridium complexes (Ir1-Ir5) for hypoxic tumors (Figure 

1.14b).125 The overall positive charge and lipophilic nature of iridium complexes help them 

a)

b)
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to get localized in the mitochondria of cells even without having any specific targeting 

group.80, 126 These complexes serve as effective theranostic agents, offering both imaging 

and therapeutic applications. 

Williams's group investigated two cyclometalated iridium(III) complexes, both 

featuring 2-pyridylbenzimidazole ligands.127 Complex 1 displayed green emission, 

whereas complex 2 exhibited emission at 590 nm (Figure 1.15). However, when incubated 

with CHO cells, their emissions became nearly identical due to a protonation equilibrium 

influenced by local pH, with complex 1 being dominant at pH 7.4 and complex 2 forming 

in the acidic environment of lysosomes. Both complexes showed low cytotoxicity, with 

IC50 values exceeding 200 µM. The positive charge of these iridium complexes makes them 

effective for staining mitochondria, as they have a strong affinity for the electrical potential 

of the mitochondrial membrane, which is an important consideration for mitochondrial 

staining techniques. 

 

Figure 1.15. (a) Structure of iridium complexes 1 and 2; (b) Emission profile of complexes 

1 and 2; (c) Bright filed and fluorescence images of complex 1 incubated CHO cells and 

(d) Fluorescence microscopy images of live CHO cells co-stained with complex 1 and 

Hoechst. Figure adapted from reference 127. 

a) b)

c)
d)
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Lo and his team developed a series of bioconjugate iridium(III) complexes (1a-4a 

and 1b to 4b) that incorporate D-glucose or D-galactose units linked by polyethylene 

glycol to enhance uptake in cancer cells (Figure 1.16).128 By modifying the π conjugation 

of cyclometalated ligands, they aimed to increase cellular uptake, taking advantage of the 

higher expression of glucose transporters (GLUTs) and hexokinases in cancer cells. The 

study revealed that complexes 1a and 1b exhibited slightly higher lipophilicity and cellular 

uptake in HeLa cell lines. These complexes get localized in mitochondria through an 

energy-dependent pathway. This innovative approach holds promise for developing 

targeted cancer therapies using sugar-modified iridium(III) complexes. 

 

Figure 1.16. (a) Structure of iridium complexes used for imaging; (b) Relative cellular 

uptake of iridium associated with in HeLa cell upon incubation with complexes 1a (orange) 

and 1b (green); (c) Laser-scanning confocal microscopy images of HeLa cells upon 

incubation with complex 1a and (d) Laser-scanning confocal microscopy images of HeLa 

cells upon incubation with MitoTracker Deep Red and complex 1a. Figures adapted from 

reference 128. 

a)

b)

c) d)
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Figure 1.17. (a) Structure of the iridium complexes (1-4); (b) Fluorescence turn-on of the 

complex under hypoxic condition in solution state; (c) Confocal images of adherent A549 

cells treated with probes under normoxic as well as hypoxic condition and (d) The 

quantification of the sub-cellular distribution of the complexes. Figure adapted from 

reference 129. 

Chao et al., reported several anthraquinone-based iridium(III) complexes (Ir1-Ir4) 

designed to enhance hypoxia detection through a two-photon absorption mechanism 

(Figure 1.17).129 These complexes feature an anthraquinone component that typically 

quenches iridium emission under normal conditions. However, in hypoxic environments, 

it transitions to an active hydroquinone state, producing a detectable light signal. When 

introduced into A549 cells, these complexes are reduced by NAD(P)H and cellular 

reductase enzymes, which significantly boosts their emission intensity under hypoxic 

conditions. Complexes Ir1-Ir4 exhibit varying sensitivities to oxygen levels, with complex 

a) b)

c) d)
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Ir1 responding at 5% oxygen and complexes 2-4 at 1% or lower. These probes, which 

localize in mitochondria, demonstrate minimal cytotoxicity, maintaining over 80% cell 

viability under both normoxic and hypoxic conditions after 12 hours at a concentration of 

10 µM. This study underscores their potential for cellular imaging and oxygen sensing. 

 

Figure 1.18. (a) Structure of iridium Cy-Ir-NBD and Cy-Ir-OH; (b) Change in absorption 

signals induced by iridium complex across different concentrations of Na2S; (c) 

Fluorescence change in iridium complex 1 across different concentrations of Na2S; (d) 

Apoptotic evaluation of PDT using the AO/PI dual staining assay in SK-BR-3 cells and 

normal MCF-10A cells and e) Depolarization of mitochondria membrane potential after 

PDT were confirmed using the JC-1 assay. Figure adapted from reference 130. 

a)

b) c)

d) e)
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In a separate study by Maiti et al., a novel iridium complex-based photosensitizer, 

designated as Cy-Ir-NBD, was developed for precise targeting in cancer therapy. This 

complex includes a component that responds to hydrogen sulfide (H2S) and a 

photosensitizer moiety (Cy-Ir-OH).130 Under normal conditions, the iridium complex 

remains inactive, keeping photodynamic therapy (PDT) in an "off" state. When it 

encounters H2S, which is abundant in certain cancer cells, the complex activates into a 

functional photosensitizer. The effectiveness of this treatment was confirmed using 

imaging techniques such as SERS and fluorescence (Figure 1.18). 

Yanli Zhao et al., developed two micelles, referred to as FIr 1 and FIr 2, that 

integrate chemotherapy and photodynamic therapy (PDT) to enhance cancer treatment. 

These micelles contain Ir(III) complexes linked to the chemotherapy drug camptothecin 

(CPT) via a glutathione (GSH)-responsive bond. The micelles are encapsulated with 

pluronic F127 and have folic acid on their surface for targeted delivery to cancer cells. 

When GSH levels are high in tumor cells, the micelles release CPT, while visible light 

activates them to produce singlet oxygen for PDT. The targeted micelles are more effective 

at killing cancer cells, especially in folate receptor-rich HeLa cells, compared to non-

targeted systems. This makes them a promising tool for cancer therapy and imaging 

(Figure 1.19).131 
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Figure 1.19. (a) Structure of the iridium complexes used; (b, c) CPT release plot of micelles 

(A) Fir1 and (B) Fir2 in the absence and presence of GSH and (d) Confocal microscopy 

images of HeLa and MCF-7 cells treated with complexes FIr1-FIr4. Figure adapted from 

reference 131.  

 

Zhao and colleagues developed an iridium based photosensitizer, complex Ir-1, 

featuring benzyl-appended pyridinium groups that facilitate photo-induced electron 

transfer (PeT), specifically designed to respond to glutathione (GSH), which is present in 

high concentrations in cancer cells (Figure 1.20). 132 Upon interacting with glutathione, 

the photosensitizers undergo nucleophilic substitution, leading to changes in their 

phosphorescence properties, including intensity, wavelength, and lifetime. This sensitivity 

to GSH allows for targeted imaging and enhanced photodynamic therapy (PDT) in cancer 

cells due to their high GSH levels. The effectiveness of this strategy was further 

demonstrated by developing a new derivative, Ir-2, which showed improved emission 

properties and higher singlet oxygen production by replacing the pyridinium group with a 

hydroxyl group. 

a) b)

c) d)
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Figure 1.20. (a) The structure of iridium complexes (Ir-1 and Ir-2) and mechanism of 

GSH activation; (b) Emission spectra of Ir-1 under different GSH concentrations; (c) 

Confocal microscopy images showing DCHF-DA assays of intracellular ROS generation 

of Ir-1 and (d) Confocal luminescent images and PLIM images of different types of cells 

incubated with the Ir-1. Figure adapted from reference 132. 

Gou et al., reported an iridium(III) complex (IrDAD)featuring a unique Donor–

Acceptor–Donor ligand that exhibits strong absorption in the near-infrared region and 

demonstrates efficient Intramolecular Charge Transfer (ICT) (Figure 1.21).133 Unlike 

GSH

H2O

Emission onEmission off

a)

b) c)

d)
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conventional aggregation-caused quenching (ACQ) dyes, this iridium complex generates 

Reactive Oxygen Species (ROS) predominantly when in an aggregated state. This unique 

characteristic, combined with its low radiative transition rate, enhances its capability to 

convert light energy into reactive oxygen species and heat, making it suitable for both 

photodynamic therapy (PDT) and photothermal therapy (PTT). Additionally, the iridium 

complex was transformed into nanoparticles conjugated with polyethylene glycol (PEG), 

which exhibited preferential accumulation in tumors and significant tumor regression in 

vivo, underscoring its potential for advanced cancer treatment. 

 

Figure 1.21. (a) The structure of the iridium complex IrDAD; (b) The time-dependent 

fluorescence spectra of ABDA irradiated in the presence of iridium complex; (c) Confocal 

fluorescence images of calcein AM /propidium iodide, co-stained A549 cells after 

treatment with iridium complex in the presence or absence of laser irradiation and (d) 

Thermal images of A549 tumor-bearing mice under laser irradiation for different times. 

Figure adapted from reference 133. 

 

 

 

Intramolecular 
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1.6. Organic Light Emitting Diode (OLED) 

Thomas A. Edison’s invention of the incandescent bulb in 1879 marked a 

significant advancement in lighting technology, utilizing a tungsten filament heated to 

produce light. Despite its revolutionary impact, the incandescent bulb is notably inefficient, 

converting only about 5% of electrical energy into visible light, with the remainder lost as 

heat.134 This inefficiency leads to high energy consumption and significant heat generation, 

presenting challenges in both cost and safety.135 The need for more energy-efficient 

lighting solutions became increasingly evident as global energy demands grew. In the 

1980s, fluorescent lamps emerged as a promising alternative. These lamps function by 

passing an electric current through mercury vapor, which emits ultraviolet light that excites 

a phosphor coating inside the lamp, resulting in visible light. Fluorescent lamps are much 

more efficient than incandescent bulbs, with typical energy efficiencies ranging from 60 to 

70 lumens per watt (lm/W).136 However, despite their improved efficiency, fluorescent 

lamps have drawbacks.137, 138 They produce a lower quality of light, often with a harsh or 

flickering effect, and contain mercury, a toxic element that raises environmental and health 

concerns. This combination of factors led to a decline in the popularity of fluorescent lamps 

as more advanced technologies became available. The development of light-emitting 

diodes (LEDs) represented another major leap in lighting technology. LEDs operate based 

on electroluminescence, where a semiconductor material emits light when an electric 

current passes through it. This technology offers significantly higher energy efficiency 

compared to both incandescent and fluorescent lamps. Modern LEDs can achieve 

efficiencies exceeding 100 lm/W, far surpassing the performance of earlier lighting 

technologies. Additionally, LEDs have the advantage of a longer lifespan, reduced heat 

output, and greater durability. They also provide superior color rendering and can be 

designed in various forms, including compact and flexible designs. This makes LEDs 
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suitable for a wide range of applications, from general lighting to specialized uses in 

electronics and displays. Light-emitting diodes (LEDs) have become a more eco-friendly 

and efficient alternative, surpassing fluorescent lamps with efficiencies exceeding 100 

lm/W.139  

A significant advancement was the development of organic light-emitting diodes 

(OLEDs), which use organic materials to emit light when electrically stimulated, offering 

advantages like flexibility and reduced weight compared to traditional LEDs.140-142 In 2019, 

Wei Li et al., introduced a highly flexible white OLED with a power efficiency of 126.6 

lm/W, maintaining 80% efficiency after 3000 bending cycles.143 OLEDs are now available 

commercially, offering high efficiency, longevity, and excellent color quality, although 

their production cost remains high, around $250-300 per square meter.144 To reduce costs, 

researchers are exploring novel materials and solution-processing techniques for 

manufacturing.145 

1.6.1 General Structures and Working Principles 

OLEDs can be classified into single-layer or multilayer designs based on their 

architecture. A single-layer OLED features an organic emissive material, either as a pure 

emitter or doped into a host material, situated between two electrodes: a metal cathode with 

a low work function (like Al, Ca, Ba, or Mg) and a transparent anode (such as indium tin 

oxide) on a substrate like plastic or glass.146, 147 When a voltage is applied across the 

electrodes, holes from the anode and electrons from the cathode are injected into the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of 

the emissive layer, respectively. This results in the migration of these charges through the 

emissive layer, where they recombine to form excitons (Figure 1.22).148, 149 These excitons 

can be either singlet or triplet states, with a 1:3 ratio of singlet to triplet excitons according 
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to spin statistics.150 The excitons then return to their ground state through either light 

emission (electroluminescence) or non-radiative processes that produce heat. The color of 

the emitted light is determined by the energy gap between the HOMO and LUMO of the 

emissive material.150 

 

Figure 1.22. Schematic illustration of the working principle of OLED. 

For efficient electroluminescence, recombination of charges should occur in the 

center of the emissive layer. Achieving this requires balanced and high charge mobility. If 

charge mobility is unequal, recombination may happen near the electrodes, causing exciton 

quenching and reduced efficiency. Although single-layer OLEDs generally struggle with 

efficiency, a notable exception is a recent study from the Max Planck Institute for Polymer 

Research, which developed a single-layer OLED with a high power efficiency of 82 lm/W 

at 1000 Cd/m2.151 Given the challenges in balancing charge injection and mobility, 

multilayer OLEDs were introduced to improve upon the limitations of single-layer devices. 

1.6.2 Device Architecture and Fabrication 

Since their inception, small-molecule organic light-emitting diodes (SMOLEDs) 

have evolved from simple monolayer designs to complex multilayer structures, often 

comprising 7 to 9 layers.152 Each layer serves a specific role: the hole-injecting layer (HIL), 
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hole transport layer (HTL), hole-blocking layer (HBL), and electron transport layer (ETL) 

(Figure 1.23).153 Tang and his team were pioneers in demonstrating that adding an HTL 

could significantly enhance the performance of monolayer devices.140 To further boost 

efficiency, additional buffer layers, such as ETLs and HBLs, were introduced between the 

anode and HTL, and an interlayer between the cathode and ETL was also implemented.153-

157 However, increasing the number of layers often results in higher driving voltages for 

OLEDs and shorter device lifetimes due to higher driving currents. To address this, 

chemical doping was introduced. For example, Huang et al., reported a device featuring an 

emission layer sandwiched between p-type doped HTL and n-type doped ETL, which 

showed high brightness and efficiency at very low operating voltages.158 More recent 

advancements include tandem OLED architectures, which consist of multiple emission 

layers stacked vertically and connected by interconnector layers (ILs). These 

interconnector layers are essential for device performance as they facilitate charge 

generation and ensure smooth current flow between units.159-161 When a voltage is applied, 

electrons and holes are generated from the interconnector layer and injected into the 

neighboring ETL and HTL, respectively, where they recombine and emit light. Typical ILs 

include electrically doped organic semiconductors, ultrathin metal layers, transparent 

conductive oxides, or transition metal oxides.162, 163 

 

Figure 1.23. General structures of a) single layer OLED and b) multilayer OLED. 
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A significant advantage of tandem OLED is the ability to achieve the same 

brightness as single devices while operating at half the current density, leading to improved 

stability and prolonged lifespan. This design also reduces color shifts compared to 

conventional single-unit devices. OLEDs can be fabricated using two main methods: (i) 

thermal evaporation in a high vacuum, which provides high efficiency and precise control 

over deposition and layer thickness but is costly due to significant organic material waste 

(70-80%), and (ii) solution-processing techniques, which are more cost-effective and 

suitable for large-scale manufacturing but face challenges such as solubility issues, layer 

damage during coating, and defects affecting device efficiency.164-167 

1.6.3. Device Lifetime 

A key challenge for OLED technology is ensuring device stability and longevity, 

particularly due to the uneven aging of primary colors, where the efficiency of different 

colored pixels degrades at different rates. The lifetime of an OLED can be categorized into 

two types: shelf life and operational lifetime.168 Shelf life refers to the duration an OLED 

can be stored before performance deteriorates, while operational lifetime (T50) is the time 

it takes for the device to reach half its original brightness.169 Although standardized 

measurement methods are still lacking, a typical benchmark for display applications is a 

lifespan exceeding 20,000 hours with a minimum brightness of 100 cd/m².170 OLED 

performance and durability are influenced by both intrinsic and extrinsic factors. Intrinsic 

factors include low thermal stability, instability of the host materials, flawed device design, 

and diffusion of electrode metals. Extrinsic factors encompass environmental elements like 

atmospheric oxygen and moisture. Degradation in OLEDs typically leads to reduced 

luminance over time. In small-molecule OLEDs (SMOLEDs), three primary degradation 

mechanisms have been identified: (i) dark-spot degradation, (ii) catastrophic failure, and 
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(iii) intrinsic degradation.171 Dark-spot degradation is associated with electrode issues and 

results in non-emissive regions, diminishing device luminance.172, 173 Catastrophic failure 

involves defects in the organic layers that can cause electrical shorts and reduced currents. 

Intrinsic degradation manifests as a gradual decrease in brightness during operation without 

visible changes in the device's appearance. While the first two types of degradation can be 

managed by optimizing fabrication processes and encapsulation, intrinsic degradation 

remains a significant challenge.174 Researchers are actively working on developing new 

materials and improved encapsulation and fabrication methods to address these issues. 

1.6.4. Device Efficiency 

In evaluating OLED technology, key metrics of efficiency include: (i) quantum 

efficiency (QE), (ii) current efficiency (CE/ηL), and (iii) luminous efficiency (ηP) or power 

efficiency (PE). Quantum Efficiency encompasses two main parameters: external quantum 

efficiency (EQE) and internal quantum efficiency (IQE). EQE represents the ratio of 

emitted photons to injected charges and is calculated as per Equation (3).175  

ηext = ηr χ ϕ ηext =
ηint

ηout
             Equation (3) 

where, ηr is the probability of recombination of holes and electrons into excitons. For triplet 

emitters, this combination can approach 100%, as singlet excited states (25%) can convert 

to the lowest triplet state via intersystem crossing (ISC), making the probability close to 1 

when charge balance is maintained. Φ is the photoluminescence quantum yield (PLQY), 

which can be nearly 100% in well-chosen doped systems.176 χ represents the likelihood of 

radiative decay, while ηout is the light out-coupling efficiency (OCE), which indicates the 

fraction of photons escaping the device. IQE and operational voltage depend on the 

materials and device design, whereas OCE is affected by total internal reflection (TIR). 
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Typically, OCE is less than 20%, as estimated by ηout = 1/ (2n²), where n is the 

refractive index of the emitting material.177, 178 According to classical ray optics, about 70% 

of photons are trapped inside the OLED, with 50-60% remaining within the device due to 

variations in refractive indices of the organic materials, and 20-30% lost to TIR at the glass-

air interface.179 Consequently, experimentally determined EQE values have generally been 

limited to under 30% without additional out-coupling components. Efforts to enhance EQE 

include the integration of microcavities, the use of specially shaped substrates, index-

matching mediums, and controlling molecular dipole orientations in the layers.180-186 

Current efficiency (ηL) is defined as the ratio of luminance (L) to the current density 

(J) applied to the OLED. Luminous efficiency (ηP) is the ratio of optical output to electrical 

input, calculated as per Equation (4):  

ηp =
Lπ

fV
=

ηLπ

V
             Equation (4) 

where, V represents the operating voltage. Therefore, high luminous efficiency in devices 

requires, achieving a high quantum efficiency (or current efficiency) with a low operating 

voltage. The efficiency of ηL and ηP is influenced by the eye’s photopic response, which 

peaks in the green spectrum. Consequently, even with equivalent quantum efficiency and 

voltage, current efficiency or luminous efficiency tends to be lower in the blue and red 

regions of the spectrum compared to green. 

1.6.5. Phosphorescent Materials as Emitting Layer for OLED Application 

The initial generation of OLEDs utilized fluorescent materials with singlet emitters, 

where the internal quantum efficiency (IQE) is limited to 25% due to spin statistics. In 

contrast, phosphorescent OLEDs (PHOLEDs) can achieve a theoretical IQE of 100% by 

harnessing both singlet 25% excitons and 75% triplet excitons.187 However, the 
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phosphorescent nature of these materials involves long-lived triplet states with extended 

lifetimes, typically in the microsecond range. This can lead to triplet-triplet annihilation 

(TTA) and cause excitons to diffuse over long distances (greater than 100 nm), which 

increases the chance of exciton quenching in neighboring layers.186 To mitigate these 

issues, it is beneficial to dilute phosphorescent emitters in host matrices. 

In PHOLEDs, the operation involves injecting holes and electrons into the doped 

emission layer (EML). The emission from the dopant in these host-guest systems can occur 

via one of three mechanisms: “(i) the singlet exciton is transferred to the phosphor via 

Förster or Dexter energy transfer (ET), converted to triplet excitons through ISC, and then 

emitted as phosphorescence; (ii) triplet excitons generated in the host are transferred to the 

phosphor via Dexter ET and then radiatively decay; or (iii) electrons and holes recombine 

on the phosphorescent guest molecules, generating triplet excitons that relax to the ground 

state through charge trapping in the phosphors, resulting in phosphorescence (Figure 

1.24).188” Förster ET is a rapid process (10-12 s) effective over long distances (up to 10 nm) 

requiring significant overlap between the host’s emission and the dopant’s absorption 

spectra. Dexter ET, on the other hand, involves electron exchange interactions that require 

orbital overlap and operate over shorter distances (1.5 nm - 2.0 nm). This process also 

requires energy matching between the excitons on the host and the dopant. Dexter ET 

typically dominates in PHOLEDs.188 
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Figure 1.24. (a) Schematic representation of Forster energy transfer; (b) Schematic 

representation of Dexter energy transfer; (c) Energy transfer in host-dopant systems and 

(d) Charge trapping for dopant emission in host-dopant system. Figure adapted from 

reference 52. 

 

The phosphorescent emitter plays a critical role in PHOLEDs, impacting emission 

energy and electroluminescence (EL) performance. Ideal phosphorescent emitters should 

have short phosphorescence lifetimes to minimize TTA, high phosphorescence quantum 

yields for efficient light emission, reversible redox properties for stability during charge 

injection, and good stability overall to enhance device lifespan. The color and purity of 

emission from phosphorescent emitters are also crucial. The emission color is governed by 

the triplet state energy of the emitter, whereas the purity of the color is affected by the 

morphology of the film. Film aggregation and phase separation can reduce color purity and 

may lead to unintended emission colors.189 
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1.6.6. Iridium(III) Complexes for OLED Application 

Iridium(III) complexes have garnered significant interest as phosphorescent 

emitters due to several advantageous properties: their robust chemical and thermal stability, 

potential for nearly 100% photoluminescence quantum yield (PLQY), relatively short 

triplet lifetimes, and color tunability. A large library of iridium complexes has been 

reported as an emitting layer for OLED over the years. Initially, the green-emitting 

homoleptic complex fac-tris(2-phenylpyridine)iridium(III) [Ir(ppy)3] (complex 1), 

developed by M. E. Thompson and his team, has been extensively studied for its excellent 

electroluminescent properties (Figure 1.25).5 It exhibited a solution PLQY of 40 ±4%, and 

a photoluminescence lifetime of approximately 1 μs for Ir(ppy)3, when doped into 4,4’-

N,N’-dicarbazole-biphenyl (CBP). Further, it showed an external quantum efficiency 

(EQE) of 8.0% and a power efficiency of 31 lm/W. Subsequent studies revealed that the 

PLQY of Ir(ppy)3 could reach about 100%, suggesting that earlier measurements might 

have been conducted on a non-deoxygenated solution.190 

Following Thompson's work, Adachi et al., introduced a green-emitting 

heteroleptic complex, bis(2-phenylpyridine)iridium(III) acetylacetonate Ir(ppy)2(acac) 

(complex 2) (Figure 1.25).191 This complex, when doped into NTAZ [3-phenyl-4-(1’-

naphthyl)-5-phenyl-1,2,4-triazole], achieved an EQE of approximately 15% and a 

luminous efficiency of around 40 lm/W due to the increased outcoupling efficiency from 

the perpendicular dipole orientation of the anisotropic emissive chromophore. Further 

optimization in a bipolar host, m-CF-PhCz [7-(3-(9H-carbazole-9-yl)phenyl)-9,9-

dimethyl-9H-fluorene-2-carbonitrile], enhanced the EQE to 20%, attributed to improved 

charge balance.192 J.J. Kim and colleagues demonstrated a high-efficiency OLED using 

Ir(ppy)2(acac) (complex 2) in an exciplex-forming co-host system of TCTA [4,4′,4″‐tri(N-
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carbazolyl)triphenylamine] and B3PYMPM [4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-

methylpyrimidine], achieving an EQE of 29.1%. This device exhibited minimal efficiency 

roll-off with increasing current density, indicating excellent electron-hole balance.193 

 

Figure 1.25. Examples of cyclometalated iridium(III) complexes. 

The emission wavelength of iridium(III) complexes can be tuned by modifying the 

cyclometalating ligands, which affects the HOMO and LUMO energy gaps. In these 

complexes, the LUMO is generally located on the π orbitals of the ligand, while the HOMO 

comprises both ligand π orbitals and Ir-d orbitals. For example, the emission maxima of 

Ir(ppy)2(acac) (complex 2), bis(1-phenylisoquinoline)iridium(III) acetylacetonate 

Ir(piq)2(acac) (complex 3), and bis(1-(2’-naphthyl)isoquinolinato)iridium(III) 

acetylacetonate Ir(niq)2(acac) (complex 4) were found to be 520 nm, 622 nm, and 664 nm, 

respectively (Figure 1.25).194, 195 Extending the conjugation of the C^N ligand by adding 

an extra phenyl ring reduces the HOMO-LUMO energy gap, resulting in a redshift of 

emission.65, 196 
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Initially, achieving high efficiency in red phosphorescent emitters was challenging, 

but recent advancements have improved performance. For instance, the heteroleptic red 

phosphorescent emitter bis (4-methyl-2-(3,5-dimethylphenyl)quinoline)) Ir(III) 

(tetramethylheptadionate) Ir(mphmq)2(tmd) (complex 5) (Figure 1.25) has demonstrated 

an EQE of 34.1% with an exciplex-forming co-host system, and a device lifetime (LT90) 

of 2249 hours at a brightness of 1000 cd/m².197 

Modifying ligands to introduce electron-withdrawing groups can shift emission 

colors. For example, in FIr(acac) (complex 6), the introduction of two fluorine atoms into 

the ortho-position of the metalated phenyl ring resulted in a 38 nm blue-shift compared to 

the non-fluorinated Ir(ppy)2(acac) (Figure 1.25).198 Replacing the acetylacetonate ligand 

with pinacolate in FIr(pic) (complex 6) achieved an additional 20 nm blue shift, and 

blending FIr(pic) with a bipolar host, 26DCzPPy [2,6-bis(3-(carbazol-9-

yl)phenyl)pyridine], improved the EQE to 24% (Figure 1.25). J.J. Kim and his team 

developed an exciplex-forming co-host system using mCP [N,N′‐dicarbazolyl‐3,5‐

benzene] and B3PYMPM with FIr(pic), resulting in an efficient OLED with a maximum 

EQE of approximately 30% and a current efficiency of 62.2 cd/A.193 

Hou et al., synthesized the Ir(III) complex Ir(ppy)₂(dipba), (with N,N’-diisopropyl 

benzamidinate(dipba) ligand) which exhibited bright yellow emission with a peak at 543 

nm (Figure 1.26).199 The corresponding non-doped PHOLED using this complex achieved 

excellent performance with a low turn-on voltage of 2.4 V and a power efficiency (PE) of 

32.5 lm/W, which remained high at different brightness levels. The superior performance 

was attributed to the effective charge carrier balance and triplet exciton confinement within 

the emitting layer. Similarly, Liu et al., replaced the dipba ligand with N,N'-diisopropyl-

diisopropylguanidinate (dipig) to create a new iridium complex Ir(ppy)₂(dipig), which 
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emitted at 558 nm with a phosphorescent quantum yield of 43% (Figure 1.26).200 The 

device incorporating this complex achieved a low turn-on voltage of 2.2 V, a maximum 

luminance of 96,500 cd/m², and efficiencies over 70 lm/W for PE and 18% for EQE, 

benefiting from the complex's balanced charge transport capabilities. 

 

Figure 1.26. (a) Structure of iridium complex Ir(ppy)₂(dipba) and the power efficiency –

current density curves of device doped with Ir(ppy)₂(dipba) and (b)Structure of iridium 

complex Ir(ppy)₂(dipig) and the external quantum efficiency –luminance curve of device 

doped with Ir(ppy)₂(dipig). Figure adapted from references 199 and 200. 

 

J. J Kim developed deep-blue emitting Iridium(III) complexes (Ir1, Ir2 and Ir3) 

with horizontally oriented emitting dipoles by modifying the ancillary ligand.201 The main 

ligand used is 2′,6′-difluoro-4-(trimethylsilyl)-2,3′-bipyridine (dfpysipy), which 

contributes to the increased bandgap and results in deep-blue emission due to the 

incorporation of a trimethylsilyl group at the pyridine and nitrogen at the difluoropyrido 

group. By adding a methyl group (mpic) to a picolinate (pic) ancillary ligand or substituting 

the acetate structure of pic with a perfluoromethyl-triazole (fptz) structure, the horizontal 

a)

b)
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component of the emitting dipoles is enhanced, in the order of mpic (86%) > fptz (77%) > 

pic (74%). The OLED featuring the Ir complex with the mpic ancillary ligand demonstrated 

the highest external quantum efficiency of 31.9% among reported blue OLEDs (Figure 

1.27). 

 

Figure 1.27. (a) Chemical structures of the iridium complexes (Ir1, Ir2 and Ir3); (b) 

Optimized device structure of deep-blue OLEDs; (c) Current–Voltage–Luminance plot of 

iridium complex doped OLEDs and (d) EQE of the OLEDs as a function of current density. 

Figure adapted from reference 201. 

 

1.7. Dinuclear Iridium based Phosphorescent Emitters 

The development of mononuclear iridium complexes has been exhaustive, but the 

exploration of dinuclear Ir(III) systems is relatively limited. Dinuclear iridium complexes 

are characterized by their relatively large molecular weights, which prevent them from 

being thermally evaporated to form thin films, necessitating solution processing instead.202 

The majority of research into luminescent Ir(III) complexes has concentrated on vacuum-

processed OLEDs, which explains why dinuclear systems have garnered less attention than 

their monoiridium counterparts. Additionally, the synthesis of dinuclear iridium complexes 

a)

b) c) d)
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is often complicated by the presence of diastereomers, making the synthetic protocols more 

challenging. Moreover, dinuclear complexes, which incorporate various bridging ligands, 

typically exhibit photoluminescence quantum yields (PLQYs) that are lower than those of 

their mononuclear analogs. This has contributed to the prevailing view that dinuclear 

iridium complexes are inferior emitters, regardless of the intended application.203-215 

Therefore, while mononuclear iridium complexes have been rigorously developed, the 

fundamental chemistry and practical applications of dinuclear iridium complexes remain 

underexplored. 

Recent careful molecular design has demonstrated that poor photophysical 

properties are not an intrinsic limitation of dinuclear complexes. For example, in the solid 

state, highly efficient emission, with aggregation-induced emission and mechanochromic 

luminescence properties, can be acheived in a dinuclear iridium system via selection of a 

flexible Schiff base bridging ligand.216-232 Further, single-molecule white-light emission 

has been achieved in a dinuclear iridium polymer by using two distinct Ir(III) cores with a 

bulky conjugated bridging ligand. Williams, Kozhevnikov, and their colleagues have 

reported a series of dinuclear iridium complexes with nearly 100% photoluminescence 

quantum yields (PLQYs) in solution, while Zhou and his team have documented solution-

processed phosphorescent organic light-emitting devices (OLEDs) with external quantum 

efficiencies (EQEs) exceeding 10% for dinuclear iridium(III) emitters.218, 225, 226, 232, 233 The 

inclusion of a bridging ligand and an additional Ir center introduces unique design 

possibilities for diiridium complexes, distinguishing them from mono iridium systems. 

This design approach offers several potential benefits: (i) the ability to explore new 

structural chemistry by adjusting the bridge flexibility to control aggregation-induced 

phosphorescent emission (AIPE); (ii) the introduction of intramolecular π–π interactions; 

(iii) enhanced spin-orbit coupling from multiple metal centers, potentially increasing the 
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radiative rate constant (kr); (iv) an increased chelate effect from the bridging ligand, which 

could improve complex stability, although this has yet to be demonstrated; (v) improved 

access to efficient red emitters due to highly conjugated bridging units and (vi) the 

possibility of dual emission arising from the lowest energy excited states of mixed 

character.216, 217, 232, 234-237 Thus, advancing the development of novel dinuclear iridium 

complexes is of considerable importance. 

1.7.1. NΛN- type bridged Iridium(III) Complexes 

De Cola et al., introduced two cationic dinuclear iridium(III) complexes, complex 

1 and 2 which employ 2,2’-bipyridine chelates linked by oligo-p-phenylene units (Figure 

1.28).238 These complexes were synthesized through on-complex Suzuki dimerization of 

brominated monoiridium precursors. Complex 2, which features the longer linker, 

achieved the highest solution photoluminescence quantum yield (PLQY) of 17.5% in 

acetonitrile. The bridging units' extensive conjugation results in the excited state being 

predominantly localized on the bridge. OLEDs were tested using a straightforward 

configuration: ITO/PEDOT (100 nm)/PVK: Ir complex (70 nm)/Ba (5 nm)/Al (100 nm) 

with dopant concentrations of 5 wt% and 30 wt%. However, the devices demonstrated low 

efficiencies, with the maximum EQE and current CE values of 0.1% and 0.23 cdA⁻¹, 

respectively. 
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Figure 1.28. Dinuclear iridium complexes with a NΛN-type bridging ligands. 

In 2010, complexes 3 and 4 (Figure 1.28) featuring oligo(phenyleneethynylene) 

and ethylene bridging units were introduced by Henk et al.239 These complexes exhibited 

photoluminescence quantum yields (PLQYs) of 0.9% and 0.7%, respectively, which are 

notably low compared to their mononuclear counterparts, which had PLQYs of 14% and 

18%. Simple two-layer light-emitting electrochemical cells (LECs) were constructed with 

the following structure: ITO/PEDOT (100 nm)/complex 3 or 4/ionic liquid (IL) with a 1:1 

molar ratio (80 nm)/Al. The peak external quantum efficiencies (EQEs) for LECs with 

complexes 3 and 4 were 0.16% and 0.13%, respectively. Although these efficiencies are 
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quite low, the results suggest that self-quenching in the devices was minimized. In 2011, 

Mayer et al., presented an unusual dinuclear iridium complex 5 that was non-emissive in 

solution but exhibited strong red emission in a neat film, achieving a PLQY of 37%.240 An 

additional notable feature of this complex was its short lifetime of 48 ns. OLEDs were 

fabricated using a simple configuration: ITO/PEDOT (40 nm)/PVK (20 nm)/Ir complex/Ca 

(300 nm)/Al (60 nm). However, the device performance was poor, likely due to self-

quenching or energy/electron transfer to the conjugated bridging ligands. 

1.7.2. NΛO- type bridged Iridium(III) Complexes 

In 2014, Monkman et al., introduced cyclometalated dinuclear iridium(III) 

complexes bridged by diarylhydrazide ligands, referred to as complex 6 (Figure 1.29).226 

These complexes achieved a photoluminescence quantum yield (PLQY) of 38%. OLEDs 

were fabricated with the following structure: ITO/PEDOT (50 nm)/ [PVK (40%) complex 

6 (5%)] (90 nm)/Ba (4 nm)/Al (100 nm). The best-performing device used complex 6 and 

exhibited peak CE, PE, and EQE values of 37 cdA⁻¹, 14 lmW⁻¹, and 11%, respectively. 

The same research group also explored the impact of substituents on the bridging and 

cyclometalating ligands, leading to the design and synthesis of iridium complexes 7 and 8 

(Figure 1.29).219 These complexes showed minimal emission in solution due to non-

radiative quenching associated with the mobility of the bridging units. However, when 

incorporated into a poly(methyl methacrylate) (PMMA) host, they became highly emissive 

with PLQYs ranging from 42% to 68%. In 2017, Bryce et al., demonstrated two additional 

dinuclear iridium complexes, 9 and 10 (Figure 1.29).241 In a 2-MeTHF (2-

Methyltetrahydrofuran) solution, these complexes displayed strong green emission with 

PLQYs of 73% and 63%, and peak emission wavelengths of 529 nm and 522 nm, 

respectively. OLEDs with the configuration ITO/PEDOT (45 nm)/PVK (40%) Ir complex 
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(5%) (70 nm)/TPBi (30 nm)/LiF/Al exhibited bright green electroluminescence with 

luminance levels exceeding 25,000 cd m⁻². 

 

Figure 1.29. Dinuclear Iridium complexes with a NΛO-type bridging ligands. 

In 2016, Zhu and colleagues reported iridium based complex 11 (Figure 1.29) as 

a phosphorescent dopant for white organic light-emitting devices (WOLEDs).242-244 The 

solution-processed device featuring complex 11 emitted near-white light with a CIE color 

coordinate of (0.29, 0.33). The blue emission was attributed to the 4,4’-di(pyren-1-

yl)triphenylamine (DPy(TPA)) group on the bridge, while the remaining emission 

originated from the rest of the complex. Despite the relatively low device performance, 

with a maximum luminance of 961 cdm⁻² and a maximum CE of 0.24 cdA-¹, and the non-

conjugated nature of the bridging ligand to the Ir centers, this study demonstrates the 

potential for designing dinuclear iridium systems with dual emission capabilities. 

In 2017, Yu Liu and team introduced dinuclear iridium complex 12 (Figure 1.29), 

successfully developing a novel near-infrared (NIR) emitting complex.245 They also 

designed a mono iridium based complex that achieved an EQE of 1.29% at a low current 
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density of 3.5 mAcm⁻². In comparison, complex 12 exhibited a lower EQE of 0.41%, but 

it showed negligible efficiency roll-off at higher current densities. This work highlighted 

how a bulky ancillary ligand can effectively prevent molecular aggregation, thereby 

enhancing device performance. 

1.7.3. CΛN- type bridged Iridium(III) Complexes 

In 2014, Williams, Kozhevnikov, and colleagues introduced complexes 13-16 

(Figure 1.30), which features a cyclometalated bis-tridentate bridge. In a dichloromethane 

(DCM) solution, this complex showed red emission of 622 nm, a photoluminescence 

quantum yield (PLQY) of 65%, and excited state lifetimes of τ = 730 ns.232 Studies 

comparing a mononuclear analog suggest that the shorter lifetimes are due to the second 

iridium center. This likely enhances spin-orbit coupling, either because of a stronger heavy 

atom effect or a reduction in exchange energies, as observed experimentally. 

 

Figure 1.30. Dinuclear iridium complexes with a CΛN-type bridging ligands. 
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In 2016, Kozhevnikov and colleagues reported a series of non-stereogenic diiridium 

complexes, which exhibited photoluminescence quantum yields (PLQYs) close to unity 

and very short phosphorescence lifetimes (τ = 360 ns – 590 ns). 218 These complexes 

exhibited the highest photophysical performance recorded so far for diiridium complexes 

in their respective color range. In the same year, Zhou, Wong, and their team introduced a 

dinuclear iridium(III) complex, designated as complex 17, which showed bright 

phosphorescence with a red shift compared to its mononuclear counterpart (Figure 

1.30).225 OLEDs were constructed with the following structure: ITO/PEDOT (45 nm)/(3.0, 

5.0, and 7.0 wt%) complex 17 (30 nm)/TPBi (45 nm)/LiF (1:100 nm). The device using 

complex 17 at 5 wt% achieved an external quantum efficiency (EQE) of 14.4%, a current 

efficiency (CE) of 27.2 cdA⁻¹, and a power efficiency (PE) of 19.5 lmW⁻¹, which are among 

the highest efficiencies reported for dinuclear iridium(III) complex OLEDs. In 2019, 

Zhaoxin Wu and colleagues introduced a novel neutral iridium complex complex 18, 

which exhibited a PLQY of 78% and a lifetime of 0.24 µs (Figure 1.30).246 The OLEDs 

based on this complex were fabricated with the configuration: ITO/PEDOT (45 nm)/4 wt% 

iridium complex (30 nm)/TPBI (45 nm)/LiF (1 nm)/Al (100 nm). The relatively low 

solubility of complex 18 led to a low doping concentration, resulting in insufficient energy 

transfer, particularly at high current densities, and causing significant efficiency roll-off. 

Nevertheless, the device with complex 18 demonstrated deep-red emission with CIE 

coordinates of approximately (0.69, 0.30), which closely matches the NTSC-recommended 

standard red CIE coordinates of (0.67, 0.33). This indicates the potential of using such 

dinuclear Ir(III) complex frameworks for developing deep-red emitters. The device based 

on complex 18 achieved a peak EQE of 18%, showing promise for future research with 

these types of complexes. 
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1.8. Objectives and Methodologies for the Present Investigation 

Continuous efforts are being made to enrich the iridium complexes by exploring 

new molecular design and improving their properties such as photoluminescence quantum 

yield, excited state lifetime, colour purity and stability. Even though a wide range of 

mononuclear iridium complexes were reported for various applications, the properties of 

di/multi-nuclear iridium complexes remain less explored. The synthetic difficulties of 

dinuclear iridium complexes may be a reason for them being initially overlooked. 

However, studies on di/multi-nuclear iridium complexes used in optoelectronic 

applications have since highlighted their advantages over monomers. In this context, 

development of iridium complexes with multiple metal centres pose an enormous 

opportunity. Typically, multiple metal centres are expected to enhance spin-orbit coupling 

(SOC) in di/multi-nuclear iridium complexes, resulting in enhanced luminescence quantum 

yields and ROS generation. The inclusion of an extra Ir(III) metal centre can promote 

effective intersystem crossing (ISC) and result in a high population of the triplet excited 

states. Furthermore, the right selection of cyclometalating and bridging ligands aid the 

iridium based dinuclear derivatives to outperform the respective monomer systems. The 

main objectives of the current thesis include the design and development of new 

phosphorescent di-nuclear iridium complexes, investigation of their photophysical 

properties and demonstration of their potential use in PDT and optoelectronic applications. 
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CHAPTER 2 

 Exploring a Mitochondria Targeting, Dinuclear 

Cyclometalated Iridium (III) Complex for Image-Guided 

Photodynamic Therapy in Triple-negative Breast Cancer 

Cells  

 
 

2.1. Abstract 

Photodynamic therapy (PDT) has gained recognition as a highly effective, non-

invasive cancer treatment that uses laser-activated photosensitizers to selectively target and 

destroy cancer cells. Among the latest developments in this field, iridium-based 

photosensitizers stand out due to their dual functionality as both imaging probes and PDT 

agents, offering precision in diagnosis and treatment. Despite this potential, most 

iridium(III) photosensitizers developed to date are mononuclear, with only a few dinuclear 

variants explored. Fully harnessing the capabilities of dinuclear iridium systems for PDT 

remains a significant challenge. Herein, we introduce a novel dinuclear Ir(III) complex, 

IR-DI, alongside its mononuclear counterpart, IR-MO, both containing 2-(2,4-

r = 0.90 

Mitochondria 

localization
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difluorophenyl)pyridine and 4’-methyl-2,2’-bipyridine ligands. Comparative studies 

between the two complexes reveal that, while their absorption profiles are similar, the 

dinuclear IR-DI exhibits a notably higher photoluminescence quantum yield (Φp = 0.70) 

compared to the mononuclear IR-MO (Φp = 0.47). Furthermore, IR-DI shows a 

significantly improved singlet oxygen generation quantum yield (Φs = 0.49) over IR-MO 

(Φs = 0.28), suggesting that the dinuclear complex holds greater promise for image-guided 

PDT applications. In vitro experiments demonstrate that IR-DI is efficiently absorbed by 

cells and induces substantial photocytotoxicity in the triple-negative breast cancer cell line 

MDA-MB-231. Notably, the dinuclear structure’s dual positive charge allows for natural 

mitochondrial targeting without the need for additional targeting groups. Mitochondrial 

singlet oxygen generation was verified using the singlet oxygen imaging probe Si-DMA, 

and ROS-mediated PDT-induced cell apoptosis was confirmed through live-dead assays 

performed with and without the singlet oxygen scavenger NaN3. The underlying cell death 

mechanism was further explored using Annexin V-FITC/PI flow cytometry, along with 

Cytochrome C release assays via western blotting. This study demonstrates that the design 

of the dinuclear Ir(III) complex, which optimizes spin-orbit coupling while minimizing 

excitonic interactions, provides a compelling approach for efficient image-guided PDT, 

expanding the utility of iridium complexes in therapeutic applications. 
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2.2. Introduction 

In recent decades, photodynamic therapy has emerged as a highly promising 

clinical approach for treating various diseases, particularly cancer and actinic keratosis.1-5 

This non-invasive approach involves a light-activated interaction between a photosensitizer 

and molecular oxygen, generating cytotoxic reactive oxygen species (ROS) that induce the 

death of cancer cells.3 The processes underlying the generation of reactive oxygen species 

(ROS) are intricate, but they can be broadly divided into two main pathways. Type I process 

involves a photoinduced electron transfer with biological substrates, resulting in the 

formation of radical species such as superoxide (O2
•-), hydroxyl (•OH) and hydrogen 

peroxide (H2O2). While in type II pathway photo reactivity occurs through a direct energy 

transfer to molecular oxygen (3O2) resulting in the production of singlet oxygen (1O2).
6-8 

The effectiveness of photodynamic therapy greatly depends upon the characteristics 

of photosensitizers, in addition to light dosage and oxygen concentration.9 For image-

guided therapeutic applications, the photosensitizer must possess several key attributes: a 

long lived excited state capable of generating ROS upon interaction with oxygen, non-

toxicity in its non-irradiated form, preferential absorption in a specific range, 

photochemical stability and prompt clearance from the body to minimize the risk of long 

term photosensitivity.10 Although porphyrin, chlorin, and phthalocyanine derivatives have 

been commonly used as photosensitizers in PDT due to their advantageous light absorption, 

fluorescence emission, and singlet oxygen production, they often present challenges such 

as complex synthesis and purification, low water solubility, extended retention in the body, 

and the risk of hepatotoxicity. Metal complexes have emerged as promising 

photosensitizers for PDT offering advantages such as long-lived triplet states, high ROS 

production, photochemical stability and water solubility. Efficient room temperature 
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photoluminescence of metal complexes offers an additional advantage of cellular imaging, 

which makes them suitable for image guided PDT compared to conventional 

photosensitizers.11 Recently, cyclometalated transition-metal complexes particularly Pt(II) 

and Ir(III) have gained widespread attention due to their impressive luminescent properties 

and for their performance as a highly effective class of singlet oxygen photosensitizers.12-

16 Even though the success of cisplatin as an anticancer agent has ignited a pursuit for the 

development of several inorganic anticancer drugs, they generally induce cell death via the 

oxygen-independent type III pathway and are referred as photoactivated chemotherapeutic 

(PACT) agents rather than as PDT agents.10, 17, 18 Despite numerous reported examples of 

Pt(II) complexes as efficient singlet oxygen sensitizers, only a few platinum complexes 

have demonstrated photosensitizing effects via type I or type II mechanism.10 

Subsequently, it was found that iridium(III) complexes act as efficient photosensitizers 

through type I or type II mechanisms and are suitable for live-cell imaging guided, PDT 

applications.10, 19 In addition, iridium complexes show excellent photophysical and 

photochemical properties, such as a large Stokes shift, ease in colour tuning, high triplet 

and singlet oxygen quantum yield, long luminescence lifetimes, and high chemical and 

photochemical stabilities.20, 21 

Several examples for mononuclear iridium complexes used as photosensitizers for 

PDT are reported in recent years.6, 22-28 M. E Thompson et al. reported two iridium 

complexes based on cyclometalating ligand, phenylbenzothiazole with ancillary ligands 

pyridine and acac respectively, showing singlet oxygen generation efficiencies as high as 

100% (Figure 2.1).29 Significant research efforts were also focused on organelle targeted 

PDT using iridium-based photosensitizers.23, 24, 26 For example, endoplasmic reticulum 

targeted phenylquinoline based iridium complexes for efficient ROS generation and rapid 

cell death were demonstrated by T. H. Kwon et al., where the phenylisoquinoline based 
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iridium enhances ROS generation by tuning the photosensitizer energy level for efficient 

energy transfer to triplet oxygen.25 Huang and colleagues developed two Ir(III) complexes, 

Ir-P(ph)3 and Ir-alkyl, targeting mitochondria and lysosomes, respectively, with a high 

singlet oxygen (1O2) quantum yield of 0.21 and strong oxygen sensitivity. The 

mitochondria targeted Ir-P(ph)3 showed increased luminous intensity, longer lifetime, and 

exceptional photodynamic therapy (PDT) effectiveness under hypoxic conditions, 

enhancing its efficacy against hypoxic tumors (Figure 2.2).23 H. Chao et al., reported 

mitochondria targeting iridium complex for hypoxic tumors.30 The overall positive charge 

and lipophilic nature of iridium complexes help them to get localised in the mitochondria 

of cell even without having any specific targeting group.30, 31 The subcellular localization 

plays a crucial role in immunogenic response. As the energetic powerhouse of the cell, 

mitochondria act as ideal subcellular location for photosensitizer agent.32-34 Efforts were 

also made in utilizing the iridium complexes for two-photon based PDT and for extending 

the absorption of the complexes to the NIR region by substitution and conjugation, to 

overcome the inherent limitations of low wavelength absorptions for PDT.35-38 

 

Figure 2.1. (a) The structures of the singlet oxygen sensitizers and (b) Table of singlet 

oxygen quantum yields (ΦΔ) with excitation (λ) at 355 or 532 nm, the rate constant of 

singlet oxygen quenching, calculated by Stern-Volmer Analysis (kq,SV), and singlet oxygen 

quenching rate constant by the Ir (III) Complex sensitizer [kq(
1O2)]. Adapted from 

reference 29. 

Sensitizera λ (nm) ϕΔ
b kq,sv

(109 M-1 s-1)

kq (1O2) 

(102 M-1 s-1)

BSN 355

532

0.59 0.07

0.89 0.02

6.3 0.2

BSN* 355

532

0.60 0.06

0.77 0.08

2.9 0.1 4.0 0.3

PQ 355

532

0.62 0.05

0.89 0.07

7.2 0.3 1.0 0.2

BT 355

532

0.86 0.07

1.00 0.07

5.9 0.6 0.5 0.2

BSN-G 355

532

0.54 0.02

0.81 0.06

2.1 0.5

BT-py 355

532

0.95 0.09

1.00 0.09

None

detected

a Measurement were made in C6H6 solvent. b The refernces for

quantum yield measurements were C60 (0.76), TPP (0.62), and

perinaphthenone (0.95) at 355 nm and TPP (0.62) at 532 nm.

b)a)
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Figure 2.2. (a) The structure of the lysosome and mitochondria targeted iridium 

complexes; (b) Cell viability evaluation of both the complexes in normoxic and hypoxic 

situations and (c) Confocal microscopy images and flow cytometry analysis showing the 

quantification of HeLa cells labelled with Annexin V-FITC and propidium iodide (PI). 

Adapted from reference 23. 

Despite the numerous reports on homoleptic and heteroleptic monomer iridium 

complexes for PDT applications, study of di/multi-nuclear iridium complexes as 

photosensitizers remains less explored. Although the synthetic difficulties of dinuclear 

iridium complexes may be a reason for them being initially overlooked, reports on 

photophysical and device properties of di/multi-nuclear iridium complexes used for 

optoelectronic applications have highlighted their advantages over monomers.39, 40 

Typically, multiple metal centres are expected to enhance spin orbit coupling (SOC) in 

di/multi-nuclear iridium complexes resulting in enhanced luminescence quantum yields 

and ROS generation.41-44 

b)

a)

c)
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Figure 2.3. Schematic illustration of the action mechanism of IR-DI through 

photodynamic therapy. 

Herein, we have designed a mitochondria targeting, dinuclear iridium complex with 

2-(2,4-difluorophenyl)pyridine as the cyclometalating ligand, and 4’-methyl-2,2’-

bipyridine ancillary ligand joined through a flexible ethyl spacer (Figure 2.3) and 

investigated their photophysical and photocytotoxicity properties in comparison with the 

corresponding mononuclear iridium complex (IR-MO). The flexible ethyl spacer ensures 

minimum through-bond electronic coupling while ensuring close proximity of the metal 

centres leading to efficient spin orbital coupling without the quenching of 

photoluminescence. Consequently, the dinuclear iridium complex show enhanced triplet 

quantum yield and singlet oxygen generation efficiency compared to the monomer iridium 

complex. In addition to this, the dual positive charge of dinuclear complex (IR-DI) enhance 

the mitochondria targeting properties. The in vitro analysis on the cellular internalization, 

mitochondrial localization and photocytotoxicity of IR-DI was conducted in triple-

=
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negative breast cancer cell line MDA-MB-231. Finally, the investigation on the cell death 

mechanism deciphered the ROS driven mitochondria mediated apoptotic pathway initiated 

by IR-DI upon photosensitization. Thus, the dinuclear design can unleash the full potential 

of iridium-based photosensitizers in image-guided cancer photodynamic therapy.  

2.3. Results and Discussion 

2.3.1. Synthesis of IR-MO and IR-DI Complexes 

Herein, we synthesized a dinuclear iridium complex (IR-DI) and a structurally 

similar, mononuclear iridium complex (IR-MO) for comparative investigation of the 

photophysical properties, as shown in Figure 2.4a. The cyclometalating ligand, 2-(2,4-

difluorophenyl)pyridine (dfppy) was synthesised via a Pd-catalysed Suzuki cross-coupling 

reaction using 2-bromopyridine and 2,4-difluorophenylboronic acid. Subsequently, the 

chlorine bridged iridium dinuclear complex [(dfppy)2IrCl]2 was synthesized by coupling 

of the cyclometalating ligand with iridium(III) chloride (IrCl3.xH2O) via a Nonoyama 

reaction.45 The synthesis of dinuclear Ir(III) complex, IR-DI and the corresponding 

monomer Ir(III) complex, IR-MO were achieved by the final replacement of the bridged 

chlorine with respective ancillary bipyridine ligands. Finally, the chlorine counter ions in 

the complexes were exchanged with hexafluorophosphate anions through an anion 

exchange reaction with ammonium hexafluorophosphate (Figure 2.4b). The synthesized 

monomeric and dinuclear complexes and all the synthetic intermediates were well-

characterised using HRMS and NMR spectroscopic methods.  
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Figure 2.4. (a) Structures of mononuclear iridium complex, IR-MO and dinuclear iridium 

complex, IR-DI and (b) Scheme adopted for the synthesis of IR-DI and IR-MO. 

 

2.3.2. Photophysical Properties 

The absorption spectra of the complexes in acetonitrile solution at room 

temperature are shown in Figure 2.5a. The UV-Vis absorption spectra of both IR-MO and 

IR-DI exhibited an intense band around 200 nm - 300 nm, which can be assigned to spin 

allowed 1π-π* ligand centred transitions in 2-(2,4-difluorophenyl)pyridine and ancillary 

bipyridine ligands.46 The less intense absorption bands in the range of 300 nm - 400 nm 

correspond to spin allowed and spin forbidden, mixed singlet and triplet metal-to-ligand 

charge transfer (1MLCT and 3MLCT) admixes with the ligand-to-ligand charge-transfer 

(LLCT) transitions.46 

(a)

(b)
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Figure 2.5. (a) UV-Visible absorption spectra of IR-DI and IR-MO in acetonitrile and 

(b) Emission characteristics of IR-DI and IR-MO in acetonitrile at 365 nm excitation. 

The emission spectra of IR-MO and IR-DI in acetonitrile at room temperature 

under degassed conditions were shown in Figure 2.5b. An intense, broad and featureless 

emission band with a maximum at 525 nm is observed for IR-DI, which is slightly red 

shifted compared to that of the monomer complex IR-MO (em = 519 nm). The broad and 

featureless emission bands are mainly attributable to charge-transfer (CT) states, while the 

structured emission occurs when charge transfer is combined with interactions between the 

excited state and the ligand’s vibrational modes.47 The emission intensity of the dinuclear 

Ir(III) complex,  IR-DI is nearly two-fold compared to that of the mononuclear Ir(III) 
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complex, IR-MO which is also reflected in the calculated photoluminescence quantum 

yields for IR-DI (Φp = 0.70) and IR-MO (Φp = 0.47) in acetonitrile, with reference to 

standard Ir(ppy)3 in dichloroethane (Φp = 0.89).48 The PL lifetime measurements of IR-DI 

and IR-MO, using time resolved single photon counting techniques exhibited lifetimes of 

185 ns and 97 ns, respectively (Figure 2.6a). 

 

Figure 2.6. (a) Time-correlated single photon counting (TCSPC) measurement of IR-DI 

and IR-MO and (d) Photo and dark stability of IR-DI. 

To investigate the photobleaching effect of the dinuclear Ir(III) complex IR-DI, 

photostability measurements were conducted with and without irradiation using a 200 W 

Xenon Arc lamp on an Oriel optical bench as shown in Figure 2.6b. The IR-DI complex 
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exhibited stable and reproducible absorption profiles in presence and absence of irradiation 

in a time dependent manner, indicating the excellent photostability of the complex IR-DI. 

The pH sensitive absorption and emission properties of IR-DI were studied (Figure. 2. 

7a&b), as the nature of environment can perturb the electronic and photophysical 

properties of molecules. The absorption and emission profiles were recorded in PBS buffer 

by incubating IR-DI at different pH (5-9), which exhibited no significant sensitivity. The 

minimal impact of acidity on photophysical behaviour allows IR-DI to be stable under 

normal and acidic cell conditions. 

 

Figure 2.7. (a) pH-dependent graph of IR-DI at different pH starting from 5 to 9 (a) 

absorption spectra and (b) emission spectra (excitation 365 nm). 
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Figure 2.8. Absorption spectra of the complex-DPBF mixture upon irradiation with a 200 

W xenon lamp equipped with a 400 nm band-pass filter: (a) IR-DI; (b) IR-MO; (c) 

Ru(bpy)3]Cl2 and (d) Relative plot of decrease in absorption of DPBF at 410 nm in the 

presence of IR-DI, IR-MO and reference [Ru(bpy)3]Cl2 (Φs = 0.57 in acetonitrile). 

The singlet oxygen generation efficiencies of the IR-DI and IR-MO complexes 

were investigated by employing 1,3-diphenylbenzofuran (DPBF) as the singlet oxygen 

scavenger and [Ru(bpy)3]Cl2 (Φs = 0.57 in acetonitrile) as reference.12 DPBF acts as a 

singlet oxygen (¹O₂) scavenger by reacting specifically with ¹O₂ to form an endoperoxide. 

This reaction results in a measurable decrease in DPBF's absorbance, allowing for the 

quantification of singlet oxygen production. The decrease in DPBF absorbance at 410 nm 

of IR-DI, IR-MO and and [Ru(bpy)3]Cl2 are depicted in Figure 2.8a-c. The reduction in 

absorbance was substantial upon light irradiation in the presence of IR-DI compared to 

IR-MO complex suggesting higher singlet oxygen generation capacity of the dinuclear 

complex. To calculate and demonstrate the ROS capacity of iridium complexes using 

DPBF, we documented the linear correlation of change in absorption with time as in Figure 
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2.8d. The singlet oxygen quantum yields of IR-DI and IR-MO were calculated as 0.49 

and 0.28, respectively which suggests that dinuclear complex, IR-DI is better 

photoactivatable ROS generator for PDT compared to IR-MO. The singlet oxygen 

quantum yields obtained for IR-DI and IR-MO are comparable with earlier literature 

reports.25, 49 

Figure 2.9. Absorption spectra of the complex- ABDA mixture upon irradiation with a 200 

W xenon lamp equipped with a 400 nm band-pass filter: (a) IR-DI; (b) IR-MO; (c) 

Ru(bpy)3]Cl2 and (d) Relative plot of decrease in absorption of DPBF at 400 nm in the 

presence of IR-DI, IR-MO and reference [Ru(bpy)3]Cl2 (Φs = 0.22 in water). 

Further, the singlet oxygen generation capability of IR-DI in aqueous media was 

calculated using water soluble singlet oxygen sensors ABDA (9,10-Anthracenediyl-

bis(methylene)dimalonic acid) and Si-DMA (Silicon 2,9,10-Dimethylanthracene). The 

detection using the ABDA derivative involves a reaction with singlet oxygen (1O2), 
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forming an endoperoxide through a [4+2]-cycloaddition. This reaction leads to the 

disruption of the extended π-electron system, resulting in the loss of its characteristic 

spectroscopic properties. The decrease in ABDA absorbance of IR-DI, IR-MO and 

[Ru(bpy)3]Cl2 (Φs = 0.22 in water) are depicted in Figure 2.9a-c. The linear correlation of 

change in absorption with time plotted as in Figure 2.9d and the singlet oxygen quantum 

yields in water for IR-DI and IR-MO were obtained as 0.66 and 0.34, respectively.  

 

Figure 2.10. (a) Structure and mechanism of singlet oxygen probe Si-DMA and (b) Change 

in fluorescent intensity of IR-DI in presence of Si-DMA with 1 min and 2 min light 

irradiation. 

650 700 750 800

0

1x10
3

2x10
3

 

 

 IRDI 

 IRDI+Si-DMA

 IRDI+Si-DMA+L(1min)

 IRDI+Si-DMA+L(2min)

P
L

 I
n

te
n

s
it

y
 (

a
.u

.)
 

Wavelength (nm)                                                                                               

(a)

(b)



Mitochondria Targeting Dinuclear Iridium(III) Complexes for PDT 

96 
 

To further support the claim, we have carried out the singlet oxygen generation 

study using Si-DMA probe as in Figure 2.10a&b. The Si-DMA fluorescence probe 

composed of silicon-conjugated rhodamine and anthracene moieties act as a chromophore 

and a 1O2 reactive site. The presence of 1O2 facilitate an endoperoxide formation at the 

anthracene moiety which enhance the fluorescence emission of Si-DMA to selectively 

detect the 1O2 species. Here, the IR-DI incubated with singlet oxygen sensor Si-DMA is 

exhibiting an emission in the range of 670 nm. Upon laser irradiation the production of 

singlet oxygen by IR-DI leads to enhancement of emission intensity of Si-DMA. The laser 

irradiation of 1 min and 2 min exhibited a spike in the emission intensity, which confirms 

the photoinduced singlet oxygen generation by IR-DI in the aqueous media. 

Further the cyclic voltammetry curve was obtained for the iridium complexes IR-

DI and IR-MO in acetonitrile using ferrocene as standard. 

EHOMO = – (Eox – EFc/Fc+ + 4.8)  (1) 

ELUMO = – (Ered – EFc/Fc+ + 4.8)  (2) 

ΔEgap = ELUMO – EHOMO    (3) 

By using equations 1 and 2, the HOMO and LUMO energy levels (EHOMO and ELUMO) of 

both the iridium dinuclear complexes were calculated (Figure 2.11a,b).50 The results of 

the cyclic voltammetry reveal that the EHOMO values for IR-DI and IR-MO are -6.12 eV 

and -6.03 eV, respectively, while the ELUMO values are -3.40 eV for IR-DI and -3.11 eV 

for IR-MO. The energy gap (ΔEgap) was calculated using Equation 3, resulting in values 

of 2.73 eV for IR-DI and 2.92 eV for IR-MO. A summary of all the photophysical and 

electrochemical data is presented in Table 2.1.  
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Figure 2.11. Cyclic voltammetry curve in acetonitrile using ferrocene as standard: (a) IR-

DI and (b) IR-MO. 

 

Table 2.1. Photophysical and Electrochemical Properties for Ir(III) complexes. 

Complex λabs
a 

(nm) 

λems
b 

(nm) 

HOMOc 

(eV) 

LUMOd 

(eV) 

Eg
e 

(eV) 

Φp
f Φs

g Φs
h Lifetimeh 

(ns) 

IR-DI 365 525 -6.12 -3.40 2.73 0.70 0.49 0.66 185 

IR-MO 365 519 -6.03 -3.11 2.92 0.47 0.28 0.34 97 

aAbsorption maxima. bEmission maxima. c,dHOMO and LUMO determined by cyclic 

voltammograms in degassed acetonitrile. eEg = (Eox − Ered) [eV]. fΦp
 refers to the 

photoluminescence quantum yield, with Ir(ppy)3 in dichloroethane (Φp = 0.89) as the reference. gΦs
 

refers to singlet oxygen quantum yield with [Ru(bpy)3]Cl2 in acetonitrile (Φs = 0.57) as a reference 

. hΦs refers to singlet oxygen quantum yield with [Ru(bpy)3]Cl2 in water (Φs = 0.22) as a reference. 
hLifetime data (excitation wavelength 365 nm). 
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The presence of two heavy metals in the dinuclear Ir(III) complex, IR-DI facilitate 

enhanced spin-orbit coupling, resulting in effective intersystem crossing (ISC) and high 

population of triplet excited states. As a result of their long lasting triplet excited states, 

these iridium complexes can efficiently interact with oxygen, leading to high yields of 

singlet oxygen generation. The dinuclear IR-DI reported in this work is designed to address 

the emission quenching exhibited by dinuclear systems in general, which marked them as 

less potential candidates for PDT applications. Here the ethyl spacer in IR-DI eliminates 

the chance of electronic coupling of monomer units via conjugation and the energy transfer 

by FRET, which happen to be the main reasons for poor PL performance of dinuclear 

complexes.41, 43, 49, 51, 52 Further, the extra positive charge also augment the mitochondria 

targeting ability of the dinuclear complex by utilizing the negative membrane potential.53-

56 As the dinuclear complex, IR-DI exhibited better photophysical performance compared 

to IR-MO in all aspects, IR-DI was subjected to detailed in vitro studies.  

2.3.3. In vitro Assessment of Photodynamic Therapy  

2.3.3.1. Cytotoxicity, Internalization, and Mitochondrial Targeting of IR-DI in MDA-

MB-231 cells 

The cytotoxicity of a dinuclear complex, IR-DI was evaluated in the triple-negative 

breast cancer cell line MDA-MB 231. An ideal photosensitizer should exhibit minimal 

toxicity in the dark and become cytotoxic when exposed to light.57, 58 To understand the 

cytotoxicity of IR-DI, MTT assay was performed using the triple-negative breast cancer 

cell line MDA-MB 231 and normal breast epithelial cell line, MCF-10A. The complex IR-

DI demonstrated a proliferation of cells above 90% at a 10 µM concentration, confirming 

its non-toxic nature. Subsequent experiments involving varying concentrations of IR-DI 

(ranging from 0 µM to 100 µM) at 24 h incubation revealed minimal dark toxicity up to 20 
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µM concentrations (Figure 2.12a). The IC50 value calculated for IR-DI with laser is 5.31 

µM and without laser is 48.3 µM by concentration dependent cytotoxicity profiling of 

MDA-MB-231 cells using MTT assay. To assess the non-toxicity of IR-DI in normal cells, 

MTT assay was carried out in a normal breast epithelial cell line, MCF-10A with 

doxorubicin as the standard. The results showed no significant dark toxicity at 10 µM 

concentration (Figure 2.12b). 

 

Figure 2.12. (a) In vitro cytotoxicity profiling of IR-DI in MDA-MB-231 cells at 24 h 

using MTT assay in presence and absence of light irradiation and (b) In vitro cytotoxicity 

profiling of IRDI in MCF-10A cells at 24 h using MTT assay. 
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To better understand the cellular uptake of IR-DI in MDA-MB 231 cells, time and 

concentration dependent internalization studies were performed. Cells were exposed to 10 

µM concentration of IR-DI in plain DMEM, and the green fluorescence of IR-DI was 

monitored in a time dependent manner. The intensity of green fluorescence increased from 

0 to 3 h, indicating the progress of cellular uptake (Figure 2.13a,b). The green fluorescence 

signals were detectable from 30 min onwards and reached their maximum intensity at 3 h, 

identifying the optimum internalization time as 3 h. Subsequently, concentration-

dependent internalization experiments with various IR-DI concentrations ranging from 0 

µM to 30 µM exhibited a gradual increase in green fluorescence intensity with rising IR-

DI concentrations (Figure 2.13c,d). Based on these findings and considering the dark 

toxicity results, a 10 µM concentration of IR-DI was selected as an ideal concentration 

for.in vitro.studies.  

 

Figure 2.13. (a) Time-dependent fluorescent cell images from 0 h to 3 h incubation; (b) 

Time-dependent fluorescent intensity quantification of IR-DI treated MDA-MB 231 cells; 

(c) Concentration-dependent internalization of IR-DI from 0 µM to 30 µM probed using 

fluorescence microscopy and (d) Concentration dependent fluorescent intensity 

quantification of IR-DI. 
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Mitochondria-targeted photodynamic therapy (PDT) is a cutting-edge approach 

that holds immense promise in the treatment of various diseases, particularly cancer.23, 59-

62 This innovative technique involves using photosensitizing agents specifically designed 

to accumulate within the mitochondria, the energy powerhouses of cells. The advantage of 

this targeting lies in its ability to selectively destroy mitochondria within diseased cells 

while leaving healthy ones unaffected, resulting in a more precise and less harmful 

treatment. By disrupting the crucial functions of the mitochondria, such as energy 

production and cellular signalling, this therapy can effectively imposed for cell death in the 

targeted diseased tissues. IR-DI exhibits a unique di-cationic structure that enables its 

specific accumulation in mitochondria. This phenomenon is attributed to the negative 

membrane potential found in these organelles, which actively attracts cationic species. 

Consequently, cationic iridium complexes are more prone to being internalized by the 

mitochondria.61, 63 To confirm the mitochondrial targeting properties of IR-DI in MDA-

MB-231 cells, co-incubation experiments were performed with a mitochondria-specific 

dye, MitoTracker™ Red (Figure 2.14a). Fluorescence images displayed a high 

congruency with a Pearson's correlation coefficient (PCC) of 0.90, strongly indicating the 

localization of IR-DI in the mitochondria. 
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Figure. 2.14. (a) The mitochondrial localization images of IR-DI treated cells MitoTracker 

Red staining assay and corresponding scatter plot. 

To further verify the non-nuclear localization of the complex, co-localization 

studies were conducted with the nuclear-targeted dye Hoechst. Hoechst's blue fluorescence 

was clearly visible in the nuclear region, while the green fluorescence of IR-DI was 

exclusively observed in the cytoplasm. This non-nuclear localization was confirmed with 

a Pearson's correlation coefficient (PCC) of 0.33 upon co-localization with Hoechst 

(Figure 2.15a).The subcellular localization of IR-DI was confirmed again with the 

inductively coupled plasma mass spectrometry (ICP-MS) technique. The extraction of 

subcellular fractions (i.e., mitochondrial, cytosolic, nuclear) after incubation with IR-DI, 

demonstrated 72% of the iridium content in the mitochondrial fraction, confirming 

mitochondria as the primary target (Figure 2.15b). 
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Figure 2.15. (a) The non-nuclear localization images of IR-DI treated cells with the 

nuclear-targeted dye Hoechst and (b) The subcellular distribution of IR-DI in the 

mitochondria, cytoplasm, and nucleus determined by ICP-MS. 

2.3.3.2. Photoactivation and PDT studies of IR-DI in MDA-MB 231 cells 

The generation of singlet oxygen during the photoexcitation of iridium dimeric 

complex (IR-DI) in MDA-MB 231 cells was verified using a singlet oxygen red probe 

known as Si-DMA. The experimental procedure entailed the co-administration of IR-DI 

and Si-DMA to the cells, followed by exposure to light irradiation. The detection of a 

specific red fluorescence signal only in the presence of IR-DI upon photoexcitation with a 

405 nm laser demonstrated the photochemical capability of IR-DI to produce singlet 

oxygen (Figure 2.16a). 
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Figure 2.16. (a) The subcellular singlet oxygen generation study of IR-DI using Si-DMA 

in MDA-MB 231 cells and (b) MTT assay showing the photodynamic effect of IR-DI 

treated and laser irradiated cells with and without singlet oxygen scavenger NaN3; ns p > 

0.05 and *** p < 0.001. 

Further to substantiate these findings and establish IR-DI as a promising type II 

photodynamic therapy (PDT) agent, we conducted an in-depth investigation of the 

photodynamic effect of laser irradiation on IR-DI-treated cells in the presence of a singlet 

oxygen scavenger sodium azide (NaN3), using the MTT assay (Figure 2.16b). Under the 

influence of the 405 nm laser, cells treated with IR-DI (10µM) exhibited a remarkable 

decrease in viability up to 35%, attributed to the robust generation of singlet oxygen during 

IR-DI photoactivation. Notably, when IR-DI was co-incubated with 50 µM of NaN3, a 

substantial recovery in cell viability was observed, amounting to an impressive 50% 

increase. This observation firmly established the potent singlet oxygen-scavenging 
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properties of NaN3, leading to a marked enhancement in cell survival. These results provide 

strong evidence of IR-DI's exceptional capability to induce singlet oxygen production in 

vitro, substantiating its potential as a highly effective type II PDT agent.  

2.3.3.3. Cell Death Mechanism of IR-DI in MDA-MB 231 cells 

To investigate the mechanism of cell death and the potency of IR-DI as a PDT 

agent, the standard apoptosis assays were performed using MDA-MB-231 cancer cells. 

The live-dead assays were conducted in the presence of the singlet oxygen scavenger NaN3 

to ascertain the role of singlet oxygen and validate the type II pathway. Membrane changes 

associated with apoptosis were monitored through trypan blue dye exclusion assay, AO-

EB dual fluorescent labelling assay and APOP staining. Trypan blue can differently stain 

the dead cells only as the healthy cells with intact cell membrane are not permeable to 

trypan blue and will remain unstained. Figure 2.17a showed the results of the trypan blue 

assay where, only a few number of stained cells with compromised membrane permeability 

were observed in the control group with IR-DI treatment. In contrast, the cells in the laser-

irradiated group with IR-DI treatment displayed clear apoptotic features and significant 

trypan blue intake, indicating the efficacy of IR-DI as a PDT agent. Furthermore, the 

acridine orange/ethidium bromide (AO/EB) dual staining assay was utilized to evaluate 

distinct apoptosis features. AO, a green fluorescent dye, penetrated all viable cells, while 

the orange-red fluorescence of EB indicated compromised cytoplasmic membrane integrity 

(Figure 2.17b). Cells treated with IR-DI, without laser irradiation exhibited green 

fluorescence whereas cells treated with IR-DI after laser irradiation displayed red 

fluorescence, confirming the presence of apoptotic characteristics.  
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Figure 2.17. The apoptotic evaluation of the IR-DI treated cells followed by 405 nm laser 

excitation. (a) Trypan blue staining assay where apoptotic cells exhibits the blue colour and 

(b) Acridine orange-ethidium bromide dual staining assay where apoptotic cells stains in 

orange color. 

 

Figure 2.18. The apoptotic evaluation of the IR-DI treated cells followed by 405 nm laser 

excitation. (a) APO Percentage assay showing the dead cells in pink stain and (b) Hoechst 

staining assay demonstrating the nuclear damage induced by IR-DI with enhanced blue 

emission. 
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To visualise apoptosis in a non-fluorescent platform, the APO Percentage assay was 

employed. This assay demonstrated that IR-DI and laser treatment induced the uptake of 

the dye, leading to the appearance of pink-stained dead cells, consistent with expected 

apoptotic behaviour (Figure 2.18a). This observation provides additional evidence of 

apoptosis occurrence in the experimental context. Additionally, a nuclear staining 

experiment was also conducted using Hoechst dye, to study the nuclear condensation, yet 

another hall mark of apoptosis. The results revealed a striking enhancement of blue 

fluorescence in laser-treated IR-DI-incubated cells, indicative of a robust interaction 

between Hoechst and condensed chromatin, providing strong evidence of DNA damage 

and apoptosis (Figure 2.18b). These findings were consistent with all the live-dead staining 

assays performed, reinforcing the credibility of the observations. To further confirm the 

role of singlet oxygen in the apoptotic process triggered by IR-DI, cells were pre-treated 

with NaN3, leading to a notable reduction in apoptotic features across all assays. This 

compelling evidence solidifies the classification of IR-DI as a type II PDT agent, 

highlighting its ability to induce apoptosis through the generation of singlet oxygen. 
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Figure 2.19. (a) Cytochrome C release from mitochondrial membrane to cytosol with IR-

DI+Laser treatment confirmed with western blot analysis and (b) Corresponding bar 

diagram representation. 
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photoactivation triggers lipid peroxidation, interfering with the proper functioning of 

electron transport chain complexes. This disruption leads to the leakage of electrons and 

additional ROS production, establishing a self-perpetuating cycle of ROS generation that 

further damages the mitochondrial membrane and exacerbates depolarization.64, 65 

Cytochrome C (Cyt C) is an inter mitochondrial membrane residing protein which plays a 

crucial role in apoptosis induction.66 Several proapoptotic stimuli like ROS can cause the 

release Cyt C from the mitochondria to the cytoplasm leading to the initiation of apoptotic 

complex formation. Here, we also have analysed the Cyt C release in to the cytoplasm by 

checking the levels in mitochondrial and cytosolic fractions. As depicted in Figure 2.19a,b, 

in the IR-DI treated laser irradiated cells Cyt C is mostly found in cytosolic fraction and 

the relative expression of the Cyt C normalized with GAPDH is graphically represented. 

Whereas the laser exposed untreated cells shows mainly mitochondrial homing of the Cyt 

C, confirms the mitochondria mediated cell death of IR-DI-PDT. 

 

Figure 2.20. (a) Evaluation of mitochondrial membrane potential using JC-1 assay, the 

elevation of green colour in the green panel indicate the reduction in membrane potential. 
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To further validate the claim, the widely used JC-1 assay was performed for direct 

monitoring of mitochondrial membrane potential. JC-1 is a cationic dye that selectively 

accumulates in mitochondria, where it exhibits potential-dependent fluorescence. In 

healthy cells, JC-1 forms aggregates that emit red fluorescence, while in cells with low 

mitochondrial potential, it remains in its monomeric form, emitting green fluorescence. 

The red-to-green fluorescence ratio provides a reliable measure of mitochondrial health 

and cell viability. In IR-DI-treated MDA-MB-231 cancer cells, mitochondrial membrane 

depolarization prevents JC-1 dye from accumulating in mitochondria at the required 

concentration to form red-emissive J-aggregates in the laser-treated groups. Instead, the 

JC-1 dye predominantly remains in its green-emissive monomeric state, clearly indicating 

the loss of mitochondrial membrane potential in the IR-DI-treated cells subjected to laser 

irradiation (Figure 2.20a). 

 

Figure 2.21. (a) The extent of apoptosis was calculated via Annexin V-FITC method using 

flow cytometry. 
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Further, we aimed to understand the underlying mechanism of Photodynamic 

Therapy (PDT) using the IR-DI compound, focusing on its impact on cell death in MDA-

MB-231 cells. To evaluate this, we employed the Annexin V-FITC/PI flow cytometric 

assay after subjecting the cells to a 24 h PDT treatment with IR-DI, along with laser 

irradiation. The results depicted in Figure 2.21a revealed a remarkable increase in late 

apoptosis, accounting for approximately 76% of the treated cell population when IR-DI 

was combined with laser activation. In contrast, using IR-DI alone without laser exposure 

resulted in only 8% late apoptosis. Importantly, our study incorporated relevant controls, 

demonstrating that the activation of IR-DI by laser is critical in inducing significant cell 

death, as cells treated with IR-DI without laser exhibited negligible late apoptosis. 

Furthermore, the control groups (with and without laser) showed minimal apoptosis, 

reinforcing that the observed effects are specifically attributed to PDT treatment with IR-

DI. Overall, our findings offer evidence that IR-DI predominantly induces apoptosis as the 

major form of cell death in MDA-MB-231 cells. This discovery holds promising potential 

for further exploration and potential therapeutic applications of IR-DI-based PDT in cancer 

treatment. 

2.4. Conclusion 

In conclusion, we report the comparative investigation of the photophysical and 

biological properties of mononuclear and dinuclear Ir(III) complexes, IR-MO and IR-DI. 

The IR-DI exhibited a higher singlet oxygen quantum yield of 0.49 compared to that of 

IR-MO (0.28), demonstrating the potential of IR-DI as a better PDT agent. The in vitro 

assessment of IR-DI was carried out using triple-negative breast cancer cell line MDA-

MB-231. The mitochondrial localization of IR-DI confirmed using confocal fluorescence 

imaging with mitochondria-specific dye, MitoTracker red. An efficient laser triggered 
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apoptotic feature of IR-DI on MDA-MB-231 cancer cell line demonstrated via live dead 

assays such as Trypan, Acridine ethidium bromide, APOP and Hoechst. IR-DI mediated 

PDT was found to trigger Cytochrome C release from mitochondria leading to apoptosome 

formation. Finally, mitochondrial membrane potential was examined using JC-1 assay and 

the extent of apoptotic cell death was evaluated by Annexin flowcytometric assay which 

reinforced IR-DI as potential image-guided PDT agent. 

2.5. Experimental Section 

2.5.1 Materials and General Instruments 

The chemicals used in this work, 2-bromopyridine, 2,4-difluorophenylboronic acid, 

4,4'-dimethyl-2,2'-bipyridyl, 1,2-bis(4’-methyl-2,2’-bipyridin-4-yl)ethane, potassium 

carbonate, tetrabutylammonium bromide, Pd(PPh3)4, IrCl3.xH2O, NH4PF6, and 2-

ethoxyethanol were purchased from Sigma Aldrich and TCI Chemicals, used as received 

without further purification. Moisture and oxygen sensitive reactions were carried out 

under argon atmosphere in dried solvents purchased from Sigma-Aldrich and Merck 

chemical suppliers. Thin Layer Chromatography (TLC) analysis was performed using 

aluminium plates coated with silica gel, purchased from Merck. 100-200 and 230-400 mesh 

silica gels were used for column chromatography. 1H NMR (500 MHz) and 13C NMR (125 

MHz) analysis were achieved using Bruker Avance DPX spectrometer, with TMS as the 

internal standard (δH = 0 ppm and δC = 0 ppm). Acetonitrile-d3 and DMSO-d6 were used 

as solvents for NMR analysis. High-resolution mass spectra (HRMS) were obtained from 

Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap Electrospray Ionization Mass 

Spectrometer (ESI-MS). 
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2.5.2. Photophysical Measurements 

The UV/Vis absorption spectra were measured using Shimadzu UV-Vis 

spectrophotometer (UV-2600) and emission spectra using SPEX Fluorolog 

spectrofluorimeter. The photostability of the IR-DI was studied by recording absorption 

spectra with freshly prepared 10 µM solution in acetonitrile in presence and absence of 

light irradiation on an Oriel optical bench model 11200 fitted with 200 W Xenon lamp 

using a 400 nm band pass filter at regular time intervals. The pH dependent study of IR-

DI was done by recording the emission spectra of 10 µM solution of IR-DI in PBS buffer 

at different pH range from 5 to 9. Cyclic voltammetric analysis were done using PARSTAT 

4000A potentiostat under an argon atmosphere in dry and oxygen-free acetonitrile with 0.1 

M tetrabutylammonium hexafluorophosphate (TBAH) as supporting electrolyte. A 

standard three-electrode configuration utilizing an Ag/AgCl electrode and platinum wire 

counter electrode was used with the redox potentials referenced to the 

ferrocene/ferrocenium as standard for the measurement. Singlet oxygen generation 

quantum yields (Φs) were determined using 1,3-diphenylisobenzofuran (DPBF) as the 

singlet oxygen scavenger for IR-MO and IR-DI.12 The DPBF undergoes a [4+2] 

cycloaddition with 1O2 to form o-dibenzoylbenzene, which can be evaluated by a decrease 

in absorbance of DPBF at 410 nm. The studies were done with a sample concentration ratio 

1:10 of Ir(III) complexes and DPBF, irradiated using Oriel lamp fitted with a 400 nm band 

pass filter at regular time intervals followed by UV-vis measurement. The singlet oxygen 

quantum yields for IR-DI and IR-MO in acetonitrile were measured using the reference 

molecule [Ru(bpy)3]Cl2 in acetonitrile. (Φs = 0.57) using Equation (4)  

Φc = Φs 
Sc x Fs

Ss x  Fc
  Equation (4) 
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where, S is the slope of a plot of the change in absorbance of DPBF (at 410 nm) with the 

irradiation time, and F is the absorption correction factor, which is given by F = 1 − 10−OD 

(OD represents the optical density). The photoluminescence quantum yield of IR-DI and 

IR-MO were measured by a relative comparison method using Ir(ppy)3 (Φp = 0.89 in 

dichloroethane) as the standard.67 The fluorescence lifetime measurements were done using 

a picosecond single photon counting system (TCSPC) from Horiba (DeltaFlex), and a 

picosecond photon detection module (PPD-850) as the detector. The fluorescence decay 

profiles were analysed using EzTime software and fitted with a multi exponential decay 

model, with a chi-square value 1± 0.2.  

2.5.3. In vitro studies 

MTT assay was performed using MDA-MB-231 breast cancer cell lines (Purchased 

from ATCC). The cells were seeded in 96 well plate at a density of 12,000 cells/well and 

maintained for 24 h in DMEM media with 10% FBS. Then, the cells were incubated with 

IR-DI at concentration of 5 µM to 100 µM in different wells for 24 h. After the required 

incubation MTT assay was performed to get the cell viability. Internalization of IR-DI was 

checked in MDA-MB-231 breast cancer cells. The cells were incubated with IR-DI in plain 

DMEM media at concentration of 5 µM - 30 µM per well. The images were captured from 

0 h to 3 h in a time dependent manner (FITC channel). 

Mitochondrial colocalization experiments were conducted using commercially 

available MitoTracker Red (Molecular probes). In these experiments, cells were first 

incubated with the IR-DI molecule for approximately 3 h. After the incubation period, the 

cells were washed and then treated with a 100 nM concentration of MitoTracker Red. 

Following a 15-min incubation with MitoTracker Red, the cells were washed twice with 

PBS. Finally, images were captured using a confocal fluorescent microscope to study the 
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colocalization of the IR-DI molecule and MitoTracker Red within the mitochondria. 

Again, the mitochondrial localization of the complex IR-DI was confirmed using ICP-MS 

analysis. MDA-MB-231 breast cancer cells were seeded into 16 well plate for 24 h. The 

medium was removed and replaced with IR-DI (10 μM) in plain DMEM. After 3 h 

incubation, the cells were scraped out, collected in PBS (3 mL) and counted. The cells were 

pelletized and different subcellular fractions (nuclear, cytosolic and mitochondrial) were 

collected by repeated centrifugation using the previously reported method.68 HNO3 (65%, 

1 mL) was added to these fractions and the mixture was incubated at room temperature for 

24 h to digest entirely. The solution was then diluted to a final volume of 10 mL with Milli-

Q water, and the cellular concentration of iridium was measured using the ICP-MS.  

The singlet oxygen generation experiments was performed using Si-DMA(Sigma 

Aldrich). Cells were incubated with IR-DI for 3h prior to the treatment with Si-DMA. 

After the required incubation, cells were washed two times with PBS and fluorescence 

images were taken in the inverted fluorescence microscope using TRITC channel. 

IR-DI driven cellular cytotoxicity and membrane damages were analysed using 

various selective staining procedures. For these, MDA-MB-231 cells were seeded in 96 

well plate (10000 cells/well), and after 24 h, The cells were incubated with IR-DI (10µM) 

about 3 h, washed with PBS twice and then irradiated with 405 nm laser for 2min (0.5 W 

laser power). Treatment groups like, IR-DI treated/untreated cells with and without laser 

irradiation were included in all the studies. After 24 h, cells were washed and incubated 

with corresponding staining agents. Trypan blue dye exclusion study was performed by 

incubating the IR-DI treated laser irradiated cells with 0.2% trypan blue solution in PBS 

for 5 minutes. Cells were washed and bright field images were captured using inverted 

microscope. For acridine orange (AO) - ethidium bromide (EB) dual fluorescent staining 
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assay, the live-dead assay cocktail (5 µg of each in 1 mL PBS), was incubated for 5 minutes 

with the treated and untreated cells and the images were then captured in green and red 

fluorescence channels. AO will be taken up by all the cells giving green fluorescence while, 

orange-red fluorescence of EB indicates membrane compromised dead cells. For APOP 

assay, the cells were treated as mentioned above, after 24 h, the wells were washed and 

added the APOP reagent, images were then captured in bright field mode. To examine 

Hoechst nuclear staining assay, the cell lines were seeded in a 96 well plate for 24 h and 

incubated with/without IR-DI for 3 h followed by the laser irradiation using 405 nm laser. 

After 24 h washed with PBS and stained with Hoechst dye (10 µg/mL) and images were 

captured under the DAPI filter of the fluorescence microscope. (UV range excitation, 340-

390 nm and emission range, 430-490 nm, green channel images were taken with excitation 

range, 460-495 nm, emission range, 510-550 nm, whereas, the red channel images 

MitoTracker with excitation range, 530-550 nm, emission range 575 nm). The Cytochrome 

C release from mitochondrial membrane to cytoplasm was analysed by protein expression 

studies using cytosolic and mitochondrial fractions. For this, MDA-MB-231 cells were 

cultured in 6 well plates at a density of 1.5x105 cells/well and after 24 h cells were treated 

with and without IR-DI for 3 h. Laser irradiation was given as mentioned above and 

incubated the plates for 8 h. Cells were then washed and scraped out to isolate the 

mitochondrial and cytosolic fraction as per the reported procedure and western blot analysis 

was performed for Cytochrome C with GAPDH as loading control.66 The JC-1 assay was 

employed to analyse mitochondrial membrane depolarization in this study. Cells were 

cultured in 48-well plates at a density of 12,000 cells per well and subjected to various 

treatments as per the experimental requirements. The cells were then incubated for 

approximately 24 h to allow for cellular responses. After the treatment period, the cells 

were carefully washed to remove any residual substances and then incubated with JC-1 dye 
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at a concentration of 2 µM for 15 min. Following the incubation with JC-1 dye, the cells 

were washed again with phosphate-buffered saline (PBS) to remove excess dye. Finally, 

images of the cells were captured using a fluorescent microscope, with separate channels 

for green and red fluorescence. The intensity of green and red fluorescence in the images 

indicates the extent of mitochondrial membrane depolarization, providing valuable insights 

into the mitochondrial health and function of the treated cells. Further, Annexin binding 

assay was carried out to confirm the cellular apoptosis. For this, cells were seeded in 6 well 

plates (1.5 × 105 cells/well) and treated with or without IR-DI. Laser irradiation was carried 

out for the required treatment groups. After 24 h of laser treatment, cell were harvested by 

trypsinization and performed the Annexin V-FITC-PI staining as per the manufacturer’s 

instructions provided in the Apoptosis Detection Kit (BD Pharmingen) and flow cytometric 

analysis carried out using FACS Aria (BD, USA). 

2.5.4. Synthesis and Characterization of the molceules 

2.5.4a.Synthesis of dfppy ligand  

 

Scheme 2.1 

To a mixture of 2-bromopyridine (500 mg, 3.1 mmol) and 2,4-difluorophenylboronic acid 

(496 mg, 3.1 mmol) in 25 mL toluene, 2M K2CO3 (7 g in 25 mL distilled water) and TBAB 

(3.2 g, 8.42 mmol) was added. Then tetrakis(triphenylphosphine) palladium (0) was 

charged in to it after 30 minutes of stirring under argon atmosphere, followed by continuous 

stirring and refluxing for 24 h. After being cooled, the mixture was extracted with 
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dichloromethane (DCM) and water. The crude product was then purified by silica column 

chromatography with 50% DCM and n-hexane as the eluent to give colourless liquid 

product in 71 % yield. 1H NMR (500 MHz, DMSO-d6): δ 8.70 (d, 1H), δ 8.01 (m, 1H), δ 

7.73 (s, 2H), δ 7.23 (m, 1H), δ 7.01 (m, 1H), δ 6.90 (m, 1H). HRMS: Calculated for 

C11H7F2N
 with m/z 191.05, where z =1, found: 192.06. 

2.5.4b.Synthesis of [(dfppy)2IrCl]2 

 

Scheme 2.2 

A solution of IrCl3.nH2O (300 mg, 0.85 mmol) and dfppy (406 mg, 2.1 mmol) in 2-

ethoxyethanol (12 mL) / water (4 mL) mixture was refluxed for 24 h. After the solution 

was cooled, the addition of distilled water gave a pale yellow precipitate that was filtered 

and washed with hexane and diethyl ether. The yellow crude product in 80% yield was 

used for the next reaction without further purification. HRMS: Calculated for C11H7F2N
 

with m/z 1216.05, where z =1, found: 513.05. 
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2.5.4c. Synthesis of IR-MO 

 

Scheme 2.3 

A mixture of [(dfppy)2IrCl]2 (100 mg, 0.08 mmol) and 4,4’-dimethyl-2,2’-dipyridyl 

(bpy) (45 mg, 0.24 mmol) were refluxed for 12 h in CH2Cl2/CH3OH (1:1) solution under 

argon atmosphere. After being cooled, the solvent was removed under reduced pressure. 

Then purified by silica column chromatography with DCM and methanol as the eluent 

followed by precipitation with saturated NH4PF6 solution to yield. yellow coloured powder 

(47%). 1H NMR (500 MHz, DMSO-d6, TMS): δ 8.76 (s, 2H), δ 8.30 (d, 2H), δ 8.05 (m, 

2H), δ 7.74 (d, 2H), δ 7.69 (d, 2H), δ 7.54 (d, 2H), δ 7.25 (m, 2H), δ 6.96 (m, 2H), δ 5.63 

(d, 2H), δ 2.54 (d, 6H). 13C NMR (125 MHz, DMSO-d6): δ 164.2, 163.3, 162.2, 160.1, 

155.3, 155.2, 152.5, 149.9, 140.4, 130.0, 128.0, 126.2, 123.8, 123.7, 113.7, 99.3, 21.43. 

HRMS: Calculated for C34H24F4IrN4
+ with m/z 757.16, where z =1, found: 757.15. 

2.5.4d.Synthesis of IR-DI 

 

Scheme 2.4 
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A mixture of [(dfppy)2IrCl]2 (100 mg, 0.08 mmol) and 1,2-bis(4’-methyl-2,2’-bipyridin-

4-yl) ethane (bpye) (30 mg, 0.08 mmol) were refluxed for 48 h in CH2Cl2/CH3OH (1:1) 

solution under argon atmosphere. After being cooled, the solvent was removed under 

reduced pressure. Then purified by silica column chromatography with DCM and methanol 

as the eluent followed by precipitation with saturated NH4PF6 solution to yield yellow 

coloured powder (38%). 1H NMR (500 MHz, Acetonitrile-d3, TMS): δ 8.78 (s, 2H), δ 8.74 

(s, 2H), δ 8.36(d, 2H), δ 8.31 (d, 2H), δ 7.88 (d, 2H), δ 7.82 (t, 4H), δ 7.73 (m, 4H), δ 7.55 

(d, 2H), δ 7.43 (d, 2H), δ 7.24 (d, 2H), δ 7.14 (t, 2H), δ 7.03 (t, 2H), δ 6.57 (m, 4H), δ 5.67 

(m, 4H), δ 3.24 (m, 4H), δ 2.66 (s, 6H). 13C NMR (125 MHz, DMSO-d6): δ 164.3, 163.2, 

162.2, 155.6, 155.1, 154.8, 152.6, 150.0, 149.4, 140.5, 130.1, 129.3, 128.0, 126.3, 125.6, 

124.9, 113.7, 99.5, 34.9, 21.4. HRMS: Calculated for C68H46F8Ir2N8
2+ with m/z 756.15, 

where z =2, found 756.15.” 

2.5.5. NMR and Mass spectrum  

 

Figure 2.22. HRMS spectra of dfppy 
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Figure 2.23. 1H NMR spectra of dfppy 

 

Figure 2.24. HRMS spectra of [(dfppy)2IrCl]2 
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Figure 2.25. 1H NMR spectra of IR-DI

 

Figure 2.26. 13C NMR spectra of IR-DI 
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Figure 2.27. 1H NMR specra of IR-MO 

 

Figure 2.28. 13C NMR spectra of IR-MO 
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Figure 2.29. HRMS spectra of IR-DI 

 

Figure 2.30. HRMS spectra of IR-MO 
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CHAPTER 3 

 Mitochondria-Targeted Dinuclear Iridium(III) 

Photosensitizer with Intrinsic Viscosity Sensing for 

Activatable Photodynamic Therapy 

 

 

3.1. Abstract 

Intracellular viscosity is considered as an important factor and biomarker for 

diseases like diabetes, atherosclerosis, and cancer, as these disease conditions can alter the 

interactions between proteins in cell membranes. It is imperative to develop a rapid and 

non-destructive viscosity-sensing probe for cellular imaging and therapeutic applications. 

Herein, we report a viscosity-sensitive dinuclear iridium complex (IR-ISO) consisting of 

two monomeric units with 1-phenylisoquinoline as the cyclometalating ligands and 4,4′-

methyl-2,2′-bipyridine as the bridging ligand joined via a flexible ethyl spacer. This 

flexible C-C bond rotates freely and hence the molecule exhibits weak luminescence in 

low-viscosity environments. However, in highly viscous media, it displays significantly 

enhanced luminescence due to restricted intermolecular rotation (RIR). The iridium based 
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viscosity probe IR-ISO, exhibited a higher photoluminescence (PLQY) and singlet oxygen 

generation quantum yield (SOQY) of 0.67 and 0.90, respectively. In vitro evaluations 

demonstrate efficient cellular uptake of IR-ISO and enhanced photoluminescence intensity 

during cellular imaging in the viscous SK-BR-3 breast cancer cell line, while it exhibits 

diminished luminescence in the less viscous MCF-10A normal cell line. This viscosity-

sensitive, molecular rotor design of IR-ISO allows distinguishing cancer cells from normal 

cell lines. Further, the mitochondria-targeting ability of IR-ISO was confirmed by confocal 

fluorescence imaging. The potential of IR-ISO as a photosensitizer for PDT application 

was confirmed through various live-dead assays such as Trypan blue, Hochest, and AO-

EB assay. The cell death mechanism was further investigated by an Annexin V-FITC/PI 

flow cytometric assay and cell cycle analysis. This work offers a potential design strategy 

of dinuclear iridium-based probes for viscosity-sensitive, mitochondria targeting 

photosensitizers for PDT applications. 
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3.2. Introduction 

Intracellular viscosity is an essential factor for regulating diffusion-mediated 

cellular processes, bio-molecular interactions, and cellular transport of substances and 

signals. The abnormal changes in cellular viscosity are linked to various diseases, including 

atherosclerosis, diabetes, Alzheimer’s disease, and cancer, due to their impact on protein-

protein interactions within cellular membranes.1 Therefore, monitoring the alterations in 

cellular viscosity holds significant importance, especially in cancer diagnosis. Viscosity-

activated luminescent probes, particularly molecular rotors, offer a promising approach for 

this purpose. Small organic molecular rotors have traditionally been used as viscosity-

sensing probes.2-12 However, these probes are currently less preferred due to challenges 

such as small Stokes shifts, self-quenching, short fluorescence lifetimes, and susceptibility 

to biological auto-fluorescence background.13 Subsequently, it was found that transition 

metal complexes, particularly iridium complexes, are highly efficient as luminescent 

probes as well as photodynamic therapy (PDT) agents.14-23 This efficacy arises from their 

advantageous characteristics such as: (i) high photo-stability, which allows for continuous 

irradiation and real-time monitoring of intracellular changes such as viscosity and polarity; 

(ii) long-lived triplet states that result in extended luminescence lifetimes; (iii) high triplet 

and singlet oxygen quantum yields and (iv) large Stokes shifts that reduce the risk of self-

quenching even at high concentrations.13, 24-27 For example, Aoki et al., reported a series of 

iridium complexes featuring its ability of color tuning, high photoluminescence, and 

excellent stability for pH sensing applications (Figure 3.1).28 

However, the combined utilization of iridium metal complexes as viscosity-

sensitive probes and photodynamic therapy agents in cancer cell lines remains unexplored. 

Photodynamic therapy is a promising clinical approach for treating various diseases, 
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mainly cancer and actinic keratosis. This non-invasive method relies on a light-activated 

reaction between a photosensitizer and molecular oxygen to produce cytotoxic reactive 

oxygen species (ROS), promoting cancer cell death. The ROS generation in photodynamic 

therapy occurs through two pathways. In the type I process, photoinduced electron transfer 

with biological molecules generates radicals like superoxide (O2•−), hydroxyl (•OH), and 

hydrogen peroxide (H2O2). Iridium complexes predominantly promote the type II process, 

where energy is directly transferred to molecular oxygen (3O2), leading to the generation 

of singlet oxygen (1O2) that induces cellular apoptosis.29-31  

 

Figure 3.1. A series of cyclometalated iridium complexes for pH sensing. Figure adapted 

from reference 28. 

He et al., reported the synthesis and characterization of two iridium(III) based 

photosensitizers, IrL1 and MitoIrL2, for application in photodynamic therapy (PDT).32 

Their study demonstrated that the mitochondria-targeting iridium probe significantly 

enhances apoptosis (Figure 3.2). Sun et al., reported a dinuclear and mononuclear iridium 

complex for viscosity sensing in cancer cell lines MCF-7.13 The dinuclear iridium probe 
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C10 was designed with a flexible, long carbon chain linker to enhance its responsiveness 

to viscosity. C10 shows exceptional sensitivity and selectivity toward viscosity changes. 

Furthermore, it can permeate cells, enabling it to differentiate cancer cells from normal 

cells and monitor viscosity fluctuations during apoptosis in MCF-7 cells (Figure 3.3). 

 

Figure 3.2. (a) Structure of iridium complex IrL1 and MitoIrL2; (b) Schematic illustration 

of mechanism of IrL1 and MitoIrL1 complexes; (c) The intracellular co-localization of 

IrL1 and MitoIrL1 complexes and (d) Assessment of apoptosis induced by IrL1 and 

MitoIrL1 using Annexin assays and cell viability tests. Figure adapted from reference 32. 

 

Figure 3.3. (a) Structure of iridium probe C10 and the corresponding mononuclear iridium 

complex for viscosity sensing in cancer cell line MCF-7; (b) Emission spectra of C10 in 

various percentages of glycerol-water solvents and (d) Tracking viscosity variations of 

probe C10 during etoposide-induced cell apoptosis, along with the quantification of C10's 

emission intensity. Figure adapted from reference 13. 
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To measure intracellular viscosity, sensors with dual fluorescent components are 

traditionally used, incorporating a flexible linker, an energy donor, and an energy acceptor. 

However, the relative orientation of these two fluorophores may shift depending on the 

medium, dye concentration, and various experimental or instrumental conditions, 

potentially resulting in ambiguous viscosity measurements.1 Therefore, designing a 

dinuclear iridium complex with similar monomer units separated by an ethyl spacer would 

be ideal. This design minimizes electronic coupling and provides molecular rotors that are 

primarily sensitive to viscosity changes. Additionally, the high singlet oxygen generation 

efficiencies and inherent mitochondrial targeting capabilities of the iridium complexes 

would result in a mitochondrial-targeted viscosity sensor with photodynamic therapeutic 

potential. 

Figure 3.4. Schematic illustration of the mechanism of IR-ISO through photodynamic 

therapy. 

In this context, we developed a dinuclear iridium-based viscosity-sensitive probe 

(IR-ISO) with 1-phenylisoquinoline as the cyclometalating ligand and 4,4′-dimethyl-2,2′-
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bipyridine ancillary ligand joined through a flexible ethyl spacer (Figure 3.4). The rotation 

of the C−C bond in the ethyl spacer can occur freely in low-viscosity environments, leading 

to efficient fluorescence quenching. The fluorescence is enhanced in a highly viscous 

medium due to the restricted rotations. This design strategy ensures that IR-ISO is 

selectively responsive to cancer cell lines, which typically exhibit higher cellular viscosity 

compared to normal cell lines.33-36 Additionally, the photophysical and photocytotoxic 

properties of IR-ISO were compared with the mononuclear iridium complex, IR-IMO. 

The dinuclear iridium complex IR-ISO demonstrates higher triplet quantum yield and 

greater efficiency in generating singlet oxygen compared to its mononuclear counterpart. 

The IR-ISO also exhibited improved triplet quantum yield and singlet oxygen quantum 

yield in a high viscous medium. The in vitro analysis of the cellular internalization, 

mitochondrial localization, and photocytotoxicity of IR-ISO was conducted in the SK-BR-

3 breast cancer cell line. The investigation of the cell death mechanism deciphered the 

ROS-driven mitochondria-mediated apoptotic pathway initiated by IR-ISO upon 

photosensitization. Thus the viscosity-sensitive iridium probe showed the potential to 

enable accurate photodynamic therapy (PDT) in breast cancer cell lines. This offers a 

valuable direction in developing probes that target mitochondria and are sensitive to 

viscosity, potentially benefiting both diagnostic and therapeutic applications in cancer 

treatment. 
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3.3. Results and Discussion 

3.3.1. Design and Synthesis of IR-ISO and IR-IMO Complexes 

Herein, we have designed and developed a dinuclear iridium complex (IR-ISO) 

and a structurally similar mononuclear iridium complex (IR-IMO) for a comparative 

analysis of the photophysical properties as shown in Figure 3.5a. The reaction 

intermediate, chlorine-bridged iridium dinuclear complex, [(pisq)2IrCl]2 was synthesized 

by coupling the cyclometalating ligand with iridium(III) chloride (IrCl3·xH2O) through a 

Nonoyama reaction.37 The final complexes, IR-ISO, and IR-IMO, were obtained by 

replacing the bridged chlorine with an ancillary bipyridine ligand (Figure 3.5b). Finally, 

the chlorine counter-ion in the complexes was replaced with PF6
 ion via an anion exchange 

reaction with ammonium hexafluorophosphate. The synthesized complexes and 

intermediates were well-characterized using HRMS and NMR spectroscopic methods. 

 
Figure 3.5. (a)Structures of the mononuclear iridium complex, IR-IMO, and dinuclear 

iridium complex, IR-ISO and (b) Scheme adopted for the synthesis of both complexes. 

a)

b)
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3.3.2. Photophysical properties 

 

Figure 3.6. (a) UV-visible absorption spectra of IR-ISO and IR-IMO; (b) Emission 

spectra of IR-ISO (excitation wavelength, 440 nm) and IR-IMO (excitation wavelength, 

440 nm) in glycerol and methanol. 

The UV-visible absorption spectra of IR-IMO and IR-ISO were recorded in 

methanol and glycerol at room temperature (Figure 3.6a). Both complexes displayed a 

strong absorption band between 200-400 nm, attributed to spin-allowed 1π−π* ligand-

centered transitions involving the 1-phenylisoquinoline and ancillary bipyridine ligands.37 

Weaker absorption bands in the 400-500 nm range are associated with spin-allowed and 

spin-forbidden transitions, representing a mix of singlet and triplet metal-to-ligand charge 
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transfer (1MLCT and 3MLCT) combined with ligand-to-ligand charge transfer (LLCT).37 

The emission spectra of IR-ISO and IR-IMO in methanol and glycerol at room 

temperature are shown in Figure 3.6b. IR-ISO exhibits a strong, broad, and structured 

emission band with a maximum at 632 nm, while IR-IMO shows emission maxima at 629 

nm. The vibrational structure suggests that the lowest excited states involve the 3LC excited 

state, along with contributions from LLCT and MLCT excited states.38 The dinuclear Ir(III) 

complex IR-ISO demonstrates higher emission intensity than the mononuclear IR-IMO, 

which is reflected in their calculated photoluminescence quantum yields in methanol: Φp = 

0.09 for IR-ISO and Φp = 0.04 for IR-IMO, compared to the standard Ru(bpy)3
2+ in 

acetonitrile (Φp = 0.06).39 

 

Figure 3.7. (a) The image of IR-IMO and IR-ISO in various methanol: glycerol 

percentages, under UV light; (b) Emission spectra of IR-IMO in various methanol:glycerol 

percentages and (c) Emission spectra of IR-ISO in various methanol: glycerol percentages. 
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To investigate the influence of viscosity on fluorescence properties of IR-ISO and 

IR-IMO, the emission spectra were recorded using viscosity gradient mixtures of glycerol 

and methanol at room temperature.40 Figure 3.7a illustrates the increase in luminescence 

for IR-ISO as the glycerol percentage in the glycerol-methanol mixture rises. IR-ISO 

displayed a marked enhancement in luminescence, whereas IR-IMO showed only minimal 

improvement. As the viscosity increased from 4.5 cP to 510 cP (methanol:glycerol), the 

photoluminescence intensity of IR-ISO experienced a 13-fold increase, while IR-IMO 

showed little to no change (Figure 3.7b,c).1 Photoluminescence quantum yields (PLQY) 

for both compounds were measured at varying viscosities: IR-ISO exhibited a PLQY of 

Φp = 0.09 in methanol, which increased to 0.62 in glycerol. This fluorescence enhancement 

is attributed to viscosity-dependent inhibition of C–C bond rotation between the two 

iridium centers, which reduces non-radiative energy loss and enhances emission. 

 

Figure 3.8. (a) Plot of log I/I0 to log η and (b) Linear relationship of log I, log.η and log ϕ. 

A logarithmic plot of IR-ISO emission intensity at 632 nm (I632 nm) versus the 

logarithm of viscosity exhibited a strong linear correlation, with an R² value of 0.987 

(Figure 3.8a). Moreover, the logarithm of the ratiometric emission intensity (I/I0) showed 

a good nonlinear fitting relationship (R² = 0.982) with the logarithm of viscosity using 
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sigmoidal fitting (Figure 3.8b). This demonstrated that IR-ISO can be effectively used for 

ratiometric detection of changes in solution viscosity. 

The singlet oxygen generation efficiencies of the IR-ISO and IR-IMO complexes 

in various glycerol:methanol percentages were investigated by employing 1,3-

diphenylbenzofuran (DPBF) as the singlet oxygen scavenger (Figure 3.9a-f and Figure 

3.10a-f). The IR-ISO caused a significant decrease in the absorbance of DPBF at 410 nm 

upon light irradiation in 100% glycerol compared to 100% methanol. Along with the 

increasing percentage of glycerol from 0 to 100%, the singlet oxygen quantum yield of IR-

ISO increased from 0.67 to 0.90. The singlet oxygen quantum yield of IR-IMO also 

exhibited a rise from 0.34 to 0.68, as the percentage of glycerol increased due to the 

restricted rotation of the free methyl units in highly viscous medium. The SOQY and PLQY 

of IR-ISO and IR-IMO are summarized in Table 3.1. 

 

Figure 3.9. Singlet oxygen generation study of IR-ISO using the absorbance change of 

DPBF at 410 nm from 0 to 100 s (the photosensitizer to dye ratio maintained as 1:3, 385 

nm laser, 0.5 W/cm2 power, spectra were taken in 10 s time intervals) in various methanol: 

glycerol percentages with [Ru(bpy)3]Cl2 (Φs = 0.57 in acetonitrile) as reference: (a) 100% 

methanol; (b) 25% glycerol and 75% methanol; (c) 50% glycerol and 50% methanol; (d) 

75% glycerol and 25% methanol; (e) 100% glycerol and (f) Relative plot of decrease in 

absorption of DPBF at 410 nm in the presence of IR-ISO and reference [Ru(bpy)3]Cl2. 
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Figure 3.10. Singlet oxygen generation study of IR-IMO using the absorbance change of 

DPBF at 410 nm from 0 to 100s (the photosensitizer to dye ratio maintained as 1:3, 385 

nm laser, 0.5W/cm2 power each spectrum were taken in a time interval of 10 s) in various 

methanol: glycerol percentages with [Ru(bpy)3]Cl2 (Φs = 0.57 in acetonitrile) as reference: 

(a) 100% methanol; (b) 25% glycerol and 75% methanol; (c) 50% glycerol and 50% 

methanol; (d) 75% glycerol and 25% methanol; (e) 100% glycerol and (f) Relative plot of 

decrease in absorption of DPBF at 410 nm in the presence of IR-IMO and reference 

[Ru(bpy)3]Cl2. 

 

Table 3.1: Summarized PLQY and SOQY data of IR-ISO and IR-IMO in various 

methanol:glycerol percentages. 
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decreased with increasing temperature (Figure 3.11b), from 30 °C to 100 °C, due to the 

reduction in viscosity at higher temperatures, consistent with previous literature reports.27, 

41  

 

Figure 3.11. (a) The absorption profile of IR-ISO in the methanol:glycerol system at 

various temperatures and (b) The emission profile of IR-ISO in the methanol:glycerol 

system at various temperatures. 

The selectivity study of IR-ISO, along with various analytes, is exhibited in Figure 

3.12a,b. The fluorescence spectrum of IR-ISO was sensitive only to viscosity, not to any 

other cellular analytes. The pH-sensitive absorption and emission properties of IR-ISO 

were studied (Figure 3.12c), as the nature of the environment can perturb the electronic 

and photophysical properties of molecules. The emission spectra were recorded in PBS 

buffer for IR-ISO across different pH levels (5-9), revealing minimal sensitivity to pH 

changes. This suggests that IR-ISO remains stable under both normal and acidic cellular 

conditions. To assess the photobleaching effect of the dinuclear Ir(III) complex IR-ISO, 

photostability tests were performed with and without irradiation using a 200 W xenon Arc 

lamp on an Oriel optical bench, as illustrated in Figure 3.12d. The IR-ISO complex 

exhibited stable and reproducible absorption profiles in the presence and absence of 

irradiation in a time-dependent manner, indicating the excellent photostability of the 

a) b)
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complex, IR-ISO. All these results demonstrated that IR-ISO could be employed as a 

viscosity-sensitive imaging probe and photosensitizer for PDT application.  

 

Figure 3.12. (a) The bar diagram representation of the selectivity analysis of IR-ISO with 

different cellular analytes; (b) The fluorescence spectra of viscosity sensitive IR-ISO along 

with various analytes; (c) pH-dependent emission spectral changes of IR-ISO at different 

pH values starting from 5 to 9 (excitation 440 nm) and (d) The photo and dark stability of 

IR-ISO. 

 

3.3.3. In vitro Studies 

3.3.3.1. Internalisation and Cytotoxicity of IR-ISO in SK-BR-3 and MCF-10A 

The cytotoxicity of IR-ISO was assessed in the breast cancer cell line SK-BR-3 

and the normal cell line MCF-10A. The MTT assay revealed cell proliferation exceeding 

90%, even at a concentration of 20 µM, in both SK-BR-3 and MCF-10A, indicating the 

non-toxicity of the IR-ISO complex (Figure 3.13a,b).  
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Figure 3.13. (a) In vitro cytotoxicity profiling of IR-ISO in SK-BR-3 cells at 24 h using 

MTT assay, commercially available drug doxorubicin was used as the positive control and 

(b) In vitro cytotoxicity profiling of IR-ISO in MCF-10A cells at 24 h using MTT assay, 

commercially available drug doxorubicin was used as the positive control. 

To understand the cellular uptake of IR-ISO in the normal cell line MCF-10A and 

the more viscous cancer cell line SK-BR-3, a time- and concentration-dependent 

internalization experiment was conducted. The cells were incubated with 10 µM of IR-

ISO in plain DMEM, and the cellular uptake was monitored over time using the red 

fluorescence of IR-ISO. As in Figure 3.14a,b, in the low-viscous normal cell line MCF-

10A, the red fluorescence signals were not well detectable even after 2 hours, confirming 
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that IR-ISO is not selective to normal cell lines. In SK-BR-3 cell lines, the red fluorescence 

intensity increased from 0 to 2 hours, indicating efficient cellular uptake (Figure 3.14c,d). 

The red fluorescence signals were detectable from 30 minutes onward, reaching maximum 

intensity at 2 hours, confirming 2 hours as the ideal internalization time. Concentration-

dependent internalization experiments with IR-ISO concentrations ranging from 0 to 20 

μM showed a gradual increase in red fluorescence intensity (Figure 3.14e,f). 

Concentration-dependent internalization experiments and cytotoxicity studies confirmed 

10 μM concentration of IR-ISO as an ideal concentration for in vitro studies.  

Figure 3.14. (a) Time-dependent internalization of IR-ISO in MCF-10A cell line through 

fluorescence microscopy; (b) corresponding intensity quantification from cells; (c) Time-

dependent internalization of IR-ISO from 0 to 2 h in SK-BR-3 cancer cell line through 

fluorescence microscopy; d) corresponding intensity quantification from cells; (e) 

Concentration-dependent internalization of IR-ISO from 0 to 20 µM in SK-BR-3 cancer 

cell line and (f) corresponding intensity quantification from cells. 
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Figure 3.15. (a) MTT assay showing the IC50 value of IR-ISO in SK-BR-3 cancer cell 

lines and (b) The relative PL intensity plot of IR-ISO in SK-BR-3 and MCF-10A. 

The IC50 value, calculated as the concentration of a drug required to inhibit 50% of 

target cells when exposed to light, is a key measure in PDT. It indicates the efficiency of a 

photosensitizer at a specific concentration when activated by light. A lower IC50 signifies 

higher efficacy, meaning the drug can kill target cells in smaller amounts. This value is 

essential for assessing the potency of photosensitizers and optimizing treatment dosages to 

achieve the best therapeutic outcomes while minimizing side effects. For the iridium 

complex IR-ISO, the IC50 was calculated to be 7.84 μM with laser treatment, and greater 
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than 200 μM without laser treatment (Figure 3.15a). This highlights IR-ISO's efficiency 

as a photosensitizer, requiring a minimal dose when activated by laser. The selectivity of 

IR-ISO toward the viscous cancer cell line SK-BR-3 was further confirmed by comparing 

its relative photoluminescence (PL) intensity in SK-BR-3 and the normal cell line MCF-

10A. The SK-BR-3 cancer cells showed a 40% increase in relative PL intensity, while the 

normal MCF-10A cells exhibited only a 5% increase, as shown in Figure 3.15b. 

3.3.3.2. Mitochondria Targeting, Photoactivation, and PDT Studies of IR-ISO in SK-

BR-3 Cells. 

 

Figure 3.16. (a) MTT assay showing the photodynamic effect of IR-ISO-treated and laser-

irradiated cells with and without the singlet oxygen scavenger NaN3; (b) The subcellular 

singlet oxygen generation study of IR-ISO using SOSG in SK-BR-3 cells and (c) The 

mitochondrial localization images of IR-ISO treated cells with Mito Green and the 

corresponding scatter plot. 

The laser-activated generation of singlet oxygen by IR-ISO in SK-BR-3 cancer 

cells was confirmed through an MTT assay, performed both in the presence and absence 

of the singlet oxygen scavenger NaN3, with Ru(bpy)3Cl2 serving as a control (Figure 

3.16a). In the presence of NaN3, IR-ISO (10µM) showed 70% cellular viability, while in 
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the absence of NaN3, viability dropped to 40%, indicating singlet oxygen-mediated cell 

death. To further validate this, singlet oxygen production in SK-BR-3 cells was assessed 

using the singlet oxygen sensor green (SOSG) probe. Cells were co-treated with IR-ISO 

and SOSG, followed by light exposure. The observed increase in relative PL intensity of 

IR-ISO upon laser irradiation demonstrated its photochemical ability to generate singlet 

oxygen (Figure 3.16b). 

Mitochondria-targeted photodynamic therapy (PDT) is an advanced approach with 

significant potential for treating diseases like cancer. This technique uses photosensitizing 

agents designed to accumulate specifically in mitochondria, the powerhouse of the cell. Its 

key advantage lies in selectively targeting and destroying diseased cell mitochondria 

resulting in more precise and less harmful treatment. PDT effectively induces cell death in 

targeted tissues by disrupting essential mitochondrial functions such as energy production 

and cellular signalling. The IR-ISO with its unique dicationic structure, accumulates 

specifically in mitochondria due to their negative membrane potential, which attracts 

cationic species and enhances internalization of cationic iridium complexes. To 

substantiate IR-ISO's mitochondrial targeting properties in SK-BR-3 cells, co-incubation 

experiments were conducted with a mitochondria-specific dye, Mito Green (Figure 3.16c). 

Fluorescence images showed a significant overlap with Pearson’s correlation coefficient 

(PCC) of 0.87, indicating the localization of IR-ISO within the mitochondria. 

Further, the ability of IR-ISO to record the mitochondrial viscosity variation was 

evaluated using the known ionophore nystatin which is reported to increase the 

mitochondrial viscosity and swelling of mitochondria (Figure 3.17).1, 42 The study 

indicated that the nystatin pre-treatment led to increase the PL intensity of the IR-ISO 

treated cells by 4 folds. Nystatin induced cell swelling and morphological changes as early 
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as 10 minutes of incubation. The maximum fluorescence of IR-ISO was observed in cells 

treated with Nystatin for 20 minutes, followed by those treated for 10 minutes and 0 

minutes, demonstrating IR-ISO's capability to monitor cellular viscosity variations. 

 

Figure 3.17. (a) PL images of IR-ISO treated SK-BR-3 cell lines incubated with and 

without nystatin and (b) corresponding intensity quantification from cells. 

3.3.3.3. Cell Death mechanism of IR-ISO in SK-BR-3 Cells. 

To support these findings and confirm IR-ISO as a potential agent for 

photodynamic therapy (PDT), a series of apoptosis assays were conducted. An acridine 

orange/ethidium bromide dual staining procedure was employed to assess apoptotic 
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characteristics. Acridine orange (AO), which fluoresces green, entered all viable cells, 

while ethidium bromide (EB) emitted an orange-red fluorescence in cells with damaged 

cytoplasmic membranes. Cells exposed to IR-ISO alone showed green staining for cellular 

viability, whereas IR-ISO treatment followed by 532 nm laser irradiation resulted in 

orange-red staining, indicating apoptotic characteristics (Figure 3.18a).  

 

Figure 3.18. Apoptotic assessment of the IR-ISO treated cells followed by 532 nm laser 

excitation: (a) AO-EB dual staining assay where apoptotic cells stain in orange color and 

(b) Trypan blue staining assay where apoptotic cells stain in blue color. 

Trypan blue selectively stains dead cells because healthy cells with intact membranes 

are impermeable to it and remain unstained. In Figure 3.18b, the trypan blue assay results 

show only a few stained cells with compromised membrane permeability in the control 

group treated with IR-ISO. The cells in the laser-irradiated group treated with IR-ISO 

exhibited significant uptake of trypan blue, indicating cellular apoptosis. Additionally, 

nuclear staining with Hoechst dye was conducted to assess nuclear condensation, which is 

a critical marker of apoptosis. The results showed a significant increase in blue 

fluorescence in cells treated with laser and IR-ISO, indicating a strong interaction between 

Hoechst dye and condensed chromatin, which strongly suggests DNA damage and 

apoptosis (Figure 3.19a). These findings were consistent across all live-dead staining 

assays conducted, thereby confirming the reliability of the observations. 
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Figure 3.19. (a) Hoechst staining assay exhibiting the nuclear damage induced by IR-ISO 

with enhanced blue emission and (b) Evaluation of the mitochondrial membrane potential 

using the JC-1 assay. The elevation of the green color in the green panel indicates the 

reduction in membrane potential. 

The JC-1 assay is a widely used fluorescence-based technique for assessing 

mitochondrial membrane potential, which is an important indicator of mitochondrial health 

and function. In this assay, the cell-permeable JC-1 dye accumulates in the mitochondria 

of healthy cells, where it forms aggregates that emit a red fluorescence. Conversely, in cells 

with depolarized or compromised mitochondria, JC-1 remains in its monomeric form, 

emitting green fluorescence. This shift from red to green fluorescence serves as a 

quantitative measure of mitochondria membrane potential. The assay is particularly 

valuable in studies of apoptosis, as changes in mitochondria membrane potential can signal 

the onset of cell death or dysfunction. As in Figure 3.19b, the laser-treated IR-ISO cells 

exhibited the green-emissive monomeric state clearly indicates the loss of mitochondrial 

membrane potential and cellular apoptosis. 
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Figure 3.20. (a) Evaluation of apoptosis by cell cycle of the IR-ISO-treated SK-BR-3 

cancer cell lines followed by 532 nm laser excitation and (b) The extent of apoptosis was 

calculated via the Annexin V-FITC method using flow cytometry. 

To investigate the mechanism of photodynamic therapy (PDT) using the IR-ISO 

complex, its effect on cell death in SK-BR-3 cells was examined. The cell cycle cytometric 

assay was performed to assess the effects of IR-ISO treatment on SK-BR-3 cell 

proliferation and cell cycle progression and the result indicated that the IR-ISO + Laser 

treated group having the maximum SubG0 population (70 %) indicating the apoptotic cells 

(Figure 3.20a). Further, the Annexin V-FITC/PI flow cytometric assay was conducted 

following a 24 hour PDT treatment with a laser-irradiated IR-ISO batch. The results, 

shown in Figure 3.20b, demonstrated a significant increase in late apoptosis in the cell 

population treated with both IR-ISO and laser activation. These results indicate that IR-

ISO primarily triggers apoptosis as the main mode of cell death in SK-BR-3 cells. 

3.4. Conclusion 

In conclusion, a dinuclear iridium based molecular rotor probe has been employed 

to differentiate cancer cells by detecting changes in intracellular viscosity. We also reported 

a comparative photophysical investigation of structurally similar mononuclear and 

dinuclear Ir(III) complexes IR-ISO and IR-ISO in various glycerol: methanol percentages. 

The IR-ISO exhibited a higher photoluminescence quantum yield and singlet oxygen 

quantum yield of 0.62 and 0.90 in glycerol respectively. The in vitro assessment of IR-ISO 
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was conducted using the SK-BR-3 breast cancer cell line. This demonstrated its 

mitochondrial colocalization through confocal fluorescence imaging with MitoTracker 

Green. IR-ISO showed effective laser-triggered apoptotic effects on SK-BR-3 cells in 

various live-dead assays, including trypan blue, acridine ethidium bromide, and Hoechst 

staining. Further, the JC-1 assay was used to assess mitochondrial membrane potential. The 

cell cycle and Annexin flow cytometric assay also indicated IR-ISO's potential as a 

promising agent for image-guided photodynamic therapy. 

3.5. Experimental Section 

3.5.1. Materials and General Instruments 

The chemicals used in this work, 1-phenylisoquinoline, 4,4′-dimethyl-2,2′-

bipyridyl, 1,2-bis(4′-methyl-2,2′-bipyridin-4-yl)ethane, potassium carbonate, 

tetrabutylammonium bromide, Pd(PPh3)4, IrCl3.xH2O, NH4PF6, and 2-ethoxyethanol, were 

purchased from Sigma-Aldrich and TCI Chemicals and used as received without further 

purification. Reactions sensitive to moisture and oxygen were conducted under an argon 

atmosphere using dried solvents obtained from Sigma Aldrich and Merck. Thin layer 

chromatography (TLC) was performed on aluminum plates coated with silica gel, sourced 

from Merck. For column chromatography, silica gels with mesh sizes of 100 - 200 and 230 

- 400 were employed. 1H NMR (500 MHz) and 13C NMR (125 MHz) analyses were done 

using a Bruker Avance DPX spectrometer, with TMS as the internal standard. DMSO-d6 

was used as solvents for NMR analysis. High-resolution mass spectra (HRMS) were 

obtained from a Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap Electrospray 

Ionization Mass Spectrometer (ESI-MS).  

3.5.2. Photophysical Measurements 

UV/vis absorption spectra were obtained using a Shimadzu UV−vis 

spectrophotometer (UV-2600), and emission spectra were captured with a SPEX Fluorolog 
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spectrofluorimeter. Singlet oxygen generation quantum yields (Φs) were determined using 

1,3-diphenylisobenzofuran (DPBF) as the singlet oxygen scavenger for IR-IMO and IR-

ISO.31  The DPBF reacts with singlet oxygen (1O2) through a [4 + 2] cycloaddition to 

produce o-dibenzoylbenzene. This reaction can be monitored by a reduction in DPBF 

absorbance at 410 nm and experiments were conducted with a 1:10 concentration ratio of 

Ir(III) complexes to DPBF, irradiated with an Oriel lamp equipped with a 445 nm band-

pass filter at regular intervals, followed by UV−vis spectroscopy analysis. The singlet 

oxygen quantum yields for IR-ISO and IR-IMO in different concentrations of methanol 

and glycerol were determined using [Ru(bpy)3]Cl2 in acetonitrile as a reference standard 

(Φs = 0.57) using Equation 1. 

Φc =  Φs
Sc x Fs

Ss x Fc
  (1) 

where S is the slope of a plot of the change in absorbance of DPBF (at 410 nm) with the 

irradiation time and F is the absorption correction factor, which is given by F = 1−10−OD 

(OD represents the optical density). The photoluminescence quantum yields of IR-ISO and 

IR-IMO were measured by a relative comparison method using Ru(bpy)3
2+ (Φp = 0.06 in 

acetonitrile) as the standard.39 The fluorescence lifetime measurements were carried out 

using a picosecond single photon counting system (TCSPC) from Horiba (DeltaFlex), and 

a picosecond photon detection module (PPD-850) detector. The fluorescence decay 

profiles were analyzed using the EzTime software and fitted with a multiexponential decay 

model, with a chi-square value 1 ± 0.2. The photostability of IR-ISO was investigated by 

measuring the absorption spectra of a freshly prepared 10 μM solution in methanol, both 

with and without light irradiation. This was performed using an Oriel optical bench model 

11200 equipped with a 200 W xenon lamp and a 445 nm band-pass filter at regular time 
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intervals. Additionally, to study the pH dependence of IR-ISO, emission spectra were 

recorded for a 10 μM solution of IR-ISO in PBS buffer across a pH range of 5 to 9.” 

3.5.3. In Vitro Studies 

The MTT assay was conducted using the SK-BR-3 breast cancer cell line, which 

was obtained from ATCC. The cells were plated in a 96-well plate at a density of 12,000 

cells per well and incubated for 24 hours in DMEM supplemented with 10% FBS. 

Following this, the cells were exposed to IR-ISO at concentrations ranging from 5 to 100 

μM for an additional 24 hours. Cell viability was then assessed using the MTT assay. To 

evaluate the internalization of IR-ISO, SK-BR-3 cells were incubated with the compound 

in plain DMEM at concentrations of 5 to 20 μM per well. Images were taken from 0 to 2 

hours at regular intervals using the FITC channel. For mitochondrial colocalization studies, 

cells were first treated with IR-ISO for approximately 2 hours. After washing, the cells 

were exposed to 100 nM MitoTracker Green for 15 minutes and then washed twice with 

PBS. Colocalization of IR-ISO with MitoTracker Green was visualized using a confocal 

fluorescent microscope. Singlet oxygen generation was assessed using SOSG (Sigma-

Aldrich). Cells were first incubated with IR-ISO for 2 hours, then treated with SOSG. After 

incubation, the cells were washed twice with PBS, and fluorescence images were acquired 

using an inverted fluorescence microscope with the TRITC channel. 

Cellular cytotoxicity and membrane damage induced by IR-ISO were evaluated 

using various selective staining methods. SK-BR-3 cells were plated in a 96-well plate at 

a density of 10,000 cells per well and incubated for 24 hours. The cells were then treated 

with IR-ISO (10 μM) for 2 hours, washed twice with PBS, and irradiated with a 532 nm 

laser for 2 minutes at 0.5 W power. The study included treatment groups such as IR-ISO-

treated and untreated cells, both with and without laser irradiation. After 24 hours, the cells 

were washed and incubated with the appropriate staining reagents. A trypan blue dye 
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exclusion assay was conducted by treating the IR-ISO treated and laser-irradiated cells 

with 0.2% trypan blue solution in PBS for 5 minutes. After staining, the cells were washed, 

and bright field images were captured using an inverted microscope. For the acridine 

orange (AO)−ethidium bromide (EB) dual fluorescent staining assay, a live-dead assay 

cocktail (5 μg of each dye in 1 mL PBS) was incubated with both treated and untreated 

cells for 5 minutes, and images were captured in the green and red fluorescence channels. 

AO was taken up by all cells, emitting green fluorescence, while the orange-red 

fluorescence of EB indicated membrane-compromised dead cells. To assess nuclear 

staining with Hoechst, the cell lines were seeded in a 96-well plate for 24 hours, then 

incubated with IR-ISO for 2 hours before being irradiated with a 532 nm laser. After 24 

hours, the cells were washed with PBS and stained with Hoechst dye (10 μg/mL). Images 

were captured using a fluorescence microscope, with DAPI filter settings (UV excitation 

range of 340−390 nm and emission range of 430−490 nm), green channel images were 

taken with an excitation range of 460−495 nm and emission range of 510−550 nm, and red 

channel images (MitoTracker) taken with an excitation range of 530−550 nm and emission 

at 575 nm. 

The JC-1 assay was utilized to assess mitochondrial membrane depolarization in 

this study. Cells were seeded in 48-well plates at a density of 12,000 cells per well and 

subjected to various treatments according to the experimental protocol. The cells were 

incubated for approximately 24 hours to allow for cellular responses. Following the 

treatment period, the cells were carefully washed to remove any residual substances and 

then incubated with JC-1 dye at a concentration of 2 μM for 15 minutes. After incubation, 

the cells were washed once more with phosphate-buffered saline (PBS) to eliminate excess 

dye. Images of the cells were then captured using a fluorescence microscope, with separate 

channels for green and red fluorescence. The intensity of green and red fluorescence in the 
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images reflects the degree of mitochondrial membrane depolarization, offering valuable 

insights into the mitochondrial health and functionality of the treated cells.  

Cell cycle analysis was conducted using the BD CycletestTM plus DNA reagent 

kit as per the manufactures instructions. For this, SK-BR-3 cells were seeded in six-well 

plates at a density of 1.5 × 105 cells per well and treated with or without IR-ISO and laser 

treatment was given to the respective groups after 24 h. Cell were tryspsinized and added 

the PI reagent of the kit and performed the flowcytometric analysis using BD FACS Aria 

II instrument. Additionally, an annexin-binding assay was conducted to verify cellular 

apoptosis. Cells were seeded in six-well plates at a density of 1.5 × 105 cells per well and 

treated with or without IR-ISO. Laser irradiation was applied to the designated treatment 

groups. After 24 hours of laser treatment, the cells were collected through trypsinization. 

Annexin V-FITC-PI staining was performed according to the manufacturer's instructions 

outlined in the Apoptosis Detection Kit (BD Pharmingen), and flow cytometric analysis 

was conducted using a FACS Aria system (BD, USA).” 

3.5.4. Synthesis and Characterization of Molecules 

3.5.4a) Synthesis of [(pisq)2IrCl]2 

 

 

Scheme 3.1 

A solution of IrCl3.nH2O (300 mg, 0.85 mmol) and 1-phenylisoquinoline (430 mg, 2.1 

mmol) in 2-ethoxyethanol (12 mL) / water (4 mL) mixture was refluxed for 24 h. After the 
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solution was cooled, the addition of distilled water gave a pale yellow precipitate that was 

filtered and washed with hexane and diethyl ether. The yellow crude product in 39% yield 

was used for the next reaction without further purification. HRMS: Calculated for 

C60H40Cl2Ir2N4 with m/z 1272.19, where z =1, found 601.12. 

3.5.4b) Synthesis of IR-IMO 

 

Scheme 3.2 

A mixture of [(pisq)2IrCl]2 (100 mg, 0.07 mmol) and 4,4’-dimethyl-2,2’-dipyridyl (bpy) 

(25 mg, 0.14 mmol) were refluxed for 12 h in CH2Cl2/CH3OH (1:1) solution under argon 

atmosphere. After being cooled, the solvent was removed under reduced pressure. Then 

purified by silica column chromatography with DCM and methanol as the eluent followed 

by precipitation with saturated NH4PF6 solution to yield orange-red coloured powder 

(58%). 1H NMR (500 MHz, DMSO-d6, TMS) δ 8.94 (d, 2H), δ 8.71 (s, 2H), δ 8.30 (d, 2H), 

δ 8.01 (d, 2H), δ 7.82 (d, 4H), δ 7.49 (m, 6H), δ 7.01 (m, 4H), δ 6.83 (t, 2H), δ 6.16 (d, 

2H), δ 3.23 (s, 6H). 13C NMR (125 MHz, CDCl3) δ 168.20, 155.40, 154.65, 152.10, 149.37, 

145.57, 140.86, 136.93, 132.54, 132.03, 131.07, 130.95, 129.90, 129.69, 128.19, 126.87, 

126.06, 125.99, 122.70, 122.63, 21.50. HRMS: Calculated for C42H32IrN4
+ with m/z 

785.23, where z =1, found: 785.22. 
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3.5.4c) Synthesis of IR-ISO 

 

Scheme 3.3 

A mixture of [(pisq)2IrCl]2 (100 mg, 0.07 mmol) and 1,2-bis(4’-methyl-2,2’-bipyridin-4-

yl) ethane (bpye) (25 mg, 0.07 mmol) were refluxed for 48 h in CH2Cl2/CH3OH (1:1) 

solution under argon atmosphere. After being cooled, the solvent was removed under 

reduced pressure. Then purified by silica column chromatography with DCM and methanol 

as the eluent, followed by precipitation with saturated NH4PF6 solution to yield orange-red 

colored powder (37%). 1H NMR (500 MHz, DMSO-d6, TMS) δ 8.92 (m, 4H), δ 8.69 (m, 

4H), δ 8.29 (d, 4H), δ 7.99 (d, 4H), δ 7.82 (s, 6H), δ 7.75 (d, 4H), δ 7.50 (m, 12H), δ 7.34 

(s, 2H), δ 7.18 (d, 2H), δ 6.84 (m, 6H), δ 6.12 (d, 4H), δ 3.14 (d, 4H), δ 2.44 (d, 6H). 13C 

NMR (125 MHz, DMSO-d6) δ 168.97, 156.00, 152.52, 149.06, 145.06, 136.98, 132.20, 

131.67, 130.96, 130.45, 128.56, 127.64, 127.23, 125.76, 122.51, 121.90, 29.71, 21.22. 

HRMS: Calculated for C84H62Ir2N8
2+ with m/z 1568.44, where z =2, found 784.22. 
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3.5.5. NMR and ESI-HRMS Spectra  

 

Figure 3.21. 1H NMR of IR-IMO in dmso-d6 

 

Figure 3.22. 13C NMR of IR-IMO in dmso-d6 
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Figure 3.23. HRMS of IR-IMO  

 

Figure 3.24. 1H NMR of IR-ISO in dmso-d6 
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Figure 3.25. HRMS of IR-ISO  

 

Figure 3.26. 13C NMR of IR-ISO in CDCl3  
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Figure 3.27. HRMS of [(pisq)2IrCl]2 
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CHAPTER 4 

 Development of Dinuclear Cyclometalated Iridium(III) 

Complexes with Non-innocent Bridging Ligand for OLED 

Applications 

 

 

4.1. Abstract 

The iridium complexes are widely regarded as the most commonly used class of 

emitters due to their efficient spin-orbit coupling, which relaxes the spin selection rule. The 

strong photoluminescence observed in Ir(III) complexes is primarily due to the triplet 

metal-to-ligand charge transfer (³MLCT). However, the majority of studies on Ir(III)-based 

photosensitizers have focused on mononuclear complexes, with only limited research on 

dinuclear systems. Thoroughly exploring the potential of iridium-based dinuclear systems 

for OLED applications still poses substantial challenges. Herein, we report the synthesis 

and optoelectronic applications of two iridium dinuclear complexes with 2-(4-tert-

butylphenyl)pyridine as the cyclometalating ligands and bibenzimidazole (IR-BIB) or 

diketopyrrolopyrrole (IR-DPP) as the bridging ligand. These molecules are designed to 
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offer high photoluminescence quantum yields and short excited state lifetimes. The 

prolonged lifetime of excited triplet states enhances the chances of exciton-exciton 

interactions, resulting in triplet-triplet annihilation and, consequently, efficiency roll-off. 1, 

2 The IR-BIB and IR-DPP complexes exhibited PLQYs of 0.75 and 0.27 and an excited 

state lifetime of 70 ns and 101 ns, respectively. The OLED devices were fabricated using 

the high-PLQY derivative IR-BIB, and their performance was evaluated for several 

parameters, including current efficiency, power efficiency, luminescence intensity, and 

EQE. Optimized devices of IR-BIB alone and IR-BIB doped in PVK showed a 

luminescence maximum of 150 cd/m2 and 6,300 cd/m2, respectively The OLED device 

incorporating IR-BIB and PVK demonstrated a higher EQE of 5.85%, while the IR-BIB 

alone device exhibited an EQE of 0.028%. This chapter highlights the application of the 

dinuclear iridium complexes as excellent emitting layers in OLED and demonstrates the 

potential of these materials for optoelectronic applications. 
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4.2. Introduction 

Organic light-emitting diodes (OLEDs) have achieved widespread popularity in the 

display and lighting industries due to their remarkable properties, including wide view 

angles, high contrast ratios, and the ability to produce flexible and lightweight displays.3-6 

OLEDs operate through the electroluminescence of organic compounds, wherein organic 

layers emit light when an electric current is applied. These devices are categorized into 

three generations based on their emissive materials: fluorescent, phosphorescent, and 

thermally activated delayed fluorescence (TADF) OLEDs. When an electric current flows 

through the organic material, it generates excitons, which are electron-hole pairs that can 

exist in either singlet (25%) or triplet (75%) spin states, as determined by quantum spin 

statistics. In traditional fluorescent emitters, the energy from the 75% triplet excitons is lost 

via non-radiative transitions, limiting the internal quantum efficiency (IQE) to a theoretical 

maximum of 25%.2, 6, 7 However, by incorporating heavy metals like iridium or platinum 

into the emitter, the transition from the lowest triplet excited state (T1) to the ground state 

(S0) is enhanced, allowing for efficient phosphorescence in phosphorescent based OLEDs. 

This strong spin-orbit coupling effect enables both singlet and triplet excitons to be 

harnessed for light emission, pushing the IQE close to 100% IQE.6-8 In TADF OLEDs, 

triplet excitons are thermally activated into singlet excitons, enabling the recovery of triplet 

energy and improving efficiency without the need for heavy metals.9-11 

Iridium complexes are the most widely used emitters among heavy metals due to 

their efficient spin-orbit coupling, which relaxes the spin selection rule. These complexes 

exhibit high photoluminescence quantum yields (ΦP), short excited state lifetimes (τ), and 

the ability to fine-tune emission colors through ligand modifications.6, 12 While there has 

been considerable research on homoleptic and heteroleptic mononuclear iridium 
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complexes for OLEDs, the exploration of multi-metal iridium complexes has been 

relatively limited.13-17 Despite initial synthetic challenges, recent studies highlight their 

superior photophysical properties and device performance in optoelectronic applications. 

Multiple metal-centered iridium complexes are expected to enhance luminescence 

quantum yields by boosting spin-orbit coupling through multiple metal centers.18-21 

Kozhevnikov et al., reported dinuclear iridium(III) complexes using ditopic bis-terdentate 

cyclometalating ligands, achieving high PLQY values of up to 0.65. Similarly, Bryce et 

al., developed a highly efficient green-emitting phosphorescent dinuclear iridium(III) 

complex for OLED application with impressive external quantum efficiency (ηext) of 11%, 

luminance efficiency (ηL) of 37 cdA⁻¹, and power efficiency (ηP) of 14 lmW⁻¹. These 

advancements highlight the potential of dinuclear iridium(III) complexes to outperform the 

mononuclear complexes. OLED technology has made significant strides across its three 

generations, but challenges remain, particularly in terms of material stability and 

efficiency. The incorporation of dinuclear iridium(III) complexes offers a promising 

strategy, leveraging their unique optoelectronic properties and the ability to fine-tune 

emission characteristics through ligand modifications. Phosphorescent materials are 

expected to play a pivotal role in making organic light-emitting diode (OLED) displays 

and lighting more widely available. These materials often rely on heavy metal complexes, 

with iridium(III) based complexes being particularly effective. Iridium(III) complexes emit 

light primarily from states with considerable metal-to-ligand charge transfer (MLCT) 

character, offering a key advantage over fluorescent materials by utilizing both singlet and 

triplet excitons for light emission. This ability to harvest nearly all excitons enhances their 

efficiency significantly. Therefore, organic ligands have a significant impact on the 

photophysical properties of iridium(III) complexes, and numerous organic ligands have 

been designed to modify their emission color and charge-injection/transport properties.  
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However, the importance of the metal center is often overlooked, as most 

iridium(III) complexes discussed in the literature are mononuclear iridium complexes. The 

exploration of dinuclear iridium(III) complexes has been relatively rare, resulting in the 

development of only a few new compounds in this area. This has been done either by 

coupling two mononuclear iridium(III) complexes through active sites or by reacting the 

iridium(III) chloro-bridged dimer with specially prepared bridge ligands. Despite the 

complex and laborious synthesis processes, these methods generally yield dinuclear 

iridium(III) complexes with weak or no luminescence at room temperature, making them 

unsuitable for high-performance OLED applications.  

 

Figure 4.1. Examples of dinuclear iridium complex for OLED device applications: (a) The 

structure of dinuclear (FDIr1) and mononuclear iridium complex (FIr1); (b) Efficiency 

versus luminance curve of device based on FDIr1; (c) The structure of dinuclear 

complexes (D1, D2) and mononuclear iridium complex (M1) and (d) Efficiency versus 

luminance curve of devices A2 (D1) and B2 (D2). Figure adapted from references 22 and 

23, respectively. 

b)a)

c) d)
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As shown in Figure 4.1a,b, Zhou and colleagues introduced pyrimidine-based 

mononuclear (FIr1) and dinuclear (FDIr1) iridium complexes, with FDIr1 demonstrating 

a high photoluminescence quantum yield of 0.68. Solution-processed OLEDs were 

fabricated using both mononuclear and dinuclear iridium complexes. The mononuclear 

complex (FIr1) achieved an external quantum efficiency (EQE) of 5.3%, along with a 

current efficiency (CE) of 17.0 cd/A and a power efficiency (PE) of 8.3 lm/W. In contrast, 

the solution-processed OLED based on the dinuclear Ir(III) complex (FDIr1) delivered an 

impressive EQE of 17.9%, with a CE of 52.5 cd/A and a PE of 51.2 lm/W.22  

Wong et al., reported a green-emitting mononuclear iridium complex (M1) based 

on 2-phenylpyrimidine, along with two red-emitting isomers of dinuclear iridium(III) 

complexes (D1 and D2). The solution-processed OLED using the mononuclear complex 

(M1) showed an external quantum efficiency (ηext) of 6.9%, with a luminance efficiency 

(ηL) of 26.5 cd/A and a power efficiency (ηP) of 11.2 lm/W. The dinuclear isomers, D1 and 

D2, achieved higher external quantum efficiencies (ηext) of 14.4% and 6.4%, respectively. 

D1 had a luminance efficiency of 27.2 cd/A and a power efficiency of 19.5 lm/W, while 

D2 exhibited a luminance efficiency of 11.5 cd/A and a power efficiency of 8.7 lm/W 

(Figure 4.1c,d).23 Despite these advances, developing dinuclear iridium(III) complexes 

with desired properties for high-performance OLEDs remains a significant challenge. 

Herein, we report a couple of dinuclear cyclometalated iridium(III) complexes 

synthesized using microwave reaction conditions. These complexes are synthesized using 

iridium chlorine bridge derivate with bibenzimidazole (IR-BIB) and diketopyrrolopyrrole 

(IR-DPP) bridging ligands. The synthesis and characterization of the complexes, along 

with their photophysical and electrochemical properties, are reported. The iridium(III) 

bibenzimidazole complex (IR-BIB) exhibited a high photoluminescence quantum yield 
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(ΦP) compared to the DPP derivative (IR-DPP). Further, a solution-processed OLED using 

the dinuclear iridium(III) benzimidazole complex (IR-BIB) as the emitter exhibited an 

EQE (ηext), luminance efficiency (ηL), and power efficiency (ηJ) of 5.85%, 6300 cdm-2, and 

155 mAcm-2, respectively.  

4.3. Results and Discussion 

4.3.1. Design and Synthesis of IR-BIB and IR-DPP Complexes 

Herein, we synthesized two dinuclear iridium complexes as illustrated in Figure 

4.2 and investigated their photophysical properties. The cyclometalating ligand, 2-(4-tert-

butylphenyl)pyridine (tbppy), was synthesized via a Pd-catalyzed Suzuki cross-coupling 

reaction between 2-bromopyridine and 4-tert-butylphenylboronic acid. The chlorine-

bridged iridium dinuclear complex, [(tbppy)2IrCl]2, was synthesized by coupling the 

cyclometalating ligand with iridium(III) chloride (IrCl3.xH2O) via a Nonoyama reaction.24 

The dinuclear Ir(III) complex, IR-BIB, was synthesized through a microwave reaction of 

the chlorine-bridged iridium dinuclear complex [(tbppy)2IrCl]2 with a bibenzimidazole 

ligand. Similarly, the iridium dinuclear complex, IR-DPP, was produced via a microwave 

reaction using the same chlorine-bridged iridium dinuclear complex [(tbppy)2IrCl]2 and the 

ancillary ligand diketopyrrolopyrrole The synthesized dinuclear complexes, as well as all 

the synthetic intermediates, were well-characterized using HRMS and NMR spectroscopic 

methods. 
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Figure 4.2. Structure and scheme adopted for the synthesis of iridium complexes, IR-DPP 

and IR-BIB. 
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4.3.2. Photophysical and Electrochemical Properties 

 

Figure 4.3. (a) UV−visible absorption spectra of IR-BIB in toluene and (b) UV−visible 

absorption spectra of IR-DPP in toluene. 

The absorption spectra of the dinuclear complexes were recorded in toluene at room 

temperature, as shown in Figure 4.3a,b. The UV-vis absorption spectra of both IR-BIB 

and IR-DPP exhibited an intense band around 200 nm - 300 nm, which can be assigned to 

allowed π-π* ligand-centered transitions in 2-(4-tert-butylphenyl)pyridine (tbppy) and 

ancillary ligands. The less intense absorption bands in the range of 300 nm - 500 nm 

correspond to spin allowed and spin forbidden, mixed singlet and triplet metal-to-ligand 

charge transfer (1MLCT and 3MLCT) admix with the ligand-to-ligand charge-transfer 
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(LLCT) transitions.25 The emission spectra of IR-BIB and IR-DPP in toluene at room 

temperature under degassed conditions were documented in Figure 4.4a,b. An intense, 

structured emission band with a maximum at 498 nm and a shoulder peak around 532 nm 

was observed for IR-BIB, while IR-DPP showed a broad emission band with an emission 

maximum of 516 nm. The broad and featureless emission bands are mainly attributable to 

charge-transfer (CT) states, while the structured emission occurs when charge transfer is 

combined with interactions between the excited state and the ligand’s vibrational modes.8, 

26-29 

 

Figure 4.4. (a) Emission characteristics of IR-BIB at 365 nm excitation and (b) Emission 

characteristics of IR-DPP at 365 nm excitation. 
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The photoluminescence quantum yields (PLQYs) of both the dinuclear complexes 

were examined in degassed toluene solutions at room temperature. IR-BIB showed a 

PLQY of 0.75 while IR-DPP had a PLQY of 0.27, measured using Ir(ppy)3 in 

dichloroethane (ϕP = 0.89 in dichloroethane) as the reference.30 Notably, the PLQY of 0.75 

for IR-BIB is exceptional for a dinuclear iridium complex. 

 

Figure 4.5. Excited state life time measured by Time-Correlated Single Photon Counting 

(TCSPC): (a) IR-BIB and (b) IR-DPP. 

Further, we recorded the excited state lifetimes (τ) of the dinuclear iridium 

complexes in toluene at room temperature (Figure 4.5a,b). The measured TCPSC lifetime 

400 800 1200 1600
10

0

10
2

10
4

 

 

 IR-BIB

P
h

o
to

n
 C

o
u

n
ts

Time (ns)

0 400 800 1200 1600
10

0

10
2

 

 

 IR-DPP

P
h

o
to

n
 C

o
u

n
ts

Time (ns)

a)

b)



Dinuclear Iridium(III) Complexes with Non-Innocent Bridging Ligand for OLEDs 

180 
 

of IR-BIB was 70 ns, while for IR-DPP the lifetime was around 101 ns. The IR-BIB 

exhibited a slightly short lifetime compared to IR-DPP. To gain further insight into the 

details, radiative (𝑘r) and non-radiative (𝑘nr) decay rates of IR-BIB and IR-DPP were 

calculated.31 By integrating Equations 1 and 2 below and utilizing the measured PLQY and 

lifetime data at room temperature, the radiative (𝑘r) and non-radiative (𝑘nr) decay rates can 

be calculated, as detailed in Table 4.1.32 

PLQY =
𝑘𝑟

(𝑘𝑟  + 𝑘𝑛𝑟)
   (1) 

1

τ
=   𝑘𝑟  +  𝑘𝑛𝑟     (2) 

The radiative decay rate of IR-BIB was determined to be 𝑘r = 1.0 × 107 s-1, while IR-DPP 

showed a radiative decay rate of 𝑘r = 2.6 × 106 s-1. The non-radiative decay rate for IR-

BIB was calculated as 𝑘nr = 3.3 × 106 s-1, whereas for IR-DPP it was 𝑘nr = 7.3 × 106 s-1. 

To examine their electrochemical properties and determine the energy levels of the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO), the electrochemical properties of dinuclear Ir(III) complexes were assessed using 

cyclic voltammetry in acetonitrile at room temperature. These measurements were 

conducted relative to an internal ferrocenium/ferrocene reference (Fc+/Fc) (Figure 4.6a,b). 

EHOMO = – (Eox – EFc/Fc+ + 4.8)    (3) 

ELUMO = – (Ered – EFc/Fc+ + 4.8)   (4) 

ΔEgap = ELUMO – EHOMO                 (5) 

ΔEgap = 1240/λabs-onset                   (6) 
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By using Equations 3 and 4, the HOMO and LUMO energy levels (EHOMO and 

ELUMO) of both the iridium dinuclear complexes were obtained.13 The cyclic voltammetry 

results indicate the EHOMO values of IR-BIB and IR-DPP are both -5.34 eV, while the 

ELUMO values are -2.92 eV for IR-BIB and -3.44 eV for IR-DPP. The energy gap (ΔEgap) 

was calculated using Equation 5, yielding values of 2.42 eV for IR-BIB and 1.90 eV for 

IR-DPP.33 The ELUMO and ΔEgap of the dinuclear iridium complexes were reconfirmed 

using Equation 6.33, 34 All the photophyscial and electrochemical data are summarized in 

Table 4.1. 

 

Figure 4.6. Cyclic voltammetry curve in acetonitrile using ferrocene as standard: (a) IR-

BIB and (b) IR-DPP. 

-2 -1 0 1 2

 

 

C
u

rr
e
n

t 
(

A
)

Potential (V vs Ag/Ag+)

 IR-BIB

-3 -2 -1 0 1 2 3

 

 

C
u

rr
e
n

t 
(

A
)

Potential (V vs Ag/Ag+) 

 IR-DPP

a)

b)



Dinuclear Iridium(III) Complexes with Non-Innocent Bridging Ligand for OLEDs 

182 
 

Table 4.1. Photophysical and electrochemical properties of Ir(III) complexes. 

Compound 
aλem 

(nm) 
bPLQY cHOMO dLUMO eΔE(eV) 

fτ 

(ns) 
gkr(s-1) 

hknr(s-

1) 

IR-BIB 498, 532 0.75± .02 -5.34 eV -2.92 eV 2.42 70 1.07×107 3.3×106 

IR-DPP 516 0.27± .02 -5.34 eV -3.44 eV 1.90 101 2.6×106 7.3×106 

aEmission maxima; bPLQY refers to the photoluminescence quantum yield in toluene, with Ir(ppy)3 (ΦP:0.89) 

in dichloroethane as the reference; cHOMO determined by cyclic voltammograms in degassed acetonitrile; 
dLUMO determined by cyclic voltammograms in degassed acetonitrile; eEnergy gap = ELUMO-EHOMO; 
fLifetime (excitation wavelength 365 nm); gRadiative decay rate and hNon-radiative decay rate. 

 

4.3.3. Electroluminescent (EL) Properties of IR-BIB 

We selected the dinuclear iridium complex IR-BIB for further investigation of the 

electroluminescence properties due to its high PLQY and low emission lifetime. Two 

solution-processed OLED devices were fabricated: one using IR-BIB alone as the emitting 

layer and another with IR-BIB doped in PVK. Device 1, consisting of IR-BIB alone as the 

emitting layer, was fabricated with a multilayered architecture: Indium tin oxide (ITO)/ 

PEDOT: PSS (40 nm)/ IR-BIB (30 nm)/ TPBi (40 nm)/ LiF (1 nm)/ Al (100 nm). Device 

2, consisting of IR-BIB doped in PVK as the emitting layer, was fabricated with the 

architecture: ITO/ PEDOT: PSS (40 nm)/ PVK: IR-BIB (2w%, 30 nm)/ TPBi (40 nm)/ LiF 

(1 nm)/ Al (100 nm).  

 

Figure 4.7. Schematic representation of the device architecture of Device 1 and Device 2. 
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Figure 4.8. (a) Solid state photoluminescence of thin films of IR-BIB doped in PVK at 

various weight percentages and (b) Images of IR-BIB doped in PVK at various weight 

percentages under UV light illumination. 

As shown in Figure 4.7, PEDOT:PSS [poly(3,4-

ethylenedioxythiophene):polystyrene sulfonate] is the hole-transporting material (HTL), 

TPBi [1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene] is the electron transporting 

material (ETL) and LiF [Lithium Fluoride] serve as electron injecting layer. PVK [poly(9-

vinylcarbazole)] was utilized as a host material due to its suitable HOMO and LUMO 

energy levels. The IR-BIB complex, fully embedded within the PVK matrix, demonstrated 

effective energy transfer from the host material to the IR-BIB emitting layer (EML).35 To 

optimize the dopant concentration, the emission profiles of thin films with IR-BIB doped 

in PVK were recorded. The doping ratios used for thin films were 2 wt%, 5 wt%, 8 wt%, 
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and 10 wt% (Figure 4.8a,b). The maximum emission intensity was achieved for 2 wt% of 

IR-BIB, which was selected for device fabrication. The electroluminescence (EL) spectra, 

current density (J)-voltage (V)-luminance (L) curves, and external quantum efficiency 

(EQE) characteristics of devices, Device 1 and Device 2, are depicted in Figure 4.9 - 

Figure 4.12, with key EL data summarized in Table 4.2. 

Table 4.2. Electroluminescence parameters for Device 1 and Device 2. 

aElectroluminescence spectra; bLuminescence maximum; cCurrent density maximum; dCIE 1931 

chromaticity coordinates; eCurrent Efficiency; fPower Efficiency and gExternal Quantum Efficiency. 

 

 

Figure 4.9. EL performance of Device 1 (IR-BIB alone) OLED: (a) EL spectra at various 

operating voltages; (b) CIE 1931 chromaticity coordinates versus voltage plot and (c) 

Current density versus voltage and luminance versus voltage curves. 
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Figure 4.10. EL performance of Device 1 (IR-BIB alone) OLED: (a) Current efficiency 

versus voltage and power efficiency versus voltage curves and (b) EQE- voltage plot. 
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a current efficiency of 0.07 cd/A, a power efficiency of 0.04 lm/W, and a maximum EQE 

of 0.028%.  

 

Figure 4.11. EL performance of Device 2 (PVK:IR-BIB) OLED: (a) EL spectra at various 

operating voltages; (b) CIE 1931 chromaticity coordinates versus voltage and (c) Current 

density versus voltage and luminance versus voltage curves. 
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Figure 4.12. EL performance of Device 2 (PVK:IR-BIB) OLED: (a) Current efficiency 

versus voltage and power efficiency versus voltage curve and (b) EQE-voltage plot. 

 

Figure 4.13. (a) Current density versus voltage and luminescence versus voltage plot 

(Device 1 and Device 2) and (b) EQE-voltage characteristics of Device 1 and Device 2. 
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As shown in Figure 4.13a,b, Device 2 outperforms Device 1 primarily due to 

enhanced and balanced charge injection and transport properties facilitated by the use of 

PVK as the host material.13, 35 The findings underscore the promising potential of dinuclear 

iridium(III) complexes for developing highly efficient solution-processed OLEDs. This 

chapter discusses the synthesis of neutral dinuclear cyclometalated iridium(III) complexes, 

successfully optimizing their phosphorescent properties to obtain high photoluminescence 

quantum yields (PLQY) and short lifetime values. This advancement holds promise for the 

development of solution-processed OLEDs and opens avenues for designing and 

synthesizing a wide range of highly phosphorescent dinuclear iridium(III) complexes for 

various potential applications. 

4.4. Conclusion 

In summary, we report the synthesis, photophysical, and electrochemical properties 

of two iridium dinuclear complexes, IR-BIB and IR-DPP. These complexes feature 2-(4-

tert-butylphenyl)pyridine as the cyclometalating ligands, with bibenzimidazole (IR-BIB) 

or diketopyrrolopyrrole (IR-DPP) as the bridging ligand. The IR-BIB and IR-DPP 

complexes exhibited photoluminescence quantum yields of 0.75 and 0.27, and excited state 

lifetimes of 70 ns and 101 ns, respectively. To evaluate the electroluminescent (EL) 

properties of the dinuclear iridium system, IR-BIB was chosen as the emitter for OLED 

device fabrication due to its higher PLQY and shorter emission lifetime. Further, two 

solution-processed OLED devices were fabricated: one with IR-BIB as the sole emitting 

layer and another with IR-BIB doped in PVK. The optimized devices with IR-BIB alone 

and IR-BIB doped in PVK achieved maximum luminescence of 150 cd/m² and 6,300 

cd/m², respectively. The OLED device incorporating IR-BIB doped in PVK exhibited a 

higher EQE of 5.85%, compared to the 0.028% EQE of the IR-BIB alone device. This 
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work underscores the potential of dinuclear iridium complexes as effective emitting layers 

in OLEDs, demonstrating their promise for optoelectronic applications. 

4.5. Experimental Section 

4.5.1. Materials and General Instruments 

The chemicals utilized in this study, including 2-bromopyridine, 4-tert-

butylphenylboronic, K2CO3, PdCl2(PPh3)2, IrCl3·xH2O, NH4PF6, 2-ethoxyethanol, 

succinic acid, H2SO4, isopropanol, sodium bicarbonate, magnesium sulphate, sodium, 

FeCl3, tert-amyl alcohol, 2-cyanopyridine, 2-methyl-2-butanol, CaH2 (calcium hydride) 

were obtained from Alfa Aesar, Sigma-Aldrich and TCI Chemicals and used without 

further purification. Reactions sensitive to moisture and oxygen were carried out under an 

argon atmosphere using dried solvents obtained from Sigma-Aldrich and Merck. Thin layer 

chromatography (TLC) was performed using aluminum plates coated with silica gel from 

Merck. Silica gels (100−200 and 230−400 mesh) were employed for column 

chromatography. 1H NMR (500 MHz) and 13C NMR (125 MHz) analyses were conducted 

on a Bruker Avance DPX spectrometer, with TMS as the internal standard. Chloroform-d 

was used as a solvent for NMR analysis. High-resolution mass spectra (HRMS) were 

acquired using a Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap Electrospray 

Ionization Mass Spectrometer (ESI-MS). 

4.5.2. Photophysical and Electrochemical Measurements 

UV/Vis absorption spectra were recorded with a Shimadzu UV-2600 

spectrophotometer, while emission spectra were obtained using a SPEX Fluorolog 

spectrofluorimeter. Cyclic voltammetry was performed with a PARSTAT 4000A 

potentiostat in an argon atmosphere, using dry, oxygen-free acetonitrile with 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAH) as the supporting electrolyte. The 
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measurements were conducted with a standard three-electrode configuration, which 

included an Ag/AgCl reference electrode and a platinum wire counter electrode, with redox 

potentials referenced to the ferrocene/ferrocenium couple. Photoluminescence quantum 

yields for IR-BIB and IR-DPP were determined by relative comparison to Ir(ppy)3 (Φp = 

0.89 in dichloroethane) as the standard.30 Fluorescence lifetime measurements were carried 

out using a Horiba DeltaFlex picosecond single-photon counting system, equipped with a 

picosecond photon detection module (PPD-850). The fluorescence decay profiles were 

analyzed with EzTime software and fitted using a multi-exponential decay model, yielding 

a chi-square value of 1 ± 0.2. 

4.5.3. OLED Fabrication and Measurements 

Patterned ITO-coated substrates (sheet resistance 10Ω per square) were brushed 

with soap solution and cleaned in an ultrasonic bath with 2-propanol and deionized water. 

The device structure in this study was ITO (150 nm) / PEDOT: PSS (40 nm) / Emissive 

layer (30 nm) / TPBi (35 nm) / LiF (1 nm) /Al (100 nm). Devices were fabricated by 

sequential spin coating of PEDOT: PSS and the emissive layer (IR-BIB and PVK at 2wt% 

IR-BIB) under a nitrogen atmosphere and all other layers were thermally evaporated in an 

evaporation chamber under high vacuum conditions (~10-8 Torr). Emissive layer solutions 

were prepared in chlorobenzene and coated at 3000 rpm rate for one minute. Aluminum, 

used as a cathode, was thermally evaporated without breaking the vacuum. Devices were 

encapsulated with a cover glass using epoxy resin in a nitrogen atmosphere before 

measurements were done in ambient conditions, with the measured device area 25 mm2. 

Electroluminescence spectra and other device parameters of the devices were measured 

using a spectroradiometer (Photoresearch PR-655) attached to an integrating sphere and a 

Keithley 2400 Source Meter. 
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4.5.4. Synthesis and Characterization of Molecules 

4.5.4a. Synthesis of 2-(4-tert-butylphenyl)pyridine (tbppy) 

 

Scheme 4.1 

A solution of 2-bromopyridine (295 mg, 1.8 mmol), 4-tert-butylphenylboronic acid (400 

mg, 2.2 mmol), and potassium carbonate (K2CO3) (1.29 g, 9.3 mmol) was prepared in a 

mixture of toluene (4.4 mL), ethanol (1.6 mL), and water (0.8 mL). The resulting reaction 

mixture was degassed for 20 minutes. Under an argon atmosphere, PdCl2(PPh3)2 (0.1 

mmol) was introduced, and the mixture was stirred continuously while refluxing for 24 

hours. Upon cooling to room temperature, the mixture was extracted with dichloromethane 

(DCM) and water. The crude product was purified via silica gel column chromatography 

using a DCM/n-hexane eluent, yielding a colorless liquid product with a 75% yield. 1H 

NMR (500 MHz, CDCl3): δ 8.70 (d, 1H), δ 7.97 (m, 2H), δ 7.74 (m, 2H), δ 7.51 (d, 2H), δ 

7.21 (m, 1H), δ 1.39 (s, 9H). 

4.5.4b. Synthesis of [(tbppy)2IrCl]2  

 

Scheme 4.2 
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A mixture of IrCl3.nH2O (100 mg, 0.33 mmol) and tbppy (141 mg, 0.66 mmol) in 2-

ethoxyethanol (6 mL) and water (2 mL) were refluxed for 24 hours. After cooling, distilled 

water was added, resulting in the formation of a yellow precipitate. The precipitate was 

collected by filtration, then washed with hexane and diethyl ether. The crude yellow 

product, obtained in a 46% yield, was used in the subsequent reaction without further 

purification. HRMS: Calculated for C60H64Cl2Ir2N4 with m/z 1296.38, where z =1, found: 

613.22. 

4.5.4c. Synthesis of di-isopropyl succinate  

 

Scheme 4.3 

A mixture of succinic acid (3 g, 25.4 mmol) and a catalytic amount of H2SO4 (~500 μL) in 

isopropanol (39.6 mL) was refluxed at 85 °C for 18 hours. After cooling, the reaction 

mixture was quenched and neutralized with a saturated sodium bicarbonate solution. The 

organic phase was extracted with diethyl ether, and the combined extracts were washed 

successively with saturated sodium bicarbonate solution, water, and brine. The solution 

was then dried over anhydrous magnesium sulfate, filtered, and the solvent removed under 

reduced pressure to afford the product as a clear oil in 67% yield. 1H NMR (500 MHz, 

CDCl3): δ 5.04 (m, 2H), δ 2.60 (s, 4H), δ 1.25 (d, 12H). 
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4.5.4d. Synthesis of diketopyrrolopyrrole, DPP 

 

Scheme 4.4 

Sodium (200 mg, 8.6 mmol) and FeCl3 (13 mg, 0.08 mmol) were dissolved in dry 2-methyl-

2-butanol (6 mL) by heating at 90 °C under an argon atmosphere. Once the sodium had 

fully dissolved, the solution was cooled to approximately 50 °C, and 2-cyanopyridine (625 

mg, 6 mmol) was added. A solution of diisopropyl succinate (553 mg, 2.7 mmol) in dry 2-

methyl-2-butanol (2.5 mL) was then added dropwise over 1 hour at 90 °C. The 2-methyl-

2-butanol was pre-dried by stirring over CaH2 overnight and fractionally distilled before 

use. After stirring the reaction mixture for 24 hours, acetic acid (2.5 mL) was added, and 

the mixture was heated to 120 °C for 1 hour. The resulting precipitate was filtered and 

washed thoroughly with water, methanol, and dichloromethane under vacuum, yielding a 

red solid in 31% yield. 

4.5.4e. Synthesis of IR-DPP  

 

Scheme 4.5 
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A microwave tube was charged with [(tbppy)2IrCl]2 (28 mg, 0.021 mmol) and DPP (5.6 

mg, 0.019 mmol). To this dry DMF (2 mL) and TEA (1 mL) were added. The mixture was 

degassed for 15 minutes and heated in a microwave at 100 °C for 30 minutes (150 W, 3 

bar pressure). Further, the solution was extracted with dichloromethane (DCM) and water, 

yielding a blue powder. Purification was achieved through multiple-column 

chromatographies using ethyl acetate and hexane, followed by a mixture of DCM, 

methanol, and hexane. The pure product was obtained in dark green color with a yield of 

less than 10%. 1H NMR (500 MHz, CDCl3): δ 9.18 (d, 2H), δ 8.78 (m, 2H), δ 7.81 (m, 4H), 

δ 7.69 (m, 4H), δ 7.58 (m, 4H), δ 7.50 (m, 4H), δ 6.94 (m, 12H), δ 6.37 (d, 2H), δ 6.26 (d, 

2H), δ 1.07 (d, 36H). 13C NMR (125 MHz, CDCl3): δ 168.65, 157.05, 153.84, 151.33, 

148.16, 140.55, 137.21, 136.30, 135.80, 128.29, 126.36, 124.72, 123.60, 123.24, 121.89, 

120.93, 118.31, 117.28, 34.31, 21.81. Mass Spectrum: Calculated for C76H72Ir2N8O2 with 

m/z 1514.50, where z =1, found: 1514.50. 

4.5.4f. Synthesis of IR-BIB 

 

Scheme 4.6 

A mixture of [(tbppy)2IrCl]2 (28 mg, 0.021 mmol) and bibenzimidazole (4.6 mg, 0.019 

mmol) in 2 mL of dry DMF and 1 mL of TEA was degassed under argon for 15 minutes. 

The reaction mixture was then treated in a microwave reactor for 30 minutes at 100 °C, 

with a power setting of 150 W and a pressure of 3 bar. Further, the product was extracted 
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with water and DCM. The DCM layer was dried over magnesium sulfate, and the solvent 

was removed under reduced pressure. Purification was achieved by column 

chromatography using DCM, methanol, and hexane, as well as chromatotron, yielding less 

than 10%. 1H NMR (500 MHz, CDCl3): δ 7.86 (d, 4H), δ 7.72 (d, 4H), δ 7.63 (m,8H), δ 

7.04 (m, 4H), δ 6.71 (d, 4H), δ 6.67 (m, 4H), δ 6.62 (m, 4H), δ 6.01 (m, 4H), δ 1.12 (s, 

36H). 13C NMR (125 MHz, CDCl3): δ 169.17, 159.79, 151.65, 150.21, 149.78, 148.95, 

144.28, 142.77, 135.84, 129.65, 123.38, 121.04, 120.88, 120.01, 118.33, 118.05, 117.85, 

115.99, 34.46, 31.21. Mass Spectrum: Calculated for C74H72Ir2N8 with m/z 1458.51, where 

z =1, found: 1458.51. 

4.5.5. NMR and Mass Spectrum  

Figure 4.14. 1H NMR of tbppy in CDCl3 
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Figure 4.15. HRMS of [(tbppy)2IrCl]2 

 

Figure 4.16.1H NMR of di-isopropyl succinate in CDCl3 
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Figure 4.17. Mass spectrum of IR-DPP 

 

Figure 4.18.1H NMR of IR-DPP in CDCl3 
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Figure 4.19.13C NMR of IR-DPP in CDCl3 

 

Figure 4.20. Mass spectrum of IR-BIB 
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Figure 4.21.1H NMR of IR-BIB in CDCl3 

 

Figure 4.22.13C NMR of IR-BIB in CDCl3 
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Cyclometalated iridium(III) complexes find extensive applications in diverse fields such as cellular imaging, 

photodynamic therapy (PDT), organic light-emitting diodes (OLEDs), catalysis, photochemical sensors, and as 

biomarkers. These complexes are highly valued for their distinct photophysical properties, including high 

photoluminescence quantum yields, tunable emission wavelengths, strong photostability, large Stokes shifts, and long 

luminescence lifetimes. These characteristics are primarily attributed to the effective spin-orbit coupling (SOC) 

provided by the iridium center, which facilitates efficient inter-system crossing from singlet to triplet states. In 

therapeutic applications, especially in PDT, iridium complexes have emerged as potent photosensitizers. PDT is a non-

invasive treatment method that relies on the light-induced activation of a photosensitizer (PS), which reacts with 

molecular oxygen to generate reactive oxygen species (ROS). These cytotoxic ROS promote cancer cell death, making 

PDT a promising clinical approach for treating various conditions. While mononuclear iridium(III) complexes have been 

widely studied and used the potential of di- and multinuclear iridium complexes remains underexplored. Beyond their 

biomedical applications, iridium complexes are also integral to optoelectronic devices such as OLEDs. OLEDs consist of 

an emitting layer, sandwiched between two electrodes. When voltage is applied, electrons and holes combine in the 

emissive layer to form excitons, whose radiative decay results in light emission. Given the significance of iridium 

complexes in both bioimaging and optoelectronics, the design and development of new, efficient photosensitizers and 

emissive materials is crucial. This thesis focuses on the synthesis, characterization, and exploration of dinuclear 

iridium(III) complexes, which have been less studied compared to their mononuclear counterparts. The work aims to 

understand the structure-property relationships of these complexes and investigates their potential applications in 

both therapeutic fields, particularly PDT, and optoelectronics, such as OLEDs. Chapter 1 provides an overview of 

iridium complexes, highlighting their applications as photosensitizers in photodynamic therapy (PDT) and as emissive 

materials in OLEDs. It delves into recent advancements and developments in these fields. 

In Chapter 2, we developed a dinuclear iridium complex (IR-DI) for imaging and PDT. Compared to its 

mononuclear counterpart (IR-MO), IR-DI shows superior photoluminescence quantum yield (Φp = 0.70) and singlet 

oxygen generation quantum yield (Φs = 0.49). The complex exhibits efficient cellular uptake, mitochondria targeting, 

and significant photocytotoxicity in triple-negative breast cancer cells. Mechanisms of cell death are explored through 

live-dead assays and flow cytometry analysis. 

Chapter 3 introduces a viscosity-sensitive iridium complex (IR-ISO) for viscosity-activated PDT and carried a 

comparative photophysical investigation along with the monomer counterpart IR-IMO. The complex IR-ISO displays 

enhanced luminescence in viscous environments, with selective activity in cancer cells over normal cells. This chapter 

highlights the potential of viscosity-assisted PDT for selective cancer treatment. 

Finally, Chapter 4 focuses on the synthesis and optoelectronic applications of two dinuclear iridium complexes 

(IR-BIB and IR-DPP) designed for use in OLEDs. The IR-BIB complex, with a high photoluminescence quantum yield, 

performed exceptionally well in OLED devices, achieving a luminescence of 6,300 cd/m² and an external quantum 

efficiency (EQE) of 5.85%, demonstrating its promise for solid-state lighting applications. 
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Development of Bimetallic Cyclometalated Iridium (III) Complexes with Non-

innocent Bridging Ligand for OLED Application 
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Email: joshy@niist.res.in 

Highly phosphorescent cyclometalated Iridium(III) complexes have been widely 

employed to fabricate organic light-emitting diodes (OLEDs) because of their unique 

optoelectronic properties.1 Phosphorescent dinuclear iridium(III) complexes that can 

show high luminescent efficiencies and good electroluminescent abilities are very rare. 

Herein, we demonstrating highly phosphorescent 2-(4-tert-butylphenyl)pyridine based 

dinuclear Iridium(III) complexes with two different non innocent bridging ligand for 

OLED application. The introduction of second metal centre in the complex helps us to 

achieve some superior properties with respect to the common monmer complexes. The 

molar absobivity of the complex generally hike as more metal centres are present and, 

more imperative feature we observed for these complexes were the notable drop in the 

lifetime which could benefit on device to control the efficiency roll off.2 One of the new 

dinuclear iridium(III) complex (1) achieves a PLQY of 75%, which is the highest 

PLQY for dinuclear iridium(III) systems so far. The photophysical characterization of 

the novel dinuclear systems proved them as potential candidate for OLED application. 

  

a) Chemical structure of the new Iridium (III) dimer complexes. 

References 

1 Wong, W. Y; Ho, L. C; Zhou, G; Dang, J; Xu, X; Yang, X. Inorg. Chem. 2016, 55, 1720 –1727. 
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Photodynamic therapy (PDT) is a highly effective and minimally invasive 

treatment strategy that employs laser-triggered photosensitizers to combat cancer.1 

This prevalent method relies on a light-activated interaction between a 

photosensitizer and molecular oxygen, generating cytotoxic reactive oxygen 

species (ROS) that induce cancer cell death.2 In rapidly advancing field of PDT, 

iridium-based photosensitizers stand out due to their dual functionality as both 

imaging probes and PDT agents, offering potential for precise and targeted 

therapeutic interventions. Despite the numerous reported classes of mononuclear 

iridium(III) based photosensitizers, there are limited examples of dinuclear systems. 

The synthetic difficulties of dinuclear systems may have led to them being initially 

overlooked, but reports in optoelectronic applications have highlighted their 

advantages over monomers.3, 4 The multiple metal centers aid enhanced spin orbit 

coupling in dinuclear systems result in a wider absorption range and increased 

production of triplet excitons, offering impressive advantages. The focus here was 

exploring the full potential of iridium-based dinuclear systems for PDT applications 

remains a challenge.  

Herein, we demonstrating a dinuclear Ir(III) complex, designated as IRDI, 

alongside its structurally analogous monomer complex, IRMO. Both complexes 

feature 2-(2,4-difluorophenyl)pyridine and 4’-methyl-2,2’-bipyridine ligands. Our 

comparative analysis of the mononuclear and dinuclear Ir(III) complexes revealed 

a higher photoluminescence quantum yield (Φp) of 0.70 for IRDI in comparison to 

IRMO (Φp = 0.47). And IRDI also exhibited a higher singlet oxygen generation 

quantum yield (Φs) of 0.49 compared to IRMO (Φs = 0.28) which is a vital criteria 

for a photosensitizer in photodynamic therapy.5 The in vitro assessments confirmed 

the efficient cellular uptake and the inherent mitochondria-targeting ability of IRDI 

without the need of a specific targeting group. The light-triggered cellular apoptosis 

via reactive oxygen species (ROS)-mediated photodynamic therapy (PDT) was 

confirmed through diverse live-dead assays conducted both in the presence and 

absence of the singlet oxygen scavenger NaN3. Further, the mechanism of cell death 

was elucidated through the Annexin V-FITC/PI flow cytometric assay. Thus, 

proving the dinuclear complex IRDI as a potential candidate for image-guided PDT 

application. 
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Introduction: Photodynamic therapy is an effective and non-invasive treatment 

strategy that employs laser-triggered photosensitizers to combat cancer. This 

prevalent method relies on a light-activated interaction between a photosensitizer 

and molecular oxygen, generating cytotoxic ROS species that induce cancer cell 

death. The iridium-based photosensitizers stand out due to their dual functionality 

as both imaging probes and PDT agents, offering potential for precise and targeted 

therapeutic interventions. Despite the numerous reports of mononuclear iridium(III) 

based photosensitizers, there are limited examples of dinuclear systems.  

Aim of study: The multiple metal centers aid enhanced spin-orbit coupling in 

dinuclear systems result in a wider absorption range and increased production of 

triplet excitons, offering impressive advantages. So, the aim of study here was 

exploring the full potential of iridium-based dinuclear systems for PDT 

applications. Herein, we exploring a dinuclear Ir(III) complex, designated as IRDI, 

alongside its structurally analogous monomer complex, IRMO. 

Materials and Methods: Chemicals, NMR, Photophysical experiment workstation, 

Various cellular assay kits 

Results: Our comparative analysis of the mononuclear and dinuclear Ir(III) 

complexes revealed a higher PLQY (Φp) of 0.70 for IRDI in comparison to IRMO 

(Φp = 0.47). And IRDI also exhibited a higher singlet oxygen quantum yield (Φs) 

of 0.49 compared to IRMO (Φs = 0.28) which is a vital criteria for a photosensitizer 

in photodynamic therapy. The in-vitro assessments confirmed the efficient cellular-

uptake and the inherent mitochondria-targeting ability of IRDI without any specific 

targeting group. The light-triggered cellular apoptosis via ROS-mediated PDT was 

confirmed through diverse live-dead assays conducted with and without singlet 

oxygen scavenger NaN3. Further, the mechanism of cell death was elucidated 

through the Annexin V-FITC/PI flow cytometric assay. Conclusion: The IRDI act 

as better photosensitizer in all the experiments compared to IRMO. So, it confirms 

efficient employment of dinuclaer systems instead of monomuclear can unleash the 

full potential of iridium based PDT. 

Keywords: Dinuclear Iridium complex, Reactive Oxygen Species (ROS), 

Photosensitizers (PS), Photodynamic Therapy (PDT), Targeted therapy, Apoptosis 
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Photodynamic therapy (PDT) is a highly effective and minimally invasive 

treatment strategy that employs laser-triggered photosensitizers to combat cancer.1 

This prevalent method relies on a light-activated interaction between a 

photosensitizer and molecular oxygen, generating cytotoxic reactive oxygen 

species (ROS) that induce cancer cell death.2 In rapidly advancing field of PDT, 

numerous mononuclear Ir(III) based photosensitizers are reported while there are 

limited examples of dinuclear systems. The synthetic difficulties of dinuclear 

systems may have led to them being initially overlooked, but reports in 

optoelectronic applications have highlighted their advantages over monomers.3 The 

multiple metal centers aid enhanced spin orbit coupling in dinuclear systems result 

in a wider absorption range and increased production of triplet excitons, offering 

impressive advantages. Herein, we demonstrate a dinuclear Ir(III) complex, 

designated as IRDI, with a structurally similar monomer complex, IRMO. Both 

complexes feature 2-(2,4-difluorophenyl)pyridine and 4’-methyl-2,2’-bipyridine 

ligands. Our comparative analysis of the mononuclear and dinuclear Ir(III) 

complexes revealed a higher PLQY (Φp) of 0.70 for IRDI in comparison to IRMO 

(Φp = 0.47). And IRDI also exhibited a higher singlet oxygen generation quantum 

yield (Φs) of 0.49 compared to IRMO (Φs = 0.28). The in vitro assessments 

confirmed the efficient cellular uptake and the inherent mitochondria-targeting 

ability of IRDI without any specific targeting group. The light-triggered cellular 

apoptosis via ROS-mediated PDT was confirmed through diverse live-dead assays 

conducted. Further, the mechanism of cell death was elucidated through the 

Annexin V-FITC/PI flow cytometric assay. Thus, proving the dinuclear complex 

IRDI as a potential candidate for image-guided PDT application. 

Keywords: Photodynamic therapy, Iridium complexes, Reactive Oxygen species (ROS) 
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ABSTRACT: Photodynamic therapy (PDT) has emerged as an
efficient and noninvasive treatment approach utilizing laser-
triggered photosensitizers for combating cancer. Within this
rapidly advancing field, iridium-based photosensitizers with their
dual functionality as both imaging probes and PDT agents exhibit
a potential for precise and targeted therapeutic interventions.
However, most reported classes of Ir(III)-based photosensitizers
comprise mononuclear iridium(III), with very few examples of
dinuclear systems. Exploring the full potential of iridium-based
dinuclear systems for PDT applications remains a challenge.
Herein, we report a dinuclear Ir(III) complex (IRDI) along with a
structurally similar monomer complex (IRMO) having 2-(2,4-
difluorophenyl)pyridine and 4′-methyl-2,2′-bipyridine ligands. The comparative investigation of the mononuclear and dinuclear
Ir(III) complexes showed similar absorption profiles, but the dinuclear derivative IRDI exhibited a higher photoluminescence
quantum yield (Φp) of 0.70 compared to that of IRMO (Φp = 0.47). Further, IRDI showed a higher singlet oxygen generation
quantum yield (Φs) of 0.49 compared to IRMO (Φs = 0.28), signifying the enhanced potential of the dinuclear derivative for image-
guided photodynamic therapy. In vitro assessments indicate that IRDI shows efficient cellular uptake and significant
photocytotoxicity in the triple-negative breast cancer cell line MDA-MB-231. In addition, the presence of a dual positive charge
on the dinuclear system facilitates the inherent mitochondria-targeting ability without the need for a specific targeting group.
Subcellular singlet oxygen generation by IRDI was confirmed using Si-DMA, and light-activated cellular apoptosis via ROS-mediated
PDT was verified through various live−dead assays performed in the presence and absence of the singlet oxygen scavenger NaN3.
Further, the mechanism of cell death was elucidated by an annexin V-FITC/PI flow cytometric assay and by investigating the
cytochrome c release from mitochondria using Western blot analysis. Thus, the dinuclear complex designed to enhance spin−orbit
coupling with minimal excitonic coupling represents a promising strategy for efficient image-guided PDT using iridium complexes.
KEYWORDS: dinuclear iridium complex, reactive oxygen species (ROS), photosensitizers (PSs), photodynamic therapy (PDT),
targeted therapy, apoptosis

1. INTRODUCTION
Over the past few decades, photodynamic therapy has
established itself as a highly promising clinical modality for
treating a variety of diseases, particularly cancer and actinic
keratosis.1−5 It is a noninvasive method utilizing a light-activated
reaction between a photosensitizer and molecular oxygen to
generate cytotoxic reactive oxygen species (ROS) facilitating
cancer cell death.3 The processes underlying the generation of
reactive oxygen species (ROS) are intricate, but they can be
broadly divided into two main pathways. The type I process
involves a photoinduced electron transfer with biological
substrates, resulting in the formation of radical species such as
superoxide (O2

•−), hydroxyl (•OH), and hydrogen peroxide
(H2O2). Meanwhile, in the type II pathway, photoreactivity

occurs through a direct energy transfer to molecular oxygen
(3O2) resulting in the production of singlet oxygen (1O2).6−8

The effectiveness of photodynamic therapy greatly depends
upon the characteristics of the photosensitizers, in addition to
light dosage and oxygen concentration.9 For image-guided
therapeutic applications, the photosensitizer must possess
several key attributes: a long-lived excited state capable of
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generating ROS upon interaction with oxygen, nontoxicity in its
nonirradiated form, preferential absorption in a specific range,
photochemical stability, and prompt clearance from the body to
minimize the risk of long-term photosensitivity.10 Although
derivatives of porphyrin, chlorin, and phthalocyanine have
traditionally been widely used as photosensitizers in PDT due to
their favorable light absorption, fluorescence emission, and
singlet oxygen generation, they often exhibit challenges such as
synthesis and purification difficulties, poor water solubility,
prolonged retention in the body, and potential hepatotoxicity.
Metal complexes have emerged as promising photosensitizers
for PDT, offering advantages such as long-lived triplet states,
high ROS production, photochemical stability, and water
solubility. The efficient room-temperature photoluminescence
of metal complexes offers an additional advantage of cellular
imaging, which makes them suitable for image-guided PDT
compared to conventional photosensitizers.11

Recently, cyclometalated transition-metal complexes, partic-
ularly Pt(II) and Ir(III), have gained widespread attention due
to their impressive luminescent properties and for their
performance as a highly effective class of singlet oxygen
photosensitizers.12−16 Even though the success of cisplatin as
an anticancer agent has ignited a pursuit for the development of
several inorganic anticancer drugs, they generally induce cell
death via the oxygen-independent type III pathway and are
referred as photoactivated chemotherapeutic (PACT) agents
rather than as PDT agents.10,17,18 Despite numerous reported
examples of Pt(II) complexes as efficient singlet oxygen
sensitizers, only a few platinum complexes have demonstrated
photosensitizing effects via a type I or type II mechanism.10

Subsequently, it was found that iridium(III) complexes act as

efficient photosensitizers through a type I or type II mechanism
and are suitable for live-cell imaging-guided PDT applica-
tions.10,19 In addition, iridium complexes show excellent
photophysical and photochemical properties, such as a large
Stokes shift, ease in color tuning, high triplet and singlet oxygen
quantum yield, long luminescence lifetimes, and high chemical
and photochemical stabilities.20,21

Several examples of mononuclear iridium complexes used as
photosensitizers for PDT have been reported in recent
years.6,22−28 Thompson et al. reported two iridium complexes
based on a cyclometalating ligand, phenylbenzothiazole with
ancillary ligands pyridine and acac, respectively, showing singlet
oxygen generation efficiencies as high as 100%.29 Significant
research efforts were also focused on organelle targeted PDT
using iridium-based photosensitizers.23,24,26 For example,
endoplasmic reticulum targeted phenylquinoline-based iridium
complexes for efficient ROS generation and rapid cell death were
demonstrated by Kwon et al., where the phenylisoquinoline-
based iridium enhanced ROS generation by tuning the
photosensitizer energy level for efficient energy transfer to
triplet oxygen.25 Chao et al. reported a mitochondria targeting
iridium complex for hypoxic tumors.30 The overall positive
charge and lipophilic nature of iridium complexes help them to
get localized in the mitochondria of cells even without having
any specific targeting group.30,31 The subcellular localization
plays a crucial role in the immunogenic response. As the
energetic powerhouse of the cell, mitochondria act as ideal
subcellular locations for the photosensitizer agent.32−34 Efforts
were also made in utilizing the iridium complexes for two-
photon-based PDT and for extending the absorption of the
complexes to the NIR region by substitution and conjugation to

Scheme 1. Schematic Illustration of the Action Mechanism of IRDI through Photodynamic Therapy
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overcome the inherent limitations of low wavelength absorp-
tions for PDT.35−38

Despite the numerous reports on homoleptic and heteroleptic
monomer iridium complexes for PDT applications, the study of
di/multinuclear iridium complexes as photosensitizers remains
less explored. Although the synthetic difficulties of dinuclear
iridium complexes may be a reason for them being initially
overlooked, reports on photophysical and device properties of
di/multinuclear iridium complexes used for optoelectronic
applications have highlighted their advantages over mono-
mers.39,40 Typically, multiple metal centers are expected to
enhance spin−orbit coupling (SOC) in di/multinuclear iridium
complexes, resulting in enhanced luminescence quantum yields
and ROS generation.41−44

Herein, we have designed a mitochondria targeting dinuclear
iridium complex with 2-(2,4-difluorophenyl)pyridine as the
cyclometalating ligand and 4′-methyl-2,2′-bipyridine ancillary
ligand joined through a flexible ethyl spacer (Scheme 1; IRDI)
and investigated their photophysical and photocytotoxicity
properties in comparison with the corresponding mononuclear
iridium complex (IRMO). The flexible ethyl spacer ensures
minimum through-bond electronic coupling while ensuring
close proximity of the metal centers, leading to efficient spin
orbital coupling without quenching of photoluminescence.
Consequently, the dinuclear iridium complex shows enhanced
triplet quantum yield and singlet oxygen generation efficiency
compared to the monomer iridium complex. In addition to this,
the dual positive charge of dinuclear complex (IRDI) enhances
the mitochondria targeting properties. The in vitro analysis on
the cellular internalization, mitochondrial localization, and
photocytotoxicity of IRDI was conducted in the triple-negative
breast cancer cell line MDA-MB-231. Finally, the investigation
of the cell death mechanism deciphered the ROS-driven
mitochondria mediated apoptotic pathway initiated by IRDI
upon photosensitization. Thus, the dinuclear design can unleash
the full potential of iridium-based photosensitizers in image-
guided cancer photodynamic therapy.

2. MATERIALS AND METHODS
2.1. Materials and General Instruments. The chemicals used in

this work, 2-bromopyridine, 2,4-difluorophenylboronic acid, 4,4′-
dimethyl-2,2′-bipyridyl, 1,2-bis(4′-methyl-2,2′-bipyridin-4-yl)ethane,
potassium carbonate, tetrabutylammonium bromide, Pd(PPh3)4,
IrCl3·xH2O, NH4PF6, and 2-ethoxyethanol, were purchased from
Sigma-Aldrich and TCI Chemicals and used as received without further
purification. Moisture- and oxygen-sensitive reactions were carried out
under an argon atmosphere in dried solvents purchased from Sigma-
Aldrich and Merck chemical suppliers. Thin layer chromatography
(TLC) analysis was performed using aluminum plates coated with silica
gel purchased from Merck. Silica gels (100−200 and 230−400 mesh)
were used for column chromatography. 1H NMR (500 MHz) and 13C
NMR (125 MHz) analyses were achieved using a Bruker Avance DPX
spectrometer, with TMS as the internal standard (δH = 0 ppm and δC =
0 ppm). Acetonitrile-d3 and DMSO-d6 were used as solvents for NMR
analysis. High-resolution mass spectra (HRMS) were obtained from a
Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap Electro-
spray Ionization Mass Spectrometer (ESI-MS).
2.2. Photophysical Measurements. The UV/vis absorption

spectra were measured using a Shimadzu UV−vis spectrophotometer
(UV-2600), and emission spectra were measured using a SPEX
Fluorolog spectrofluorimeter. The photostability of IRDI was studied
by recording absorption spectra with freshly prepared 10 μM solution in
acetonitrile in the presence and absence of light irradiation on an Oriel
optical bench model 11200 fitted with a 200 W xenon lamp using a 400
nm band-pass filter at regular time intervals. The pH-dependent study

of IRDI was done by recording the emission spectra of 10 μM solution
of IRDI in PBS buffer at different pH ranges from 5 to 9. Cyclic
voltammetric analyses were done using a PARSTAT 4000A
potentiostat under an argon atmosphere in dry and oxygen-free
acetonitrile with 0.1 M tetrabutylammonium hexafluorophosphate
(TBAH) as the supporting electrolyte. A standard three-electrode
configuration utilizing a Ag/AgCl electrode and platinum wire counter
electrode was used with the redox potentials referenced to the
ferrocene/ferrocenium as standard for the measurement. Singlet
oxygen generation quantum yields (Φs) were determined using 1,3-
diphenylisobenzofuran (DPBF) as the singlet oxygen scavenger for
IRMO and IRDI.12 The DPBF undergoes a [4 + 2] cycloaddition with
1O2 to form o-dibenzoylbenzene, which can be evaluated by a decrease
in the absorbance of DPBF at 410 nm. The studies were done with a
sample concentration ratio 1:10 of Ir(III) complexes and DPBF,
irradiated using an Oriel lamp fitted with a 400 nm band-pass filter at
regular time intervals followed by UV−vis measurement. The singlet
oxygen quantum yields for IRDI and IRMO in acetonitrile were
measured using the reference molecule [Ru(bpy)3]Cl2 in acetonitrile,
(Φs = 0.57) using eq 1

S F
S Fc s

c s

s c
=

×
× (1)

where S is the slope of a plot of the change in absorbance of DPBF (at
410 nm) with the irradiation time and F is the absorption correction
factor, which is given by F = 1 − 10−OD (OD represents the optical
density). The photoluminescence quantum yields of IRDI and IRMO
were measured by a relative comparison method using Ir(ppy)3 (Φp =
0.89 in dichloroethane) as the standard.45 The fluorescence lifetime
measurements were done using a picosecond single photon counting
system (TCSPC) from Horiba (DeltaFlex), and a picosecond photon
detection module (PPD-850) was used as the detector. The
fluorescence decay profiles were analyzed using the EzTime software
and fitted with a multiexponential decay model, with a chi-square value
1 ± 0.2.
2.3. In Vitro Studies. The MTT assay was performed using the

MDA-MB-231 breast cancer cell line (purchased from ATCC). The
cells were seeded in a 96-well plate at a density of 12,000 cells/well and
maintained for 24 h in DMEM with 10% FBS. Then, the cells were
incubated with IRDI at a concentration of 5−100 μM in different wells
for 24 h. After the required incubation, the MTT assay was performed
to get the cell viability. Internalization of IRDI was checked in MDA-
MB-231 breast cancer cells. The cells were incubated with IRDI in plain
DMEM at a concentration of 5−30 μM per well. The images were
captured from 0 to 3 h in a time-dependent manner (FITC channel).

Mitochondrial colocalization experiments were conducted using the
commercially available MitoTracker Red (Molecular probes). In these
experiments, cells were first incubated with the IRDI molecule for
approximately 3 h. After the incubation period, the cells were washed
and then treated with a 100 nM concentration of MitoTracker Red.
Following a 15 min incubation with MitoTracker Red, the cells were
washed twice with PBS. Finally, images were captured using a confocal
fluorescent microscope to study the colocalization of the IRDI
molecule and MitoTracker Red within the mitochondria. Again, the
mitochondrial localization of complex IRDI was confirmed using ICP-
MS analysis. MDA-MB-231 breast cancer cells were seeded into a 16-
well plate for 24 h. The medium was removed and replaced with IRDI
(10 μM) in plain DMEM. After 3 h of incubation, the cells were scraped
out, collected in PBS (3 mL), and counted. The cells were pelletized,
and different subcellular fractions (nuclear, cytosolic, and mitochon-
drial) were collected by repeated centrifugation using the previously
reported method.46 HNO3 (65%, 1 mL) was added to these fractions,
and the mixture was incubated at room temperature for 24 h to digest
entirely. The solution was then diluted to a final volume of 10 mL with
Milli-Q water, and the cellular concentration of iridium was measured
using the ICP-MS.

The singlet oxygen generation experiments were performed using Si-
DMA (Sigma-Aldrich). Cells were incubated with IRDI for 3 h prior to
the treatment with Si-DMA. After the required incubation, cells were
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washed two times with PBS, and fluorescence images were taken in the
inverted fluorescence microscope using the TRITC channel.

IRDI-driven cellular cytotoxicity and membrane damages were
analyzed using various selective staining procedures. For these, MDA-
MB-231 cells were seeded in a 96-well plate (10,000 cells/well), and
after 24 h, the cells were incubated with IRDI (10 μM) for about 3 h,
washed with PBS twice, and then irradiated with a 405 nm laser for 2
min (0.5 W laser power). Treatment groups like IRDI-treated/
untreated cells with and without laser irradiation were included in all
the studies. After 24 h, cells were washed and incubated with
corresponding staining agents. A trypan blue dye exclusion study was
performed by incubating the IRDI-treated laser-irradiated cells with
0.2% trypan blue solution in PBS for 5 min. Cells were washed, and
bright field images were captured using an inverted microscope. For the
acridine orange (AO)−ethidium bromide (EB) dual fluorescent
staining assay, the live−dead assay cocktail (5 μg of each in 1 mL
PBS) was incubated for 5 min with the treated and untreated cells, and
the images were then captured in green and red fluorescence channels.
AO will be taken up by all the cells giving green fluorescence, whereas
the orange-red fluorescence of EB indicates membrane compromised
dead cells. For the APOP assay, the cells were treated as mentioned
above; after 24 h, the wells were washed, and the APOP reagent was
added. Images were then captured in bright field mode. To examine the
Hoechst nuclear staining assay, the cell lines were seeded in a 96-well
plate for 24 h and incubated with/without IRDI for 3 h followed by
laser irradiation using the 405 nm laser. After 24 h, the samples were
washed with PBS and stained with Hoechst dye (10 μg/mL), and
images were captured under the DAPI filter of the fluorescence
microscope (UV range excitation, 340−390 nm and emission range,
430−490 nm; green channel images were taken with an excitation range
of 460−495 nm and emission range of 510−550 nm, whereas the red
channel images (MitoTracker) were taken with an excitation range of
530−550 nm and emission of 575 nm).

The cytochrome c release from mitochondrial membrane to
cytoplasm was analyzed by protein expression studies using cytosolic
and mitochondrial fractions. For this, MDA-MB-231 cells were
cultured in six-well plates at a density of 1.5 × 105 cells/well, and
after 24 h, cells were treated with and without IRDI for 3 h. Laser
irradiation was given as mentioned above, and the plates were incubated
for 8 h. Cells were then washed and scraped out to isolate the
mitochondrial and cytosolic fraction as per the reported procedure, and
Western blot analysis was performed for cytochrome c with GAPDH as
the loading control.47 The JC-1 assay was employed to analyze
mitochondrial membrane depolarization in this study. Cells were
cultured in 48-well plates at a density of 12,000 cells per well and
subjected to various treatments as per the experimental requirements.
The cells were then incubated for approximately 24 h to allow for
cellular responses. After the treatment period, the cells were carefully
washed to remove any residual substances and then incubated with JC-
1 dye at a concentration of 2 μM for 15 min. Following the incubation
with JC-1 dye, the cells were washed again with phosphate-buffered
saline (PBS) to remove the excess dye. Finally, images of the cells were
captured using a fluorescent microscope with separate channels for
green and red fluorescence. The intensities of green and red
fluorescence in the images indicate the extent of mitochondrial
membrane depolarization, providing valuable insights into the
mitochondrial health and function of the treated cells. Further, an
annexin binding assay was carried out to confirm the cellular apoptosis.
For this, cells were seeded in six-well plates (1.5 × 105 cells/well) and
treated with or without IRDI. Laser irradiation was carried out for the
required treatment groups. After 24 h of laser treatment, cells were
harvested by trypsinization. The annexin V-FITC-PI staining was
performed as per the manufacturer’s instructions provided in the
Apoptosis Detection Kit (BD Pharmingen), and flow cytometric
analysis was carried out using FACS Aria (BD, USA).

Scheme 2. (a) Structures of the Mononuclear Iridium Complex, IRMO, and Dinuclear Iridium Complex, IRDI. (b) Scheme
Adopted for the Synthesis
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3. RESULTS AND DISCUSSION
3.1. Synthesis of IRMO and IRDI Complexes. Herein, we

synthesized a dinuclear iridium complex (IRDI) and a
structurally similar mononuclear iridium complex (IRMO) for
comparative investigation of the photophysical properties, as
shown in Scheme 2a. The cyclometalating ligand, 2-(2,4-
difluorophenyl)pyridine (dfppy), was synthesized via a Pd-
catalyzed Suzuki cross-coupling reaction using 2-bromopyridine

and 2,4-difluorophenylboronic acid. Subsequently, the chlorine
bridged iridium dinuclear complex, [(dfppy)2IrCl]2, was
synthesized by coupling of the cyclometalating ligand with
iridium(III) chloride (IrCl3·xH2O) via a Nonoyama reaction.48

The syntheses of the dinuclear Ir(III) complex, IRDI, and the
corresponding monomer Ir(III) complex, IRMO, were achieved
by the final replacement of the bridged chlorine with respective
ancillary bipyridine ligands. Finally, the chlorine counterions in
the complexes were exchanged with hexafluorophosphate

Figure 1. (a) UV−visible absorption spectra of IRDI and IRMO in acetonitrile. (b) Emission characteristics of IRDI and IRMO at 365 nm excitation.
(c) Time-correlated single photon counting (TCSPC) measurement of IRDI and IRMO. (d) Photo and dark stability of IRDI.

Figure 2. (a) pH-dependent emission spectral changes of IRDI at different pH values starting from 5 to 9 (excitation 365 nm). (b) Absorption spectra
of the 1,3-diphenylbenzofuran (DPBF) mixture with the IRDI sample upon irradiation using a 200 W xenon lamp fitted with a 400 nm band-pass filter.
(c) Absorption spectra of the 1,3-diphenylbenzofuran (DPBF) mixture with the IRMO sample upon irradiation using a 200 W xenon lamp fitted with a
400 nm band-pass filter. (d) Relative plot of decrease in absorption of DPBF at 410 nm in the presence of IRDI, IRMO, and reference [Ru(bpy)3]Cl2.
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anions through an anion exchange reaction with ammonium
hexafluorophosphate (Scheme 2b). The synthesized mono-
meric and dinuclear complexes and all the synthetic
intermediates were well-characterized using HRMS and NMR
spectroscopic methods.
3.2. Photophysical Properties. The absorption spectra of

the complexes in acetonitrile solution at room temperature are
shown in Figure 1a. The UV−vis absorption spectra of both
IRMO and IRDI exhibited an intense band around 200−300
nm, which can be assigned to spin allowed 1π−π* ligand
centered transitions in 2-(2,4-difluorophenyl)pyridine and
ancillary bipyridine ligands.49 The less intense absorption
bands in the range of 300−400 nm correspond to spin allowed
and spin forbidden, mixed singlet and triplet metal-to-ligand
charge transfer (1MLCT and 3MLCT) admixes with the ligand-
to-ligand charge-transfer (LLCT) transitions.49 The emission

spectra of IRMO and IRDI in acetonitrile at room temperature
under degassed conditions were documented in Figure 1b. An
intense, broad, and featureless emission band with a maximum at
525 nm is observed for IRDI, which is slightly red-shifted
compared to that of the monomer complex IRMO (λem = 519
nm). The broad and featureless emission bands are mainly
attributable to charge-transfer (CT) states, whereas ligand-
centered (LC) states typically give highly structured emis-
sions.50 The emission intensity of the dinuclear Ir(III) complex,
IRDI, is nearly 2-fold compared to that of the mononuclear
Ir(III) complex, IRMO, which is also reflected in the calculated
photoluminescence quantum yields for IRDI (Φp = 0.70) and
IRMO (Φp = 0.47) in acetonitrile, with reference to standard
Ir(ppy)3 in dichloroethane (Φp = 0.89).51 The PL lifetime
measurements of IRDI and IRMO using time-resolved single

Table 1. Photophysical and Electrochemical Properties of Ir(III) Complexes

complex λabs
a (nm) λems

b (nm) HOMOc (eV) LUMOd (eV) Eg
e (eV) Φp

f Φs
g lifetimeh (ns)

IRDI 365 525 −6.12 −3.40 2.73 0.70 0.49 185
IRMO 365 519 −6.03 −3.11 2.92 0.47 0.28 97

aAbsorption maxima. bEmission maxima. cHOMO determined by cyclic voltammograms in degassed acetonitrile (Figures S4 and S5). dLUMO
determined by cyclic voltammograms in degassed acetonitrile (Figures S4 and S5). eEg = (Eox − Ered) [eV]. fΦp refers to the photoluminescence
quantum yield, with Ir(ppy)3 in dichloroethane (Φp = 0.89) as the reference. gΦs refers to the singlet oxygen quantum yield, with [Ru(bpy)3]Cl2 in
acetonitrile (Φs = 0.57) as the reference. hLifetime data (excitation wavelength 365 nm).

Figure 3. (a) In vitro cytotoxicity profiling of IRDI in MDA-MB-231 cells at 24 h using the MTT assay, with commercially available drug doxorubicin
as the positive control. (b) Time-dependent fluorescent intensity quantification of IRDI-treated MDA-MB 231 cells. (c) Concentration-dependent
fluorescent intensity quantification of IRDI-treated MDA-MB 231 cells. (d) Time-dependent fluorescent cell images from 0 to 3 h incubation. (e)
Concentration-dependent internalization of IRDI from 0 to 30 μM probed using fluorescence microscopy.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.3c00883
ACS Appl. Bio Mater. 2023, 6, 5776−5788

5781

https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c00883/suppl_file/mt3c00883_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c00883/suppl_file/mt3c00883_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00883?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00883?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00883?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00883?fig=fig3&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.3c00883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


photon counting techniques exhibited lifetimes of 185 and 97 ns,
respectively (Figure 1c).

To investigate the photobleaching effect of the dinuclear
Ir(III) complex IRDI, photostability measurements were
conducted with and without irradiation using a 200 W xenon
Arc lamp on an Oriel optical bench, and the results are shown in
Figure 1d. The IRDI complex exhibited stable and reproducible
absorption profiles in the presence and absence of irradiation in
a time-dependent manner, indicating the excellent photo-
stability of the complex IRDI. The pH-sensitive absorption
and emission properties of IRDI were studied (Figure 2a, Figure
S1), as the nature of the environment can perturb the electronic
and photophysical properties of molecules. The absorption and
emission profiles were recorded in PBS buffer by incubating
IRDI at different pH values (5−9), which exhibited no
significant sensitivity. The minimal impact of acidity on
photophysical behavior allows IRDI to be stable under normal
and acidic cell conditions.

The singlet oxygen generation efficiencies of the IRDI and
IRMO complexes were investigated by employing 1,3-
diphenylbenzofuran (DPBF) as the singlet oxygen scavenger
and [Ru(bpy)3]Cl2 (Φs = 0.57 in acetonitrile) as reference
(Figure S2).12 The decrease in DPBF absorbance at 410 nm of
IRDI and IRMO is depicted in Figure 2b,c. The reduction in
absorbance was substantial upon light irradiation in the presence
of the IRDI compared to IRMO complex, suggesting the higher
singlet oxygen generation capacity of the dinuclear complex. To
calculate and demonstrate the ROS capacity of iridium
complexes using DPBF, we documented the linear correlation
of change in absorption with time as in Figure 2d. The singlet
oxygen quantum yields, Φs, of IRDI and IRMO were calculated
as 0.49 and 0.28, respectively, which suggests that the dinuclear
complex IRDI is a better photoactivatable ROS generator for
PDT compared to IRMO. The singlet oxygen quantum yields
obtained for IRDI and IRMO are comparable with earlier
literature reports.25,52 Further, the singlet oxygen generation
capability of IRDI in aqueous media was confirmed using water-
soluble singlet oxygen sensors ABDA and Si-DMA as shown in
Figure S3.

The presence of two heavy metals in the dinuclear Ir(III)
complex IRDI facilitates enhanced spin−orbit coupling,
resulting in effective intersystem crossing (ISC) and high
population of triplet excited states. As a result of their long-
lasting triplet excited states, these iridium complexes can
efficiently interact with oxygen, leading to high yields of singlet
oxygen generation. The dinuclear IRDI reported in this work is

designed, addressing the emission quenching exhibited by
dinuclear systems in general, which marked them as a less
potential candidate for PDT applications. Here the ethyl spacer
in IRDI eliminates the chance of electronic coupling of
monomer units via conjugation and the energy transfer by
FRET, which happen to be the main reasons for the poor PL
performance of dinuclear complexes.41,43,52−54 Further, the
extra positive charge also augments the mitochondria targeting
ability of the dinuclear complex by utilizing the negative
membrane potential.55−58 As the dinuclear complex, IRDI
exhibited better photophysical performance compared to IRMO
in all aspects (Table 1). IRDI was subjected to detailed in vitro
studies.
3.3. In Vitro Assessment of Photodynamic Therapy.

3.3.1. Cytotoxicity, Internalization, and Mitochondrial
Targeting of IRDI in MDA-MB 231 Cells. The cytotoxicity of
the dinuclear complex IRDI was evaluated in the triple-negative
breast cancer cell line MDA-MB 231. To confirm the nontoxic
nature of IRDI, we performed an MTT assay, as an ideal
photosensitizer should have minimal dark toxicity and only be
cytotoxic in the presence of light.59,60 The complex IRDI
demonstrated a proliferation of cells above 90% at a 10 μM
concentration, confirming its nontoxic nature. Subsequent
experiments involving varying concentrations of IRDI (ranging
from 0 to 100 μM) at 12 and 24 h incubation revealed minimal
dark toxicity up to 20 μM concentrations (Figure 3a). To assess
the nontoxicity of IRDI in normal cells, an MTT assay was
carried out in a normal breast epithelial cell line, MCF-10A. The
results showed no significant dark toxicity at 10 μM
concentration (Figure S6). To better understand the cellular
uptake of IRDI in MDA-MB 231 cells, time- and concentration-
dependent internalization studies were performed (Figure 3b,c).
Cells were exposed to a 10 μM concentration of IRDI in plain
DMEM, and the green fluorescence of IRDI was monitored in a
time-dependent manner. The intensity of the green fluorescence
increased from 0 to 3 h, indicating the progress of cellular uptake
(Figure 3d). The green fluorescence signals were detectable
from 30 min onward and reached their maximum intensity at 3
h, identifying the optimum internalization time as 3 h.
Subsequently, concentration-dependent internalization experi-
ments with various IRDI concentrations ranging from 0 to 30
μM exhibited a gradual increase in green fluorescence intensity
with rising IRDI concentrations (Figure 3e). The IC50 value
calculated for IRDI with laser is 5.31 μM and without laser is
48.3 μM by concentration-dependent cytotoxicity profiling of
MDA-MB-231 cells using the MTT assay (Figure S7). Based on

Figure 4. (a) The mitochondrial localization images of IRDI-treated cells with MitoTracker Red and the corresponding scatter plot. (b) The
subcellular distribution of IRDI in the mitochondria, cytoplasm, and nucleus determined by ICP-MS.
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these findings and considering the dark toxicity results, a 10 μM
concentration of IRDI was selected as an ideal concentration for
in vitro studies.

Mitochondria-targeted photodynamic therapy (PDT) is a
cutting-edge approach that holds immense promise in the
treatment of various diseases, particularly cancer.23,61−64 This
innovative technique involves using photosensitizing agents
specifically designed to accumulate within mitochondria, the
energy powerhouses of cells. The advantage of this targeting lies
in its ability to selectively destroy mitochondria within diseased
cells while leaving healthy ones unaffected, resulting in a more
precise and less harmful treatment. By disrupting the crucial
functions of the mitochondria, such as energy production and
cellular signaling, this therapy can effectively impose cell death in
the targeted diseased tissues. IRDI exhibits a unique dicationic
structure that enables its specific accumulation in mitochondria.
This phenomenon is attributed to the negative membrane
potential found in these organelles, which actively attracts
cationic species. Consequently, cationic iridium complexes are
more prone to being internalized by the mitochondria.63,65 To

confirm the mitochondrial targeting properties of IRDI in
MDA-MB-231 cells, coincubation experiments were performed
with a mitochondria-specific dye, MitoTracker Red (Figure 4a).
Fluorescence images displayed a high congruency with a
Pearson’s correlation coefficient (PCC) of 0.90, strongly
indicating the localization of IRDI in the mitochondria.

To further verify the non-nuclear localization of the complex,
colocalization studies were conducted with the nuclear-targeted
dye Hoechst. Hoechst’s blue fluorescence was clearly visible in
the nuclear region, whereas the green fluorescence of IRDI was
exclusively observed in the cytoplasm. This non-nuclear
localization was confirmed with a Pearson’s correlation
coefficient (PCC) of 0.33 upon colocalization with Hoechst
(Figure S8).The subcellular localization of IRDI was confirmed
again with the inductively coupled plasma mass spectrometry
(ICP-MS) technique. The extraction of subcellular fractions
(i.e., mitochondrial, cytosolic, nuclear) after incubation with
IRDI demonstrated 72% of the iridium content in the
mitochondrial fraction, confirming mitochondria as the primary
target (Figure 4b).

Figure 5. (a) The subcellular singlet oxygen generation study of IRDI using Si-DMA in MDA-MB 231 cells. (b) MTT assay showing the
photodynamic effect of IRDI-treated and laser-irradiated cells with and without the singlet oxygen scavenger NaN3; ns: p > 0.05 and ***: p < 0.001.

Figure 6. Apoptotic evaluation of the IRDI-treated cells followed by 405 nm laser excitation. (a) Trypan blue staining assay where apoptotic cells
exhibit blue color. (b) Acridine orange-ethidium bromide dual staining assay where apoptotic cells stains in orange color. (c) APO percentage assay
showing the dead cells in pink stain. (d) Hoechst staining assay demonstrating the nuclear damage induced by IRDI with enhanced blue emission.
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3.3.2. Photoactivation and PDT Studies of IRDI in MDA-MB
231 Cells. The generation of singlet oxygen during the
photoexcitation of the iridium dimeric complex (IRDI) in
MDA-MB 231 cells was verified using a singlet oxygen red probe
known as Si-DMA. The experimental procedure entailed the
coadministration of IRDI and Si-DMA to the cells followed by
exposure to light irradiation. The detection of a specific red
fluorescence signal only in the presence of IRDI upon
photoexcitation with a 405 nm laser demonstrated the
photochemical capability of IRDI to produce singlet oxygen
(Figure 5a).

To further substantiate these findings and establish IRDI as a
promising type II photodynamic therapy (PDT) agent, we
conducted an in-depth investigation of the photodynamic effect
of laser irradiation on IRDI-treated cells in the presence of a
singlet oxygen scavenger, sodium azide (NaN3), using the MTT
assay (Figure 5b). Under the influence of the 405 nm laser, cells
treated with IRDI (10 μM) exhibited a remarkable decrease in
viability up to 35% attributed to the robust generation of singlet
oxygen during IRDI photoactivation. Notably, when IRDI was
coincubated with 50 μM of NaN3, a substantial recovery in cell
viability was observed, amounting to an impressive 50%
increase. This observation firmly established the potent
singlet-oxygen-scavenging properties of NaN3, leading to a
marked enhancement in cell survival. These results provide
strong evidence of IRDI’s exceptional capability to induce

singlet oxygen production in vitro, substantiating its potential as
a highly effective type II PDT agent.

3.3.3. Cell Death Mechanism of IRDI in MDA-MB 231 Cells.
To investigate the mechanism of cell death and the potency of
IRDI as a PDT agent, standard apoptosis assays were performed
using MDA-MB-231 cancer cells. The live−dead assays were
conducted in the presence of the singlet oxygen scavenger NaN3
to ascertain the role of singlet oxygen and validate the type II
pathway. Membrane changes associated with apoptosis were
monitored through trypan blue dye exclusion assay, AO-EB dual
fluorescent labeling assay, and APOP staining. Trypan blue can
differently stain the dead cells only as the healthy cells with intact
cell membrane are not permeable to trypan blue and will remain
unstained. Figure 6a shows the results of the trypan blue assay
where only a few stained cells with compromised membrane
permeability were observed in the control group with IRDI
treatment. In contrast, the cells in the laser-irradiated group with
IRDI treatment displayed clear apoptotic features and
significant trypan blue intake, indicating the efficacy of IRDI
as a PDT agent.

Furthermore, the acridine orange/ethidium bromide (AO/
EB) dual staining assay was utilized to evaluate distinct apoptosis
features. AO, a green fluorescent dye, penetrated all viable cells,
whereas the orange-red fluorescence of EB indicated a
compromised cytoplasmic membrane integrity (Figure 6b).
Cells treated with IRDI without laser irradiation exhibited green

Figure 7. (a) Cytochrome c release from mitochondrial membrane to cytosol with IRDI + laser treatment confirmed with Western blot analysis. (b)
Evaluation of the mitochondrial membrane potential using the JC-1 assay. The elevation of green color in the green panel indicates the reduction in
membrane potential. (c) The extent of apoptosis was calculated via the annexin V-FITC method using flow cytometry.
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fluorescence, whereas cells treated with IRDI after laser
irradiation displayed red fluorescence, confirming the presence
of apoptotic characteristics. To visualize apoptosis in a
nonfluorescent platform, the APO percentage assay was
employed. This assay demonstrated that IRDI and laser
treatment induced the uptake of the dye, leading to the
appearance of pink-stained dead cells, consistent with the
expected apoptotic behavior (Figure 6c). This observation
provides additional evidence of apoptosis occurrence in the
experimental context. Additionally, a nuclear staining experi-
ment was also conducted using Hoechst dye to study the nuclear
condensation, yet another hallmark of apoptosis. The results
revealed a striking enhancement of blue fluorescence in laser-
treated IRDI-incubated cells, indicative of a robust interaction
between Hoechst and condensed chromatin, providing strong
evidence of DNA damage and apoptosis (Figure 6d). These
findings were consistent with all of the live−dead staining assays
performed, reinforcing the credibility of the observations. To
further confirm the role of singlet oxygen in the apoptotic
process triggered by IRDI, cells were pretreated with NaN3,
leading to a notable reduction in apoptotic features across all
assays. This compelling evidence solidifies the classification of
IRDI as a type II PDT agent, highlighting its ability to induce
apoptosis through the generation of singlet oxygen.

Mitochondria play a critical role in cellular energy production,
facilitated by the establishment of a substantial proton gradient
across their lipid bilayer, creating a significant membrane
potential of approximately 180 mV.61 However, in the context of
photodynamic therapy (PDT), the disruption of mitochondrial
membrane potential becomes a pivotal event leading to
apoptosis. The administration of IRDI and subsequent light
exposure generate singlet oxygen, a highly reactive species that
directly targets the mitochondrial membrane. This singlet
oxygen interacts with crucial components of the mitochondrial
inner membrane such as cardiolipin, resulting in their
peroxidation and subsequent degradation. Consequently, the
mitochondrial membrane potential is lost, causing depolariza-
tion. Furthermore, the singlet oxygen produced during IRDI
photoactivation triggers lipid peroxidation, interfering with the
proper functioning of electron transport chain complexes. This
disruption leads to the leakage of electrons and additional ROS
production, establishing a self-perpetuating cycle of ROS
generation that further damages the mitochondrial membrane
and exacerbates depolarization.66,67 Cytochrome c (cyt c) is an
intermitochondrial membrane residing protein that plays a
crucial role in apoptosis induction.47 Several proapoptotic
stimuli like ROS can cause the release of cyt c from the
mitochondria to the cytoplasm, leading to the initiation of
apoptotic complex formation. Here, we also have analyzed the
cyt c release into the cytoplasm by checking the levels in
mitochondrial and cytosolic fractions. As depicted in Figure 7a,
in the IRDI-treated laser-irradiated cells, cyt c is mostly found in
the cytosolic fraction, and the relative expression of cyt c
normalized with GAPDH is graphically represented. Meanwhile,
the laser-exposed untreated cells show mainly mitochondrial
homing of cyt c, confirming the mitochondria mediated cell
death of IRDI-PDT. To further validate the claim, we conducted
the widely used JC-1 assay for the direct monitoring of
mitochondrial membrane potential. As a consequence of this
mitochondrial membrane depolarization, the JC-1 dye, serving
as an indicator of membrane potential, fails to accumulate in the
mitochondria at the required concentration to form red-emissive
J-aggregates in the laser treatment groups. Instead, the JC-1 dye

predominantly exists in the green-emissive monomeric state,
providing a clear indication of the loss of the mitochondrial
membrane potential in IRDI-treated cells subjected to laser
irradiation (Figure 7b).

Further, we aimed to understand the underlying mechanism
of photodynamic therapy (PDT) using the IRDI compound,
focusing on its impact on cell death in MDA-MB-231 cells. To
evaluate this, we employed the annexin V-FITC/PI flow
cytometric assay after subjecting the cells to a 24 h PDT
treatment with IRDI along with laser irradiation. The results
depicted in Figure 7c revealed a remarkable increase in late
apoptosis, accounting for approximately 76% of the treated cell
population, when IRDI was combined with laser activation. In
contrast, using IRDI alone without laser exposure resulted in
only 8% late apoptosis. Importantly, our study incorporated
relevant controls, demonstrating that the activation of IRDI by
the laser is critical in inducing significant cell death, as cells
treated with IRDI without laser exhibited negligible late
apoptosis. Furthermore, the control groups (with and without
a laser) showed minimal apoptosis, reinforcing that the observed
effects are specifically attributed to PDT treatment with IRDI.
Overall, our findings offer evidence that IRDI predominantly
induces apoptosis as the major form of cell death in MDA-MB-
231 cells. This discovery holds promising potential for further
exploration and potential therapeutic applications of IRDI-
based PDT in cancer treatment.

4. CONCLUSIONS
In conclusion, we report the comparative investigation of the
photophysical and biological properties of mononuclear and
dinuclear Ir(III) complexes IRMO and IRDI. IRDI exhibited a
higher singlet oxygen quantum yield of 0.49 compared to that of
IRMO (0.28), demonstrating the potential of IRDI as a better
PDT agent. The in vitro assessment of IRDI was carried out
using the triple-negative breast cancer cell line MDA-MB-231.
The mitochondrial localization of IRDI was confirmed using
confocal fluorescence imaging with a mitochondria-specific dye,
MitoTracker Red. An efficient laser-triggered apoptotic feature
of IRDI on the MDA-MB-231 cancer cell line was demonstrated
via live−dead assays such as trypan, acridine ethidium bromide,
APOP, and Hoechst. IRDI-mediated PDT was found to trigger
cytochrome c release from mitochondria, leading to apoptosome
formation. Finally, the mitochondrial membrane potential was
examined using the JC-1 assay, and the extent of apoptotic cell
death was evaluated by the annexin flow cytometric assay, which
reinforced IRDI as a potential image-guided PDT agent.
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