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PREFACE 

Cyclometalated iridium(III) complexes have unique photophysical properties as 

phosphorescence materials, since they possess high luminescent quantum yields and have 

relatively longer phosphorescent lifetimes (τ∼μs) than the fluorescence analogue. The 

highly efficient spin−orbit coupling (SOC) of iridium(III) metal ion in the complexes 

promote intersystem crossing (ISC) from the singlet state to the triplet state. As a result, 

the complexes exhibit strong phosphorescence even at room temperature. Because of 

these excellent photochemical properties, iridium(III) complexes are utilized as 

phosphorescent emitters in organic light-emitting diodes (OLEDs), chemosensors, 

photoredox catalysis, and as luminescent probes for biological systems etc. The 

performance of these materials in such roles depends heavily on their excited-state 

properties, which can be tuned through ligand and substituent effects. Therefore the main 

objective of the current thesis is to design and develop novel phosphorescent iridium 

compounds and investigate their photophysical properties for use in potential 

applications. 

 The thesis comprises of four Chapters. The first Chapter begins with a brief 

introduction to the structural aspect on the photophysical properties of cyclometalated 

iridium(III) complexes and its applications, particularly on electroluminescence. Further, 

this chapter focuses on the recent developments and state of the art knowledge on 

phosphorescent iridium(III) compounds, especially on heteroleptic complexes derived 



 

xxx 

 

from 2,3′−bipyridine class of cyclometalating ligands, highlighting the excited state 

phenomenon behind their emission behaviour.  

Chapter-II deals with the synthesis and characterization of a series of 2',6'-difluoro-

2,3'-bipyridine cyclometalating ligands by substituting electron-withdrawing (–CHO, –

CF3, –CN) and electron-donating (–OMe, –NMe2) groups at the 4ʹ position of the pyridyl 

moiety. The designed ligands have been employed for the construction of five new 

iridium(III) complexes (Ir1-Ir5) in the presence of picolinate as an ancillary ligand. The 

photophysical and electrochemical properties of the developed iridium(III) compounds 

were investigated with a view to understand the substituent effects. Excited-state 

properties of these complexes are also found to be sensitive to the microenvironments 

around the complex (i.e., rigidity, temperature) because of their charge-transfer character 

and asymmetric structure, which has been evaluated from the emission characteristics 

observed from 77K freeze matrix and doped PMMA films.  Comprehensive density 

functional theory (DFT) and time-dependent DFT (TD-DFT) approaches have been 

performed on the ground and excited states of the synthesized iridium(III) complexes, in 

order to obtain information about the absorption and emission processes and to gain 

deeper insight into photophysical properties. Multi-layered Phosphorescent Organic Light 

Emitting Diodes (PhOLEDs) were designed using the phosphorescent dopants Ir2, Ir3 

and Ir4 and their electroluminescence properties were evaluated.  

A new phosphorescent iridium(III) compound, bis[2′,6′-difluorophenyl-4-

formylpyridinato-N,C4′]iridium(III)(picolinate) (IrC), was synthesized, fully 



 

xxxi 

 

characterized by various spectroscopic techniques, and utilized for the detection of 

cyanide ion on the basis of the widely known hypothesis of the formation of 

cyanohydrins. These results have been described in Chapter-III.  A unique colorimetric 

and ratiometric phosphorescence response to the cyanide is realized through interaction 

of the electron-deficient formyl moiety of the cyclometalated iridium(III) complex with 

CN− through the formation of cyanohydrin. In addition, phosphorescent test strips have 

been fabricated and utilized for the detection of nanogram levels of cyanide in drinking 

water. 

The detection of explosives, especially, trinitrotoluene (TNT), is of utmost 

importance due to its highly explosive nature and environmental hazard. In chapter-IV, a 

new aggregation-induced phosphorescent emission (AIPE)-active iridium(III) bis(2-(2,4-

difluorophenyl)pyridinato-N,C2ꞌ) (2-(2-pyridyl)benzimidazolato-N,Nꞌ) complex 

[FIrPyBiz] has been developed and utilized  for the detection of TNT in the vapour 

phase, solid phase, and aqueous media. In addition, phosphorescent test strips have been 

constructed by impregnating Whatman filter paper with aggregates of FIrPyBiz for trace 

detection of TNT in contact mode, with detection limits in nanograms, by taking 

advantage of the excited state interaction of AIPE active phosphorescent iridium(III) 

complex with that of TNT and the associated photophysical properties. 
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Introduction: Phosphorescent Iridium(III) Complexes 

 

There has been an upsurge of interest in phosphorescent iridium(III) compounds due to 

their fascinating photophysical properties such as promising phosphorescence quantum 

yields, relatively shorter excited−state lifetimes, large cross−section for the exciton 

formation and facile tuning of emission colors through molecular engineering.1 The 

efficient phosphorescent emission is essentially ascribed to the strong SOC−induced by 

the 5d orbitals of Ir3+ ion (ξIr = 4430 cm−1),2 which facilitates efficient ISC of the singlet 

excited state to the triplet manifold (kisc < 1 ps).3 Thus, mixing of the singlet and triplet 

excited states allows the radiative relaxation of the triplet state, which is known as 

spin−forbidden.1n, 4 The emission from phosphorescent iridium(III) complexes mainly 

arises from triplet metal−to−ligand charge transfer (3MLCT) or the mixture of 3MLCT 

and ligand−centered (3LC) transitions.3a Further, in some of the iridium(III) complexes, 

intramolecular inter−ligand energy transfer (ILET), ligand−to−ligand charge transfer 

(LLCT) and other processes5 are also known (Figure 1.1). 

The lowest excited state energy can be controlled in a more desirable way by 

tuning the energy of the ligand orbitals via substituent effects in the cyclometalating or 

ancillary ligand systems, which can generate a diverse range of emission colors from 

iridium(III) complexes. Consequently, phosphorescent iridium(III) compounds have 
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been extensively explored for many potential applications (Figure 1.2) including 

OLEDs,6 light−emitting electrochemical cells (LEECs),7 biological labelling,8 

photodynamic therapy (PDT),9 photosensitizers for photo−driven water splitting,10 

nonlinear optics,11 chemosensors,8e, 12 metallo−pharmaceuticals,13 photocatalyst for 

organic synthesis and CO2 reduction,14 luminescent sensitizers for charge−transfer 

reactions in DNA,15 singlet oxygen sensitizers,16 dye−sensitized solar cells17 and 

electro−generated chemiluminescence.18 

 

Figure 1.1. Schematic and simplified molecular orbital diagram for iridium(III) complex in octahedral 

coordination geometry. The labelled arrows represent, (1) metal centered ligand field transition 

(d→d*), (2) metal−to−ligand charge transfer (MLCT), (3) intraligand charge transfer (ILCT) or 

ligand−to−ligand charge transfer (LLCT) (4) ligand−to−metal charge transfer (LMCT) transitions. 

Radiative phosphorescence at room temperature followed by the fast intersystem crossing can be seen 

from the inset. 
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Figure 1.2. Applications of cyclometalated iridium(III) complexes inspired from the attractive 

photophysical properties. 

The cyclometalated iridium(III) complexes are recognized as excellent 

phosphorescent emitters and have been widely investigated because of their ability to 

achieve maximum internal quantum efficiency, nearly 100%, as well as high external 

quantum efficiencies in OLEDs.6c A simplified working principle of an OLED motif 

can be seen from Figure 1.3. 
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Figure 1.3. Basic structure and working principle of a typical OLED with an illustrated exciton formation 

mechanism. Schematic representation of (i) recombination of charge carriers such as electron – hole, (ii) 

possible combined spin states, (iii) formation of singlet and triplet charge transfer (CT) states (includes 

the emitter and the neighbouring host molecules) leading to the population of lowest excited states, (iv) 

relaxations from CT states populate the emissive excited states of the electroluminescent molecule. 

In quest of developing novel iridium(III) compounds with high quantum yields 

for use in organic light emitting diodes, many heteroleptic complexes having the 

general formula [Ir(C^N)2(L^X)] were designed during the last decade, where C^N is a 

monoanionic cyclometalating chelate and L^X is an ancillary ligand.1b, 1c, 3b, 7c, 19 It is 

well documented that the phosphorescence from [Ir(C^N)2(L^X)] compounds originates 

from 3LC and 3MLCT transitions.20 In such iridium(III) complexes, DFT predictions 

indicate that the HOMO is primarily metal−centered, while the LUMO is  localized on 

the heterocyclic rings of the cyclometalated chelates (Figure 1.4).21 On the other hand, 
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the ancillary ligand can also influence the energy of the excited state by altering the 

electron−density at the metal center.22   

 

Figure 1.4. Kohn–Sham HOMO (left) and LUMO (right) orbital localization of (a) fac−tris homoleptic 

Ir(ppy)3 and (b) FIrpic obtained using the DFT (M06)/IEF−PCM (ACN) level of theory.  
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Figure 1.5. Color versatility explicated by a series of six cationic luminescent iridium(III) complexes. Their 

structures are placed in the order of increasing emission wavelength (blue to red).  

One of the most effective methods for controlling the excited state properties of 

iridium(III) compounds involves prudent functionalization of the cyclometalated 

chelates via substituent groups, which essentially induce electronic effects and the 

symmetry around the metal center. Thus, it is possible to control metal−ligand bonding 

as well as ligand orbital energies and, which ultimately control the nature of the lowest 

excited state. Fabulous colour versatility has been accomplished with iridium(III) 

luminophores involving 2−phenylpyridine as a cyclometalated ligand (Fig. 5), with a 

wide range of excited−state lifetimes (μs), as well as excellent emission quantum yields 

(~100%).1n, 21, 23 Among the various 2−phenylpyridine class of iridium(III) complexes, 

FIrpic has been widely studied bis-cyclometallated iridium complex, especially in 

OLED applications because of its attractive sky-blue emission, high emission 
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efficiency, and suitable energy levels.24 However, FIrpic has specific issues that 

preclude it from being a fully satisfying phosphorescent emitter for OLEDs.25 The 

shortcomings of FIrpic as an emitter for OLEDs are its unattractive CIE colour point 

for display, significant roll-off efficiency impacting the device architecture, and low 

stability due to chemical degradation in devices.26 Because of these limitations of 

phenyl pyridine class of ligands for use in OLEDs, there is a continuous effort to design 

and develop an alternative cyclometalates, especially for blue phosphorescent 

emitters.27 

1.1. Evolution of 2, 3′−Bipyridine Class of Cyclometalating 

Ligands as Efficient Phosphorescent Iridium(III) Emitters 

In 2009, Kang and coworkers28 have proposed a novel strategy, especially to stabilize 

HOMO via increasing the electronegativity of the Ir−C coordinating aryl ring by 

incorporating a hetero atoms such as nitrogen into the ring system. The reactivity and 

the photophysical properties of an aryl ring is strongly influenced by the irregular 

distribution of electron density ensued from the insertion nitrogen (Figure 1.6). 

Therefore, an unequal electron density distribution creates a partial positive charge at 

carbon atoms positioned ortho and para to the nitrogen atom in the pyridine ring and 

can be described as electron−poor or π electron−deficient.29 Thus, the fundamental 

characteristics such as electron−donating or electron−withdrawing ability of the aryl 

ring strongly depends on the nature of the heteroatom.30 
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Figure 1.6. Resonance structures of benzene and pyridine along with difference in electronic distribution. 

 In 1996, Tamao et al.31 utilized this π−electron deficient character of the pyridyl 

rings for the development of efficient electron transporting materials by lowering the 

HOMO energy. Thus the phenyl ring of the well−known 2−phenylpyridine can be 

replaced with pyridine for the development of 2,3′−bipyrine class of cyclometalating 

ligands. In addition to the N atom, the introduction of −F substituents into the pyridine 

ring significantly lowered the HOMO energy level and experienced a highly efficient 

true−blue emission in the solution and film states. Thus, 2,3′−bipyridine class of 

compounds emerged as a potential alternative ligands for 2−phenylpyridine derivatives 

for achieving true−blue emission colors from iridium(III) complexes and largely 

attracted by the global scientific community. Decent device performance (power 

efficiency > 30 lm W-1) using a blue emitter with bipyridyl ligands has also been well 

recognized.32 In recent years, some of the iridium(III) blue emitters from the 

2,3′−bipyridine family were made available in the market, which indicates its growing 

commercial interest over 2−phenylpyridine based iridium(III) emitters 
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(http://www.lumtec.com.tw). Further, less has been known about a collective structure–

property relationships for obtaining better phosphorescence quantum efficiency in this 

class of cyclometalates. Thus this chapter evokes the story behind the evolution of this 

new type of iridium(III) complexes and its importance over traditional 

2−phenylpyridine class of ligands for use in PhOLEDs (Chart 1).   

 

Chart 1.1. State of the art structural modifications carried out on the phosphorescent iridium(III) 

complexes derived from 2,3’-bipyridine class of cyclometalating ligands. 

1.2. Homoleptic Iridium(III) Complexes Based on 

2,3′−Bipyridine Ligands 

Kang et al.28 have first time introduced a new cyclometalated ligand, namely, 

2′,6′−difluoro−2,3′−bipyridine (dfpypy) as a viable alternative to the 2−phenylpyridine 

for the development of an intense blue−emitting phosphorescent iridium(III) complex. 

The design of the cyclometalated ligand is essentially based on the concept of inducing 

more electron−deficiency at iridium(III) bonded carbon atom by introducing an 

electronegative N atom at C5′ position and more electron−withdrawing F atoms at C2′, 
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C6′ −positions of the 2,3′−bipyridine ligand (Figure 1.7), which may exert significant 

influence on the HOMO energy levels. The synthesized cyclometalated ligand has been 

successfully employed for the development of a 

fac−tris(2′,6′−difluoro−2,3′−bipyridinato−N,C4′)iridium(III) complex (Ir1) [Chart 

1.2]. The Ir1 displayed a true−blue (CIEx,y = 0.14, 0.12) phosphorescence emission at 

room−temperature in degassed dichloromethane solution with vibronic peaks at 438 

and 463 nm (Figure 1.8). Interestingly, Ir1 exhibited a remarkable quantum yield of 

0.77, which is moderately higher than that of the well−known sky−blue emitter FIrpic 

(ΦPL = 0.61).25   

 

Figure 1.7. Comparison of electronegativity difference at iridium(III) bonded carbon atom in the 

2−phenylpyridine (ppy), 2,6−diflurophenyl pyridine (dfppy) and 2′,6′−difluoro−2,3′−bipyridine (dfpypy) 

cyclometalating ligands. 
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Chart 1.2. Chemical Structures of fac−tris(2′,6′−difluoro−2,3′−bipyridinato−N,C4′)iridium(III) (Ir1), bis[2–

(4,6–difluorophenyl)pyridinato– N, C2]iridium(III) (picolinate) (FIrpic) and mer−tris 

(2′,6′−difluoro−2,3′−bipyridinato−N,C4′)iridium(III) complex (Ir2). 

 

Figure 1.8. Comparison of emission profiles of Ir(dfpypy)3 (Ir1) and FIrpic (IrA) at room temperature 

under identical conditions (concentration, 2.5 × 10−5 M; solvent, CH2Cl2).  

 

The higher luminescent efficiency can be attributed to (i) the facial arrangement 

of dfpypy chelates that improves the overall orbital degeneracy, and (ii) the inhibition 
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of a thermally activated, nonradiative decay channel, which involves temporal 

formation of a five−coordinate species by rupturing one of the Ir–N bonds at the excited 

state. Further, the substitution of phenyl ring in ppy with pyridine and incorporation of 

−F substituents into the pyridine ring dramatically enhances the thermal stability and 

molecular rigidity due to the strong intermolecular interactions in the solid state, which 

is evident from the crystal structure. Molecular rigidity reduces the possibility of non-

radiative transitions by decreasing molecular vibrations, minimizing thereby the 

collision heat loss.7b, 33 Based on the DFT calculations, the authors have concluded that 

the substituents have significant influence on the frontier molecular orbital energy 

levels, where the decrease of the HOMO energy (1.60 eV) is larger than the LUMO 

(1.04 eV) as compared to that of Ir(ppy)3. The decrease of the HOMO level is a little 

remarkable, indicating that the fluorine substituents and the replacement of pyridine 

have significant influence on the HOMO energy levels. Although, Ir1 exhibits 

excellent photophysical features such as true−blue emission, high quantum efficiency 

with good colour purity and high thermal stability, it has a very low−lying HOMO 

energy (~6.4−6.5 eV) and hence it is hard to find a desirable host material for use in 

OLED applications. In the later studies, Kang and coworkers have isolated a blue 

phosphorescent meridional isomer mer−Ir(dfpypy)3 (Ir2) of Ir1 and evaluated its 

photoluminescence properties [Chart 1.2].34 Surprisingly, the HOMO of 

mer−Ir(dfpypy)3 (−5.97 eV) is higher than that of facial isomer (−6.20 eV). This has 

been attributed to the lengthening of the transoid Ir−C bonds in the mer−isomer. The 
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absorption and emission profiles are found to be identical in both the isomers, while 

MLCT and emission bands in meridional isomer are bathochromically shifted. 

However, the photoluminescence quantum efficiency of Ir2 in degassed 

dichloromethane solution is found to be inferior, which may be due to the dissociation 

of Ir−C bond in the excited state.  

1.3. Modifications on 2,3′−Bipyridine Cyclometalating Ligand 

The beauty of iridium(III) complex relies on the possibility of facile tuning of the 

photophysical and electrochemical properties via altering the electron density at the 

cyclometalated ligand system. This section details the important efforts carried out on 

the cyclometalating dfpypy ligands to develop promising iridium(III) based 

phosphorescent emitters. 

1.3.1 Substitutions on Ir−N Coordinating Pyridyl Ring 

1.3.1.1 Tuning of Emission Colors by Various Substituents on Ir−N 

Coordinating Pyridyl ring 

A series of dfpypy cyclometalating ligand derivatives have designed by the 

incorporation of electron−withdrawing (–CHO, –CF3, and –CN) and electron−donating 

(–OMe and –NMe2) substituents at the 4′ position of the Ir−N coordinated pyridyl 

moiety with a view to understand the electronic effects on the photophysical and 

electroluminescent properties of the corresponding iridium(III) phosphorescent 

complexes (Ir3–Ir7) as compared to the unsubstituted Ir8 in presence of picolinate as 
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an ancillary ligand [Chart 1.2].35 PhOLEDs have been fabricated using Ir4 and Ir5 as 

the emissive material and the corresponding EL spectra display blue and green 

emissions in the visible region, respectively. 

     

     

Chart 1.2. Chemical Structures of bis(2′,6′–difluoro–4–formyl–2,3′–bipyridinato–N,C4′)iridium(III) 

(picolinate) (Ir3), bis(2′,6′–difluoro–4–trifluoromethyl–2,3′–bipyridinato–N,C4′)iridium(III) (picolinate) 

(Ir4), bis(2′,6′–difluoro–4–cyano–2,3′–bipyridinato–N,C4′)iridium(III) (picolinate) (Ir5), bis(2′,6′–difluoro–

4–methoxy–2,3′–bipyridinato–N,C4′)iridium(III) (picolinate) (Ir6), bis(2′,6′–difluoro–4–N,N–

dimethylamine–2,3′–bipyridinato–N,C4′)iridium(III) (picolinate) (Ir7) and bis(2′,6′–difluoro–2,3′–

bipyridinato–N,C4′)iridium(III) (picolinate) (Ir8). 
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The device consisting of Ir4 in CBP as an emissive layer exhibits bright 

electroluminescence of about 15000 cd m−2 with a peak current and a power efficiency 

of 12.6 cd A−1 and 5.3 lm W−1, respectively. In the meantime, the current as well as 

power efficiencies for similarly structured OLED with Ir5 was found to be 14.5 cd A−1, 

7.6 lm W−1, respectively. The non−optimized electroluminescence device results 

demonstrated that the developed series of phosphorescent emitters have the potential 

for use in PhOLEDs. A detailed scientific discussion regarding the substituent effects 

on these complexes can be seen from Chapter 2. 

     

Chart 1.4. Chemical Structures of bis(2′,6′–difluoro–4–methyl–2,3′–bipyridinato–N,C4′)iridium(III) 

(dipivaloylmethanoate) (Ir9), bis(2′,6′–difluoro–4–methoxy–2,3′–bipyridinato–N,C4′)iridium(III) 

(dipivaloyl-methanoate) (Ir10) and bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) (dipivaloyl-

methanoate) (Ir11). 

Kang’s group have also investigated the effect of electron−donating (–OCH3 or –

CH3) substituent effects on the 4′ position of the N−coordinating pyridyl moiety of 

cyclometalated ligand in iridium(III) complexes in the presence of dipivaloylmethanate 

(dpm) as an ancillary ligand [Chart 1.4].36 The compounds Ir9 and Ir10 showed 
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moderate blue−shifted emissions (5 nm) in the fluid−state as compared with their 

non−substituted counterpart (Ir11, ΦPL = 0.58) with low to modest quantum 

efficiencies (0.25 for Ir9 and 0.50 for Ir10).37 The low quantum efficiency noted, 

especially in the case of Ir9 is probably due to the destabilization of the LUMO level, 

that decreases the energy gap between 3MC d–d* and 3MLCT or 3LC based emissive 

states, and creates more deactivation channels. This observation implies that the 

electron−donating substituents have negligible effect on the emission profiles of these 

systems as indicated earlier by Reddy and coworkers.35 Further, these authors fabricated 

a multi−layer electroluminescent device [(ITO, 50 nm)/ (PEDOT: PSS, 60 nm)/ (TAPC, 

20 nm)/mCP (10 nm)/host: dopant Ir9 (25 nm)/TSPO1 (35 nm)/LiF (1 nm)/Al (200 

nm)] using mCP as a host and Ir9 as the dopant material and investigated the 

electroluminescence behavior. The EL device at a 5 wt% doping level of Ir9 exhibited 

an external quantum efficiency of 14.6%, current efficiency of 18.3 cd A−1 with CIE(x, 

y) coordinates of 0.14 and 0.17. 

1.3.1.2. Bulky Substituents on Ir−N Coordinating Pyridyl Ring for Minimizing the 

Aggregation Caused Quenching 

To prevent detrimental aggregation phenomena, De Cola and coworkers have 

introduced a bulky tert−butyl substituent on the cyclometalated or azolated chelates at 

various positions and prepared a series of iridium complexes (Ir12−Ir15) and 

investigated their photoluminescence properties [Chart 1.5].38 All the developed 
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compounds exhibit highly efficient true blue emissions (λmax = 440 nm) at room 

temperature in solution as well as in thin film with promising quantum yield in the range 

0.77−0.87 and 0.62−0.93, respectively.  

 

 

Chart 1.5. Chemical Structures of bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) (3–

trifluoromethyl–5–(2–pyridyl) pyrazolate) (Ir12), bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) (3–

(trifluoromethyl)–5–(4–t–butylpyridyl)pyrazolate) (Ir13), bis(2′,6′–difluoro–4–tert–butyl–2,3′–bipyridinato–

N,C4′)iridium(III) (3–trifluoromethyl–5–(2–pyridyl) pyrazolate) (Ir14), bis(2′,6′–difluoro–4–tert–butyl –

2,3′–bipyridinato–N,C4′)iridium(III) (3–(trifluoromethyl)–5–(4–t–butylpyridyl)pyrazolate) (Ir15) and 

bis(2′,6′–difluoro–4– tert–butyl–2,3′–bipyridinato–N,C4′)iridium(III) (1,10–Dimethyl–3,3′–

methylenediimidazolate) (Ir16). 
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The introduction of tert−butyl groups lead to a larger distance between the iridium 

centers (Ir···Ir* = 9.5222(6) Å) in Ir15 as compared to non−substituted Ir12 (Ir···Ir* 

= 7.3564(3) Å). Indeed, the presence of bulky groups in the cyclometalated iridium(III) 

complexes play a significant role in preventing the stacking of the complexes, and thus 

reducing the quenching effect especially in the film state and consequently results in 

high quantum yields. The constructed device based on the bulkiest Ir15 displays 

remarkable external quantum efficiency as high as 7.0 % in non−optimized device and 

power efficiency of 4.14 lm W−1, with a true−blue chromaticity coordinates (CIEx,y = 

0.159, 0.185) recorded at 300 cd m−2. 

A charged bis−cyclometalated iridium(III) complex (Ir16) with deep−blue 

emission at 440 nm has been developed by Baranoff and coworkers39 based on dfpypy 

skeleton with the bulky tert−butyl groups at 4−position with a view to limit the 

inter−molecular interactions and bis−imidazolium carbene was used as an ancillary 

ligand [Chart 1.5]. The photoluminescence profile of Ir16 in the solid−state is found to 

be similar to that of solution pattern. This can be attributed to the bulky tert−butyl 

substituents attached to the emitting ligand which prevents intermolecular stacking. The 

emission quantum yields of 0.59 and 0.17 are observed for Ir16 in a 5% doped PMMA 

film and in a more concentrated film, respectively. The decrease in photoluminescence 

quantum yield when increasing the concentration of Ir16 in a solid film indicates that 

significant exciton hopping occurs in a more concentrated film. The performance of the 

light emitting electrochemical cells are found to be significantly improved while 
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employing Ir16 as the emissive dopant. A greenish−blue electroluminescence with the 

maximum emission intensity at 500 nm is observed with a fast response time of 17s, 

brightness of over 100 cdm−2 with current and power efficiencies of 5 cd A−1 and 2 lm 

W−1, respectively. 

A high−performance blue phosphorescent OLED has been disclosed by Kessler 

and co−workers32 employing a novel bis−heteroleptic iridium(III) complex (Ir17) with 

bulky tert−butyl group substituted at 4′−position in fluorinated 2,3′−bipyridine 

cyclometalated ligand and acetylacetonate as an ancillary ligand [Chart 1.6]. The Ir17 

doped mCP film (11 wt%) showed a emission peak at 454 nm with high quantum yield 

(0.78) and phosphorescence lifetime of 1.51μs at room temperature. The radiative 

decay rate of Ir17 in mCP was found to be 5.1  105 s−1, which is similar to that of 

FIrpic. The transient PL decay curve of the Ir17 doped mCP film exhibited almost 

single exponential decay (98%) with a short phosphorescence lifetime of 1.51μs at 

room temperature, indicating the effective suppression of the Ir17 exciton quenching 

in the host and the expected small efficiency roll−off. The blue device with a structure 

of [ITO (130 nm)/TAPC (40 nm)/Ir17 11–20 wt% doped mCP (10 nm)/B3PyPB (50 

nm)/LiF (0.5 nm)/Al (100 nm)] exhibited a high power efficiency of over 30 lm W−1 

and an external quantum efficiency of 17% with the CIEx,y coordinates of 0.16, 0.25. 

This is the highest performance OLED device so far has been reported based on blue 

emitting iridium(III) complex, derived from 2,3′−bipyridine class of ligands. Although 

the y value of the CIE color coordinate is relatively high.  
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Chart 1.6. Chemical Structure of bis(2′,6′–difluoro–4– tert–butyl–2,3′–bipyridinato–N,C4′)iridium(III) 

(acetylacetonate) (Ir17). 

1.3.2. Substitutions on Ir−C Bonded Pyridyl Ring  

The insights provided by the DFT calculations on tris−2,6−difluro−2,3′−bipyrine 

cyclometalated iridium(III) complex (Ir1) clearly indicates that the HOMO energy 

levels are mostly contributed from the −orbitals of the Ir−C bonded pyridyl moiety as 

well as iridium(III) d orbitals. Hence any change of substitution on the corresponding 

pyridyl ring will have major implications on the highest occupied molecular orbitals, 

which ultimately reflect on the electrochemical as well as emission properties. Based 

on this concept, several substitution strategies were carried out on the Ir−C bonded 

pyridyl ring to develop efficient phosphorescent emitters from 

2,6−difluro−2,3′−bipyrine class of compounds. 

1.3.2.1 Replacing of −F with More Electron−Withdrawing –CF3 
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It is well documented that the fluorination in phosphorescent molecules can heighten 

the electron mobility and consequently balances the better charge injection and 

transport properties. The presence of C–F bond in a molecule can diminish the rate of 

radiationless deactivation. Further, the bulky –CF3 substituents can influence the 

molecular packing and the steric protection around the metal, which can inhibit the 

self−quenching phenomenon. Based on the above facts, Zheng and coworkers have 

derived an iridium(III) complex (Ir18) from –CF3 substitution on the Ir−C bonded 

pyridyl ring of 2,3′−bipyridine as the cyclometalated ligand and tetraphenyl-

imidodiphosphinate as an ancillary ligand and evaluated the photoluminescence and 

electrochemical properties [Chart 1.7].40 The Ir18 displays green emission at 500 nm 

with a quantum efficiency of 0.63. Moreover, it is interesting to note that the presence 

of more electron−withdrawing –CF3 substituent has dramatically shifted the emission 

profile of Ir18 towards the red region (λmax = 500 nm) as compared to its fluorinated 

compound Ir19 (λmax = 457 nm), which is contrary to the expected trend.41 The noted 

red shift may be due to the large electron−withdrawing ability of the –CF3 in the Ir−C 

bonded pyridyl ring placed at the ortho/para positions to the N−coordinated pyridyl 

ring, which stabilizes the LUMO levels rather than HOMO. This is in consistent with 

the observed experimental HOMO/LUMO levels (−6.00/−3.20 eV for Ir18 and 

−5.93/−3.05 eV for Ir19). In addition, Ir18 exhibits superior electron mobility (7.00–

7.20 × 106 cm2 V−1 s−1) than that of Alq3 (4.74–4.86 × 106 cm2 V−1 s−1). The OLED 

device prepared based on Ir18 as the emitter with a device structure of ITO/TAPC (40 
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nm)/ mCP (10 nm)/Ir18 (8 wt %): PPO21 (25 nm)/TmPyPB (50 nm)/LiF (1 nm)/Al 

(100 nm) show excellent current efficiency (ηc) of 101.96 cd A−1 (at 7.8 V) at a 

brightness of 10000 cd m−2 with a maximum EQE of 31.6 %. The exceptional device 

performance has been attributed to the high quantum efficiency as well as high electron 

mobility associated with Ir18. 

  

Chart 1.7. Chemical Structures of bis(2′,6′–trifluoromethyl–2,3′–bipyridinato–N,C4′)iridium(III) 

(tetraphenylimidodiphosphinate) (Ir18) and bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) 

(tetraphenylimidodiphosphinate) (Ir19). 

1.3.2.2. Replacing of −F with Alkoxy− or Alkyl− Substituents (Fluorine−Free 

2,3′−Bipyridine Ligands) 

One of the popular approaches to design and develop novel blue emitters based on 

iridium(III) compounds is to functionalize C^N  with electron−withdrawing groups (−F 

or –CF3) or substitute electron−donor moieties on N^N. However, the use of fluorine 

groups is not desirable in cyclometalated ligand systems for use in OLED applications, 

which breaks the –C–F bonds during the operation of the device,42 and from an 
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environmental point of view. In view of these inherent limitations, several efforts have 

been made over the years to prepare fluorine−free blue phosphorescent iridium 

complexes, with a view to improving the long−term stability of the emitters in 

PhOLEDs.43 Kang and coworkers accidentally noted the formation of fluorine−free 

blue emitting heteroleptic iridium(III) complex Ir20 in the process of preparation of a 

heteroleptic iridium(III) complex using 2,6−difluoro−2,3′−bipyridine (dfpypy) 

cyclometalating ligand [Chart 1.8].44  

  
Chart 1.8. Chemical Structures of bis(2′,6′–bis(2–methoxyethoxy)–2,3′–bipyridinato–N,C4′)iridium(III) 

(picolinate) (Ir20) and bis(2′,6′–dimethoxy–2,3′–bipyridinato–N,C4′)iridium(III) (picolinate) (Ir21). 

During the synthesis process, the nucleophilic substitution of fluorine atoms in 

dimer complex [(dfpypy)2Ir(μ−Cl)]2 by a methoxy-ethanol in the presence of ancillary 

ligand picolinate led to the formation of new alkoxy−functionalized heteroleptic 

iridium(III) compound Ir[(RO)2pypy]2(N^O). Interestingly, the alkoxy−substituted 

complex Ir20 shows identical emission behaviour as that of the fluorine−substituted 

counterpart (Ir8) with excellent quantum efficiencies (ΦPL = 0.76 in solution and 0.96 
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in the solid state). Thus, the above strategy gives a pathway to isolate fluorine−free 

bright blue phosphorescent iridium(III) compounds (Ir21) based on 2,3′− bipyridine 

ligands with methoxy substituents in the presence picolinic acid as an ancillary ligand. 

These authors have pointed out that, although the compounds Ir20 and Ir21 are having 

very similar structural features, except for the alkoxy groups (methoxyethoxy versus 

methoxy), the emission energy of Ir20 is about 10 nm blue−shifted relative to that of 

Ir21, indicating the possibility of tuning the emission colour by alkoxy−substituent. 

These results clearly suggest that the substitution of a fluorine atom with an 

alkoxy−group has significantly improved the solubility of these compounds in usual 

organic solvents without altering the emission colour and efficiencies, leading to their 

potential use in solution−processable PhOLEDs. 

 

Chart 1.9. Chemical Structures of bis(6′–methoxy–2′–methyl–2,3′–bipyridinato–N,C4′)iridium(III) 

(acetylacetonate) (Ir22) and bis(6′–methoxy–2′–methyl–2,3′–bipyridinato–N,C4′)iridium(III) (picolinate) 

(Ir23). 

With the aid of Hammet parameter model, fluorine−free iridium complexes Ir22 

and Ir23 have been developed by replacing fluorine acceptor groups with methyl and 
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methoxy donor groups at 2′ and 6′ positions of Ir−C bonded pyridyl ring of 

2,3′−bipyridine ligands and compared their emission properties with the commercially 

available sky−blue emitter FIrpic [Chart 1.9].27 The designed fluorine−free iridium(III) 

complex (Ir23) displays a broader sky−blue emission with a slight blue shift in 

degassed acetonitrile solution at ambient−temperature, which is similar to that of FIrpic 

(ΦPL= 0.61, τ = 1.69 μs ) with a quantum yield of 0.54 and excited state lifetime of 1.29 

μs. The blue shift induced by methoxy can be mainly attributed to the strong donor 

character towards the para position, leading to a more robust destabilization of the 

LUMO than the HOMO. Also, a virtually identical redox potentials were noticed for 

this fluorine−free Ir23 as that of FIrpic. 

   

Chart 1.10. Chemical Structures of bis(2′,6′–dimethoxy–4–methyl–2,3′–bipyridinato–N,C4′)iridium(III) 

(picolinate) (Ir24), bis(2′,6′–dimethoxy–4–methyl–2,3′–bipyridinato–N,C4′)iridium(III) (acetylacetonate) 

(Ir25) and bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) (acetylacetonate) (Ir26). 

Kang and coworkers have designed a fluorine−free cyclometalated ligand, 

namely, 2′,6′−dimethoxy−4−methyl−2,3′−bipyridine and utilized for the development 
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of heteroleptic iridium(III) compounds Ir24 or Ir25 with blue phosphorescence in the 

presence of acetylacetonate or picolinate as the ancillary ligand [Chart 1.10].45 An 

increased molar extinction coefficient (ε > 5000 M−1 cm−1) of the 1MLCT transitions 

observed for Ir24 and Ir25 in comparison with the corresponding fluorinated congeners 

(Ir26, and Ir8, ε ~ 4300 M−1 cm−1) reveals the existence of strong spin–orbit coupling. 

A Multi−layer PhOLED was fabricated using Ir24 and Ir25 as the dopant and mCPPO1 

as a host material with a device configuration of (ITO, 50 nm)/ (PEDOT: PSS, 60 nm)/ 

TAPC (20 nm)/mCP (10 nm)/ mCPPO1–dopant Ir24 or Ir25 (25 nm)/TSPO1 (35 

nm)/LiF (1 nm)/Al (200 nm). EL device based on Ir25 at a doping level of 5% shows 

the best performance with a high external quantum efficiency of 15.3%. This result is 

found to be one of the best device performances using a blue phosphorescent 

iridium(III) emitter with a fluorine−free 2,3′−bipyridine ligand.  

A new class of charged cyclometalated iridium(III) compounds (Ir27−Ir30) have 

been developed using methoxy− and methyl− substituted 2,3′−bipyridine as the primary 

ligands and 4,4′−di−tert−butyl−2,2′−bipyridine (dtBubpy), as the ancillary ligand 

[Chart 1.11].22 The charged complexes exhibit bluish−green emission with moderate 

quantum yields of about 40% in degassed solution and emission lifetimes of the excited 

state are about 1.4 μs. The solid−state emission spectra of these cationic  
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Chart 1.11. Chemical Structures of bis(6′–methoxy–2′–methyl–4–methyl–2,3′–bipyridinato–N,C4′) 

iridium(III) (4,4′–di–tert–butyl–2,2′–bipyridine) hexafluorophosphate (Ir27), bis(2′,6′–dimethoxy–4–

methyl–2,3′–bipyridinato–N,C4′)iridium(III) (4,4′–di–tert–butyl–2,2′–bipyridine) hexafluorophosphate 

(Ir28), bis(2′,6′–dimethoxy–2,3′–bipyridinato–N,C4′)iridium(III) (4,4′–di–tert–butyl–2,2′–bipyridine) 

hexafluorophosphate (Ir29) and bis(5,6′–Dimethyl–2,3′–bipyridinato–N,C4′)iridium(III) (4,4′–di–tert–

butyl–2,2′–bipyridine) hexafluorophosphate (Ir30). 

complexes are red−shifted (< 10 nm) compared to the solution− state spectra. However, 

a large red−shift of about 32 nm has been noted in Ir30, due to aggregation, where the 

bulky tertiary butyl substituents are present in the ancillary ligand are not sufficient to 

prevent such red−shifts. The ΦPL values in thin films of the cationic complexes are 

found to be somewhat lower than that observed in solution, ranging from 19−32% for 

Ir27−Ir29. Conversely, poor ΦPL value of about 2% noted in the case of Ir30. Thus it 
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can be concluded that larger methoxy groups in the cyclometalated ligands are required 

to prevent the quenching. In order to evaluate the potential of these complexes for 

electroluminescence, LEECs were fabricated. Compared to an earlier device with 

fluorine−containing emitters, the present devices exhibits a slightly red−shifted 

electroluminescence due to methyl substituents on the ancillary and cyclometalated 

ligands, while the overall device performances, including stability, are similar. Ir28 

leads to the best LEEC figures among the series with a maximum luminance of 1000 

cd m−2 and efficacy of 9.47 cd A−1, which is promising in view of replacing fluorine 

substituents with methoxy groups in the blue phosphorescent emitters. 

  

Chart 1.12. Chemical Structures of bis(1–methyl–3–(2′–pyridyl)pyridinium –N,C4′)iridium(III) (2,2′–

bipyridine) tris–hexafluorophosphate (Ir31), bis(1–methyl–3–(2′–pyridyl)pyridinium –N,C4′)iridium(III) 

(4,4′–di–methyl–2,2′–bipyridine) tris–hexafluorophosphate (Ir32) and bis(1–methyl–3–(2′–

pyridyl)pyridinium –N,C4′)iridium(III) (4,4′–di–tert–butyl–2,2′–bipyridine) tris–hexafluorophosphate (Ir33). 

Coe and coworkers have developed an alternative approach for creating a series 

of fluorine−free iridium(III) luminophores using 1−methyl−3−(2′−pyridyl) 

−pyridinium as the cyclometalated ligand and tert−butyl or –CF3 substituted (at 4,4′ 

positions) 2,2′−bipyridine as ancillary ligands [Chart 1.12].46 The placing of 

quaternized nitrogen opposite to the Ir−C bonded carbon in the cyclometalated ligand 
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is crucial in blue−shifting the emission. The developed water soluble complexes Ir31 , 

Ir32 and Ir33 displays efficient luminescence in acetonitrile or aqueous solutions with 

a large range of lifetimes (≈ 1–12 μs) and relatively high quantum yields (ΦPL ≈ 42–

45%). The emission profiles are found to be similar for unsubstituted Ir31 and 

tert−butyl substituted Ir33 (λem = 468–474 nm).  On the other hand, replacing –H with 

–CF3 group significantly red−shifted the emission to 494 nm in Ir32. The almost 

identical spectra of Ir31 and Ir33 disclose that mainly 3LC emission involving C^N 

with little 3MLCT contribution. However, the red−shift for Ir32 indicates that emission 

is associated with N^N. Thus the presence of electron−withdrawing –CF3 groups 

stabilizes the π* orbitals of N^N ligand, lowering the energy of 3LC state. The bright 

blue emission in acetonitrile or water for the fluorine−free complexes Ir31 and Ir33 

suggest potential applications in highly efficient OLEDs or bio−imaging.  

1.4. Modifications on Ancillary Ligand 

1.4.1. Enhancing Emission Properties Using Ancillary Ligand without Any 

Spectral Change 

The influence of ancillary ligand affecting the phosphorescence emission in 

heteroleptic iridium(III) complexes is somewhat different from that of cyclometalated 

ligands. The ancillary ligand chelates (L^X) which possess higher triplet excited states 

than that of the cyclometalated C^N ligands are capable of modulating the 

photophysical properties of heteroleptic iridium(III) complexes due to their intrinsic 
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ligand field strength and electronic influences towards the central iridium atom.1l, 47 

With the above concept in mind, Kang et al. have replaced one of the cyclometalated 

dfpypy ligand with an appropriate ancillary ligand in Ir(dfpypy)3 in order to elevate the 

HOMO energy level without altering the emissive energy gap, and also to match well 

with those of the common host materials for OLED applications.37 A series of 

heteroleptic iridium(III) compounds Ir(dfpypy)2(L^X) [where L^X is either picolinate, 

acetylacetonate or dipivaloylmethanoate as can be seen from Figure 1.9] has been 

synthesized and their photophysical properties were investigated. All the iridium(III) 

compounds exhibit bright blue phosphorescence (λmax = 440−460 nm) with quantum 

efficiencies in the range 0.60−0.95 in both solution and solid state. The results 

demonstrated that the ancillary ligand has been found to significantly change the energy 

of both HOMO and LUMO orbitals, without altering the phosphorescence energy. This 

can be well understood from the single crystal X−ray structure of these compounds, 

where C^N chelates forms stronger bonds with iridium(III) centers compared to that of 

Ir(dfpypy)3, due to the weak trans directing effect of the ancillary ligands. In the 

subsequent studies, Kang and co−workers have developed efficient deep−blue 

PhOLEDs utilizing the heteroleptic compounds Ir11 and Ir26 as dopants and mCPPO1 

as the host material.48 The EL device of Ir11 at a doping level of 3.0 wt % shows the 

best performance with EQE of 18.5 – 20.4 % at the brightness of 100−1000 cdm−2 and 

the CIE(x, y) colour coordinates of (0.14, 0.18) at 1000 cdm−2
. 
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Figure 1.9. Comparison of experimental HOMO–LUMO energy levels of Ir1, Ir8, Ir11 and Ir26. 

Hung and co-workers have synthesized two chemically stable iridium(III) metal 

complexes (Ir34 and Ir35)  containing a cyclometalated ligand, 2’,6’-dimethoxy-4-t-

butyl-2,3’-bipyridine in the presence of 5-pyridin-2-yl-pyrazolate or 5-pyridin-2-yl-

pyrrolide as ancillary ligands (Chart 1. 13) and investigated their photophysical and 

electroluminescence properties with a view to construct a longer lifespan OLED 

devices.49 The isolated iridium(III) complexes showed essentially identical spectral 

features, with two peak maxima at 458 and 489 nm and a less intense shoulder in the 

longer wavelength region. The occurrence of these vibronic envelopes reflected the 

strong influence of the 3π-π* excited states along with a minor contribution from the 

3MLCT excited states. The photophysical studies demonstrated that the existence of 

intense, structured blue phosphorescence with a E0-0 peak (≤ 458 nm) with a high 
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quantum yield (ΦPL ≥ 0.79) in CH2Cl2. High quantum yields have been observed in the 

present system when compared to similarly structured complex Ir24 (ΦPL = 0.44) 

having picolinate as an ancillary ligand. This can be attributed to the more rigidity of 

the pyridyl azolate or pyrrolide ancillary ligand, which supresses the nonradiatative 

decay pathways. As for the OLED applications, Ir35 exhibited highest efficiency 

characteristics i.e. maximum external quantum (ηext), current (ηc), and power 

efficiencies (ηp) of 14.3%, 23.8 cd A−1, and 18.2 lm W−1, respectively with a blue 

CIE(x,y) coordinates of 0.16 and 0.24. 

  

Chart 1.13. Chemical Structures of bis(2′,6′–dimethoxy–4–tert–butyl–2,3′–bipyridinato–N,C4′) iridium(III) 

(3–(trifluoromethyl)–5–(4–t–butylpyridyl)pyrazolate) (Ir36) and bis(2′,6′–dimethoxy–4–tert–butyl–2,3′–

bipyridinato–N,C4′) iridium(III) (2,4–(bistrifluoromethyl)–5–(4–t–butylpyridyl)pyrrolate) (Ir37). 
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Chart 1.14. Chemical Structures of bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) 3–methyl–1–(4–

methyl–2–pyridyl)benzimidazolium hexafluorophosphate (Ir36) and bis(2′,6′–difluoro–2,3′–bipyridinato–

N,C4′)iridium(III) 3–methyl–1–(4–trifluoromethyl–2–pyridyl)benzimidazoliumhexafluoro phosphate 

(Ir37). 

N−heterocyclic carbenes (NHC) have been evolved as a new class of 

cyclometalating as well as ancillary ligands for the transition metal complexes.50 The 

shorter distance usually seen between the metal and coordinating carbon of a carbene 

ligand, which is primarily responsible for the strong dative interaction in these 

complexes. As a result of this, the experienced large ligand field strength upon the metal 

center could destabilize the thermally accessible d−d* excited states away from the 

emissive triplet excited states, which helps in exhibiting efficient phosphorescence 

emission.19a, 43d Baranoff et al., first time utilized a neutral pyridine−carbene 

((1−methyl−3−(3−(methyl)pyridyl) −benzimidazolin−2−ylidene−N,C2′)) ancillary 

ligand for the development of a charged biscyclometalated complex (Ir36) using 

2ʹ,6ʹ−difluoro−2,3ʹ−bipyridine as cyclometalating ligand [Chart 1.14].51 Upon 

excitation, Ir36 shows blue emission with a quantum yield of 0.20 in degassed 
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acetonitrile at room temperature. Meanwhile, Zheng et al. utilized a new type of 

N−heterocyclic carbene, namely, 1−methyl−3−(3−(trifluoromethyl)phenyl)− 

benzimidazolin−2−ylidene−C,C2′ as an ancillary ligand for the development of blue 

emitting iridium(III) complex (Ir37) using dfpypy as the main cyclometalated ligand.52 

Ir37 exhibits an identical emission profile as well as less quantum efficiency (ΦPL = 

0.09) compared to the analogue complexes such as Ir8 and Ir26 containing picolinate 

or acetylacetonate as ancillary ligands. 

   

Chart 1.15. Chemical Structures of bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) 3–(4–(pyridin–

2–yl)–1H–1,2,3–triazol–1–yl)propane–1–sulfonate (Ir38), bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′) 

iridium(III) trifluoro((4–(pyridin–2–yl)–1H–1,2,3–triazol–1–yl)methyl)–borate (Ir39) and bis(2′,6′–difluoro–

2,3′–bipyridinato–N,C4′)iridium(III) tris(pyrazolyl)–methanesulfonates (Ir40). 

In addition to the neutral, cationic and anionic iridium(III) complexes, 

zwitterionic compounds of iridium(III) complexes constitutes an alternate and an 

attracting emitting systems for OLED applications.53 Due to the higher dielectric 

constant in the soft−salt lattice, the charge mobility is expected to be superior to that of 

neutral molecules.54 Luisa De Cola and co−workers have reported a series of highly 

efficient blue and deep−blue emitting zwitterionic iridium(III) compounds 
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(Ir38−Ir40), containing a cationic iridium(III) center and a N,N′−heteroaromatic 

(N^N) ancillary ligand having negatively charged side groups, such as sulfonate and 

borate [Chart 1.15].55 These zwitterionic compounds display intense−blue (λmax at 450 

nm) and deep−blue (λmax at 435 nm) emissions in deaerated solution similar to that of 

cationic complexes reported elsewhere.1c The photoluminescent quantum yields and 

excited state lifetimes of dfpypy based zwitterionic complexes are found to be higher 

(ΦPL= 0.50−0.72) than the values of dfppy analogues (ΦPL= 0.20). 

 

Chart 1.16. Chemical Structure of bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) (4–

fluorophenyl)imidodiphosphinate) (Ir41). 

Diphenyl phosphoryl (Ph2P=O) units have been widely employed in OLEDs with 

an aim to develop electron−transport and ambipolar host materials because of its 

electron−deficient nature with enhanced electron injecting and transporting abilities.56 

Zheng et al. have first time introduced Ph2P=O units in the ancillary ligand,40, 57 namely, 

tetraphenylimidodiphosphinate acid (Htpip) and isolated two iridium(III) complexes 

(Ir19 and Ir41) using dfpypy as a cyclometalated ligand and investigated their 

photoluminescence and device performances [Chart 1.7 and 1. 14].41 The iridium 
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compounds Ir19 and Ir41 exhibit sky−blue emission in CH2Cl2 when excited at 370 

nm. These compounds almost display identical emission behaviour with a maximum at 

475 nm, indicating that the introduction of fluorine in tpip ancillary ligand have no 

obvious effect on absorption as well as emission properties. The (dfpypy)2Ir(tpip) and 

(dfpypy)2Ir(Ftpip) compounds exhibited blue emission at 457 nm with quantum yields 

of 7.0 % and 7.1%, respectively. OLED devices with the structure of ITO/TAPC (40 

nm)/mCP (10 nm)/Ir19 or Ir41 (8 wt %): PPO21 (25 nm)/TmPyPB (50 nm)/LiF (1 

nm)/Al (100 nm) showed performances with the maximum current efficiency (ηc) 

values of 22.83 and 20.79 cd A−1, respectively, with low−efficiency roll−off. The 

presence of four bulky phenyl groups lead to a significant spatial separation of the 

neighboring molecules of the iridium(III) complexes and as a result, suppress the 

triplet−triplet annihilation and triplet−polaron annihilation effects and hence excellent 

current efficiency and low−efficiency roll−off was observed in these devices.  

 

Chart 1.17. Chemical Structure of bis (2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) (9H–carbazol–

9–yl)(diisopropyl)amidate (Ir42). 
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Figure 1.10. (a) Molecular packing diagram indicates holes (red) and electrons (blue) transporting 

channels for of Ir42. (b) Contour plots of HOMO and LUMO in Ir42 from DFT calculations. (c) Energy 

level diagram of the materials used in OLEDs where Ir42 acts as a host as well as hole− transporting 

material. BTPBA and BTIPG serve as red and green phosphorescent dopants, respectively. 

  

Liu et al. have demonstrated an effective molecular design strategy for the 

development of a bipolar phosphorescent iridium(III) complex host (Ir42) based on 

amidinate (N^N) as an ancillary ligand (dipcca) and dfpypy as a cyclometalating ligand 

[Chart 1.17].58 Based on the DFT calculations the authors have concluded that the 
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HOMO of the synthesized iridium(III) complex is primarily distributed on the 

d−orbitals of the Ir atoms an N atoms of the ancillary ligand while the LUMO is located 

in the cyclometalated ligands. Such large spatial distribution of HOMO and LUMO can 

provide hole− and electron−transporting channels, respectively, where both type of 

charges can realize intermolecular hopping smoothly along their respective pathways 

(Figure 1.10). The derived bipolar phosphorescent complex has been used as a host 

material for realizing efficient red PhOLEDs. The constructed PhOLED showed stable 

deep−red emitting colour and high external quantum efficiency (EQE > 23%) under 

wide luminance range of 1000−10000 cd/m2. 

1.4.2. Facile Color Tuning Using Ancillary Chelate in Heteroleptic Iridium(III) 

Complexes  

It is also known in the literature that when the ligand−centered energy gap of C^N 

chelate is greater than that of the L^X ancillary ligand, longer wavelength emissions 

have been realized in some heteroleptic iridium(III) complexes.5c, 5d, 5f, 5g One of the best 

known example was successfully demonstrated by Park et al.5e regarding the 

phosphorescence colour tuning by virtue of intramolecular interligand energy transfer 

(ILET) in a series heteroleptic iridium(III) complexes Ir(dfppy)2(L^X) [where dfppy 

=2,6′−difluorophenylpyridine and L^X = quinaldinate, isoquinolinate and pyrazinate]. 

Subsequently, Kang and coworkers44 have observed similar kind of phenomenon in a 

series of heteroleptic Ir(dfpypy)2(L^X) complexes Ir43−Ir45 [where L^X = pyrazinate, 
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isoquinolinate and quinolinate] involving 2,6′−difluoro−2,3′−bipyridine cyclometated 

ligand and various picolinate derivatives as ancillary ligands [Chart 1.18]. These 

compounds exhibit intense−blue to yellow phosphorescence (λmax = 453 to 558 nm) 

with moderate to high quantum efficiencies (0.20−0.96). 

 

Figure 1.11. (a) Schematic representation of a typical 3MLCT/3LC based emission process in a 

heteroleptic iridium(III) complex involving a low lying triplet state from a cyclometalating ligand rather 

than from a high energy ancillary L^X ligand. (b) Intramolecular inter−ligand energy transfer (ILET) 

process involving the low lying triplet state of an ancillary L^X ligand. 

These results demonstrated that cyclometalated ligand is preferentially excited, 

then the low energy ancillary ligand accepts the excited state energy through ILET 

mechanism, eventually giving rise to the ancillary ligand−centered phosphorescence 

(Figure 1.11). These authors also noted similar kind of energy transfer mechanism in a 

series of heteroleptic Ir[(RO)2pypy]2(L^X) complexes Ir46−Ir48 [where L^X = 
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pyrazinate, isoquinolinate and quinolinate; and RO stands for 

2,6′−bis(2−methoxyethoxy)−2,3′−bipyridine] complexes [Chart 1.18]. 

 

  

Chart 1.18. Chemical Structures of bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) (pyrazinate) 

(Ir43) bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) (isoquinolinate) (Ir44), bis(2′,6′–difluoro–2,3′–

bipyridinato–N,C4′)iridium(III) (quinaldinate) (Ir45), bis(2′,6′–bis(2–methoxyethoxy)–2,3′–bipyridinato–

N,C4′)iridium(III) (pyrazinate) (Ir46), bis(2′,6′–bis(2–methoxyethoxy)–2,3′–bipyridinato–N,C4′)iridium(III) 

(isoquinolinate) (Ir47) and bis(2′,6′–bis(2–methoxyethoxy)–2,3′–bipyridinato–N,C4′) iridium(III) 

(quinaldinate) (Ir48). 

In the later studies, these authors have isolated a heteroleptic cyclometalated 

iridium(III) compound Ir49, possessing 2,6′−difluoro−2,3′−bipyridine as main ligand 

and 5−methyl−2−phenylpyridine as an ancillary ligand and investigated the 
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photophysical properties [Chart 1.19].59 A remarkable 30 nm red shifted emission in 

the fluid and solid states has been observed in the derived heteroleptic iridium(III) 

compound as compared to its homoleptic iridium counterpart Ir1. This behaviour 

indicates that mppy ancillary ligand plays an important role in the red shifted emission. 

The triplet energy level of mppy was found to be lower than that of dfpypy 

cyclometalating ligand and hence the excited state energy can be easily transferred from 

primary to the ancillary ligand through intramolecular interligand energy transfer 

process. 

 

Chart 1.19. Chemical Structure of bis(2′,6′–difluoro–2,3′–bipyridinato–N,C4′)iridium(III) 5–methyl–2–

phenylpyridinate (Ir49). 

Based on these literature reports, it can be summed up that cyclometalating 

chelates based on 2,3′−bipyridine class of ligands are highly appropriate for 

constructing the novel phosphorescent emitters required for building efficient OLED 

devices, mainly due to their stronger metal−chelate bonding character and greater 

versatility in tuning the emission wavelengths with high quantum efficiencies. 
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1.5. Objectives of the Present Investigation 

Nowadays, the design and development of novel phosphorescent iridium(III) 

complexes for various optoelectronic applications is a well−recognized area of 

research. The fascinating photophysical properties of iridium(III) compounds are 

strongly influenced by the spin−orbit coupling exerted by the iridium(III) core, usually 

resulting in intense emissions with short excited−state lifetimes, which can be precisely 

controlled with the aid of molecular engineering of the chelating ligand. These 

attractive properties make them promising and prominent candidates, not only for use 

in organic light emitting diodes (OLEDs) as phosphorescent emitters but also for 

biological applications such as chemosensors and cellular imaging probes.  

The evolution of 2, 3′−bipyridine class of cyclometalating ligands for developing 

novel phosphorescent iridium(III) compounds offers tremendous opportunities for its 

potential application in the fields of OLEDs and LEECs. The nature and energy of the 

excited state properties in heteroleptic [Ir(C^N)2(L^X)] complexes can be manipulated 

by simple modification of the 2′,6′−difluoro− 2,3′−bipyridine cyclometalated or 

ancillary ligands by deliberate incorporation of electron−withdrawing and 

electron−donating substituents at an appropriate position. Therefore the primary 

objective of the current thesis work is to design and develop efficient iridium(III) 

emitters based on 2,3-bipyridine ligands by substituting electron-withdrawing (–CHO, 

–CF3, and –CN) and electron-donating (–OMe and –NMe2) groups at the 4′ position of 
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the N-coordinating pyridyl moiety and evaluate their photophysical and 

electroluminescence properties for use in OLED applications.  

The recognition and quantitative estimation of cyanide ion in an aqueous 

environment is an important task for chemists and biologists. Consequently, a lot of 

efforts have been made for the construction of suitable sensors based on readily 

synthesizable fluorescent molecules. However, the detection of cyanide ions using 

chemosensors based on well-known strategies such as chemidosimetric strategy, 

wherein cyanide ions are coordinated to carbonyl group containing chromophores 

interacting with phosphorescent iridium metal complexes is scarce. Thus, another 

objective of the present investigation is to design and develop a new phosphorescent 

iridium(III) complex, functionalized with electron-deficient carbonyl units with a view 

to develop a chemosensor for the detection of  CN− ions. 

Aggregation-induced emission (AIE) refers to a photophysical phenomenon 

shown by a group of luminogenic materials that are non-emissive when they are 

dissolved in good solvents as molecules but become highly luminescent when they are 

clustered in poor solvents or solid states as aggregates. However, phosphorescent AIE 

(AIPE) materials based on iridium(III) complexes are comparatively less known as 

compared to fluorescent organic molecules. Thus, yet an another objective of the 

present work is to develop AIPE active iridium(III) complexes and utilizes for the 

detection of explosives such as 2, 4, 6-trinitrotoluene (TNT). 
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                     Chapter 2 

 

Photophysical and Electroluminescence Properties of Bis-

(2′,6′-difluoro-2,3′-bipyridinato-N,C4′)iridium(picolinate) 

Complexes: Effect of Electron-Withdrawing and Electron-

Donating Group Substituents at the 4′ Position of the 

Pyridyl Moiety of the Cyclometalated Ligand 

 

 

2.1. Abstract  

A series of 2′,6′-difluoro-2,3′-bipyridine cyclometalating ligands were synthesized by 

substituting electron-withdrawing (–CHO, –CF3, and –CN) and electron-donating (–

OMe and –NMe2) groups at the 4′ position of the pyridyl moiety and utilized them for 

the construction of five new iridium(III) complexes (Ir1–Ir5) in the presence of 

picolinate as an ancillary ligand. The photophysical properties of the developed 

iridium(III) compounds were investigated with a view to understand the substituent 
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effects. The strong electron-withdrawing (–CN) group containing the iridium(III) 

compound (Ir3) exhibits highly efficient genuine green phosphorescence (λmax = 508 

nm) at room temperature in solution and in thin film, with an excellent quantum 

efficiency (ΦPL) of 0.90 and 0.98, respectively. On the other hand, the –CF3 group 

substituted iridium(III) compound (Ir2) displays a sky-blue emission (λmax = 468 nm) 

with a promising quantum efficiency (ΦPL = 0.88 and 0.84 in solution and in thin film, 

respectively). The –CHO substituted iridium(III) complex (Ir1) showed greenish-

yellow emission (λmax = 542 nm). Most importantly, the strong electron-donating –

NMe2 substituted iridium(III) complex (Ir5) gives a structureless and a broad 

emission profile in the wavelength region 450 to 700 nm (λmax = 520 nm) with a poor 

quantum efficiency. An intense blue phosphorescence with impressive quantum 

efficiency, especially in thin-film noted in the case of the –OMe substituted 

iridium(III) complex (Ir4). Comprehensive density functional theory (DFT) and time-

dependent DFT (TD-DFT) approaches have been performed on the ground and 

excited states of the synthesized iridium(III) complexes, in order to obtain information 

about the absorption and emission processes and to gain deeper insights into the 

photophysical properties. The combinations of a smaller ΔES1–T1 and higher 

contribution of 3MLCT in the emission process result in the higher quantum yields 

and lifetime values for complexes Ir1–Ir3. Multi-layered Phosphorescent Organic 

Light Emitting Diodes (PhOLEDs) were designed using the phosphorescent dopants 

Ir2, Ir3 and Ir4 and their elecroluminescence properties were evaluated. Compound 

Ir4 at a doping level of 5 wt% shows the best performance with an external quantum 

efficiency of 4.7%, in the nonoptimized device, and a power efficiency of 5.8 lm W−1, 

together with a true-blue chromacity CIEx,y = 0.15, 0.17 recorded at the maximum 

brightness of 33180 cd m−2. 

 

K. S. Bejoymohandas; Arunandan Kumar; S. Varughese; E. Varathan; V. 

Subramanian; and M. L. P. Reddy, Journal of Materials Chemistry C, 3, 2015, 7405–

7420. 
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2.2. Introduction 

Cyclometalated iridium(III) complexes are frequently considered as the most 

promising family of triplet emitters due to their potential applications in 

phosphorescent organic light emitting diodes (PhOLEDs).1 This is essentially due to 

their excellent phosphorescence quantum efficiencies, short lifetimes of triplet excited 

states, flexibility in colour tuning and thermal and electrochemical stability.2 In 

particular, phosphorescence emitting compounds based on iridium(III) phenylpyridine 

derivatives have drawn attention and have been successfully applied in PhOLED 

fabrication because they are efficient phosphorescent materials emitting light in the 

regions of blue, green and red.2c, 3 Accordingly, several groups have demonstrated that 

phosphorescence emission wavelengths can be tuned in the blue to red region by 

functionalization on the phenyl moiety of 2-phenylpyridine of iridium(III) complexes 

with electron-withdrawing and electron-donating substituents.4 However, there are 

some genuine difficulties in the development of blue phosphorescent complexes with 

respect to chromaticity, emission efficiency and stability of the material, as compared 

with green and red phosphorescent complexes.1w, 5 

In order to overcome some of the difficulties in developing a robust blue emitter, 

Lee et al.6 have introduced a new type of fac-iridium(III) complex containing 

fluorinated bipyridine as a cyclometalated ligand and investigated the photophysical 

properties. The emission maximum of the fac-tris(2′,6′-difluoro-2,3′-bipyridinato-
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N,C4′)iridium(III) complex at room temperature has been reported to be 438 nm with 

a high quantum efficiency (ΦPL = 0.71). However, it has a very low-lying HOMO 

energy (ca. 6.4–6.5 eV), making it difficult to find a suitable host in the PhOLED 

applications. In the subsequent studies, Kang and co-workers7 have addressed these 

limitations by replacing one of the dfpypy ligands with an appropriate ancillary ligand 

such as 2-picolinate, acetylacetonate or dipivolylmethonate to elevate the HOMO 

energy of the Ir(dfpypy)3 compound, so that it matches well with that of the common 

host molecule such as 4,4′-N,N′-dicarbazolebiphenyl (CBP). To prevent detrimental 

aggregation phenomena, Yang et al.8 have introduced a bulky tert-Butyl group in the 

4′ position of the pyridyl moiety of 2′,6′-difluoro-2,3′-bipyridine and constructed a 

series of heteroleptic iridium(III) complexes in the presence of pyridyl-azole as an 

ancillary ligand and investigated their photophysical properties. These complexes 

displayed intense phosphorescence blue emission (λems = 440 nm) at room 

temperature in solution and in thin film with a high quantum yield in the range 0.77–

0.87 and 0.60–0.93, respectively. Park et al.9 developed iridium(III) complexes with 

2′,6′-difluoro-4-methyl-2,3′-bipyridine as a cyclometalated ligand and introduced a 

variety of ancillary ligands such as acetylacetonate, 2-picolinate or 2-(5-methyl-2H-

1,2,4-triazol-3-yl)pyridinate to the iridium center to compare the effect of the 

ancillary ligands on the emission properties. These complexes exhibited blue emission 

at 447, 440 and 425 nm in CH2Cl2 solutions. However, the emission intensities of 

these complexes have not been quantified. More recently, Kessler and coworkers10 
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have developed a novel bis-heteroleptic iridium(III) complex based on 4-(tert-butyl)-

2′,6′-difluoro-2,3′-bipyridine and acetylacetonate as an ancillary ligand and 

investigated the photophysical as well as electroluminescence properties. The 

developed blue PhOLED showed superior performance compared to the published 

results on similar complexes with the maximum power efficiency of over 30 lm W−1, 

indicating the great interest in this class of compounds throughout the scientific 

community. A preliminary report on the electroluminescence of tris-(2′,6′-difluoro-4- 

N,N-dimethylamine-2,3′-bipyridinato-N,C4)iridium(III) and (2′,6′-difluoro-4-O-alkyl-

2,3′-bipyridinato-N,C4)iridium(III) picolinate has been disclosed by Lee and 

coworkers.11 

It is clear from the literature review that no systematic correlations are reported 

on the photophysical properties of iridium(III) complexes involving the 2′,6′-difluoro-

2,3′-bipyridine ligand with electron-withdrawing and electron-donating group 

substitutions on the 4′ position of the pyridyl moiety. This has inspired us to design 

and develop a series of cyclometalated ligands by substituting electron-withdrawing 

(–CHO, –CF3 and –CN) and electron-donating groups (–OMe and –NMe2) at the 4′ 

position on the pyridyl moiety of the cyclometalated ligand, 2′,6′-difluoro-2,3′-

bipyridine and utilized for the construction of a series of iridium(III) compounds in 

the presence of picolinate as an ancillary ligand (Chart 2.1). The designed new 

iridium(III) compounds have been well characterized by various spectroscopic 

techniques and their electrochemical and photophysical properties have been 
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investigated. Density functional theory calculations are used to rationalize the 

differences in the photophysical behaviour observed upon changes of the ligands. 

Finally, the developed compounds have been successfully used as dopants in 4,4′-

bis(N-carbazolyl)-1,1′-biphenyl (CBP) as a host material and multilayer PhOLED 

devices have been fabricated and investigated the electroluminescence properties. 

 

 

Chart 2.1. Chemical Structures of the Iridium(III) Complexes Ir1-Ir5. 
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2.3. Experimental Section 

2.3.1. General Information and Materials  

A Bruker 500 MHz NMR spectrometer was used to record the 1H, 19F and 13C NMR 

spectra of the complexes in CDCl3 solution. The chemical shifts (δ) of the signals are 

given in ppm and referenced to the internal standard tetramethylsilane (TMS). The 

signal splitting is abbreviated as follows: s = singlet; d = doublet; t = triplet; q = 

quartet; and m = multiplet. All coupling constants (J) are given in Hertz (Hz). The 

electrospray ionization (ESI) mass spectrum was recorded on a thermo scientific 

exactive benchtop LC/MS orbitrap mass spectrometer. The matrix assisted laser 

desorption ionization time-of-flight (MALDI-TOF) mass spectrum was recorded on a 

KRATOS analytical spectrometer (Shimadzu Inc.). Elemental analyses for C, H, and 

N were performed on an Elementar-vario MICRO cube elemental analyzer. The 

complex doped PMMA films were prepared by spin coating onto a 2 cm × 2 cm glass 

plate for 60 s at a spin speed of 1000 rpm. Sodium hydride, iodomethane, sodium 

carbonate, tetrakis(triphenyl phosphine) palladium(0), 2,6-difluoropyridine-3-boronic 

acid, 2-bromo-4-aminopyridine, 2-bromo-4-(trifluoromethyl) pyridine, 2-bromo-4-

formylpyridine, 2-bromo-4-cyanopyridine, 2-bromo-4-methoxypyridine, picolinic 

acid and IrCl3·x(H2O) were purchased from Alfa Aesar and were used without any 

further purification. The cyclometalated ligands, namely 2′,6′-difluoro-4-(formyl)-

2,3′-bipyridine [CHOdfpypy] (L1), 2′,6′-difluoro-4-(trifluoromethyl)-2,3′-bipyridine 
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[CF3dfpypy] (L2) and 2′,6′-difluoro-4-(cyano)-2,3′-bipyridine [CNdfpypy] (L3), were 

synthesized and fully characterized for the first time. Other cyclometalating ligands 

such as 2′,6′-difluoro-4-(methoxy)-2,3′-bipyridine [OMedfpypy] (L4), 2′,6′-difluoro-

4-(N,N-dimethylamine)-2,3′-bipyridine [NMe2dfpypy] (L5), and the precursor 

for L5 namely 2-bromo-4-N,N-dimethylaminopyridine (L5a) were synthesized 

according to previously reported procedures.11  

The iridium dimer complexes [(C^N)2Ir(μ-Cl)]2 (C^N = CHOdfpypy or 

CF3dfpypy or CNdfpypy or OMedfpypy or NMe2dfpypy) were synthesized using 

IrCl3·x(H2O) and CHOdfpypy or CF3dfpypy or CNdfpypy or OMedfpypy or 

NMe2dfpypy in a mixture of 2-ethoxyethanol and water according to the literature 

method.12 Reactions were monitored by thin layer chromatography (TLC). 

Commercial TLC plates (silica gel 60 F254, Merck Co.) were used and the spots were 

observed under UV light at 254 and 365 nm. Silica column chromatography was 

performed using silica gel (230–400 mesh, Merck Co.) The dry solvents were used as 

received from Merck Millipore. All other reagents of analytical grade were used as 

received from Alfa Aesar, unless otherwise stated. 

2.3.2. Synthesis of Cyclometalating Ligand Precursor 

Synthesis of 2-bromo-4-N,N-dimethylaminopyridine (L5a): to a suspension of sodium 

hydride (1.38 g, 34.6 mmol, 60% dispersion in mineral oil) in THF (20 mL) at 0 °C, 

2-bromo-4-aminopyridine (2.00 g, 11.56 mmol) was added. The reaction mixture was 
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stirred for 30 min under an argon atmosphere at the same temperature. After methyl 

iodide (4.10 g, 28.90 mmol) was added, the resultant mixture was stirred at room 

temperature for 3 h. The reaction was quenched with water and organic materials 

were extracted with ethyl acetate. The combined extracts were washed with brine and 

dried over Na2SO4. After removal of solvents under reduced pressure, the residue was 

recrystallized from ethanol (1.30 g, 6.46 mmol, 55.8%). 1H NMR (CDCl3, 500 

MHz): δ 7.94 (d, J = 5 Hz, 1H), 6.64 (d, J= 2 Hz, 1H), 6.44–6.43 (m,1H), 2.99 (s, 

6H). 13C NMR (CDCl3, 126 MHz): δ 155.79, 149.30, 143.11, 109.27, 106.20, 39.24. 

MS (ESI): m/z 203.00 [M+2]. 

2.3.3. General Synthesis of Cyclometalating Ligands 

To a suspension of one equivalent of substituted bromopyridine [2-bromo-4-

formylpyridine or 2-bromo-4-(trifluoromethyl) pyridine or 2-bromo-4-

(cyano)pyridine or 2-bromo-4-methoxypyridine or 2-bromo-4-(N,N-

dimethylamino)pyridine] with 1.2 equivalents of 2,6-difluropyridyl-3-boronic and 

0.06 equivalents of tetrakis(triphenylphosphine)palladium(0) were dissolved in 25 mL 

of dry THF. A solution of 5% Na2CO3 (10 mL) was added and the mixture was 

refluxed with stirring for 24 h, under a nitrogen atmosphere. After being cooled, the 

mixture was poured into water, and extracted with ethyl acetate. The organic layer 

was dried over Na2SO4. The solvent was removed under reduced pressure to give a 
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crude residue. The crude product was then purified by silica column chromatography 

with ethyl acetate : n-hexane (1 : 9) as the eluent to give the final product. 

2′,6′-Difluoro-4-(formyl)-2,3′-bipyridine [CHOdfpypy] (L1). Yield: 69%.1H NMR 

(CDCl3, 500 MHz): δ 10.16 (s, 1H); 8.98 (d, J = 5 Hz, 1H); 8.79–8.74 (m, 1H); 8.29 

(s, 1H); 7.74 (t, J = 5 Hz, 1H); 7.04–7.02 (m, 1H). 13C NMR (CDCl3, 126 

MHz): δ 191.07, 162.60, 160.60, 159.68, 152.19, 151.23, 146.14, 142.56, 122.84, 

121.17, 107.37. 19F NMR (CDCl3, 470 MHz): δ −68.51, −66.49. MS 

(ESI): m/z 221.05 [M+]. 

2′,6′-Difluoro-4-(trifluoromethyl)-2,3′-bipyridine [CF3dfpypy] (L2). Yield: 

65%.1H NMR (CDCl3, 500 MHz): δ 8.90 (d, J = 5 Hz, 1H), 8.77–8.72 (m, 1H), 8.09 

(s, 1H), 7.54 (d, J = 5 Hz, 1H), 7.03–7.01 (m, 1H). 13C NMR (CDCl3, 126 

MHz): δ 162.59, 160.59, 157.52, 151.74, 150.79, 146.18, 123.73, 121.55, 119.29, 

118.65, 107.37. 19F NMR (CDCl3, 470 MHz): δ −68.56, −66.29, −64.93. MS 

(ESI): m/z 261.04 [M+]. 

2′,6′-Difluoro-4-(cyano)-2,3′-bipyridine [CNdfpypy] (L3). Yield: 62%.1H NMR 

(CDCl3, 500 MHz): δ 8.90 (t, J = 5 Hz, 1H); 8.78–8.73 (m, 1H); 7.66 (s, 1H); 8.12 (s, 

1H); 7.54–7.45 (m, 1H); 7.04–7.01 (m, 1H). 13C NMR (CDCl3, 126 MHz): δ 162.81, 

160.93, 157.68, 151.76, 150.80, 146.10, 125.30, 124.38, 121.61, 116.24, 107.60. 19F 

NMR (CDCl3, 470 MHz): δ −68.10, −65.45. MS (ESI): m/z 218.05 [M+]. 
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2′,6′-Difluoro-4-(methoxy)-2,3′-bipyridine [OMedfpypy] (L4). Yield: 64%. 1H 

NMR (CDCl3, 500 MHz): δ 8.69–8.64 (m, 1H); 8.53 (d, 5.5 Hz, 1H); 7.38 (s, 1H); 

6.97–6.95 (m, 1H); 6.84–6.83 (m, 1H); 3.91 (s, 3H). 13C NMR (CDCl3, 126 

MHz): δ 162.11, 160.14, 157.29, 151.80, 150.90, 146.18, 119.05, 110.39, 109.08, 

106.90, 55.29. 19F NMR (CDCl3, 470 MHz): δ −69.22, −68.04. MS (ESI): m/z 223.06 

[M+1]. 

2′,6′-Difluoro-4-(N,N-dimethylamine)-2,3′-bipyridine [NMe2dfpypy] (L5). Yield: 

60%. 1H NMR (CDCl3, 500 MHz): δ 8.63–8.58 (m, 1H), 8.31 (d, J = 6 Hz, 1H), 7.03 

(s, 1H), 6.94–6.92 (m, 1H), 6.52–6.50 (m, 1H), 3.07 (s, 6H).13CNMR (CDCl3, 126 

MHz): δ 161.66, 159.81, 154.82, 150.55, 149.73, 146.25, 120.29, 106.95, 106.45, 

105.97, 39.24. 19F NMR (CDCl3, 470 MHz): δ −69.07, −69.60. MS (ESI): m/z 236.09 

[M+]. 

2.3.4. Synthesis of the Iridium(III) Dimer Complex 

Synthesis of [(CHOdfpypy)2Ir(μ-Cl)]2. IrCl3·xH2O (224.36 mg, 0.75 mmol) and 

CHOdfpypy (L1) (350 mg, 1.58 mmol) were dissolved in 20 mL of 2-ethoxyethanol 

and water (8 : 2) mixture and refluxed at 140 °C for 24 h. After the solution was 

cooled, the addition of 40 mL of H2O gave a pale yellow precipitate that was filtered 

and washed with diethyl ether. The crude product was used for the next reaction 

without further purification (yield: 55%). 
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Synthesis of [(CF3dfpypy)2Ir(μ-Cl)]2. IrCl3·xH2O (191.36 mg, 0.64 mmol) and 

CF3dfpypy (L2) (350 mg, 1.34 mmol) were dissolved in 20 mL 2-ethoxyethanol and 

water (8 : 2) mixture and refluxed at 140 °C for 24 h. After the solution was cooled, 

the addition of 40 mL of H2O gave a yellow precipitate that was filtered and washed 

with diethyl ether. The crude product was used for the next reaction without further 

purification (yield: 60%). 

Synthesis of [(CNdfpypy)2Ir(μ-Cl)]2. IrCl3·xH2O (227.47 mg, 0.76 mmol) and 

CNdfpypy (L3) (350 mg, 1.61 mmol) were dissolved in 20 mL 2-ethoxyethanol and 

water (8 : 2) mixture and refluxed at 140 °C for 24 h under dry and inert conditions. 

After the solution was cooled, the addition of 40 mL of H2O gave an orange 

precipitate that was filtered and washed with diethyl ether. The crude product was 

used for the next reaction without further purification (yield: 40%). 

Synthesis of [(OMedfpypy)2Ir(μ-Cl)]2. IrCl3·xH2O (222.38 mg, 0.74 mmol) and 

OMedfpypy (L4) (350 mg, 1.57 mmol) were dissolved in 20 mL 2-ethoxyethanol and 

water (8 : 2) mixture and refluxed at 140 °C for 24 h. After the solution was cooled, 

the addition of 40 mL of H2O gave a pale yellow precipitate that was filtered and 

washed with diethyl ether. The crude product was used for the next reaction without 

further purification (yield: 67%). 

Synthesis of [(NMe2dfpypy)2Ir(μ-Cl)]2. IrCl3·xH2O (211.36 mg, 0.70 mmol) and 

NMe2dfpypy (L5) (350 mg, 1.48 mmol) were dissolved in 20 mL 2-ethoxyethanol 
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and water (8 : 2) mixture and refluxed at 140 °C for 24 h. After the solution was 

cooled, the addition of 40 mL of H2O gave a pale yellow precipitate that was filtered 

and washed with diethyl ether. The crude product was used for the next reaction 

without further purification (yield: 60%). 

2.3.5. General Synthesis Procedure for Complexes Ir1–Ir5 

A mixture of one equivalent of the corresponding dimer, 2.6 equivalents of picolinic 

acid and 11.0 equivalents of sodium carbonate were stirred overnight in a mixture (3 :

1) of dichloromethane and ethanol (40 mL) at 60 °C under an argon atmosphere. The 

solvent was removed by evaporation under reduced pressure. The crude product 

obtained was poured into water and extracted with ethyl acetate (3 × 50 mL). The 

combined organic layer was dried over Na2SO4. The solvent was removed under 

reduced pressure to give a crude residue. The crude product was purified by using 

silica gel column chromatography with CH2Cl2: methanol in 9 : 1 ratio as the eluent, 

giving the desired complex as light yellow powder with the following 

yields: Ir1 (65%), Ir2 (80%), Ir3 (36%), Ir4 (90%) and Ir5 (76%). All purified 

samples were recrystallized and vacuum dried before conducting all analysis. 

Spectral data of (CHOdfpypy)2Ir(pic), Bis[2′,6′-difluoro-4-(formyl)-2,3′-

bipyridinato-N,C4′]iridium(III) (Picolinate) (Ir1). 1H NMR (CDCl3, 500 

MHz): δ 10.23 (s, 2H); 9.08 (d, J = 6 Hz, 1H); 8.73–8.68 (m, 2H); 8.42–8.41 (m, 1H); 

8.12–8.07 (m, 1H); 7.79–7.68 (m, 3H); 7.60–7.52 (m, 2H); 5.84 (s, 1H); 5.55 (s, 
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1H). 19F NMR (CDCl3, 470 MHz): δ −67.63, −67.01, −66.66, −65.96. MALDI-TOF 

calcd for C28H14F4IrN5O4 754.49 ([M + H]+); found 755.49. Elem. anal. calcd (%) for 

C28H14F4IrN5O4: C, 44.68; H, 1.89; N, 9.30. Found: C, 44.36; H, 2.10; N, 9.21. 

Spectral data of (CF3dfpypy)2Ir(pic), Bis[2′,6′-difluoro-4-(trifluoromethyl)-2,3′-

bipyridinato-N,C4′]iridium(III) (Picolinate) (Ir2). 1H NMR (CDCl3, 500 

MHz): δ 9.00 (d, J = 6 Hz, 1H), 8.47 (s, 1H), 8.53 (s, 1H), 5.54 (s, 1H), 8.41 (d, J = 

7.5 Hz, 1H), 8.12 (t, J = 15.5 Hz, 1H), 7.77 (d, J = 5 Hz, 1H), 7.58 (s, 1H), 7.55 

(d, J = 5.5 Hz, 1H), 7.34 (d, J = 6 Hz, 1H), 5.86 (s, 1H). 19F NMR (CDCl3, 470 

MHz): δ −67.22, −66.57, −66.27, −65.66, −65.04, −64.84. MALDI-TOF calcd for 

C28H12F10IrN5O2 833.05 ([M + H]+); found 832.99. Elem. anal. calcd (%) for 

C28H12F10IrN5O2: C, 40.39; H, 1.45; N, 8.41. Found: C, 40.51; H, 1.61; N, 8.21. 

Spectral data of (CNdfpypy)2Ir(pic), Bis[2′,6′-difluoro-4-(cyano)-2,3′-

bipyridinato-N,C4′]iridium(III) (Picolinate) (Ir3). 1H NMR (CDCl3, 500 

MHz): δ 9.01(d, 1H, J = 6 Hz); 8.57 (s, 1H); 8.51 (s, 1H); 8.43 (d, J = 7.5 Hz, 1H); 

8.15–8.11 (m, 1H); 7.75 (d, 1H, J = 5 Hz); 7.63–7.60 (m, 2H); 7.56–7.54 (m, 1H); 

7.33–7.32 (m, 1H); 5.84 (s, 1H); 5.54 (s, 1H). 19F NMR (CDCl3, 470 MHz): δ −66.13, 

−65.51, −65.39, −64.80. MALDI-TOF calcd for C28H12F4IrN7O2 747.70 ([M + H]+); 

found 748.90. Elem. anal. calcd (%) for C28H12F4IrN7O2: C, 45.04; H, 1.62; N, 13.13. 

Found: C, 44.84; H, 1.79; N, 12.93. 
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Spectral data of (OMedfpypy)2Ir(pic), Bis[2′,6′-difluoro-4-methoxy-2,3′-

bipyridinato-N,C4′]iridium(III) (Picolinate) (Ir4). 1H NMR (CDCl3, 500 

MHz): δ 8.52 (d, 1H, J = 5 Hz); 8.37 (d, 8 Hz, 1H); 8.03–8.00 (m, 1H); 7.81–7.75 (m, 

3H); 7.51−7.48 (m, 1H); 7.20 (d, 1H, J = 6.5 Hz); 6.86–6.84 (m, 1H); 6.66–6.64 (m, 

1H); 4.02 (d, J = 3 Hz, 6H); 5.89 (s, 1H); 5.64 (s, 1H). 19F NMR (CDCl3, 470 

MHz): δ −70.85, −70.21, −69.40, −68.78. MALDI-TOF calcd for 

C28H18F4IrN5O4 757.94 ([M + H]+); found 758.94. Elem. anal. calcd (%) for 

C28H18F4IrN5O4: C, 44.44; H, 2.40; N, 9.26. Found: C, 44.62; H, 2.48; N, 9.08. 

Spectral data of (NMe2dfpypy)2Ir(pic), Bis[2′,6′-difluoro-4-(N,N-dimethylamine)-

2,3′-bipyridinato-N,C4′]iridium(III) (Picolinate) (Ir5). 1H NMR (CDCl3, 500 

MHz): δ 8.33 (d, J = 3 Hz, 1H), 8.19 (d, J = 7 Hz, 1H), 7.97–7.94 (m, 1H), 7.78 

(d, J = 5 Hz, 1H), 7.45–7.39 (m, 3H) 6.93 (d, J = 7 Hz, 1H), 6.46–6.44 (m, 1H), 6.26–

6.24 (m, 1H), 5.95 (s, 1H), 5.74 (s, 1H) 3.18 (d, J = 5 Hz, 12H). 19F NMR (CDCl3, 

470 MHz): δ −73.15, −72.48, −71.08, −70.57. MALDI-TOF calcd for 

C30H24F4IrN7O2 785.16 ([M + H]+); found 785.52. Elem. anal. calcd (%) for 

C30H24F4IrN7O2: C, 46.03; H, 3.09; N, 12.53. Found: C, 45.81; H, 3.26; N, 12.44. 

2.3.6. X-ray Crystallographic Analysis 

The diffraction data of the single crystal were collected on a Rigaku Saturn 724+ 

diffractometer using graphite monochromated Mo-Kα radiation. The data were 

processed using the Rigaku Crystal Clear software.13 The structure solution was 
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carried out by direct methods, and the refinements were performed by full-matrix 

least-squares on F2 using the SHELXTL suite of programs.14 All of the hydrogen 

atoms were placed in geometrically ideal positions (using the corresponding HFIX) 

and refined in the riding mode. Final refinements included the atomic positions of all 

the atoms, anisotropic thermal parameters for all of the non-hydrogen atoms, and 

isotropic thermal parameters for all of the hydrogen atoms. The disordered solvent 

molecules could not be adequately modeled. The bypass procedure in Platon (Spek, 

1990) was used to remove the electronic contribution from these solvents. For 

complex Ir2, the total potential solvent (dichloromethane and water) accessible void 

volume was 2519 Å (which is 34% of the unit cell volume) and the electron count/cell 

= 606. 

2.3.7. Thermal Analysis 

Thermo-gravimetric analyses were performed on an EXSTAR TG-DTA 6200 

instrument (SII Nanotechnology Inc.) heated from 30 to 1000 °C in flowing nitrogen 

at the heating rate of 10 °C min−1. The temperature at which a 5% weight loss 

occurred has been considered as the decomposition temperature (Td). Differential 

scanning calorimetry was performed using a TA Q20 general-purpose DSC 

instrument in sealed aluminum pans under nitrogen flow at a heating/cooling rate of 5 

°C min−1. The endothermic peak observed in the second heating cycle has been 

considered as the glass transition temperature (Tg). 
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2.3.8. Photophysical Characterization 

The electronic absorption spectrum of the complex was measured on a Shimadzu, 

UV-2450 UV-vis-NIR spectrophotometer. The photoluminescence (PL) spectrum of 

the iridium(III) complex was recorded on a Spex-Fluorolog FL22 spectrofluorimeter 

equipped with a double grating 0.22 m Spex 1680 monochromator and a 450 W Xe 

lamp as the excitation source and a Hamamatsu R928P photomultiplier tube detector. 

Emission and excitation spectra were corrected for source intensity (lamp and grating) 

by standard correction curves. Phosphorescence lifetimes were measured using the 

IBH (Fluoro Cube) time-correlated pico second single photon counting (TCSPC) 

system. A pulsed diode laser (<100 ps pulse duration) at a wavelength of 375 nm 

(Nano LED-10) were used to excite at the MLCT states of the complexes with a 

repetition rate of 50 KHz. The detection system consists of a microchannel plate 

photomultiplier (5000 U-09B, Hamamatsu) with a 38.6 ps response time coupled to a 

monochromator (5000 M) and TCSPC electronics (Data Station Hub including Hub-

NL, Nano LED controller and preinstalled Fluorescence Measurement and Analysis 

Studio (FMAS) software). The phosphorescence lifetime values were determined by 

deconvoluting the instrument response function with mono-exponential decay using 

DAS6 decay analysis software. The quality of the fit has been judged by the fitting 

parameters such as χ2 (<1.2) as well as the visual inspection of the residuals. The 

luminescence quantum efficiencies in the solution state were calculated by a 
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comparison of the emission intensities (integrated areas) of a standard sample and the 

unknown sample according to eqn (1). 

Φunk = Φstd(Iunk/Istd)(Astd/Aunk)(ηunk/ηstd)2  (1) 

Where Φunk and Φstd are the luminescence quantum yields of the unknown 

sample and the standard sample, respectively. Iunk and Istd are the integrated emission 

intensities of the unknown sample and standard sample solution, 

respectively. Aunk and Astd are the absorbances of the unknown sample and standard 

sample solution at their excitation wavelengths, respectively. The ηunk and ηstd terms 

represent the refractive indices of the corresponding solvents (pure solvents were 

assumed). Quinine sulphate monohydrate (ΦPL = 0.54) in 0.05 M H2SO4 has been 

used as a standard for the blue emitting complex Ir4.15 Ir(ppy)3 has been used as a 

standard for green emitting complexes Ir1–Ir3 and Ir5.16 All solutions for the 

photophysical studies were deaerated with pre-purified Argon gas prior to the 

measurements. Solid state photoluminescence quantum yields of the PMMA films 

were measured by an absolute method using a calibrated integrating sphere in a SPEX 

Fluorolog Spectrofluorimeter on the basis of the de Mello method.17 

2.3.9. Cyclic Voltammetry 

Cyclic voltammetry experiments were carried out using a BAS 50 W voltammetric 

analyzer using three electrode cell assemblies. Platinum wires were used as counter 

http://pubs.rsc.org/en/content/articlehtml/2015/tc/c5tc01260k#eqn1
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electrodes, a silver wire was used as an Ag/Ag+ quasi reference electrode and a 

platinum electrode was used as a working electrode. Measurements were carried out 

in acetonitrile solution with tetrabutylammonium hexafluorophosphate as the 

supporting electrolyte at a scan rate of 100 mV s−1. Concentrations of the iridium(III) 

complex and the supporting electrolyte were 5 × 10−3 and 0.1 M, respectively. The 

ferrocenium/ferrocene couple (FeCp2
+/FeCp2

0) was used as an internal reference. The 

energy level of FeCp2
+/FeCp2

0 was assumed at −4.8 eV to vacuum.18 All solutions for 

the electrochemical studies were deaerated with pre-purified argon gas prior to the 

measurements. 

2.3.10. Computational Methods 

The geometrical structures of the singlet ground state (S0) and the lowest lying triplet 

excited state (T1) were optimized by using density functional theory (DFT) based on a 

method using the Becke's three-parameter functional and the Lee–Yang–Parr 

functional (B3LYP)19 with LANL2DZ basis set for the Iridium (Ir) atom and 6-31G* 

for the rest of the atoms. Frequency calculations were also executed at the same level 

of theory. The optimizations and the vibrational data confirmed that the structures 

were true minima on the potential energy surface because there were no imaginary 

frequencies. On the basis of the optimized ground and excited state geometry 

structures, the absorption spectral properties in dichloromethane media were 

calculated by time-dependent density functional theory (TD-DFT) approach with 
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(B3LYP/6-31G*). As solvent effects are known to play a crucial role in predicting the 

absorption and emission spectra, the same was incorporated in the TD-DFT 

calculations within the PCM framework. The Swizard program has been employed to 

evaluate the contribution of singly excited state configurations to each electronic 

transition.20  All calculations were carried out using Gaussian 09 package.21 

2.3.11. PhOLED Device Fabrication 

PhOLEDs were fabricated on indium-tin oxide (ITO) coated glass substrates (a sheet 

resistance of 20 ohm sq−1) by first cleaning them using trichloroethylene, acetone, and 

isopropyl alcohol and deionized water sequentially for 20 min using an ultrasonic 

bath and dried under flowing nitrogen. Prior to film deposition, the ITO substrates 

were treated with UV-ozone for 5 min. Organic materials and cathodes were 

sequentially deposited under high vacuum (4 × 10−7 torr). The deposition rate of 

organic materials was kept at 6 nm min−1, whereas the deposition rates of LiF and Al 

were 0.6 nm min−1 and 30 nm min−1, respectively. The thickness of the deposited 

layers was monitored using an in situ quartz crystal monitor. The cathode was 

deposited on the top of the structure through a shadow mask. The used device 

structure was ITO (120 nm)/F4-TCNQ (2.5 nm)/α-NPD (45 nm)/emissive layer (30 

nm)/BCP (6 nm)/Alq3 (30 nm)/LiF (1 nm)/Al (150 nm). N,N-Diphenyl-N′,N′-bis(1-

naphthyl)-1,1′-biphenyl-4,4′-diamine (α-NPD) (Sigma Aldrich) was used as a hole 

transport layer, 4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP) as a host layer with 5 wt% 
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doped iridium complex Ir2–Ir4 was used as an emissive layer, 2,9-dimethyl-4,7-

diphenyl-1,10-phenanthroline (BCP) as a hole blocking layer, tris(8-

hydroxyquinoline)-aluminium (Alq3, Sigma Aldrich) as an electron transport layer, 

LiF (Merck, Germany) as an electron injection layer and Al as the cathode. 2,3,5,6-

Tetrafluoro-7,7′,8,8′-tetracyanoquinodimethane (F4-TCNQ) is utilized due to efficient 

hole injection from ITO to α-NPD and its thickness is used as optimized by Tyagi et 

al.22 for the enhanced efficiency and life time of PhOLEDs. Synthesized 

materials Ir2, Ir3 and Ir4 were mixed in CBP with 5 wt% concentration for using 

them as the emissive layer. The size of each pixel was 3 × 4 mm2. EL spectra were 

measured using an Ocean Optics high resolution spectrometer (HR-2000CG UV-

NIR). The J–V–L characteristics were measured with a luminance meter (LMT l-

1009) and a Keithley 2400 programmable voltage–current digital source meter. All 

the measurements were carried out at room temperature under ambient conditions. 

2.4. Results and Discussion 

2.4.1. Synthesis and Characterization 

The C^N chelating ligands used in the current study were synthesized by conventional 

Suzuki coupling reaction of the corresponding 2-bromopyridine with 2,6-

difluropyridinyl-3-boronic acid in the presence of sodium carbonate and 

tetrakis(triphenylphosphine) palladium(0) as a catalyst as shown in Scheme 2.1.  
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Scheme 2.1. Synthetic Route of Cyclometalating Ligands L1 ̶ L5 

Scheme 2.2. Synthetic Routes of Heteroleptic Ir3+ Complexes Ir1 ̶ Ir5 

It is important to mention that pure ligands could only be obtained after column 

chromatographic separations. The dimer precursors to obtain iridium(III) 

complexes Ir1–Ir5 were prepared by a standard procedure proposed by Watts and co-

workers.12b The μ-chloro bridged dimer was formed through the reaction of the 



Substituent Effects on Photophysical and Electroluminescence Properties of Ir3+ Complex        75  

                                                                                                                

 

cyclometalated ligand precursor with IrCl3·H2O in a mixture of 2-ethoxyethanol and 

water. The new iridium complexes Ir1–Ir5 were obtained in the presence of Na2CO3 

via the reaction of the μ-chloro bridged dimer and the ancillary ligand picolinic 

acid.10, 23 A pictorial synthetic pathways leading to the designed iridium(III) 

compounds is depicted in Scheme 2.2. After purification and recrystallization of the 

compounds detailed characterizations were carried out by 1H, 19F and 13C NMR, 

MALDI-TOF mass spectrometry and elemental analyses.  

2.4.2. X-ray Single Crystal Structures 

Single crystals of Ir2 and Ir4 have been grown by slow diffusion of hexane into a 

dichloromethane solution of the complexes. The compounds Ir2 and Ir4 were 

structurally authenticated by X-ray single-crystal diffraction and the corresponding 

molecular structures are depicted in Figures 2.1 and 2.2, respectively. Selected 

crystallographic data and structure refinement parameters are given in Table 2.1. Both 

the iridium(III) complexes adopt a distorted octahedral geometry around the 

Ir3+ center with N-binding pyridines in trans positions in relative to each other. These 

results are in good agreement with that of the earlier disclosed X-ray single crystal 

structure of (dfpypy)2Irpic.7 Overall the geometry around the metal is not significantly 

influenced by the various substituted cyclometalated ligands.  

http://pubs.rsc.org/en/content/articlehtml/2015/tc/c5tc01260k#imgfig1


76                                                                                                                Chapter 2       
   

  

 

Figure 2.1. Crystal structure of complex Ir2 with atom numbering scheme. Selected bond lengths (Å) 

and angles (˚): Ir(1)−C(3A) 1.966(16), Ir(1)−C(2A) 1.987(10), Ir(1)−O(1) 2.115(11), Ir(1)−N(6) 

2.150(11), Ir(1)−N(5) 2.045(11), Ir(1)−N(4) 2.026(10); N(4)−Ir(1)−N(6) 175.2(5), C(3A)−Ir(1)−N(6) 

172.5(5), C(2A)−Ir(1)−O(1) 174.5(5). 

 

Figure 2.2. Crystal structure of complex Ir4 with atom numbering scheme. Selected bond lengths (Å) 

and angles (˚): Ir(1)−C(12) 1.983(2), Ir(1)−C(26) 2.000(3), Ir(1)−O(33A) 2.158(2), Ir(1)−N(1) 2.048(2), 

Ir(1)−N(14) 2.050(2), Ir(1)−N(27) 2.154(5); N(1)−Ir(1)−N(14) 173.7(9), C(26)−Ir(1)−N(27) 174.7(9), 

C(12)−Ir(1)−O(33A) 169.2(9). 
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Table 2.1. Crystallographic and refinement data for complexes Ir2 and Ir4 

 Ir2 Ir4 

Formula C28 H18 F4 Ir N5 O2 C28 H18 F4 Ir N5 O4 

Formula weight 724.67 841.60 

Temp (K) 301(2) 150(2) 

Wavelength (Å) 0.71073 0.71073 

Crystal system Orthorhombic monoclinic 

Space group Pbca P21/c 

Crystal size (mm3) 0.20 × 0.20 × 0.20 0.50 × 0.40 × 0.30 

a [Å] 16.765(2) 12.069(3) 

b [Å] 15.096(8) 12.029(3) 

c [Å] 20.6420(10)  19.562(5) 

α [°] 90.00 90.00 

β [°] 90.00 92.19 

γ [°] 90.00 90.00 

V [Å3] 5224(3) 2837.8(11) 

Z 8 4 

ρcalc[g/cm3] 1.843 1.970 

μ (Mo Kα) [mm-1] 5.176 4.967 

Total reflections  31043 24916 

Unique reflections 5260 6465 

RF, Rw(F2) [I > 2σ(I)] 0.0772, 0.1937 0.0250,  .0530 

GOF on F2 1.048  1.047 

CCDC 973778 1005716 

 

The bond lengths of Ir–C, Ir–N and Ir–O for Ir2 and Ir4 are within the range reported 

for those of related compounds (dfpypy)2Irpic7 and FIrpic (Table 2.2 and Figure 

2.3).6, 24 However, there is a significant effect on C1–C2 bond lengths in the 

cyclometalating ligand in the presence of electron-withdrawing and electron-donating 

substituents at the C4 position on the N-coordinating pyridine ring. Firstly, in the 

substitution of –CF3 in the C4 position shortens the C1–C2 bond (1.443(2) Å) 

in Ir2 that links both rings of the cyclometalating ligand as compared to unsubstituted 

parent compound (dfpypy)2Irpic (1.470(1) Å), due to the strong electron-withdrawing 

effect (Hammett constant: Cσm = 0.43) at the meta-C2 position.  
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Table 2.2. Average of selected bond lengths (Å) and angles (°) for complexes Ir2, Ir4 and 

Ir(dfpypy)2pica 

 

Bond length Ir2 Ir4 Ir(dfpypy)2 pica 

Ir–N 2.035(11) 2.049(2) 2.049(7) 

Ir–C 1.991(10) 1.991(2) 2.001(7) 

Ir–O 2.115(11) 2.158(2) 2.131(4) 

Ir–N1 2.150(11) 2.125(2) 2.115(7) 

C1–C2 1.443(2) 1.461(3) 1.470(1) 

Bond angles    

N–Ir–N 172.5 173.8 175.6 

C–Ir–N1 172.5 174.8 168.8 

C–Ir–O 174.5 169.2 174.5 

C–Ir–C 87.42 88.20 90.61 

O–Ir–N1 77.09 77.24 77.24 

C–Ir–N 80.47 80.57 80.67 

Torsion angle    

C2–C3–C4–R 176.56 178.05 --- 
a The average bond length and bond angle values for Ir(dfpypy)2pic were taken from ref 7. 

 

Figure 2.3. General structure of the complexes shows the label used for selected atoms as used in 

Table 2.2. 
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Table 2.3. Intermolecular hydrogen bond interactions for Ir2  
 

D-H···A  d(D-H) [Å] d(H···A) [Å] d(D···A) [Å] <(DHA) [°] 

C(42)-H(42A)···O(49)iv 0.93 2.66 3.299(3) 127 

C(3)-H(3A)···F(50)i 0.93 3.06 3.821(5) 140 

C(4)-H(4A)···F(51) ii 0.93 3.06 3.953(2) 161 

C(3)-H(3A)···N(16) i 0.93 2.43 3.168(1) 136 

C(17)-H(17A)···N(18)iii 0.93 2.61 3.468(7) 153 

Symmetry transformations used to generate equivalent atoms: i) x, x-y,1/2+z; ii) y,-x+y,-z; 

iii) y, x,1/2-z; iv)1-x+y,1-x,z  
 

Table 2.4. Intermolecular hydrogen bond interactions for Ir4  
 

D-H···A  d(D-H) [Å] d(H···A) [Å] d(D···A) [Å] <(DHA) [°] 

C(3)-H(3)···O(33A)i 0.95 2.81 3.597(3)  130 

C(13)-H(13B)···O(17)ii 0.98 2.92    3.791(5)         138 

C(90)-H(90B) ···O(17)vi   0.99  2.83    3.869(4)         161 

C(20)-H(20A)···O(33B)v  0.98  2.61    3.514(4)         141 

C(28)-H(28)···O(4)iv         0.95  2.48    3.281(3)         130 

C(13)-H(13C)···F(22)iii 0.98 2.45 3.259(4)         130 

C(13)-H(13C)···F(10)iv   0.98  2.57 3.410(4)         134 

C(20)-H(20B)···F(8)vi           0.98 2.77 3.575(4)         131 

C(20)-H(20B)···N(9)vi           0.98 2.67    3.642(4) 150 

C(90)-H(90A)···N(23)vii          0.99 2.37    3.447(5)         171 

Symmetry transformations used to generate equivalent atoms: i)1-x,2-y,1-z,-1/2+z; ii)-

1+x,3/2-y,1/2+z; iii)-1+x,y,z; iv)1-x,1-y,1-z; v)1+x,y,z; vi)2-x,1-y,1-z; vii)2-x,-1/2+y,3/2-z 

 

However, in Ir4, the –OMe substitution moderately decreases the C1–C2 bond 

(1.461(3) Å). This can be explained on the basis of –OMe having a positive Cσm value 

(0.12). Secondly, C4′ substituents (–CF3 and –OMe in complexes Ir2 and Ir4, 

respectively) on the N-coordinating pyridine ring tend to deviate slightly from the 

plane of the cyclometalating ring, as exemplified by the C2–C3–C4–R torsion angles, 

due to the bulky nature of the substituents. The C(3A)–Ir(1)–N(6) bond angle 

[172.5(5)°] in Ir2 and the C(26)–Ir(1)–N(27) bond angle [174.78(9)°] in Ir4 are 

found to be moderately distorted from linearity, which may be caused by 
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intermolecular interactions. Several strong intermolecular interactions such as edge-

to-face C–H⋯π(py), and hydrogen bonding via C(π)–H⋯F or C(π)–H⋯O or C(π)–

H⋯N are in fact observed in the crystal lattices of Ir2 and Ir4. The details of the 

intermolecular interactions can be found from the Tables 2.3–2.4. 

 

Figure 2.4. Thermogravimetric curves for complex Ir1 ̶ Ir5 under N2 atmosphere. 

2.4.3. Thermal Properties 

The thermal properties of the Ir1–Ir5 were investigated by thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) at a scanning rate of 5 °C 

min−1 under nitrogen atmosphere. As shown in Figure 2.4, Ir3 and Ir5 complexes are 

thermally stable with decomposition temperatures (Td: at a 5% weight loss) higher 

than 415 °C. On the other hand, the thermal stability of the –CHO, –CF3 and –OMe  
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Figure 2.5. Differential scanning calorimetric curves for complex Ir1 ̶ Ir5 under N2 atmosphere. 

 
Table 2.5. Electrochemical and thermal properties of Ir3+ complexes Ir1 – Ir5  
 

Complex Eox
a 

(V) 

Ered
a 

(V) 

HOMOb 

(eV) 

LUMOc 

(eV) 

Eg(elec)
d 

(eV) 

Tg
e 

(˚C) 

Td
f 

(˚C) 

Ir1 1.75  0.94  6.07 3.42 2.65 231 367 

Ir2 1.70  1.43  6.06 2.9 3.13 212 362 

Ir3 1.78  1.16  6.13 3.21 2.92  415 

Ir4 1.57  1.77  5.93 2.58 3.35 159 365 

Ir5 1.21  1.82  5.57 2.54 3.03  397 
aElectrochemical data versus (FeCp2

+/FeCp2
0) (FeCp2 is ferrocene) were collected in 

CH3CN/0.1 M TBAH (tetra-butylammoniumhexafluorophosphate).  bHOMO =  [4.8  

(0.44) + Eoxd]. 
cLUMO =  [4.8  (0.44) + Ered]. 

dElectrochemical band gap. eTg = glass 

transition temperature from DSC curve, Tg peak for Ir3 and Ir5 were not observed up to a 

temperature scan of 300˚C.   fTd = decomposition temperature 5% weight loss from TG 

curve. 
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substituted iridium(III) complexes Ir1, Ir2 and Ir4 are found to be in the range 362–

367 °C (Table 2.5). Further, these compounds show glass transition temperatures (Tg: 

from the second heating cycle of the DSC curve) in the range 159–231 °C, which 

guaranteed the morphological stability of the complexes (Figure 2.5). 

2.4.4. Theoretical Calculations 

The optimized structures of the iridium(III) complexes obtained by DFT method 

possess a distorted octahedral geometry around the iridium center, with C1 point 

group symmetry. The Ir–C (mean value: 2.005 Å) and Ir–N (mean value: 2.068 Å) 

bond lengths in the –OMe substituted iridium(III) complex (Ir2) obtained by 

structural optimization are in good agreement with the single crystal X-ray diffraction 

data Ir–C (mean value: 2.035 Å) [Table 2.6]. 

Table 2.6. Selected bond distances from the optimized ground (S0) and triplet state (T1) geometry for 

the complexes Ir2 and Ir4 together with the experimental values. 

 

 

Bond length (Å)  Ir2   Ir4   Exp 

 S0 T1   S0 T1   Ir2 Ir4 

Ir-N1  2.208 2.209   2.204 2.215   2.150 2.125 

Ir-N2  2.062 2.086   2.081 2.023   2.046 2.050 

Ir-N3  2.075 2.021   2.067 2.087   2.025 2.048 

Ir-C1  2.006 2.002   2.003 2.005   1.965 1.983 

Ir-C2  2.005 2.008   2.005 2.004   1.987 2.000 

Ir-O1  2.165 2.158   2.173 2.167   2.115 2.157 
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Figure 2.6. Selected molecular orbital diagram indicating isodensity HOMO and LUMO surfaces for 

complexes Ir1−Ir5. All of the molecular orbital surfaces correspond to an isocontour value of |Ψ| = 0.03. 

Molecular orbital (MO) analysis indicated that the HOMO of electron-

withdrawing group substituted iridium(III) complexes (Ir1–Ir3) is mainly localized 

on the 5d-orbitals of the iridium metal (51–52%), π-orbitals of the difluropyridyl 

moiety of the cyclometalated bypyridine ligand (28–29%) and a small contribution 

from the picolinate ancillary ligand (11–13%) (Figure 2.6 and 2.7 and Table 2.7). The 

present observation is similar to that of the HOMO orbital distribution of 

(dfpypy)Irpic reported elsewhere.7 The LUMO is essentially localized on the 

substituted N-coordinated pyridyl moiety of the cyclometalated ligand (75–89%). 
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However, in the case of iridium(III) complex Ir2, the LUMO is not localized on the –

CF3 substituent. These results strongly indicate a HOMO−LUMO transition with the 

MLCT character in these complexes (Ir1–Ir3). 

 

Figure 2.7. Partial molecular orbital diagram for complexes Ir1−Ir5. The arrows are intended to 

highlight the calculated HOMO−LUMO energy gaps (H = HOMO, L= LUMO). 

In the case of the electron-donating group containing iridium(III) complexes, the 

HOMO is localized on the 5d-orbitals of the iridium atom (45–52%), π-orbitals of the 

substituted diflurobipyridine ligand (35–40%) and the picolinate ancillary ligand (12–

14%). However, in the case of Ir5 the HOMO contains major contribution from the 

N-coordinated pyridyl moiety of the cyclometalated ligand (30%). On the other hand, 

the LUMO is mainly localized on the picolinate ancillary ligand (90–93%) with minor 

contribution from the iridium metal center (2–3%) and the cyclometalated ligand 
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(4.3–7.1%). Thus the phosphorescence of electron-donating group substituted 

iridium(III) complexes may be described as mixed 3LC and 3MLCT transitions. These 

results are similar to that of unsubstituted (dfpypy)2Ir(pic).7 

Table 2.7. Calculated energy levels of the HOMO, HOMO-1, HOMO-2, LUMO, LUMO+1, and LUMO+2 

and percentage of contribution of Iridium metal (Ir), 2′,6′-difluoro-2,3′-bipyridine derivatives and 

picolinate (pic) ligands 

Complex  E (eV) Ir3+ Substituted 

pyridyl moiety 

Difluoropyridyl 

moiety 

pic 

 

 

 

Ir1 

LUMO+3 -1.969 1.71 57.94 30.83 13.16 

LUMO+2 -2.224 2.97 3.67 6.79 92.60 

LUMO+1 -2.974 4.7 88.90 10.11 1.01 

LUMO -3.038 4.89 88.42 9.77 1 52 

HOMO -6.422 51.20 7.77 29.44 11.59 

HOMO-1 -6.591 45.11 10.32 62.81 26.71 

HOMO-2 -6.823 6.54 16.57 53.50 30.18 

 LUMO+3 -1.91 1.9 57.81 12.81 27.9 

 LUMO+2 -2.25 3.3 4.14 2.45 92.2 

 LUMO+1 -2.45 5.4 75.08 15.09 1.9 

Ir2 LUMO -2.53 5.3 75.08 41.70 2.9 

 HOMO -6.45 52.1 10.21 27.08 11.1 

 HOMO-1 -6.63 47.1 13.82 13.96 25.2 

 HOMO-2 -6.89 7.7 26.38 41.70 24.8 

 LUMO+3 -2.174 1.55 64.81 21.81 11.83 

 LUMO+2 -2.368 3.03 4.89 0.83 91.24 

 LUMO+1 -2.942 5.32 84.19 9.22 1.27 

Ir3 LUMO -3.015 5.53 82.61 9.82 2.04 

 HOMO -6.645 51.75 6.79 28.31 13.14 

 HOMO-1 -6.782 45.37 9.68 14.77 30.18 

 HOMO-2 -7.019 1.53 4.62 15.43 78.42 

 LUMO+3 -1.420 1.95 18.49 2.90 76.66 

 LUMO+2 -1.506 5.11 65.34 26.99 2.56 

 LUMO+1 -1.661 3.48 58.70 31.15 6.67 

Ir4 LUMO -1.875 3.47 5.41 1.70 89.42 

 HOMO -5.978 52.56 8.11 26.59 12.74 

 HOMO-1 -6.040 50.11 14.73 13.60 21.55 

 HOMO-2 -6.383 49.95 21.18 11.25 17.63 

 LUMO+3 -1.05 2.6 14.60 2.37 80.4 

 LUMO+2 -1.18 3.7 63.56 30.00 1.6 

 LUMO+1 -1.32 3.5 55.83 27.81 6.6 

Ir5 LUMO -1.55 2.8 3.34 0.87 93.0 

 HOMO -5.62 45.0 30.43 9.86 14.6 

 HOMO-1 -5.66 53.4 10.28 24.79 11.4 

 HOMO-2 -5.86 40.8 52.16 3.85 3.0 
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2.4.5. Electrochemical Properties 

To understand the electronic effects caused by the substituent on the C4′ position on 

the pyridyl moiety of the cyclometalated ligand, cyclic voltammetry experiments of 

the complexes Ir1–Ir5 were carried out using ferrocene as the internal standard 

(Figures 2.8 and 2.9). The highest occupied molecular orbital (HOMO)/lowest 

unoccupied molecular orbital (LUMO) of complexes Ir1–Ir5 are listed in Table 2.5. 

The Eonset (oxd) value of the respective iridium(III) complex was determined using 

CV relative to a ferrocene/ferrocenium redox potential. All the iridium(III) complexes 

showed irreversible oxidation voltammograms. Kang and co-workers7 also reported 

difficulties in observing the reversible oxidation potential for the parent compound 

(dfpypy)2Irpic. The investigations on DFT calculations indicate that the HOMO of 

electron-withdrawing group substituted iridium(III) complexes is localized at the 

iridium metal center and the difluropyridyl moiety. Thus the oxidation potentials are 

marginally influenced by the substitution of electron-withdrawing groups on the 

pyridyl moiety of the cyclometalated ligand. On the other hand, the substitution of the 

electron-donating group induces destabilization of the HOMO and hence a more 

negative shift of the oxidation peak potentials is noted (1.57 and 1.21 V 

for Ir4 and Ir5). This can be due to more electron-donating features of the substituent 

groups in the pyridyl ring, which enhances the electron density at the metal center 

through an ortho-metalating nitrogen atom. Thus it becomes easier to remove the  
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Figure 2.8. Comparison of oxidation potentials (vs Ag/AgCl in CH3CN) of Ir1 ̶̶ Ir5, (oxidation potential 

FeCp2/FeCp2
+ =0.45 V, marked with asterisk). 

 

Figure 2.9. Comparison of reduction potentials (vs Ag/AgCl in CH3CN) of Ir1 ̶̶ Ir5. 
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electrons from the HOMO. The –NMe2 substituted Ir5 shows the lowest oxidation 

potential among the series (1.21 V). As per the DFT calculations, the HOMO of Ir5 is 

mainly localized on the iridium metal center, the N-coordinated pyridine ring and the 

electron-donating –NMe2 substituent. Hence the first quasi reversible oxidation 

potential observed at 1.21 V in complex Ir5 may be due to the oxidation of the –

NMe2 substituent in the pyridine ring. 

All the iridium(III) complexes except Ir1 and Ir2 display reversible reduction 

potentials. The first reduction peak potential is observed at −0.94, −1.43, −1.16, −1.77 

and −1.82 V, respectively, for Ir1–Ir5. The second reduction potential is detected at 

−1.66 and −1.31 V for Ir1 and Ir3, respectively. However, the second reduction peak 

in the case of Ir2, Ir4 and Ir5 could not be obtained in the limit of the potential 

window of the experimental conditions. Since the LUMO orbitals are localized on the 

picolinate ancillary ligand in Ir4 and Ir5, the substitution of electron-donating groups 

on the pyridyl moiety of the cyclometalated ligand shows a marginal effect on the 

reduction potentials of these complexes. However, the substitution of electron-

withdrawing groups such as –CF3 and –CN in Ir2 and Ir3 induces the stabilization of 

LUMO, which could be observed as a more positive shift of the reduction peak 

potential. The Swain–Lupton constant as a modification of the Hammett rule can be 

used as the electron accepting and donating parameter in explaining the observed 

reduction behaviour of these complexes. As shown in Table 2.8, a larger F value is 

more σ-electron inductive (inductive effect), and a smaller R is more π-electron 
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donative (resonance effect). Among the electron-withdrawing substituted iridium(III) 

complexes, the –CN substituent has the highest F value of 0.51 and hence Ir3 exhibits 

an oxidation potential of −1.16 V, which is 270 mV smaller than –CF3 substituted 

iridium complex Ir2 having a reduction potential of −1.43 V (F = 0.38). However, the 

reduction potential of Ir1 is much lower than anticipated (−0.94 V vs. Fc+/Fc) as per 

the Swain–Lupton constant. This can be attributed to the reduction of the –CHO 

group instead of the cyclometalated ligand as usually found in aromatic 

aldehydes.25 This finding correlates well with the localization of mostly the –CHO 

group in the LUMO orbitals of Ir1 (Figure 2.6). 

Table 2.8. Swain−Lupton constants for the substituents26 

Substituent F value R value 

-H 0.03 0.00 

-CHO 0.33 0.09 

-CF3 0.38 0.16 

-CN 0.51 0.15 

-OMe 0.29 -0.56 

-NMe2 0.15 -0.98 

 

2.4.6. Electronic Spectroscopy 

The UV-vis absorption spectra of iridium(III) compounds Ir1–Ir5 recorded in 

degassed dichloromethane (c = 5 × 10−5 M) solution at room temperature are 

displayed in Figure 2.10, and the corresponding electronic absorption data are 

summarized in Table 2.9. The absorption of these complexes show intense bands with  
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Figure 2.10. UV-vis absorption spectra of complexes Ir1–Ir5 in dichloromethane (c = 5 × 10-5 M) at 298 

K (inset: magnified absorption at 300- 500 nm region). 

Table 2.9. Solution state photophysical properties of Ir3+ complexes Ir1–Ir5 

Complex 

Absorptiona λmax 

(nm)  

(ԑ×103 M-1 cm-1) 

Emission at 298 K in CH2Cl2 Solution 
Emission 77 Kf      

λmax (nm) λmax
b(nm) ΦPL

c 
τPL 

(µs) 

kr
d  

(105 S-1) 

knr
e  

(105 S-1) 

Ir1 233 (20.0), 394 

(3.0), 482 (0.2) 

540 0.79 1.94 4.07 1.08 511 

Ir2 256 (26.0), 378 

(4.0), 452 (0.4) 

468, 492 0.88 2.36 3.72 0.50 466 

Ir3 233 (19.0), 391 

(3.0), 464 (0.4) 

508 0.90 2.14 4.20 0.46 485 

Ir4 252 (34.0), 356 

(4.0), 430 (0.1) 

436, 464 0.58 1.13 5.13 3.71 434 

Ir5 257 (35.0), 343 

(9.0), 420 (0.6) 

520 0.14 0.31 4.51 27.74 476 

a Absorption spectrum was measured in dichloromethane solution; [M] = 5.0 x 10-5.  b Emission spectrum was 

measured in degassed dichloromethane; [M] = 5.0 × 10-5, λexc = 360 nm. c Phosphorescence quantum efficiency 

measured in degassed CH2Cl2 by relative method by using Quinine sulphate monohydrate (ΦPL= 0.54) and 

Ir(ppy)3 (ΦPL = 0.98) as standards, respectively for blue and green emitting complexes. d,eRadiative as well as 

non-radiative rate constants were deduced by the ΦPL of solution state and τobs according to two equations: kr = 

ΦPL/τobs, knr = (1ΦPL)/τobs. fEmission spectrum was measured in freeze dichloromethane at 77K; [M] = 5.0 × 10-

5, λexc= 360 nm. 
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extinction coefficients in the order of 104 M−1 cm−1 in the 230–300 nm range, which 

were assigned to the spin-allowed intra-ligand 1LC (1π → π*) transition of 

cyclometalated 2′,6′-difluoro-2,3′-bipyridine derivatives and picolinate ligands. The 

broad band at around 370–400 nm can be assigned to spin allowed metal-ligand 

charge-transfer (1MLCT) bands with extinction coefficients in the order of 

103 M−1 cm−1. In addition, the spin-forbidden 3MLCT transition bands noted at around 

420–464 nm indicate an efficient spin–orbit coupling, which is a prerequisite for 

phosphorescence emission (inset of Figure 2.10). The nature of substituents on the 4′ 

position at the pyridyl moiety of the cyclometalated ligand has significant effects on 

the extinction coefficient values of the intra-ligand (π → π*) transition band. 

However, no influence on the location of intra-ligand transition has been observed. 

The electron-donating group substituted iridium(III) complexes (Ir4–Ir5) exhibit 

extinction coefficients in the range 34 600–35 000 M−1 cm−1 for the π → π* transition. 

On the other hand, low extinction coefficients 19 063–26 068 M−1 cm−1 are noted in 

the case of electron-withdrawing group containing complexes (Ir1–Ir3). Though the 

substituents have a small influence on the extinction coefficient at 1MLCT transition, 

there are significant differences in the location of these transitions. The substitution of 

electron-donating groups (–OMe and –NMe2) in complexes Ir4–Ir5 shows a blue 

shifted 1MLCT absorption bands around 356 and 343 nm, respectively, as compared 

to electron-withdrawing group substituted complexes Ir1–Ir3 (381–394 nm). 
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Figure 2.11. Emission spectra of complexes Ir1−Ir5 in dichloromethane (c = 5 × 10-5M) at 298 K; inset: 

emission photographs of Ir1–Ir5 in solution. 

2.4.7. Solution State Emission Properties 

Figure 2.11 shows normalized emission spectra of the investigated iridium(III) 

complexes Ir1–Ir5 recorded in degassed dichloromethane solution (c = 5.0 × 10−5 M) 

at 298 K. The pertaining photophysical data are summarized in Table 2.9. The strong 

electron-withdrawing group substituted (–CN) iridium(III) complex (Ir3) displays a 

broad and bright green phosphorescence (450 to 700 nm; λmax = 506 nm) at room 

temperature in dichloromethane solution with an excellent quantum efficiency of 

0.90, which is comparable to that of standard green emitter Ir(ppy)3 (ΦPL = 

0.98).27 The broad emission band exhibited by Ir3 without the vibronic structure 
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indicates that phosphorescence originates from the 3MLCT transition state. On the 

other hand, the iridium(III) complex (Ir2) containing less electron-withdrawing –

CF3 group (Cσp = 0.54) exhibits intense sky-blue phosphorescence in the region 468–

492 nm with a promising quantum efficiency (ΦPL = 0.88). It is interesting to note that 

the observed quantum efficiency of Ir2 is very much comparable to that of 

commercial sky-blue emitter FIrpic (ΦPL = 0.83).28 The vibronic structure of the 

emission bands in Ir2 indicates a certain degree of mixing between the ligand 

centered 3LC and 3MLCT state. Surprisingly, a weak electron-withdrawing –CHO 

group (Cσp = 0.42) substituted iridium(III) complex (Ir1) shows a broad emission 

profile in the range 470–700 nm (λmax = 540 nm) with a quantum yield of 0.79. In 

general, the substitution of electron-withdrawing groups on the C4′ position at the 

pyridyl moiety red shifted the emission profiles of Ir1–Ir3 as compared to 

unsubstituted iridium(III) complex (dfpypy)2Irpic.7 Our DFT studies (see section 

2.4.4) indicate that the picolinate moiety essentially acts as an ancillary ligand in Ir1–

Ir3 and the emission properties are mainly of 3MLCT/3LC nature, involving iridium 

d-orbitals and π–π* orbitals of the electron-withdrawing substituted 2′,6′-difluoro-

2,3′-bipyridine cyclometalated units. It is well documented that acceptor groups are 

expected to stabilize the LUMO orbital that is involved by pulling out electron 

density.29 This is in good agreement with the earlier investigations, which indicate 

that the triplet energy level of picolinate lies at the high energy level and is not 

involved in the electronic transition causing phosphorescence emission.4f, 30 On the 
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other hand, in the electron-donating substituted iridium(III) complexes Ir4–Ir5, the 

LUMO levels are found to be mainly located on the picolinate ligand. Therefore the 

substitution of the –OMe group in Ir4 has induced marginal effects on the 

phosphorescence emission. However, the strong electron-donating –NMe2 substituted 

iridium(III) complex (Ir5) shows a broad emission (420–700 nm; λmax = 520 nm) 

without vibrational features in the spectrum. The observed emission features can be 

attributed to the localization of the frontier molecular orbital on the –

NMe2 substituent, which inevitably leads to HOMO destabilization as evident from 

the theoretical calculations. 

 

Figure 2.12. Lifetime decay profiles of complex Ir1 ̶ Ir5 in degassed dichloromethane solution (c = 5 × 

10-5 M, λexc = 375 nm) at 298 K. 
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To gain insights into the relaxation dynamics of the investigated iridium(III) 

complexes Ir1–Ir5, the phosphorescence lifetimes (τ) in dichloromethane solutions 

were measured at 298 K (Figure 2.12). All the complexes showed single exponential 

decay profiles with lifetimes in the range of 0.31–2.36 μs, which are indicative of the 

phosphorescence origin. The excited state lifetime values, radiative and non-radiative 

decay rates of the iridium(III) complexes are depicted in Table 2.9. It is noteworthy to 

mention that the electron-donating group (–OMe) substituted iridium(III) complex Ir4 

exhibits a moderately lower quantum efficiency (ΦPL = 0.58) when compared to 

(dfpypy)2Irpic [ΦPL = 0.90]. This can be explained on the basis of destabilization of 

the LUMO, which will probably decrease the separation of the 3MC d–d* state and 

the designated 3MLCT or 3LC emissive states, and consequently intensifies the 

deactivation pathways. Conversely, poor quantum efficiency is observed in the case 

of iridium(III) complex Ir5 due to large vibrational decay pathways (knr = 27.7 × 

105 s−1) associated with the –NMe2 group. At the same time high quantum yields have 

been noted for complexes Ir1–Ir3 which are substituted with electron-withdrawing 

groups. This can be related to the stabilization of LUMO orbitals substituted with 

electron-withdrawing groups leading to increase the separation of the 3MC d–d* state 

and the designated 3MLCT or 3LC emissive states, and which in turn reduces the 

deactivation pathways.5c This is also in good agreement with the observed low non-

radiative decay rates in these complexes (knr = 0.46–1.08 × 105 s−1). 
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Table 2.10. Calculated singlet-triplet splitting energy at the B3LYP/6-31G* level 

Complexes S1 T1 ΔES1-T1 

Ir1 2.561 2.054 0.507 

Ir2 2.914 2.232 0.682 

Ir3 2.706 2.112 0.594 

Ir4 3.103 2.339 0.764 

Ir5 3.050 2.329 0.721 

 

It is well known that a minimal difference between the singlet (S1) and triplet 

(T1) splitting energy (ΔES1–T1) is favorable for enhancing the intersystem crossing 

(ISC) efficiency, which in turn leading to an increased radiative rate constant 

(kr).31 Therefore, it would be informative to obtain further insights into the evolution 

of kr by concentrating on singlet–triplet energy differences for these complexes. Thus, 

a small ΔES1–T1 (Table 2.10) and high kr values (Table 2.9) noted for Ir1–Ir3 clearly 

supports the observed high quantum efficiencies and lifetime values in these 

compounds. On the other hand, the high ΔES1–T1 values diminish the ISC efficiency 

in Ir4 and Ir5, which in turn responsible for exhibiting the poor quantum efficiencies 

and lifetime values in these complexes. 

In order to understand the changes in the geometry structures of these complexes 

upon excitation, the geometry parameters of the complexes in the lowest-lying triplet 

states (T1) are calculated (Table 2.11). The Ir–N1 (N1: picolinate ligand) bonds are 

elongated in Ir4 and Ir5, which suggests the larger involvement of the ancillary 

ligand in the T1 state rather than from the cyclometalated ligand. Moreover, the 

elongated distances are responsible for the increase of metal-centered (3MC) non-
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radiative decay rates that accounts for the less quantum efficiency observed in these 

complexes. In contrast, the Ir–N1 bonds are not elongated in Ir1–Ir3, which indicates 

that the ancillary ligand participation in the emissive excited state is minimal. Further 

the shortening of bond distances (Ir–N2 and Ir–N3) are noted in Ir1–Ir3, which 

suggests that larger involvement of the cyclometalating ligand in the T1 state rather 

than from the ancillary ligand. Moreover, the shortened distances are helpful to 

decrease the metal-centered (MC) non-radiative decay that accounts for the higher 

efficiency in these complexes. 

Table 2.11. Selected bond distances and bond angles from the optimized ground (S0) and triplet state 

(T1) geometry for the complexes Ir1-Ir5 

 

2.4.8. Emission Properties in the Freeze Solvent Matrix 

It is clear from the emission spectra at 77 K depicted in Figure 2.13 that all the 

complexes display vibrational progressions. The peak emissions (Eem(0–0)) are blue 

shifted by 44, 29 and 23 nm for Ir5, Ir1 and Ir3, respectively, compared to their room 

temperature peak emissions. This can be attributed to the rigidochromic effect32 

associated with the complexes having a greater MLCT character of the emitting state.   

Bond 

length (Å) 

Ir1 Ir2 Ir3 Ir4 Ir5 

S0 T1 S0 T1 S0 T1 S0 T1 S0 T1 

Ir-N1 2.207 2.207 2.208 2.209 2.207 2.209 2.204 2.215 2.204 2.222 

Ir-N2 2.073 2.010 2.062 2.086 2.073 2.001 2.081 2.023 2.067 2.099 

Ir-N3 2.060 2.093 2.075 2.021 2.060 2.098 2.067 2.087 2.081 1.992 

Ir-C1 2.006 2.011 2.006 2.002 2.006 2.011 2.003 2.005 2.005 2.016 

Ir-C2 2.007 2.004 2.005 2.008 2.007 2.009 2.005 2.004 2.001 2.007 

Ir-O1 2.167 2.148 2.165 2.158 2.163 2.143 2.173 2.167 2.177 2.162 
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Figure 2.13. Emission spectra of complexes Ir1−Ir5 in freeze dichloromethane (c = 5×10-5 M) at 77 K.; 

inset: emission photographs of Ir1–Ir5 in freeze dichloromethane. 

Table 2.12. Excited state properties of Ir3+ complexes Ir1–Ir5 

Complex aEem(0-0) (nm) bΔυ1/2 (cm-1) cћωM (cm-1) dSM 

Ir1 511 2487 1153 0.85 

Ir2 457 2326 1562 0.99 

Ir3 486 3208 1197 1.08 

Ir4 435 3454 1437 1.03 

Ir5 443 4672 1609 1.36 
aObtained from the peak emission wavelength in dichloromethane at 77K. bFull width 

half maximum for the (0-0) band obtained from the emission spectra at 77K. cFrom the 

energy difference of first two emission peaks at 77K. dThe Huang–Rhys factor, SM was 

estimated from the peak heights and energies of the first two peaks of the emission 

spectra at 77 K [SM = (I0,1/I0,0) (͞υ0,0/͞υ0,1)]. 

However, a moderate blue shift (1−4 nm) has been noted in 

complexes Ir2 and Ir4, indicating the domination of the LC character in the excited 

state.33 The Full Width Half Maximum (FWHM, Δυ1/2) values (Table 2.12) of the 
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resolved highest energy vibronic bands of Ir1–Ir5 are 2487, 2326, 3208, 3454 and 

4672 cm−1, respectively. The large FWHM value of Ir5 indicates the highest 

reorganizational energy in the corresponding excited state. The energy difference of 

first two emission peaks (ℏωM value) of these complexes lie in the range of 1457–

1609 cm−1 indicating that the dominant vibrational mode associated with the excited 

distortion can be ascribed to the aromatic in-plane and out-of-plane ring stretching 

and bending vibrations (ring breathing modes).34 The degree of the vibrational non-

radiative decay can be estimated by the Huang–Rhys factor (SM). The SM values of 

complexes Ir1–Ir5 are found to be 0.85, 0.99, 1.08, 1.03 and 1.36, respectively 

(Table 2.12). The larger the SM value, the stronger the coupling between the dominant 

ligand-localized vibrations in the excited and ground states.35 Thus a large Huang–

Rhys factor leads to increased vibrational non-radiative decay and as a result 

small ΦPL in Ir5. 

2.4.9. Emission Properties in the PMMA Polymer Matrix 

Figure 2.14 shows the normalized emission spectra of 5 wt% of Ir1–Ir5 doped in a 

poly(methyl methacrylate) (PMMA) polymer film at ambient temperature. In the spin 

coated thin films, complexes Ir2, Ir3 and Ir4 exhibited virtually identical emission 

profiles similar to those observed in the corresponding fluid state, which indicate that 

there is little intermolecular interaction in the amorphous state.7 

However, Ir1 and Ir5 exhibited strong emissions with a blue shift (10 nm for Ir1 and 
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50 nm for Ir5) with less resolved emission compared to those observed in the 

corresponding fluid state. The photoluminescence quantum efficiencies are found to 

be 0.67, 0.84, 0.98, 0.94 and 0.40 for complexes Ir1–Ir5, respectively, for the doped 

PMMA films (Table 2.13).  

 

Figure 2.14. Emission spectra of complexes Ir1–Ir5 in 5 wt % doped PMMA film; inset: emission 

photographs of Ir1–Ir5 in spin coated PMMA film. 

Table 2.13. Photophysical properties of Ir3+ complexes Ir1–Ir5 in PMMA polymer film 

Complex 
Emission at 298 K in 5 wt%  doped PMMA film 

λmax
a(nm) ΦPL

b τPL (µs) kr
c (10

5
S

-1
) knr

d (10
5
S

-1
) 

Ir1 530 0.67 2.14 3.13 1.54 

Ir2 470, 491 0.84 1.91 4.39 0.83 

Ir3 508 0.98 2.15 4.55 0.09 

Ir4 437, 465 0.92 1.85 4.97 0.43 

Ir5 470 0.40 1.11 3.60 5.40 
aEmission spectrum was measured in 5wt% doped PMMA film, λexc = 360 nm. bQuantum 

efficiency measured  by absolute method using integrating sphere. c,dRadiative as well as non-

radiative rate constants were deduced by the ΦPL of solid state and τobs according to two equations: 

kr = ΦPL/τobs, knr = (1 ̶  ΦPL)/τobs. 
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Figure 2.15 Lifetime decay profiles of complex Ir1 ̶ Ir5 in 5 wt% doped PMMA film (λexc = 375 nm) at 

298 K. 

In general, all the compounds exhibited higher quantum efficiencies in PMMA 

thin films as compared to the solution state due to the suppression of non-radiative 

pathways in the rigid polymer. The transient phosphorescence lifetimes for 

complex Ir1–Ir5 are in the range 1.11–2.15 μs (Table 2.13 and Figure 2.15). The 

observed knr values of the iridium(III) complexes in the current study can be 

correlated with the nature of the substituent on the cyclometalated ligands. Among the 

substituents investigated, in general the electron-withdrawing substituted iridium(III) 

complexes have low knr values and hence exhibit high quantum efficiency. 

Conversely, electron-donating group (–NMe2) substituted iridium(III) complex (Ir5) 

has the highest knr value, which displays the lowest quantum efficiency due to the 
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distortional vibrations of the dimethyl amino group causing a great deal of non-

radiative depopulation of the excited state.36 However, the –OMe 

substituted Ir4 shows a promising quantum efficiency which is having a low knr and 

the highest kr among the series. 

2.4.10. Electroluminescence Properties 

To evaluate the performance of the new Ir(III) compounds in PhOLEDs, a series of 

OLED devices were prepared by following a multi-layered structure with CBP (4,4′-

bis(N-carbazolyl)-1,1′-biphenyl) as the host. The typical structure of the multi-layered 

devices is ITO (120 nm)/F4-TCNQ (2.5 nm)/α-NPD (45 nm)/emissive layer (30 

nm)/BCP (6 nm)/Alq3 (30 nm)/LiF (1 nm)/Al (150 nm), as shown in Figure 

2.16. Figure 2.17 depicts the EL spectra of OLEDs fabricated using 5 

wt% Ir2, Ir3 and Ir4 doped CBP. 5 wt% Ir2 doped in CBP showed the EL spectrum 

with a dominant peak at 480 nm and a shoulder peak at 520 nm owing to triplet 

exciton relaxation. EL spectra of Ir2 is found to differ from its PL spectra; mainly the 

peak observed nearly at 500 nm has reduced in intensity in the EL spectra and both 

peaks has been red shifted in EL. A device with 5 wt% Ir3 doped CBP as an emissive 

layer has a peak at 530 nm and the shape of EL spectra nearly resembles the PL 

spectra. The EL spectrum of 5 wt% Ir4 doped CBP is constituted of three peaks at 

460, 490 and 540 nm, respectively. CIE colour co-ordinates measured for these 

devices are listed in Table 2.14 and also depicted inside the CIE diagram in Figure 
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2.17. It is evident from the figure that Ir2 emits in the bluish region, Ir3 in the green 

while Ir4 in the blue region of the visible spectrum as also observed from the PL 

results. It is interesting note that there is no residual emission from the host CBP for 

each device, which means that the energy and/or charge transfer from the host exciton 

to the phosphor is complete upon electrical excitation.  

 

Figure 2.16. Schematic EL device structure (right top), the chemical formulas of materials used for the 

device preparation (left top) and energy level diagram of the device with Ir(III) compounds (Ir2–Ir4) as 

dopants (bottom). 
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Figure 2.17. Electroluminescence (EL) plots for compounds Ir2–Ir4 and CIE 1931 chromaticity diagram 

for the device with Ir(III) compounds (Ir2–Ir4) as dopants (right bottom). 

 

Table 2.14. EL performance data of the Ir2, Ir3 and Ir4 as phosphorescent dopant in CBP 

Device Von (V) Lmax (cd/m2) ηc  (Cd/A) ηp  (lm/W) EQE (max) CIE(x,y) 

Ir2 3.5 13,400 12.6 5.3 3.2 % (0.16, 0.18) 

Ir3 3.5 28,200 14.7 7.6 2.1 % (0.19, 0.68) 

Ir4 3.5 33,180 11.6 5.8 4.7 % (0.15, 0.17) 
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Figure 2.18. Current density–voltage–luminescence (J–V–L) characteristics of Ir2–Ir4 as 

phosphorescent dopants. 

Figure 2.18 shows the J–V–L characteristics of these devices and the efficiency 

parameters are listed in Table 2.14. All devices were found to possess a low turn-on 

voltage (3.5 V) corresponding to a luminous intensity of 10 cd m−2. OLEDs with 5 

wt% Ir2 doped CBP as an emissive layer showed a maximum luminescence of about 

15 000 cd m−2 with a peak current and a power efficiency of 12.6 cd A−1 and 5.3 lm 

W−1, respectively. The peak efficiency for OLEDs with 5 wt% Ir3 doped CBP and 5 

wt% Ir4 doped CBP were found to be 14.5 cd A−1, 7.6 lm W−1 and 11.6 cd A−1, 5.76 

lm W−1, respectively. EL results indicate that the synthesized materials can be used as 

efficient phosphorescent dopants. 
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2.5. Conclusions  

 In conclusion, a series of bis(2′,6′-difluoro-2,3′-bipyridinato-N,C4′)iridium 

(picolinate) complexes [(dfpypy)2Ir(pic): Ir1–Ir5] with different electron-

withdrawing (–CHO, –CF3 and –CN) and electron-donating substituents (–

OMe and –NMe2) on the 4′ position at the pyridyl moiety of the 2′,6′-difluoro-

2,3′-bipyridine ligands has been synthesized, well characterized and 

investigated their photophysical properties.  

 The results demonstrated that the phosphorescence emission colour of the 

iridium complexes and quantum efficiencies are influenced by the electron–

withdrawing or electron-donating feature of the substituent.  

 The electron-withdrawing group (–CHO, –CF3, and –CN) substituted 

iridium(III) complexes Ir1–Ir3 display intense yellowish green, sky-blue and 

green emissions, respectively, at room temperature in both solution and in thin-

film with excellent quantum efficiencies (ΦPL = 0.79–0.90 in solution and 0.67 

to 0.98 in thin film).  

 The iridium(III) complex bearing the electron-donating group (–OMe) shows 

pure and intense blue emission with a promising quantum efficiency in 

solution (ΦPL = 0.58) and in thin-film (ΦPL = 0.92). Conversely, the –

NMe2 substituted iridium(III) complex (Ir5) exhibits a broad emission in the 
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green region with a poor quantum efficiency (ΦPL = 0.14 in solution; 0.40 in 

thin-film). 

 DFT calculations disclose that the picolinate moiety essentially acts as an 

ancillary ligand in Ir1–Ir3 and the emission properties are mainly manifested 

by 3MLCT/3LC, involving iridium d-orbitals and π–π* orbitals of the electron-

withdrawing substituted 2′,6′-difluoro-2,3′-bipyridine cyclometalated units.  

 On the other hand, in the electron-donating substituted iridium(III) 

complexes Ir4–Ir5, the LUMO levels are found to be mainly localized on the 

picolinate ligand. Thus the phosphorescence of Ir4–Ir5 may be resulted from 

mixed 3LC and 3MLCT transitions.  

 Most importantly, the –OMe, –CF3 and –CN substituted iridium(III) 

complexes display excellent emissions in the blue and green regions with high 

quantum efficiencies.  

 The combination of smaller ΔES1–T1 and higher contribution of MLCT in the 

emission process result in the higher quantum yields and excited state lifetimes 

in Ir1–Ir3 compounds.  

 Finally, fabrication of complex Ir4 successfully achieves nearly deep-blue 

OLEDs, showing a bright blue emission with CIEs of (0.15, 0.17), a power 

efficiency of 5.76 lm W−1, and an EQE as high as 4.7% with the maximum 

luminance of 33 180 cd m−2.  
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 The results clearly demonstrate that the newly designed iridium(III) complexes 

exhibit excellent thermal and morphological stabilities and 

electroluminescence properties. Hence these complexes may find potential 

applications in PhOLEDS. 
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A Highly Selective Chemosensor for Cyanide Derived 

from a Formyl-Functionalized Phosphorescent 

Iridium(III) Complex 

 

 

3.1. Abstract  

A new phosphorescent iridium(III) complex, bis[2′,6′-difluorophenyl-4-formyl- 

pyridinato-N,C4′]iridium(III) (picolinate) (IrC), was synthesized, fully characterized 

by various spectroscopic techniques, and utilized for the detection of CN– on the basis 

of the widely known hypothesis of the formation of cyanohydrins. The solid-state 

structure of the developed IrC was authenticated by single-crystal X-ray diffraction. 

Notably, the iridium(III) complex exhibits intense red phosphorescence in the solid 

state at 298 K (photoluminescence quantum efficiency, ΦPL = 0.16) and faint emission 

in acetonitrile solution (ΦPL = 0.02). The cyanide anion binding properties with IrC 
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in pure and aqueous acetonitrile solutions were systematically investigated using two 

different channels: i.e., by means of UV–vis absorption and photoluminescence. The 

addition of 2.0 equiv of cyanide to a solution of the iridium(III) complex in 

acetonitrile (c = 20 μM) visibly changes the color from orange to yellow. On the other 

hand, the PL intensity of IrC at 480 nm was dramatically enhanced ∼5.36 × 102-fold 

within 100 s along with a strong signature of a blue shift of the emission by ∼155 nm 

with a detection limit of 2.16 × 10–8 M. The cyanohydrin formation mechanism is 

further supported by results of a 1H NMR titration of IrC with CN–. As an integral 

part of this work, phosphorescent test strips have been constructed by impregnating 

Whatman filter paper with IrC for the trace detection of CN– in the contact mode, 

exhibiting a detection limit at the nanogram level (∼265 ng/mL). Finally, density 

functional theory (DFT) and time-dependent density functional theory (TD-DFT) 

calculations were performed to understand the electronic structure and the 

corresponding transitions involved in the designed phosphorescent iridium(III) 

complex probe and its cyanide adduct.  

K. S. Bejoymohandas; Ajay Kumar; S. Sreenadh; E. Varathan; S. Varughese; V. 

Subramanian; and M. L. P. Reddy, ACS Inorganic Chemistry, 55, 2016, 3448−3461. 
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3.2. Introduction 

Cyanide is a strikingly toxic inorganic anion that adversely affects human health and 

the environment.1 The maximum acceptable level of cyanide in drinking water is 1.9 

μM, as per the requirements of the World Health Organization.2 In spite of their 

extreme toxicity, various cyanide-containing compounds are still widely used in 

different industrial processes such as in gold mining, electroplating, and various 

metallurgical industries, causing their leakage into the aquatic environment.3 

Consequently, there is considerable interest in the selective detection of aqueous 

cyanide at submicromolar levels by using simple and visual methods.4 As of today, 

various colorimetric and fluorometric receptors are known for the sensing of cyanide 

ions, in which many transition-metal complexes have been utilized.5 Nevertheless, 

fluorescent chemodosimeters based on specific chemical reactions always show better 

selectivity, and some of them display a detection limit at the submicromolar level for 

cyanide in organic solvents.6 

It is well documented that phosphorescent iridium(III) complexes have attractive 

features such as long lifetime, large Stokes shift, high stability, excellent color tuning, 

and lower self-quenching in comparison to conventional organic fluorophores.7 Due 

to these unique photophysical properties, iridium(III) complexes have been 

recognized as potential luminescent materials for applications in light-emitting 

devices and chemosensors.8 Li and co-workers have reported a ratiometric 
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upconversion luminescence (UCL) probe for the selective detection of cyanide anion 

in aqueous solution with a detection limit of 0.18 μM based on a chromophoric 

iridium(III) complex coated nanosystem (NaYF4: 20% Yb, 1.6% Er, 0.4% Tm 

nanocrystals).9 Silica nanoparticles doped with an iridium(III) compound for rapid 

and fluorometric detection of cyanide anion have also been reported.10 However, the 

detection of cyanide using a simple phosphorescent iridium(III) complex in a pure 

organic solvent or in aqueous solution is not yet known. 

It is well-known that cyanide has a strong affinity for an electron-deficient 

carbonyl unit (C═O), which is known to form cyanohydrin, and thus interferences 

from acetate and fluoride ions can be minimized by designing a novel chemosensor 

particularly for cyanide.11 Our recent results demonstrated that the functionalization 

of an aldehyde group on the 4′-position of the N-coordinating pyridyl moiety in the 

cyclometalated ligand of an iridium(III) complex induces localization of the LUMO 

on the substituent.12 Thus, disturbing the LUMO levels associated with the −CHO 

substituent may produce significant changes in the emission profiles of the 

iridium(III) complexes. These factors have inspired us to develop a new 

phosphorescent iridium(III) complex, functionalized with electron-deficient carbonyl 

units (Chart 3.1), that can be employed for the sensing of CN−. The interaction of the 

designed iridium(III) complex with CN– was investigated by UV–vis absorption, 

photoluminescence (PL), FT-IR, and 1H NMR spectroscopy and ESI-mass 

spectrometry. Theoretical studies also have been performed to generate more insights 
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into the electronic structure and transitions involved in the phosphorescent 

iridium(III) probe and its corresponding cyanide adduct. 

 

Chart 3.1. Chemical structure of the iridium(III) complex IrC. 

3.3. Experimental Section 

3.3.1. Materials and Physical Measurements 

A 500 MHz Bruker NMR spectrometer was used to record the 1H, 19F, and 13C NMR 

spectra of the iridium(III) complex in CDCl3 solution. In the 1H NMR titration 

experiments with CN–, CD3CN has been used. The chemical shifts (δ) of the signals 

are given in ppm and referenced to the internal standard tetramethylsilane (Si(CH3)4). 

The signal splittings are abbreviated as follows: s = singlet; d = doublet; t = triplet; dd 

= doublet of doublets; td = triplet of doublets; m = multiplet. Coupling constants (J) 
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are given in hertz (Hz). Electrospray ionization (ESI) mass spectra were recorded on a 

Thermo Scientific Exactive Benchtop LC/MS Orbitrap mass spectrometer. Elemental 

analysis (C, H, and N) measurements were performed using an Elementar-Vario 

MICRO Cube elemental analyzer. A PerkinElmer Spectrum Two FT-IR spectrometer 

using KBr was employed to obtain the FT-IR spectral data. Sodium sulfate 

(anhydrous), sodium carbonate, potassium carbonate, tetrakis(triphenylphosphine) 

palladium(0), (2,6-difluorophenyl)boronic acid, 2-bromopyridine-4-carboxaldehyde, 

IrCl3·xH2O, and picolinic acid were employed in the synthesis of the iridium(III) 

complex IrC. These chemicals were purchased from Alfa Aesar and were used 

without any further purification. The precursor salts of all the anions used in this work 

such as tetra-n-butylammonium cyanide ([CH3(CH2)3]4N+CN–), tetra-n-

butylammonium fluoride ([CH3(CH2)3]4N+F–), tetra-n-butylammonium chloride 

([CH3(CH2)3]4N+Cl–), tetra-n-butylammonium bromide ([CH3(CH2)3]4N+Br–), tetra-n-

butylammonium iodide ([CH3(CH2)3]4N+I–), tetra-n-butylammonium acetate 

([CH3(CH2)3]4N+AcO–), tetra-n-butylammonium benzoate ([CH3(CH2)3]4N+BzO–), 

tetra-n-butylammonium perchlorate ([CH3(CH2)3]4N+ClO4
–), tetra-n-butylammonium 

dihydrogen phosphate ([CH3(CH2)3]4N+H2PO4
–), tetra-n-butylammonium bisulfate 

([CH3(CH2)3]4N+HSO4
–), tetra-n-butylammonium azide ([CH3(CH2)3]4N+N3

–), tetra-n-

butylammonium nitrate ([CH3(CH2)3]4N+NO3
–), tetra-n-butylammonium hydroxide 

([CH3(CH2)3]4N+OH–), tetra-n-butylammonium hexafluorophosphate 

([CH3(CH2)3]4N+PF6
–), and sodium bisulfite were purchased from Sigma-Aldrich. The 
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cyclometalated ligand, namely 2-(2,4-difluorophenyl)-4-formylpyridine, was 

synthesized for the first time and fully characterized. The synthesis of the iridium 

dimer complex [(C∧N)2Ir(μ-Cl)]2 was carried out by a standard procedure proposed by 

Watts and co-workers,13 using IrCl3·xH2O and 2-(2,4-difluorophenyl)-4-

formylpyridine in a mixture of 2-ethoxyethanol and water. Thin-layer 

chromatography (TLC) was used to monitor the reaction progress (silica gel 60 F254, 

Merck Co.), and the spots were observed under UV light at 254 and 365 nm. Silica 

column chromatography was performed using silica gel (230–400 mesh, Merck Co.). 

The dry solvents were used as received from Merck Millipore. All other reagents are 

of analytical grade and were used as received from Alfa Aesar unless otherwise 

specified. 

3.3.2. Synthesis of 2-(2,4-Difluorophenyl)-4-formylpyridine 

To a mixture of 2-bromopyridine-4-carboxaldehyde (1.0 equiv), 2,6-

(difluorophenyl)boronic acid (1.2 equiv), and tetrakis(triphenylphosphine) 

palladium(0) (0.06 equiv) in 25 mL of dry tetrahydrofuran (THF) was added Na2CO3 

(10 mL, 5% in water) at room temperature. The resulting reaction mixture was 

refluxed for 24 h under a nitrogen atmosphere. The reaction was monitored by TLC. 

After completion of the reaction, the crude mixture was cooled to room temperature 

and THF was removed under vacuum distillation. Then the residue obtained was 

extracted with dichloromethane and water. The organic layer was collected, and the 
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solvent was removed to give the crude product. The crude product was then purified 

by silica column chromatography (1/9 ethyl acetate/n-hexane). Yield: 80%. 1H NMR 

(CDCl3, 500 MHz): δ 10.13 (s, 1H); 8.96 (d, J = 4.5 Hz, 1H); 8.18–8.17 (m, 1H); 

8.10–8.06 (m, 1H); 7.68 (dd, J = 5 and 1.5 Hz, 1H); 7.06–7.02 (m, 1H); 6.98–6.94 (m, 

1H). 13C NMR (CDCl3, 126 MHz): δ 191.43, 164.74, 154.27, 151.06, 142.42, 132.24, 

132.21, 132.16, 132.13, 123.22, 123.14, 120.45, 112.30, 112.27, 112.13, 112.10, 

104.82, 104.61, 104.41, 99.98. 19F NMR (CDCl3, 470 MHz): δ −107.72, −112.31. 

(ESI-MS): m/z 220.05 [M + 1]. 

3.3.3. Synthesis of the Iridium(III) Dimer Complex [(CHOdfppy)2Ir(μ-Cl)]2 

IrCl3·xH2O (270 mg, 0.89 mmol) and 2-(2,4-difluorophenyl)-4-formylpyridine (390 

mg, 1.78 mmol) were dissolved in 20 mL of a 2-ethoxyethanol and water (3/1) 

mixture and refluxed at 140 °C for 24 h. After the reaction mixture was cooled, the 

addition of 20 mL of H2O gave an orange precipitate that was filtered and washed 

with diethyl ether. The crude product was used for the next reaction without further 

purification (yield: 74%). 

3.3.4. Synthesis of Bis[2′,6′-difluorophenyl-4-formylpyridinato-N,C4′]iridium(III) 

Picolinate (IrC) 

The μ-chloro-bridged iridium(III) dimer [(CHOdfppy)2Ir(μ-Cl)]2 (1.0 equiv), picolinic 

acid (2.6 equiv), and sodium carbonate (11.0 equiv) were stirred overnight in a 

mixture (3/1) of dichloromethane and ethanol (40 mL) at 60 °C under an argon 



 A Highly Selective Chemosensor for Cyanide Derived from Ir3+ complex       123
                                                                                                                

 

atmosphere. The solvent was removed by evaporation under reduced pressure. The 

crude product obtained was poured into water and extracted with dichloromethane (3 

× 50 mL). The combined organic layers were dried over Na2SO4. A crude residue was 

obtained after removal of the solvent. The desired complex was obtained as an orange 

powder after the purification of crude product by silica column chromatography using 

CH2Cl2/methanol in a 9/1 ratio as an eluent. The purified sample was recrystallized 

(from dichloromethane/hexane; 50/50 v/v) and vacuum-dried. Yield: 41%. Anal. 

Calcd for C30H16F4IrN3O4: C, 48.00; H, 2.15; N, 5.60. Found: C, 48.10; H, 2.30; N, 

5.73. 1H NMR (CDCl3, 500 MHz): δ 10.16 (s, 2H); 9.03 (d, J = 6 Hz, 1H); 8.68 (s, 

1H); 8.63 (s, 1H); 8.37 (d, J = 7.5 Hz, 1H); 8.01 (td, J = 7.12 and 1.5 Hz, 1H); 7.77 

(d, J = 5 Hz, 1H); 7.64 (d, J = 6 Hz, 1H); 7.59 (dd, J = 6 and 1.5 Hz, 1H); 7.50–7.48 

(m, 1H); 7.39 (dd, J = 6 and 1.5 Hz, 1H); 6.59–6.54 (m, 1H); 6.51–6.47 (m, 1H); 5.81 

(dd, J = 8.5 and 2 Hz, 1H); 5.54 (dd, J = 8.5 and 2 Hz, 1H). 19F NMR (CDCl3, 470 

MHz): δ −104.51, −105.32, −108.12, −108.91. ESI-MS: [C30H16F4IrN3O4·Na], calcd 

m/z 773.01, found m/z 774.06 [M + 1]; [C30H16F4IrN3O4·2CH3OH·Na], calcd m/z 

837.13, found m/z 838.11 [M + 1]. 

3.3.5. X-ray Crystallographic Analysis 

Single-crystal XRD data for IrC were collected with a Rigaku Saturn 724+ 

diffractometer using graphite-monochromated Mo Kα radiation, and the data were 

processed using Rigaku Crystal Clear software.14 The molecular structure of the  
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Table 3.1. Crystallographic and refinement data for IrC 

  IrC 

Formula C32 H16 Cl4 F4 Ir N3 O4 

Formula weight 916.48 

Temp (K) 298 (2) 

Wavelength (Å) 0.71073 

Crystal system triclinic 

Space group P̅1 

Crystal size (mm3) 0.20 × 0.20 × 0.20 

a [Å] 10.6113 (6) 

b [Å] 11.9461 (7) 

c [Å] 14.5644 (8) 

α [°] 81.002 (3) 

β [°] 70.850 (2) 

γ [°] 68.847 (2) 

V [Å3] 1625.04 (16) 

Z 2 

Density, ρcalc [g/cm3] 1.873 

F(000) 884 

Theta range 1.48-26.37° 

μ (Mo Kα) [mm-1] 4.503 

reflns collected 26216 

independent reflns 6641 [R(int) = 0.0903] 

abs corr empirical 

Tmax and Tmin 0.435 and 0.400 

data/restraints/parameters 6641/0/438 

final R indices [I >2σ(I)] R1 = 0.0511, wR1 = 0.1359 

R indices (all data) R1 = 0.0591, wR1 = 0.1459 

largest diff. peak and hole, e·Å−3 1.991 and -2.427 

goodness-of-fit on F2 1.015  

CCDC 1435265 

complex was solved and refined by the SHELXTL suite of programs.15 The 

disordered solvent molecules could not be adequately modeled. The bypass procedure 

in Platon16 was used to remove the electronic contribution from these solvents. 

Selected crystallographic data and the structure refinement parameters are 

summarized in Table 3.1. Selected bond lengths and angles are given in Table 3.2. 
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Crystallographic data have been deposited with the Cambridge Crystallographic Data 

Centre, and the following code was allocated: CCDC-1435265. These data can be 

obtained free of charge via the Internet: www.ccdc.cam.ac.uk/data_request/cif. 

 

Table 3.2. Selected bond lengths [Å] and bond angles [°], torsion angles [°] for IrC around the Ir(III) 

octahedra 

IrC 

Bonds 14 N1A—Ir1A—N2A  174.2(2) 

1 Ir1A—O1A  2.155(7) 15 N1A—Ir1A—N3A  89.6(2) 

2 Ir1A—N1A 2.017(5) 16 N1A—Ir1A—C8A  80.6(3) 

3 Ir1A—N2A 2.037(6) 17 N1A—Ir1A—C13A  94.8(3) 

4 Ir1A—N3A 2.141(6) 18 N2A—Ir1A—N3A  95.5(3) 

5 Ir1A—C8A 1.997(9) 19 N2A—Ir1A—C8A  95.9(3) 

6 Ir1A—C13A  2.009(6) 20 N2A—Ir1A—C13A  80.5(3) 

7 C1A—C7A  1.46(1) 21 N3A—Ir1A—C8A  100.2(3) 

8 C18A—C19A  1.453(7) 22 N3A—Ir1A—C13A  171.3(3) 

Bond Angles 23 C8A—Ir1A—C13A  88.0(3) 

9 O1A—Ir1A—N1A 95.0(2) Torsion Angles 

10 O1A—Ir1A—N2A 88.8(2) 24 N1A—C1A—C7A—C8A  -3.8(9) 

11 O1A—Ir1A—N3A 76.8(2) 25 C2A—C1A—C7A—C8A  175.1(7) 

12 O1A—Ir1A—C8A 174.7(3) 26 C17A—C18A—C19A—N2A 178.1(7) 

13 O1A—Ir1A—C13A 95.4(3) 27 C17A—C18A—C19A—C20A -2(1) 

3.3.6. Photophysical Characterization 

The procedures and the instrumental techniques used for the characterization of 

photophysical properties of the developed iridium(III) complex were the same as 

those described in Chapter 2. 
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3.3.7. Quantum Yield Measurements 

Photoluminescence quantum yields of the powder sample as well as the sample in the 

solution state were measured by using a calibrated integrating sphere in a SPEX 

Fluorolog spectrofluorimeter. A Xe arc lamp was used to excite the sample placed in 

the sphere, with 375 nm as the excitation wavelength. The integrating sphere was 

calibrated using tris(8-hydroxyquinolinato)aluminum (Alq3) and quinine sulfate 

before solid- and solution-state measurements, respectively. The absolute quantum 

yield was calculated by the method described by de Mello et al.17 

3.3.8. Cyclic Voltammetry 

The instruments and the methodologies utilized for obtaining the cyclic voltammetry 

data for IrC and IrC+(CN)2 were the same as those described in Chapter 2. 

Concentrations of the iridium(III) complex and supporting electrolyte were 5 × 10–3 

and 0.1 M, respectively. The ferrocenium/ferrocene couple (FeCp2
+/FeCp2

0) was used 

as an internal reference. The energy level of FeCp2
+/FeCp2

0 was assumed at −4.8 eV 

under vacuum.18 All solutions for the electrochemical studies were deaerated with 

prepurified argon gas before measurements. 

3.3.9. Computational Methods 

The ground-state geometries of all metal complexes in the S0 state were optimized by 

using a density functional theory (DFT) based method with B3LYP hybrid functional 
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and a LANL2DZ basis set for the iridium (Ir) atom and a 6-31G* basis set for the rest 

of the atoms. Frequency calculations were also performed at the same level of theory. 

The optimizations and vibrational data confirmed that the structures were minima on 

the corresponding potential energy surface. Using the optimized geometries, the 

absorption spectra in acetonitrile media were calculated by employing a time-

dependent density functional theory (TD-DFT) approach with the B3LYP/6-31G* 

method using the PCM approach. The Swizard program was employed to evaluate the 

contribution of singly excited state configurations to each electronic transition.19 All 

calculations were carried out with the Gaussian 09 package.20 

3.3.10. Determination of Association Constant 

The association constant (Ka) of IrC with CN– was determined on the basis of the 

absorbance titration curve using the Benesi–Hildebrand21 equation (eq 1) 

1/(Amax-A0) = 1/(A1-A0)[1/Ka[G]2 + 1]   (1) 

where A1 and A0 represent the absorbance of the host in the presence and absence of 

ions, respectively, Amax is the saturated absorbance of the host in the presence of an 

excess amount of ions, and [G] is the concentration of CN– added. 
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3.3.11. Determination of Detection Limit of CN– in the Solution State 

The detection limit was calculated from the emission titration. The phosphorescence 

emission spectrum of the chemodosimeter IrC was measured eight times, and the 

corresponding standard deviation of the blank measurement was calculated. To find 

the slope, the ratio of the phosphorescence intensities at 480 and 635 nm (I480/I635) 

was plotted as a concentration of CN–. Finally the detection limit was calculated as 

3σ/k, where σ is the standard deviation of blank measurement and k is the slope of the 

plot of the fluorescence intensity ratio versus CN– concentration.22 

3.3.12. Preparation of Filter Paper Test Strips 

Filter paper (2 cm × 2 cm) test strips were prepared by dip-coating the IrC solution in 

dichloromethane (1 × 10–4 M) followed by the removal of solvent under vacuum at 

room temperature. The dip-coating of the solution allowed the adsorption of IrC on 

the filter paper and shows reddish emission under UV illumination (365 nm). These 

paper strips were used for the detection of cyanide anion. 

3.3.13. Detection of Cyanide Anion in Drinking Water 

A stock solution of tetra-n-butylammonium cyanide ([CH3(CH2)3]4N+CN–) (1 × 10–3 

M) was prepared by dissolving it in drinking water by stirring at room temperature 

(0.228 mg/mL). This solution was diluted to different concentrations and used for the 

test samples. 
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3.3.14. Contact Mode Visual Detection of Cyanide Anion 

Tetra-n-butylammonium cyanide solutions of various concentrations in drinking water 

(1 × 10–7 to 1 × 10–3 M) were spotted onto the complex-impregnated luminescent test 

strips at the desired concentration level using a glass microsyringe. A solvent blank 

was spotted close to the spot of each cyanide ion. To ensure consistent analysis, all 

depositions were performed from a 10 μL volume, producing a spot of ∼1.0 cm in 

diameter. After solvent evaporation, the filter paper was illuminated with 365 nm UV 

light. An independent observer identified the color change from red to green at the 

spotted area. Each set of experiments was repeated three times for consistency. The 

test strip was placed in such a way that the excitation beam fell on the spot where the 

anions were added. Emission was collected by a front-face mode using a sample 

holder used to record film emissions. Emission of a blank sample was monitored by 

the addition of solvent alone. The detection limit was calculated from the lowest 

concentration of the CN– that enabled an independent observer to detect the 

quenching visually. 

3.3.15. Contact Mode Selectivity Experiments for Cyanide Anion 

Tetra-n-butylammonium salt solution of various anions in drinking water with a 

concentration of 1 × 10–3 M were prepared and spotted onto the test strips using a 

glass microsyringe. Consistent analysis was ensured by making all depositions from a 
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10 μL volume, which eventually produced a spot of ∼1.0 cm in diameter. After 

solvent evaporation, the filter paper was illuminated with 365 nm UV light. A color 

change from red to green at the spotted area was identified only in the case of cyanide 

addition. Emission from the spotted area was collected by the front face mode using a 

film sample holder. Solvent alone was added in the case of blank measurements. 

3.3.16. Isolation of Cyanide Adduct for ESI-MS and FT-IR Measurements 

The addition of 2.0 equiv of CN– was carried out in a 2.0 μM solution of IrC in 

acetonitrile. Then, the solution was concentrated, and the excess tetra-n-

butylammonium cations and cyanide anions present in the crude mixture were 

removed through water workup with dichloromethane. The organic layer was 

concentrated and dried, and the yellow powder obtained was utilized for the ESI-MS 

and FT-IR measurements. 

3.4. Results and Discussion 

3.4.1. Synthesis and Characterization 

The cyclometalating ligand 2-(2,4-difluorophenyl)-4-formylpyridine used in the 

current study was synthesized by a conventional Suzuki coupling reaction of 2-

bromopyridine-4-carboxaldehyde with 2,6-(difluorophenyl)boronic acid in the 
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presence of sodium carbonate and tetrakis(triphenylphosphine)palladium(0) as a 

catalyst (Scheme 3.1).  

 

Scheme 3.1. Synthetic Route of 2-(2,4-difluorophenyl)-4-formylpyridine 

 

Scheme 3.2. Synthetic Routes of Heteroleptic Ir3+ Complex IrC 

It is important to mention that the pure ligand could only be obtained after 

column chromatographic separation using 10% ethyl acetate in hexane in a yield of 
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80%. The newly synthesized ligand has been fully characterized by 1H, 19F, and 13C 

NMR and FT-IR spectroscopy and ESI mass spectrometry. The dimer precursor 

employed in the synthesis of the iridium(III) complex was prepared by a standard 

procedure proposed by Watts and co-workers.13 The μ-chloro-bridged dimer was 

formed through the reaction of the cyclometalated ligand with IrCl3·xH2O in a 

mixture of 2-ethoxyethanol and water. The new iridium complex IrC was obtained in 

the presence of Na2CO3 via the reaction of the μ-chloro-bridged dimer and an 

ancillary ligand, picolinic acid. A pictorial synthetic pathway leading to the desired 

iridium(III) complex (IrC) is depicted in Scheme 3.2. After column chromatographic 

purification and recrystallization from a dichloromethane/hexane solvent mixture, a 

pure complex was obtained with a moderate yield of 41%. Detailed characterizations 

such as 1H and 19F NMR, FT-IR spectroscopy, and ESI mass spectrometry and 

elemental analyses were performed on the newly synthesized complex for the 

structural confirmation. 

3.4.2. Crystal Structure 

Slow diffusion of hexane into a solution of the iridium(III) complex in 

dichloromethane resulted in the growth of single crystals of IrC. The molecular 

structure of the iridium(III) complex obtained by X-ray single-crystal diffraction 

techniques is shown in Figure 3.1. Selected crystallographic data and the structure 

refinement parameters are summarized in Table 3.1. Selected bond lengths and angles 
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are given in Table 3.2. The iridium complex was found to crystallize in the triclinic 

crystal system with a P1̅ space group. The structure reveals that the iridium center 

adopts a distorted-octahedral coordination geometry, comprising two chelating 

cyclometalated 2′,6′-bis(difluorophenyl)-4-formylpyridinato ligands with cis C,C and 

trans N,N inclinations and one picolinate ancillary ligand with narrow ligand bite 

angles ranging from 76.8(2) to 100.2(3)°. These results are in good agreement with 

the crystal structure of the parent iridium(III) complex, bis[3,5-difluoro-2-(2-

pyridyl)phenyl](picolinato)iridium(III) (FIrpic).23 

 

Figure 3.1. Crystal structure of complex IrC with the atom numbering scheme. Thermal ellipsoid 

drawing is presented at the 30% probability level. Selected bond lengths (Å) and angles (1): Ir(1A)–

C(13A) 2.009(6), Ir(1A)–C(8A) 1.997(9), Ir(1A)–O(1A) 2.155(7), Ir(1A)–N(1A) 2.017(5), Ir(1A)–N(2A) 

2.037(6), Ir(1A)–N(3A) 2.141(6); N(1A)–Ir(1A)–N(2A) 174.2(2), C(13A)–Ir(1A)–N(3A) 171.3(3), C(8A)–

Ir(1A)–O(1A) 174.7(3). 
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Figure 3.2. A crystal packing structure of the complexes IrC with intermolecular (a) C–F···π 

(formylpyridyl), C=O···π (diflurophenyl) (green) and (b) C–H···O (blue) interactions shown as dashed 

lines. The solvent molecules not involved in intermolecular interactions have been omitted for clarity. 

The Ir–N bond lengths, ranging from 2.017(5) to 2.037(6) Å, and Ir–C bond 

lengths, ranging from 1.997(9) to 2.009(6) Å, are found to be similar to those of the 

parent complex, FIrpic (1.995 and 2.045 Å; averages of Ir–C and Ir–N bonds, 
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respectively). On the other hand, the ancillary picolinate ligand bond distances are 

slightly elongated to 2.155(7) Å for Ir1A–O1A and 2.141(6) Å for Ir1A–N3A in 

comparison to those of iridium bonds with cyclometalated ligands. This trend is in 

good agreement with the strong trans effect exercised by the Ir–C bonds.24 Within the 

complex, the difluorophenyl and substituted pyridine rings of both cyclometalated 

ligands are approximately coplanar with maximum dihedral angle ranges from 2.0(1) 

to 3.8(2)°. The selected bond lengths, torsion angles, and ligand bite angles for IrC 

are given in Table 3.2. It can be inferred from the above observations that the overall 

geometry around the metal center is not significantly influenced by the presence of a 

formyl group at the 4′-position of the N-coordinated pyridyl moiety of the 

cyclometalated ligand. 

The crystal packing structure of IrC is displayed in Figure 3.2. The scrutiny of 

the X-ray single-crystal structure of IrC helps disclose distances in support of weak 

intermolecular interactions, such as the C–H···O (average H···O distance 2.67 Å with 

an average bond angle ∠C–H···O = 141°), C–H···F hydrogen bonds (average H···F 

distance 2.26 Å with average bond angle ∠C–H···F = 123°), and C–H···N hydrogen 

bonds (H···N distance 2.58 Å with ∠C–H···N = 121°). Further, there are a few 

stacking interactions of the type C–X···π (edge-to-face phenyl C–F···π (4-

formylpyridyl centroid, Cg4), average F···Cg distance 3.46 Å, and formyl C═O···π 

(2,6-difluorophenyl Cg7) interactions, average O···Cg distance 3.66 Å) existing in the 
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system. A logical analysis of the structure reveals that the lone pair of the carbonyl 

group could be pointing toward the electron-deficient ring on the adjacent molecular 

entity. However, the C–F···π interaction could be an aftermath effect of the aforesaid 

stacking interactions. Their exact contribution toward the structure stabilization can 

only be evaluated through a charge-density study. A summation of the structural 

parameters for the intermolecular interactions can be found in Tables 3.3 and 3.4. 

Table 3.3. Intermolecular hydrogen bond interactions for IrC 

D-H···A  d(D-H) [Å] d(H···A) [Å] d(D···A) [Å] <(DHA) [°] 

C(2A)--H(2A)···F(1A)  0.93        2.24    2.853(9)         123 

C(20A)--H(20A)···F(3A)   0.93        2.28 2.881(10)         122 

C(4A)--H(4A)···O(2A) i 0.93        2.78    3.548(11)         141 

C(5A)--H(5A)···O(1A)  0.93        2.57    3.148(9)         121 

C(6A)--H(6A)···O(2A) i 0.93        2.48    3.286(12)         145 

C(11A)--H(11A)···O(4A) ii 0.93        2.87    3.629(12)         140 

C(20A)--H(20A)···O(1A) iii 0.93        2.87 3.601(9)         136 

C(24A)--H(24A)···O(1A) iii 0.93        2.52 3.340(11)         147 

C(25A)--H(25A)···O(3A) iv 0.93        2.41    3.211(13)         145 

C(26A)--H(26A)···O(4A)  v 0.93        2.89 3.753(15) 155 

C(23A)--H(23A)···N(3A)   0.93        2.58 3.160(9)         121 

Symmetry transformations used to generate equivalent atoms: i) 1-x,2-y,1-z; ii) 1-x,1-y,-z; 

iii)1-x,2-y,-z; iv) 1-x,1-y,1-z; v) 2-x,1-y,-z; 

 

 

Table 3.4. Intermolecular C-X--π(Cg) interactions for IrC 

C-X··· π(Cg)  d(X··· π(Cg) [Å] <(CXCg) [°] 

C(12A) -F(1A)···Cg(4) i 3.402(6)   100.2     

C(17A) -F(3A)···Cg(5) ii 3.526(7)   88.6 

C(6A)  -O(3A)···Cg(7) i   3.667(11)   85.5 

C(24A) -O(4A)···Cg(8) ii 3.657(8)   71.8 

Cg: centroid of the π ring system; Cg(4) = N1A-C1A-C2A-C3A-C4A-C5A; Cg(5) = N2A-

C19A-C20A-C21A-C22A-C23A; Cg(7) = C7A-C8A-C9A-C10A-C11A-C12A; Cg(8) = 

C13A-C14A-C15A-C16A-C17A-C18A. Symmetry transformations used to generate 

equivalent atoms: i) 1-x,1-y,1-z; ii) 1-x,2-y,-z. 
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3.4.3. Electronic Spectrum of IrC 

The UV–vis absorption spectrum of IrC recorded in acetonitrile solution (c = 2 × 10–5 

M) at room temperature is depicted in Figure 3.3, and the pertinent electronic 

absorption data are summarized in Table 3.5. The spin-allowed intraligand 1LC (1π → 

π*) transition originating from the cyclometalated 2′,6′-difluoro-4-formylpyridine and 

picolinate ancillary ligands can be seen in the 220–260 nm region as intense bands 

with large molar extinction coefficients on the order of ∼49000 M–1 cm–1. Another 

strong absorption peak centered at 340 nm can be assigned to a spin-allowed ligand–

ligand charge transfer (1LLCT) or intraligand charge transfer (1ILCT) band, indicating 

a greater contribution from the formyl substituent in the pyridyl moiety with an 

extinction coefficient on the order of ∼27000 M–1 cm–1. The spin-allowed metal to 

ligand charge transfer (1MLCT) transition can be seen as a broad absorption spanning 

the 400–500 nm region with a low molar extinction coefficient on the order of ∼3020 

M–1 cm–1. In addition, the spin-forbidden 3MLCT transition band noted in the 500–

550 nm region with the very low extinction coefficient of ∼230 M–1 cm–1 indicates 

efficient spin–orbit coupling, which is a prerequisite for phosphorescent emission. 

The theoretical predictions of the absorption profile of IrC are in good agreement 

with the experimental data (see section 3.4.10). 
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Figure 3.3. Absorption (a) and emission (b) spectra of IrC in acetonitrile solution (c = 2 ×10-5 M) and 

solid state emission (c) profile (λexc =375 nm) of IrC at room temperature. At 750 nm (*) indicates the 

second harmonic peak of the excitation wavelength. 

3.4.4. Solution and Solid-State Emission Properties of IrC 

Figure 3.3 illustrates the ambient-temperature normalized emission spectrum of IrC 

in acetonitrile solution (c = 2.0 × 10–5 M) excited at 375 nm. The corresponding 

photophysical data of IrC are given in Table 3.5. IrC exhibits a faint and broad 

phosphorescence in the region 500–850 nm (λmax 635 nm) with a quantum yield of 

0.02 (in deaerated acetonitrile solution). The room-temperature emission profile of 

IrC is featureless and broad with a full-width at half-maximum (fwhm) value of ∼166 

nm (∼3489 cm–1). This indicates the dominance of a 3MLCT excited-state emission 

rather than a ligand-centered (LC) 3π–π* excited-state emission. 
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Table 3.5. Photophysical properties of IrC and cyanide adduct 

Complex 

Absorptiona 

λmax (nm)  

(ԑ × 10-3 /M-1 

cm-1) 

Emission at 298 K in CH3CN Solution 
 

Solid-state 

emission  

λmax
a 

(nm) 
ΦPL

b 
τPL 

(µs) 

kr
d  

(105 S-1) 

knr
e  

(105 S-1)  

λmax
b 

(nm) 
ΦPL

c 
 

IrC 260 (49.04) 

340 (27.3) 

475 (3.02)  

533 (0.23) 

635 0.02 0.05 0.4 19.6  611 0.16  

IrC+(CN)2 253 (65.00)  

312 (25.20) 

375 (9.38) 

456 (0.96) 

480 

498 

0.11 0.75 0.14 1.18  - -  

a Absorption and emission spectra were measured in acetonitrile solution; c = 2.0 × 10-5 M , 

λexc = 375 nm. b,cQuantum efficiency measured  by absolute method using integrating sphere. 
d,eRadiative as well as non-radiative rate constants were deduced by the ΦPL of solution state 

and τobs according to two equations: kr = ΦPL/τobs, knr = (1ΦPL)/τobs.  

Notably, the introduction of an electron-withdrawing −CHO group (Hammett 

constant, Cσp = 0.42) on the C4′ position of the pyridyl moiety of the cyclometalated 

ligand has significantly red shifted the emission profile at about 165 nm (∼5528 cm–1) 

in comparison to the unsubstituted iridium(III) complex FIrpic (λmax at 470 nm).25 It is 

well documented that the substitution of an electron-withdrawing group at the C4′ 

position on the pyridyl moiety is expected to register a bathochromic shift in the 

emission profile of the iridium(III) complex due to the stabilization of the LUMO. 

Further, a large red shift indicates the greater delocalization of charge in the excited 

3MLCT state. As evidenced from our DFT studies (see below), the picolinate moiety 

merely acts as an ancillary ligand in IrC and the emission properties are mainly of 

3MLCT/3LC nature, involving iridium d orbitals and π–π* orbitals of the formyl-
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substituted 2′,6′-difluorophenylpyridine cyclometalated units. The LUMO is heavily 

oriented on the electron-deficient formyl moiety, which stabilizes the negative charge 

on the cyclometalated ligand upon excitation. Further, the highly polar nature of the 

acetonitrile solvent will also contribute to the stabilization of LUMO levels, which 

results in the large bathochromic shift. In our recent study, a similar behavior has been 

observed with a large bathochromic emission shift of about 100 nm (∼4209 cm–1) in a 

−CHO substituted cyclometalated iridium(III) complex.12 On the other hand, notably 

broad and more intense red phosphorescence (λmax at 611 nm) was noticed for IrC in 

the solid state with a quantum yield of 0.16 (Figure 3.3). The difference in the 

solution as well as solid-state quantum yields indicates the presence of aggregation-

induced phosphorescent emission (AIPE), an uncommon phenomenon among 

luminescent iridium(III) complexes.26 A transition from the less emissive 3LC or 

3MLCT excited state to the emissive metal to ligand to ligand charge transfer 

(3MLLCT) transition as a result of the excimeric interactions between the 

cyclometalating ligands of neighboring complexes or the restriction of intramolecular 

rotation (RIR) in the solid state could be the reason for AIPE.26c, 26h, 27 Scrutiny of the 

single-crystal structure indicates the existence of several C–F···π interactions between 

difluorophenyl and formylpyridine units and C═O···π interactions between formyl-

substituted N-coordinating pyridine and the π ring of the difluorophenyl moiety of the 

cyclometalated ligands with interplanar separations of 3.4 and 3.6 Å, respectively. 

Solution-state emission properties were dominated by a −CHO connected pyridyl 
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moiety centered 3MLCT state leading to a weak emission in solution due to strong 

nonradiative decay pathways (knr = 19.6 × 105 s–1) involving contributions from the 

−CHO substituent. Meantime in the solid state, the existing C–F···π and C═O···π 

interactions of cyclometalated ligands extend the overall degree of π conjugation. This 

can be seen from the 10 nm red shift (∼273 cm–1) in the solid state emission profile in 

comparison to less polar dichloromethane solvent (λmax at 601 nm, Figure 3.4) which, 

in turn, generates a more emissive excited state based on 3MLLCT. 

 

Figure 3.4. Comparison of normalized emission profiles of IrC recorded in acetonitrile, 

dichloromethane and powder state at 298 K (λexc = 375 nm).  

3.4.5. Detection of Cyanide in UV–Vis and Photoluminescence Channels 

The ability of the newly developed IrC to act as a chemosensor for different anions 

(2.0 equiv) has been examined by UV–vis absorption and PL spectroscopy in CH3CN 
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solution at room temperature. IrC displays remarkable absorption changes 

exclusively in the presence of CN– in the UV–vis channel (Figure 3.5). Upon addition 

of 2.0 equiv of CN– to an acetonitrile solution of IrC the absorption maximum 

dramatically blue shifted from 475 to 375 nm (Δλ = 100 nm, 5614 cm–1). As a 

consequence, a prominent orange to yellow color change was observed (Figure 3.5, 

inset). In contrast to the above, no significant color change has been noted in the 

presence of other competing anions, such as AcO–, BzO–, ClO4
–, H2PO4

–, HSO4
–, N3

–, 

NO3
–, OH–, PF6

–, F–, Cl–, Br–, HSO3
−, and I– (Figure 3.5). These observations clearly 

highlight a selective reaction of CN– with the −CHO group attached to the 4′-position 

of the N-coordinating pyridyl moiety of the cyclometalated ligand. To understand 

more about the reasons for the color change, herein, UV–vis titration experiments 

have been performed (Figure 3.6). The incremental addition of CN– (0.0–2.0 equiv) to 

a CH3CN solution of IrC (c = 2 × 10–5 M) at room temperature reveals a gradual 

decrease of the broad 1MLCT absorbance at 475 nm and 1LLCT peak at 340 nm. At 

the same time, a new sharp band appeared at 253 nm (ε = 6.5 × 104 M–1 cm–1). In 

addition, two new broad bands at 310 nm (ε = 2.6 × 104 M–1 cm–1) and 380 nm (ε = 

0.9 × 104 M–1 cm–1) are also noted. However, no further change is observed in the 

absorption profile beyond the addition of 2.0 equiv of CN– ions.  



 A Highly Selective Chemosensor for Cyanide Derived from Ir3+ complex       143
                                                                                                                

 

    

Figure 3.5. UV−vis absorption spectra of IrC (20 μM) with different anions (2.0 equiv) in CH3CN. 

Photograph showing the color change from reddish orange to yellow under day light upon addition of 

CN− at 2.0 mM concentration.  

 

Figure 3.6. UV−vis absorption titration of IrC (20 μM) with CN- (0 to 2.0 equiv) in CH3CN at 298K. 

Inset: magnified absorption in the 350-500 nm regions.  
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Figure 3.7. Plot of A340/A253 (ratio of absorbance at 340 and 253 nm) against the amount of added CN- 

to 20 μM solution of IrC. (Red as well as green lines serve to indicate the completion of 1:2 adduct 

formation). 

 

         
Figure 3.8. Benesi-Hildebrand plot of IrC with CN−. 
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A plot of the absorbance ratio at 340 and 253 nm (A340/A253) as a function of the 

amount of cyanide clearly indicated that A340/A253 decreases linearly up to 2.0 equiv of 

CN– addition (Figure 3.7). After that, the ratio becomes constant, disclosing a 1:2 

binding stoichiometry of IrC and CN–. The association constant (Ka) of IrC with CN– 

was determined using the Benesi–Hildebrand equation.21 The measured absorbance 

(1/(A – A0)) varied as a function of 1/[CN–] in a linear relationship (R2 = 0.9820), 

indicating the formation of 1:2 stoichiometry between CN– and IrC. The association 

constant of IrC with CN– in CH3CN solution was calculated to be 1.029 × 105 M–1 

(Figure 3.8). Thus, the above results clearly demonstrate that CN– can be 

quantitatively determined in the UV–vis channel by interaction with the −CHO group 

of the iridium(III) complex IrC. 

The lower energy of 1MLCT at ∼475 nm is due to the iridium(III) (d orbital) to 

−CHO substituted pyridyl moiety (π* orbital) charge transfer transition. The electron-

deficient character of the −CHO group and its π conjugation with the N-coordinating 

pyridyl ring are expected to decrease the LUMO energy level in IrC. Upon addition 

of CN– to the IrC, the 1MLCT absorption band was blue-shifted to ∼380 nm, which 

can be attributed to an iridium (d orbital) to pyridyl moiety of the cyclometalated 

ligand (π* orbital) charge transfer transition. A significant enhancement in the LUMO 

energy is expected after cyanide addition to the −CHO group due to the much less 

electron withdrawing character of the cyanohydrin group and concomitant loss of 
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extended π conjugation. To get more insights into the changes in the transition 

occurring after the addition of CN– ion to IrC, time-dependent DFT (TD-DFT) 

calculations were conducted, showing partial MLCT switching indeed from 

iridium(III) → CHOdfppy(π*) to iridium(III) → dfppy(π*). 

As stated earlier, IrC exhibits a rather weak and broad emission profile with a 

maximum at 635 nm in acetonitrile. The addition of 2.0 equiv of various anions to the 

acetonitrile solution of IrC (c = 2 × 10–5 M) shows notable changes only with CN–, 

which results in a ∼155 nm (∼5085 cm–1) blue shift of the emission maximum 

(Figure 3.9). As a consequence, the emission color changed from red to sky blue in 

the presence of CN– (inset of Figure 3.9). The emission intensity has been greatly 

enhanced (∼536-fold at 480 nm) with a quantum yield of 0.11. 

The CN– detection ability was examined through PL titration studies in detail. 

The plot of the PL intensity change (I – I0, where I = intensity after CN– addition and 

I0 = intensity before CN– addition) at 480 nm for IrC as a function of the CN– 

concentration shows a good linear relationship in the range of 0.0–2.0 equiv of CN– 

(Figure 3.10). Thereafter no change in the emission intensity was noted beyond 2.0 

equiv of CN–, confirming the formation of the 1:2 adduct [IrC+(CN)2]. In order to 

further understand the binding stoichiometry of IrC with CN–, Job plot experiments 

were also carried out by means of a continuous-variation method.28  
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Figure 3.9. Photoluminescence titration of IrC (c = 20 μM) with CN− solution (0.0 to 3.0 equiv) in 

CH3CN at 298K (λexc= 375 nm). (Inset) Photograph showing the transition of reddish orange to sky-blue 

phosphorescence upon addition of 0.0 to 2.0 equiv of CN−, under 365 nm hand held UV excitation. At 

750 nm (*) indicates the second harmonic peak of the excitation wavelength.  

 

Figure 3.10. Plot of the PL intensity change 480 nm upon addition of 0.0 to 3.0 equiv of CN− (Red as 

well as green lines serve to indicate the completion of 1:2 adduct formation). 
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Figure 3.11. (a) Phosphorescence emission spectra of IrC+(CN−) adduct complexes at different mole 

fractions of CN-  in CH3CN at 298K (λexc= 375 nm) (b) Job plot of IrC+(CN−) adduct complexes, where 

the phosphorescence emission intensity at 480 nm is plotted against mole fraction of CN-, at a constant 

total concentration of 2.0 × 10−5 M in acetonitrile solutions. 
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In Figure 3.11, the phosphorescence emission intensity of the IrC+(CN–) adduct 

at 480 nm is plotted against the mole fraction of CN– at a constant total concentration 

(20 μM). The maximum emission intensity was reached when the mole fraction of 

CN– was 0.67. These results clearly indicate a 1:2 binding stoichiometry of IrC with 

CN–. IrC contains two reactive −CHO groups connected to the 4′-position of the N-

coordinating pyridyl moiety of both cyclometalating ligands. Thus, −CHO groups of 

IrC may interact with CN– simultaneously at the same rate. This is in good agreement 

with the earlier report that CN– may interact with both carbonyl groups of a similar 

fluorescent organic probe.29 The CN– detection limit is found to be 2.16 × 10–8 M 

(Figures 3.12–3.14), which is lower than that for many of the reported CN– sensors 

based on luminescent metal complexes, as can be seen from Table 3.6.  

 
Figure 3.12. Photoluminescence titration of IrC with low concentration levels of CN−) (0.0-10.0 μM) 

(λexc = 375 nm). At 750 nm (*) indicates the second harmonic peak of the excitation wavelength.  
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Figure 3.13. Plot of I480/I635 vs CN− (0.0-10.0 μM ) shows a good linear relationship. 

 

 

 
Figure 3.14. Plot of I480/I635 vs blank solutions for the calculation of standard deviation. 
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Table 3.6. Comparison of present manuscript with previous reports with respect to type of heavy metal 

complexes used for the detection of cyanide. 

S. 

No.  

Publication  System Detection limit  

1  Current work Highly sensitive dual-channel chemosensor 

for cyanide based on formyl functionalized 

phosphorescent iridium(III) complex 

2.16 × 10-8 M  

(in acetonitrile) 

and ~264.8 

ng/mL (in 

drinking water) 

 

2 New J. Chem. 

2010, 34, 132–

136 

Multisignaling detection of cyanide anions 

based on an iridium(III) complex: remarkable 

enhancement of sensitivity by coordination 

effect 

40  × 10-6  (in 

drinking water) 

3 J. Am. Chem. 

Soc. 2011, 133, 

15276–15279 

Iridium(III) complex-coated nanosystem for 

ratiometric upconversion luminescence 

bioimaging of cyanide anions 

0.18  × 10-6  M 

4 Adv. Funct. 

Mater. 2012, 22, 

2667–2672 

Iridium-complex-modified upconversion 

nanophosphors for effective lret detection of 

cyanide anions in pure water 

62.6 × 10-6 M 

5 Chem. Commun., 

2013, 49, 255-

257 

A CN- specific turn-on phosphorescent probe 

with probable application for enzymatic assay 

and as an imaging reagent 

0.38 × 10-6 M 

(in buffer medium 

of pH 7.6.) 

6 Chem. Commun., 

2012, 48, 2707–

2709 

A lab-on-a-molecule for anions in aqueous 

solution: using Kolbe electrolysis and radical 

methylation at iridium for sensing 

- 

7 Microchim Acta, 

2015 182, 2561–

2566 

Silica nanoparticles doped with an 

iridium(III) complex for rapid and 

fluorometric detection of cyanide 

1.66 × 10-6 M 

8 Inorg. Chem. 

2013, 52, 

4890−4897 

Switching of reverse charge transfers for a  

rational design of an OFF−ON 

phosphorescent chemodosimeter of cyanide 

anions 

 

6 × 10-6 M 

9 Inorg. Chem. 

2012, 51, 

7075−7086 

Rapid and highly sensitive dual-channel 

detection of cyanide by bis-heteroleptic 

ruthenium(II) complexes 

0.18 × 10-6 M 

10 Dalton Trans., 

2015, 44, 18607-

18623 

Pyrene and imidazole functionalized 

luminescent bimetallic Ru(II) terpyridine 

complexes as efficient optical chemosensors 

for cyanide in aqueous, organic and solid 

media 

9.79 × 10−8 M 
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To gain more insight into the relaxation dynamics of the IrC excited state, 

phosphorescence lifetimes (τ) in deaerated acetonitrile solution were measured at 298 

K before and after adding 2.0 equiv of CN– by monitoring the peak at 635 nm for IrC 

and 480 nm for IrC+(CN)2 (Figure 3.15). Both of the excited state species showed 

single-exponential decay profiles with a lifetime of 0.06 μs for IrC and 0.75 μs for 

IrC+(CN)2, which is indicative of the phosphorescence origin for the excited states in 

each case. The excited state lifetime value and radiative and nonradiative decay rates 

of the iridium(III) complex and corresponding CN– adduct are depicted in Table 3. 

The poor quantum efficiency (ΦPL = 0.02) associated with IrC could be due to the 

involvement of the −CHO group in the MLCT transition, leading to a partial 

weakening of the π(C═O) bond due to the negative charge in the pyridyl moiety of 

the cyclometalated ligand upon photoexcitation,30 which will eventually induce large 

vibrational decay pathways (knr = 19.6 × 105 s–1). Meanwhile, a more pronounced 

quantum yield (ΦPL = 0.11) has been noticed with the newly formed IrC+(CN)2. The 

enhanced luminescence could be due to the confinement of the MLCT transition 

between the iridium(III) center and π rings of the cyclometalated ligands in a manner 

identical with that for FIrpic, which in turn reduces the deactivation pathways.25 This 

is also in good agreement with the observed low nonradiative decay rates associated 

with the excited IrC+(CN)2 at 480 nm (knr = 1.18 × 105 s–1). 
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Figure 3.15. Lifetime decay profiles of IrC (c = 20 μM) in acetonitrile at 635 nm before adding CN- and 

at 480 nm after adding 2.0 equiv of CN− (λexc= 375 nm). 

A competition study has been performed with a view to confirm the selectivity 

of IrC toward CN–. No remarkable PL intensity enhancement was observed upon 

addition of other potentially competing anions (2.0 equiv of AcO–, BzO–, ClO4
–, 

H2PO4
–, HSO4

–, N3
–, NO3

–, OH–, PF6
–, F–, Cl–, Br–, HSO3

−, and I–) to a 20 μM 

solution of IrC in CH3CN in the absence of cyanide (Figure 3.16). The addition of 2.0 

equiv of CN– to IrC in the presence of an excess of other anions (10.0 equiv) evokes a 

PL enhancement which is reproducible (inset of Figure 3.16). It is noteworthy to 

mention that anions such as bisulfite and perchlorate that are well-known to compete 

in the detection of CN– are found to not interfere in the developed chemosensor 

system. 
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Figure 3.16. PL spectra of IrC (20 μM) with different anions (2.0 equiv). (Inset) Behavior of IrC toward 

CN− (2.0 equiv) under the competitive presence of other anions (10.0 equiv) as measured by emission 

spectra in CH3CN. At 750 nm (*) indicates the second harmonic peak of the excitation wavelength.  

3.4.6. Detection of CN– in Aqueous Acetonitrile Solution 

For practical use of the IrC probe, PL titrations were carried out in CH3CN/H2O 

solutions (99/1, 97/3 and 95/5 v/v) and compared with the emission properties in pure 

acetonitrile solution (Figure 3.17). However, unlike the titration process in pure 

CH3CN solution, here a maximum of ∼5.0 equiv of CN– is required to complete the 

reaction in 5% aqueous acetonitrile (CH3CN/H2O; 95/5 v/v). On the other hand, in 3% 

aqueous acetonitrile (CH3CN/H2O; 97/3 v/v), the reaction requires a minimum of 3.0 

equiv of CN–. In the case of 1% aqueous acetonitrile (CH3CN/H2O; 99/1 v/v) a 

minimum of 2.0 equiv of CN– is required for completing the reaction, which is similar  
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Figure 3.17. Photoluminescence titration of IrC with CN− in (a) 1%, (b) 3% and (c) 5% aqueous 

acetonitrile. (d) Kinetics of the photoluminescence response of IrC upon addition of 2.0 equiv of CN− in 

pure acetonitrile and in 1%, 3% and 5% aqueous acetonitrile at room temperature (λexc= 375 nm). 

 

 

Figure 3.18. Phosphorescence response of IrC toward CN− and other anions as measured in 1% 

aqueous acetonitrile solution (λexc= 375 nm). 
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to that of pure CH3CN. This study clearly demonstrates that the reactivity of cyanide 

with IrC in aqueous solution is very critical to the presence of water content. These 

results are in good agreement with those for the earlier reported cyanide sensors, 

where the strong hydration of CN– in aqueous solution reduces its nucleophilicity.11h 

Further, a study of the time dependence (Figure 3.17d) shows that the PL intensity 

continues to increase beyond 25 min in 5% aqueous acetonitrile solution 

(CH3CN/H2O; 95/5 v/v), implying that a much slower reaction in comparison to pure 

CH3CN solution (100 s). In 3% aqueous solution (CH3CN/H2O; 97/3 v/v), the 

reaction requires 22 min for completion. On the other hand, 10 min is required to 

complete the reaction in the case of 1% aqueous solution (CH3CN/H2O; 99/1 v/v). A 

good selectivity has also been noted toward cyanide under these conditions (Figure 

3.18). Thus, it can be concluded from these investigations that IrC is more selective 

and sensitive toward CN– in pure acetonitrile as well as in solutions containing 1% of 

water, which qualifies it for real-world applications. 

3.4.7. Contact Mode Detection of CN– by Luminescent Test Strips 

Motivated by the favorable features of IrC as a potential sensor for CN– in solution, 

we have prepared red luminescent test strips using IrC for the detection of CN– 

anions by contact mode. As discussed earlier, IrC shows excellent luminescent 

properties in the solid state in comparison to the solution state (see section 3.4.4). This 

observation has prompted us to develop luminescent Whatman filter paper test strips  
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Figure 3.19. Plot of the emission intensity at 545 nm of the test strips against concentration of added 

CN− anions in drinking water (10 µL, 1×10−7 to 1×10−3 M). Inset figure shows the corresponding 

emission spectra (λexc= 375 nm) and images were taken under 365 nm UV excitation. 

(2.0 cm × 2.0 cm) by impregnation with IrC (1 × 10–4 M in dichloromethane), and 

they exhibit red phosphorescence when excited with 375 nm (preparation methods of 

test strips can be found in the Experimental Section). Different concentrations of CN– 

solution (c = 1 × 10–7 to 1 × 10–3 M) have been prepared in drinking water. Small 

spots (10 μL) of different concentrations of CN– solution in water were created on 

IrC-impregnated test strips. The emission from the applied area on the test strips has 

transformed from red to greenish spots of different strengths (Figure 3.19). The 

emission spectrum illustrates a peak at 600 nm for blank test strips, and it blue-shifts 

55 nm (1682 cm–1) to 545 nm upon addition of a 1 × 10–3 M CN– solution.   
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Figure 3.20. (a) Selectivity response and (b) Emission spectra of IrC impregnated test strips toward 

CN− and other anions (10 μL of 10 μM solution) at λexc= 375 nm. Inset figure shows photographs of test 

strips under 365 nm UV excitation. Blue emission from blank filter paper has been indexed with an 

asterisk (*). 

The plot of the emission intensity at 545 nm from the test strips against the 

concentration of added CN– anion in drinking water (10 μL, 1 × 10–7 to 1 × 10–3 M) 

shows the regulation of the sensing behavior of IrC practically applicable by varying 

the concentration of CN– even up to 10–5 M (∼264.8 ng/mL). The phosphorescence 

response of IrC impregnated test strips toward competitive anions was also 

investigated to confirm the selectivity of the developed luminescent test strips toward 
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cyanide ions. As displayed in Figure 3.20, the addition of 10 μL of CN– solution (c = 

10 μM) to the test strips created a noticeable change in the emission color from red to 

green. In contrast to the above, no emission color change has been noticed with the 

addition of 10 μL of potentially competing anions (AcO–, BzO–, ClO4
–, H2PO4

–, 

HSO4
–, N3

–, NO3
–, OH–, PF6

–, F–, Cl–, Br–, HSO3
−, and I–) to the test strips. The 

selectivity plot of emission intensity at 545 nm vs various anions (Figure 3.20a) 

demonstrates the practical utility of the IrC impregnated test strips for the instant on-

site visualization of trace amounts of cyanide ions present in drinking water. 

3.4.8. Confirmation of the Interaction of IrC with CN– by 1H NMR, ESI-MS, and 

FT-IR Studies 

The confirmation of the nature of the interaction of IrC with CN– has been 

ascertained by 1H NMR spectroscopic titration. Figure 3.21 shows the 1H NMR 

spectra of IrC upon addition of (stepwise) 0.0–2.0 equiv of tetrabutylammonium 

cyanide in CD3CN solution. The addition of cyanide resulted in a disappearance of the 

aldehyde proton (H*) signal (at δ 10.17 ppm) and the simultaneous appearance of a 

new peak corresponding to the cyanohydrin proton, −CH(CN)OH (H*) at δ 7.57 ppm. 

The disappearance of the aldehyde proton (H*) signal upon addition of 0.2 equiv of 

CN– may be due to the hydration of the unreacted formyl group by the water molecule 

present in the added analyte solution. This hydration phenomenon induces the 

formation of a highly reversible gem-diol, which exists in a rapid equilibrium with the 
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aldehyde.31 The stepwise appearance of the proton signal at 7.57 ppm clearly indicates 

the formation of cyanohydrin. Upon addition of 2.0 equiv of CN–, upfield shifts are 

noted for the formylated pyridyl ring protons of the cyclometalated ligand. The 

signals for Ha (8.92 ppm), Hb (8.64 ppm), and Hc (8.20 ppm) were shifted upfield to 

8.75, 8.55, and 8.16 ppm, respectively. These spectral shifts are virtually stopped after 

adding 2.0 equiv of cyanide. On the other hand, the Hd signal (8.72 ppm) from the 

ancillary picolinate ligand and other aromatic signals (8.10–7.55 ppm) corresponding 

to the phenyl ring protons of the cyclometalated ligands did not change. 

 

Figure 3.21. 1H NMR titration spectra indicating the reaction of IrC with CN– in CD3CN at room 

temperature. The asterisks (*) and letters (a, b and c) signs are used to index specific proton signals. 
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Figure 3.22. ESI-MS spectrum of (2',6'-difluoro-4-(formyl)-2,3'-bipyridinato-N,C4′) Iridium(III) 

(picolinate), [IrC] after addition of 2.0 equivalents of CN− anions. IrC+(CN)2: m/z = 806.05 [M+1]. 

The formation of cyanohydrin was further confirmed by ESI mass spectrometry 

and FT-IR spectroscopy. The electospray ionization mass spectrum of the isolated 

yellow solid (see the Experimental Section 3.3.16 for the isolation of the cyanide 

adduct) showed a molecular mass of 806.05 (Figure 3.22), which corresponds to the 

formula of [IrC+(CN)2 + 1] (calculated m/z 806.09). On the other hand, the FT-IR 

spectrum clearly indicates the appearance of the −C≡N stretching frequency at 2248 

cm–1 and disappearance of the −C═O stretching frequency (1706 cm–1) of the 

aldehyde group in IrC (Figure 3.23).  
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Figure 3.23. Comparison of FT-IR spectrum of IrC before and after the addition of 2.0 equiv of CN− 

anion. 

On the basis of the results from NMR chemical shifts, FT-IR spectroscopy, and 

ESI mass spectrometry, the most plausible mechanism for the formation of the 

cyanide adduct (cyanohydrin) is proposed (Scheme 3.3). The strongly electron 

deficient nature of the −CHO groups from IrC make it susceptible to the nucleophilic 

attack of CN– to the carbonyl groups through the formation of a cyanohydrin, which is 

a very stable adduct, thus making the reaction completely irreversible.11k 
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CN−

CN−

 

Scheme 3.3. Cyanohydrin Formation Mechanism for the Detection of Cyanide by IrC 

3.4.9. Electrochemistry on the Interaction of IrC with CN– 

To realize the electronic effects caused by the change of substituents on the C4ʹ 

position on the pyridyl moiety of the cyclometalated ligand in IrC, the 

electrochemical behaviour of IrC has been studied before and after the addition of 2.0 

equivalents of CN− anions by cyclic voltammetry experiments in deaerated CH3CN 

solution using ferrocene as the internal standard and the results are depicted in Figure 

3.24. The calculated HOMO and LUMO for IrC and its cyanide adduct are listed in 
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Table 3.7. Quasi-reversible oxidation voltammograms were observed at identical 

potentials (~1.46 to 1.47 V) for both experiments (before and after the addition of 

CN− anions), indicating the oxidation potential originated from the iridium metal 

center (Ir3+/Ir4+) has been least affected by the change of substituent from –CHO to 

−CH(CN)OH (cyanohydrin). Correspondingly, the calculated energy levels of highest 

occupied molecular orbitals (HOMO) stands almost same (–5.82 eV) in both cases. 

While scanning to the negative potential range, IrC exhibits two irreversible 

reduction potentials. First reduction potential occurs at −0.94 V can be attributed to 

the reduction of the –CHO group as usually found in formyl group substituted 

iridium(III) complexes and aromatic aldehydes. Second reduction potential occurs at 

−1.70 V could be due to the reduction of N-coordinating pyridyl moiety of the 

cyclometalated ligand. Upon addition of 2.0 equiv of the CN− ions to the experimental 

solution, the reduction potential correspond to –CHO substituent observed at −0.94 

has been completely vanished and the cyclometalated ligand based reduction peak at 

−1.63 V dominates. The calculated LUMO experienced a more negative shift (~0.71 

eV) from −3.43 to −2.72 eV. This observation clearly points out the change in the 

localization of LUMO from –CHO group to cyclometalated ligand upon conversion 

of –CHO substituent to –CH(CN)OH (cyanohydrin). These assumptions were 

strongly supported by the density functional theory (DFT) calculations 
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Table 3.7. Electochemical properties of IrC and IrC+(CN)2 

Complex Eoxd a(V) Ered
a (V) 

HOMOb 

(eV) 

LUMOc 

(eV) 
Eg(elec)

d (eV) Eg(calc)
e (eV) 

IrC 1.46 -0.94 

-1.70 

-5.82 -3.43 2.39 3.01 

IrC+(CN)2 1.47 -1.63 -5.83 -2.72 3.11 3.62 

aElectrochemical data versus (FeCp2
+/FeCp2

0) (FeCp2 is ferrocene) were collected in 

CH3CN/0.1 M TBAH (tetra-butylammoniumhexafluorophosphate). bHOMO = -[4.8-(0.44) + 

Eoxd]. 
cLUMO = -[4.8 -(0.44) + Ered]. 

dElectrochemical band gap experimental. 
eElectrochemical band gap theoretical. 

 

 

Figure 3.24. Comparison of redox potentials (vs Ag/AgCl in CH3CN) of IrC before and after the 

addition of 2.0 equiv of CN-, (oxidation potential FeCp2/FeCp2
+ =0.44 V, marked with asterisk). 



166  Chapter 3 

  

3.4.10. Theoretical Studies 

The ground-state (S0) geometrical structures of iridium complex with −CHO as well 

as −CH(CN)OH (cyanohydrin) substituents were optimized using density functional 

theory (DFT) based on the B3LYP method. Further, the excited-state vertical 

transitions of the model compounds were also predicted by using the time-dependent 

density functional theory (TD-DFT) approach. The optimized structures possess a 

distorted-octahedral geometry around the iridium center, with C1 point group 

symmetry. There exists a good correlation with the observed absorption spectrum of 

IrC before and after the addition of CN–. Molecular orbital (MO) analysis has been 

carried out on the optimized structures to get more insights regarding the localization 

of molecular orbital at each energy level. Figure 3.25 gives a molecular orbital 

diagram indicating isodensity HOMO and LUMO energy surfaces and calculated 

energy levels for IrC and its CN– adduct. As can be seen from Figure 3.25, HOMO 

surfaces for both complexes are similar to the electron density, and this density is 

distributed through the 5d orbitals of iridium metal and the 2,6-difluorophenyl moiety 

of the cyclometalated ligand. This accounts for the identical HOMO energy levels 

experimentally revealed for both complexes from the electrochemical studies (see 

Figure 3.24). The calculated HOMO energy levels are −5.81 and −5.61 eV for IrC 

and IrC+(CN)2, respectively. Furthermore, the calculated HOMO values are akin to 

that of the experimentally determined first oxidation potential (Table 3.7). The present 
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observation is similar to the HOMO orbital distribution of FIrpic reported 

elsewhere.25 

 

Figure 3.25. Selected molecular orbital diagram indicating isodensity HOMO and LUMO surfaces for 

IrC before and after the addition of 2.0 equiv of CN−. All of the molecular orbital surfaces correspond to 

an isocontour value of |ψ| = 0.03. The arrows are intended to highlight the calculated HOMO-LUMO 

energy gaps (H = HOMO and L = LUMO). 

The LUMO of IrC is essentially localized on the −CHO substituent and the 

attached N-coordinated pyridyl moiety of the cyclometalated ligand due to the 

electron-accepting nature of the −CHO substituent and predominant conjugation of 

−C═O group with the connected pyridyl moiety. The same can be illustrated further 

from the rich electron density observed at the −C–C– bond connecting the carbonyl 

group of −CHO and the pyridyl ring. As a result, the LUMO energy levels are more 

stabilized (−2.80 eV), and we observed a first reduction potential based on the −CHO 
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group in the electrochemical studies (Figure 3.24). This observation clearly accounts 

for the noticed red shift of 165 nm (∼5528 cm–1) from 635 to 470 nm in the emission 

profile of IrC in comparison to FIrpic as well as 1MLCT absorption bands appearing 

in the visible region (400–500 nm) as per our previous discussions. However, after the 

addition of CN–, −CHO has been converted to −CH(CN)OH (cyanohydrin) in 

IrC+(CN)2 and the LUMO is strictly localized within the N-pyridyl moiety of the 

cyclometalated ligand due to the lack of any conjugation between the pyridyl moiety 

and cyanohydrin substituent. As a result, the LUMO energy levels are more 

destabilized (from −2.80 to −1.98 eV) in IrC+(CN)2 in comparison to IrC. Thus, the 

LUMO destabilization has induced a widening of the energy band gap from 3.01 to 

3.62 eV. These observations are in agreement with the blue shift of ∼155 nm (∼5085 

cm–1) observed in the emission spectrum as well as the hypsochromic shift noticed 

from 475 to 375 nm in the 1MLCT absorption bands of IrC upon addition of 2.0 

equiv of CN–. 

3.5. Conclusions 

 In summary, herein a highly selective probe for the sensing of CN– in a 

semiaqueous environment has been developed for the first time on the basis of 

a simple phosphorescent iridium(III) complex with a detection limit of 2.16 × 

10–8 M.  
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 A unique colorimetric and ratiometric phosphorescence response to the 

cyanide is realized through interaction of the electron-deficient formyl moiety 

of the cyclometalated iridium(III) complex with CN– through the formation of 

cyanohydrin.  

 The formation of cyanohydrin has been further corroborated by 1H NMR, ESI-

MS, and FT-IR spectral studies.  

 In addition, phosphorescent test strips have been fabricated and utilized for the 

detection of nanogram levels of cyanide in drinking water. 

  Finally, theoretical calculations furnished detailed insights into the electronic 

structure and transitions involved in the iridium(III) compound and its 

corresponding cyanide adduct. 
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     Chapter 4 

 

AIPE-Active Green Phosphorescent Iridium(III) Complex 

Impregnated Test Strips for the Vapor-Phase Detection of 

2,4,6-Trinitrotoluene (TNT) 

 

 

4.1. Abstract  

Detection of explosives, especially trinitrotoluene (TNT), is of utmost importance due 

to its highly explosive nature and environmental hazard. Therefore, detection of TNT 

has been a matter of great concern to the scientific community worldwide. Herein, a 

new aggregation-induced phosphorescent emission (AIPE)-active bis(2-(2,4-

difluorophenyl)pyridinato-N,C2′)iridium(III) (2-(2-pyridyl)benzimidazolato-N,N′) 

complex [FIrPyBiz] has been developed and serves as a molecular probe for the 

detection of TNT in the vapor phase, solid phase, and aqueous media. In addition, 
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phosphorescent test strips have been constructed by impregnating Whatman filter 

paper with aggregates of FIrPyBiz for trace detection of TNT in contact mode, with 

detection limits in nanograms, by taking advantage of the excited state interaction of 

AIPE-active phosphorescent iridium(III) complex with that of TNT and the associated 

photophysical properties.   

K. S. Bejoymohandas; T. M. George; S. Bhattacharya; S. Natarajan; and M. L. P. Reddy, 

Journal of Materials Chemistry C, 2, 2014, 515–523. 

 

4.2. Introduction   

The development of cyclometalated iridium(III) complexes as efficient luminescent 

materials has received tremendous attention due to their potential applications in 

OLEDs,1 organic photovoltaics,2 luminescence sensing,3 and biomedical 

imaging.4 The design of solid state emitting materials, with high quantum yield based 

on iridium(III) complexes, is important in the development of efficient 

electroluminescent devices. However, the emissive triplet excited state of some of the 

iridium(III) complexes is often quenched in the aggregation state, which limits their 

applications. Li and co-workers5 discovered the aggregation-induced phosphorescent 

emission (AIPE) phenomenon for the first time in iridium(III) complexes by carrying 

out X-ray diffraction studies as well as DFT calculations, and explained it on the basis 

of the formation of excimers via π–π stacking of adjacent pyridyl rings of 2-

phenylpyridine ligands. Later, through intensive theoretical calculations and by using 

photophysical data, Park et al.6 concluded that the restriction of intramolecular 

rotation was the main cause of the AIPE. Recently many AIPE-active cyclometalated 
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iridium(III) complexes have been utilized for the sensing of metal ions and bioprobes 

for cellular imaging.7 Tang and coworkers8 have made pioneering contributions to 

understanding the AIPE in many luminogenic materials and explained the AIPE 

phenomenon on the basis of restriction of intramolecular rotations (RIR) in 

aggregated states, which blocks the non-radiative pathway and opens up the radiative 

channel. As a result, the molecules become emissive in the aggregate state.9 

As a result of illegal transport and terrorist activities, the detection of chemical 

explosives is of prime importance for military operations, homeland security, 

environmental cleaning and human security. TNT is a commonly used explosive in 

landmines and military operations that contaminates the environment and ground 

water, posing a threat to human health.10 Therefore, the development of cost-efficient, 

selective, sensitive and portable detection methods for TNT is highly desirable. The 

detection of low quantities of TNT is particularly challenging, due its relatively low 

vapor pressure compared to other explosive chemicals.11 Consequently, several 

approaches using quantum dots,12 gold nanoparticles,13 silver–gold alloy 

nanostructures,14 conjugated polymers,15 self-assembled ultrathin films16 and 

fluorescent molecular assemblies and gels10a, 17 have been reported for the detection of 

TNT. However, to the best of our knowledge, AIPE materials based on iridium(III) 

complexes for the detection of explosives have not been identified until now. In order 

to develop efficient luminescent materials based on iridium(III) complexes, an 

attempt has been made in our laboratory to design a new class of iridium(III) complex 
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featuring 2,6-difluorophenylpyridine as a cyclometalating ligand and a series of 

ancillary ligands consisting of 2-(pyridyl)-1H-benzimidazole, 2-(2′-

hydroxyphenyl)benzimidazole, 2-(2′-hydroxyphenyl)benzothiazole. The 

photophysical studies demonstrated that the bis(2-(2,4-difluorophenyl)pyridinato-

N,C2′)iridium(III)  (2-(2-pyridyl)benzimidazolato-N,N′) complex [FIrPyBiz] (Chart 

4.1) exhibits a superior aggregation induced phenomenon in an acetone–water 

mixture compared to other iridium(III) complexes. Hence FIrPyBiz has been chosen 

to further investigate the sensing behaviour of nitro explosives. Herein, we have 

demonstrated the first example of the detection of TNT by a AIPE-active iridium(III) 

complex in vapor, solid and aqueous phases. 

 

Chart 4.1. Chemical structure of the iridium(III) complex FIrPyBiz. 
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4.3. Experimental Section 

4.3.1. Materials 

Sodium carbonate, tetrakis(triphenylphosphine)palladium(0), 2-bromopyridine, 2,4-

difluorophenylboronic acid, 2-pyridyl benzimidazole (PyBiz) and IrCl3·x(H2O) were 

purchased from Sigma Aldrich and were used without any further purification. The 

cyclometalated chelating ligand 2-(2,4-difluorophenyl) pyridine (dfppy) and the 

corresponding chloride-bridged dimer [(dfppy)2Ir(μ-Cl)]2 were synthesized according 

to previously reported procedures.18 All the nitroaromatics used in this work, such as 

picric acid (PA), 2,4-dinitrotoluene (DNT), o-nitrotoluene (oNT), p-nitrotoluene 

(pNT) and nitrobenzene (NB), and other organic compounds such as benzoquinone 

(BQ), benzoic acid (BA) and nitromethane (NM) of analytical grade, were also 

obtained from Sigma Aldrich and used directly without any further purification. 2,4,6-

Trinitrotoluene (TNT) was prepared according to the synthesis procedure reported 

elsewhere.19 (Caution: since the TNT used in the present study is a highly explosive 

chemical, it should only be handled in small quantities). All other reagents were of an 

analytical grade and were used as received. Reactions were monitored by thin layer 

chromatography (TLC). Commercial TLC plates (silica gel 60 F254, Merck Co.) were 

used and the spots were observed under UV light at 254 and 365 nm. Silica column 

chromatography was performed using silica gel (100–200 mesh, Merck Co.). 



182  Chapter 4 

  

4.3.2. Synthesis of FIrPyBiz 

The iridium dimer [(dfppy)2Ir(μ-Cl)]2 (0.300 g, 0.246 mmol), sodium carbonate 

(0.287 g, 2.71 mmol) and 2.6 equivalent ancillary ligand (2-pyridyl benzimidazole) 

were dissolved in 30 mL of 2-ethoxy ethanol. The reaction vessel was degassed and 

maintained under a nitrogen atmosphere. The reaction mixture was stirred for 15 h at 

140 °C. The cooled crude mixture was then poured into ethyl acetate (100 mL) and 

extracted with water (75 mL × 3 times) to remove the 2-ethoxy ethanol. The organic 

layer was dried over anhydrous sodium sulfate and was vacuum dried. The crude 

product obtained was purified using silica column chromatography with ethyl acetate: 

n-hexane (5 : 1) to give a yellow solid, which was further recrystallized from a 

dichloromethane–hexane mixture, vacuum dried at 80 °C and subjected to additional 

characterization techniques. Yield 70% (0.273 g); 1H NMR (500 MHz, 

CDCl3): δ 8.62 (d, J = 8.0 Hz, 1H), 8.25 (t, J = 9.7 Hz, 2H), 7.90 (t, J = 7.7 Hz, 1H), 

7.79 (d, J = 7.9 Hz, 2H), 7.68 (dt, J = 15.9, 8.6 Hz, 3H), 7.55 (d, J = 5.7 Hz, 1H), 7.20 

(t, J = 6.4 Hz, 1H), 7.14 (t, J = 7.5 Hz, 1H), 6.87 (q, J = 6.7 Hz, 3H), 6.56 (dt, J = 

27.9, 10.8 Hz, 2H), 6.28 (d, J = 8.2 Hz, 1H), 5.84 (dd, J = 19.4, 9.2 Hz, 2H). 13C 

NMR (126 MHz, CDCl3) δ 165.39, 154.09, 153.29, 149.90, 149.32, 148.39, 143.71, 

138.50, 137.98, 137.77, 128.52, 124.77, 123.05, 122.36, 121.82, 118.79, 115.27, 

114.38, 98.77. MS (FAB): m/z [M + 1]+ calcd: 768.13, found: 768.39. Elemental 
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analysis calcd (%) for C34H20F4IrN5: C 53.26, H 2.63, N 9.13; found: C 53.26, H 2.58, 

N 9.13. 

4.3.3. Physical Measurements 

A Bruker 500 MHz NMR spectrometer was used to record the 1H and 13C NMR 

spectra of the complex in CDCl3 solution. The mass spectrum was recorded on a 

JEOL JSM 600 fast atom bombardment (FAB) high resolution mass spectrometer 

(FAB-MS). Elemental analysis was performed with a Perkin-Elmer Series 2 

Elemental Analyzer 2400. The absorbance spectrum of the complex was measured 

with a UV-vis spectrophotometer (Shimadzu, UV-2450). Neat films of the complexes 

on quartz plates were used for the diffuse reflectance spectra on a Shimadzu, UV-

2450 UV-vis-NIR spectrophotometer, using BaSO4 as a reference. The reflectance 

data were converted into absorption using the Kubelka–Munk function. The 

photoluminescence (PL) spectrum of the iridium(III) complex was recorded on a 

Spex-Fluorolog FL22 spectrofluorimeter equipped with a double grating 0.22 m Spex 

1680 monochromator and a 450 W Xe lamp as the excitation source. Transmission 

electron microscopy (TEM) and electron diffraction (ED) pattern analysis were 

performed on a JEOL 2010 (200 kV) in an AIPE complex solution (70% H2O + 30% 

acetone) and placed on a carbon-coated grid and allowed to dry at room temperature. 
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4.3.4. Quantum Yield Measurements 

Photoluminescence quantum yield of the powder sample and the solution state were 

measured using a calibrated integrating sphere in a SPEX Fluorolog 

Spectrofluorimeter. A Xe-arc lamp was used to excite the sample placed in the sphere, 

with 365 nm as the excitation wavelength. Absolute quantum yield was calculated on 

the basis of the de Mello method20 using the equation 

ΦPL= [Ei(λ) − (1 − A)E0(λ)]/Le(λ)A    (1) 

In eqn (2) 

A = [L0(λ) − Li(λ)]/L0(λ)     (2) 

where Ei(λ) and E0(λ) are the integrated luminescence as a result of direct excitation of 

sample and secondary excitation, respectively. A is the absorbance of the sample 

calculated using eqn (1). Li(λ) is the integrated excitation when the sample is directly 

excited, L0(λ) is the integrated excitation when the excitation light first hits the sphere 

and reflects to the sample, and Le(λ) is the integrated excitation profile for an empty 

sphere. 

4.3.5. Electrochemical Measurements 

Cyclic voltammetry experiments were carried out with a BAS 50W voltammetric 

analyzer using three electrode cell assemblies. Pt wires were used for counter 

electrodes, a quasi Ag/Ag+ wire was used for a reference electrode and a platinum 

electrode was used as a working electrode. Measurements were carried out in 
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acetonitrile solution, with tetrabutylammonium hexafluorophosphate as a supporting 

electrolyte, at a scan rate of 100 mV s−1. Concentrations of the iridium(III) complex 

and supporting electrolyte were 5 × 10−3 and 0.1 M, respectively. The 

ferrocenium/ferrocene couple (FeCp2
+/FeCp2

0) was used as an internal reference. The 

energy level of Fc/Fc+ was assumed to be −4.8 eV in a vacuum.21 All solutions for the 

electrochemical studies were deaerated with pre-purified Ar gas prior to the 

measurements. 

4.3.6. Lifetime Measurements 

Phosphorescence lifetimes were measured using an IBH (FluoroCube) time-correlated 

picosecond single photon counting (TCSPC) system. A pulsed diode laser (<100 ps 

pulse duration) at a wavelength of 375 nm (NanoLED-10) was used to excite the 

MLCT states of the complexes with a repetition rate of 50 kHz. The detection system 

consists of a microchannel plate photomultiplier (5000U-09B, Hamamatsu) with a 

38.6 ps response time, coupled to a monochromator (5000 M) and TCSPC electronics 

(Data Station Hub included Hub-NL, a NanoLED controller and preinstalled 

Fluorescence Measurement and Analysis Studio (FMAS) software). The 

phosphorescence lifetime values were determined by deconvolution of the instrument 

response function with biexponential decay using DAS6 decay analysis software. The 

quality of the fit has been judged by the fitting parameters, such as χ2 (<1.2), as well 

as the visual inspection of the residuals. 
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4.3.7. X-ray Crystal Structure Determination 

Single crystals of FIrPyBiz suitable for X-ray diffraction studies were grown from a 

concentrated solution of the complex in a mixture of dichloromethane and hexane. 

The single-crystal XRD data were collected with a Bruker AXS Smart Apex CCD 

diffractometer at 293 K. The X-ray generator was operated at 50 kV and 35 mA using 

Mo Kα (λ = 0.71073 Å) radiation. The data were reduced using SAINT+,22 and an 

empirical absorption correction was applied using the SADABS program.23 The 

structure was solved and refined by using SHELXL-97 in the WINGX suite of 

programs (v.1.63.04a).24 The highly disordered solvent molecules in the compound 

FIrPyBiz were accounted for by using the SQUEEZE program present in the WinGX 

platon program.25 All of the hydrogen positions were initially located in the difference 

Fourier maps, and for the final refinement, the hydrogen atoms were placed in 

geometrically ideal positions and refined in the riding mode. Final refinement 

included the atomic positions of all of the atoms, anisotropic thermal parameters for 

all of the non-hydrogen atoms, and isotropic thermal parameters for all of the 

hydrogen atoms. Full-matrix least-squares refinement against F2 was carried out using 

the WINGX package of programs.26 The solvents, like dichloromethane and hexane, 

present in the compound (a total of 92 electrons) were removed from the single crystal 

structure using the SQUEEZE program. Selected crystal data and data collection and 

refinement parameters are listed in Table 4.1. 
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Table 4.1. Crystallographic and refinement data for FIrPyBiz 

                            FIrPyBiz 

Formula C34H20F4IrN5 

Molecular weight 766.75 

Crystal system Triclinic 

Space group P  

Crystal size (mm3) 0.20 × 0.14 × 0.11 

a [Å] 12.5196(3) 

b [Å] 16.0199(5) 

c [Å] 17.2926(4) 

α [°] 99.607(2) 

β [°] 101.025(2) 

γ [°] 106.326(2) 

V [Å3] 3176.08(14) 

Z 4 

ρ calc[g cm−1] 1.604 

Temp (K) 293 

μ (Mo Kα) (mm−1) 4.258 

Reflections collected 24 642 

Independent reflections 12 493 

R F, Rw(F2) (all data) 0.0524, 0.0871 

R F, Rw(F2) [I > 2σ(I)] 0.0361, 0.0790 

GOF 1.000 

CCDC 1435265 

4.3.8. Experimental Methods for the Detection of TNT 

Preparation of filter paper test strips: Filter paper (2 cm × 2 cm) test strips were 

prepared by dip-coating the FIrPyBiz solution in dichloromethane (1 × 10−4 M) 

followed by removal of solvent under a vacuum at room temperature. The dip-coating 

of the solution allowed the adsorption of FIrPyBiz on the filter paper and shows a 

greenish emission under UV-illumination (365 nm). These paper strips were used for 

the detection of TNT. 
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Detection of TNT in drinking water: A stock solution of TNT (1 × 10−3 M) was 

prepared by dissolving the TNT in drinking water while stirring overnight at room 

temperature (0.228 mg mL−1). This solution was diluted to different concentrations 

and used as the test samples. 

Contact mode visual detection of TNT: The TNT solution of various concentrations 

in drinking water (1 × 10−15 to 1 × 10−3 M) were spotted onto the test strips at the 

desired concentration level using a glass micro-syringe. A solvent blank was spotted 

near the spot of each explosive. In order to ensure consistent analysis, all depositions 

were prepared from a 10 μL volume, thereby producing a spot of ∼0.5 cm in 

diameter. After solvent evaporation, the filter paper was illuminated with a 365 nm 

UV light. The dark spots were identified by an independent observer, and each set of 

experiments was repeated three times for consistency. The test strip was placed in 

such a way that the excitation beam fell on the spot where TNT was added. Emission 

was collected by a front face mode using a film sample holder. Emission of a blank 

sample was monitored by the addition of a solvent alone. The detection limit was 

calculated from the lowest concentration of TNT that enabled an independent 

observer to visually detect the quenching. 

Vapor phase detection of TNT: The saturated vapors of TNT were created by 

keeping solid TNT (100 mg) in a sealed vial for 24 h at room temperature. The test 

strips were placed on top of the glass vial containing saturated TNT vapors for 

definite time intervals at room temperature. The circular area that was exposed to the 
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TNT vapors was quenched. The emission intensity was measured before and after 

exposure of the sample. All the measurements were carried out in a front face mode. 

 

Scheme 4.1. Synthetic Routes of Heteroleptic Ir3+ Complex FIrPyBiz 

4.4. Results and Discussion   

4.4.1. Synthesis and Characterization 

The synthetic route of FIrPyBiz is shown in Scheme 4.1. Treatment of the iridium 

dimer of 2-(2,4-difluorophenyl)pyridine [(dfppy)2Ir(μ-Cl)]2 with a corresponding 

ancillary ligand 2-pyridyl benzimidazole by a bridge-splitting reaction in 2-

ethoxyethanol, readily produces the iridium(III) bis(2-(2,4-difluorophenyl)pyridinato-
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N,C2′)(2-(2-pyridyl)benzimidazolato-N,N′) complex (FIrPyBiz) in a good yield 

(70%). The final product was obtained after chromatographic purification. The 

synthesized iridium complex (FIrPyBiz) has been fully characterized by 1H, 13C 

NMR spectroscopy, FAB-Mass spectrometry and elemental analysis.  

 

Figure 4.1. Crystal structure of complex FIrPyBiz with the atom numbering scheme. Thermal ellipsoid 

drawing is presented at the 30% probability level. Selected bond lengths (Å) and angles (°): Ir1–C11 

2.000(5), Ir1–C22 2.014(5), Ir1–N4 2.147(4), Ir1–N1 2.125(5), Ir1–N3 2.057(4), Ir1–N2 2.054(4); N3–

Ir1–N2 171.7(2), C11–Ir1–N4 174.5(2)s, C22–Ir1–N1 173.2(2). 

FIrPyBiz was structurally authenticated by single-crystal X-ray diffraction 

analysis. The compound crystallizes in the triclinic space group P . The central Ir3+ion 
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is surrounded by two nitrogen and two carbon atoms from two cyclometalated 2-(2,4-

diflurophenyl) pyridine ligands, and two nitrogen atoms from an ancillary ligand 2-

pyridylbenzimidazole, as shown in Figure 4.1.  The coordination polyhedra can be 

best described as distorted octahedral geometry. The dfppy ligands adopt a mutually 

eclipsed configuration with the nitrogen atoms N(2) and N(3) residing at 

the trans locations while the Ir–N distances lie between 2.053(4) and 2.056(4) Å. The 

cyclometalated carbon atoms C(11) and C(22) are mutually cis on the iridium and 

show similar distances of 2.000(5) and 2.014(5) Å. The PyBiz ligand displays slightly 

elongated Ir–N distances of 2.125(4) and 2.147(4) Å vs. those of the trans-orientated 

Ir–N distances of the dfppy ligands. The overall molecular structure is similar to the 

earlier reported iridium(III) complexes.27  

The electrochemical properties of FIrPyBiz were investigated by cyclic 

voltammetry (Figure 4.2 and Table 4.2). The HOMO levels of the complex were 

calculated from the oxidation potentials and the LUMO levels were calculated from 

the reduction potential. As summarized in Table 4.2, the HOMO/LUMO levels of 

FIrPyBiz are −5.59/−2.95 eV. 

Table 4.2. Electrochemical data of FIrPyBiz 

 Eoxd (V) Ered (V) HOMOa (eV) LUMOb (eV) E g, ec
c (V) E g,opt

d (V) 

FIrPyBiz 1.25 −1.38 −5.59 −2.95 2.64 2.60 
aHOMO = −(4.8 − 0.46 + Eoxd) eV. bLUMO = −(4.8 − 0.46 + Ered) eV. cElectrochemical band gap, estimated 

from Eg, ec = ELUMO − EHOMO. dOptical band gap, estimated from the absorption edge. 
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Figure 4.2. Cyclic voltammograms of FIrPyBiz at a scan rate of 100 mVs-1. 

4.4.2. Photophysical Properties 

The UV-vis absorption spectra of the dfppy ligand, PyBiz and the new complex 

FIrPyBiz in dichloromethane at c = 1 × 10−5 M are displayed in Figure 4.3 and the 

pertinent data are summarized in Table 4.3. The major absorption bands of the ligands 

are in the region 235–320 nm. For the complex FIrPyBiz, the absorption peaks 

appearing before 300 nm are assigned to spin-allowed ligand-centered (π → π*) 

transitions. However after coordinating with the Ir3+atom, this band becomes broader 

than that of the free ligands. On the other hand, somewhat weaker bands are observed 

at lower energy after 320 nm, which correspond to electronic excitations to the 

allowed and spin-forbidden metal-to-ligand charge-transfer states (1MLCT 

and 3MLCT, respectively) and LLCT transition. FIrPyBiz exhibits weak emission in 
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soluble organic solvents such as acetone, with low quantum yield in air-equilibrated 

acetone solution (Φsolution < 0.01%) (Table 4.3). On the other hand, bright greenish 

yellow emission is observed in the solid state (Figure 4.4) with a quantum yield of 

7.4% in air at an ambient temperature. Thus, FIrPyBiz exhibits remarkable AIPE 

with Φsolid/Φsolution = 7.4 × 102. 

 

Figure 4.3. Absorption spectra of dfppy, FIrPyBiz and PyBiz in CH2Cl2 solution (c = 1×10-5 M). 

 

Table 4.3. Photophysical data of FIrPyBiz 

 Absorptiona 
  

Emission, 298 K 

 λmax, (nm) (ε, 104 M−1 cm−1) 
  

λmax (nm)b λmax (nm)c ΦPL
d  ΦPL

e  

FIrPyBiz 245 (1.98), 351 (0.80)   508 550 0.01% 7.4% 
aAbsorption spectrum were measured in dichloromethane solution; [M] = 1.0 x 10-5. bEmission spectrum was 

measured in acetone; [M] = 5.0 x 10-5, λexc= 365 nm. cEmission spectrum in solid state, λexc= 365 nm. dSolution 

state  phosphorescence quantum efficiency.  eSolid state phosphorescence quantum efficiency. 
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Figure 4.4. Room temperature emission spectrum of FIrPyBiz in acetone solution (c = 5μM) and in 

solid state (λexc = 365 nm). 

To investigate the AIPE properties of FIrPyBiz, the photoluminescent (PL) 

spectrum of the iridium(III) complex in different ratios of water–acetone mixtures has 

been studied and the results are depicted in Figure 4.5. Since water is a non-solvent of 

FIrPyBiz, the complex aggregates in mixtures at high water ratios. The results 

demonstrated that the complex in pure acetone solvent exhibits a faint emission. 

However, it is interesting to note that the emission intensity of the complex is 

remarkably enhanced (1.28 × 102 fold) when the water fraction exceeds 70%, 

indicating that FIrPyBiz has a significant AIPE effect. The AIPE phenomenon may 

be further attributed to the excimeric interactions between the cyclometalating ligands 

of adjacent complexes, resulting in a switch from the non-emissive 3LX excited state 

to the emissive 3MLLCT transition.5, 28  
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Figure 4.5. Emission spectrum of FIrPyBiz (c = 5μM) in acetone–water mixtures with different water 

fractions (0–90%) at room temperature (λexc = 365 nm). 

A critical account on π–π stacking in metal complexes with aromatic nitrogen-

containing ligands revealed that a near face-to-face π-stacking interaction is a rare 

phenomenon.29 Usually the π-ring planes overlap in an offset or displaced geometry. 

A similar phenomenon has been noticed in the present study after the scrutiny of the 

crystal structure of FIrPyBiz, as depicted in Figure 4.6. The π-ring planes of the 

pyridyl moiety of dfppy and diflurophenyl unit of the adjacent dfppy ligand are 

overlapped in an offset or displaced geometry, with a plane to plane distance of 3.35 

Å. Similar interactions have also been reported elsewhere in blue-green 

phosphorescent iridium(III) complexes.28 Furthermore, the CF⋯π interactions 

between pyridine and difluorophenyl units of dfppy ligands with an interplanar 



196  Chapter 4 

  

separation of 3.38 Å are also observed. In solution, the ancillary ligand PyBiz 

dominates the excited state properties, which switches the photoluminescent decay of 

the dfppy-centered 3MLCT state, leading to a very weak emission in solution. On the 

other hand, in the solid state strong π–π and CF⋯π interactions of dfppy ligands 

elongate the overall π-conjugation degree and reduce the energy level of π* of dfppy. 

As a result, the triplet energy level of the charge transfer state from iridium to the 

interacting dfppy is reduced and the dfppy ligands are involved in the excited state of 

FIrPyBiz in the solid state. Hence, the emission of 3MLLCT based on the interaction 

of dfppy is observed and red shifted significantly (∼40 nm = 1437 cm−1). 

 

Figure 4.6. Crystal structure shows the molecular packing in FIrPyBiz. 
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Figure 4.7. TEM image (a) of aggregates of FIrPyBiz and ED pattern (b) formed in water/acetone 

mixtures with water content of 70%, respectively. 

In order to know more about the morphology of the AIPE sample, the TEM and 

ED measurements have been performed for an aggregated sample (70% H2O + 30% 

acetone containing FIrPyBiz; c = 5 μM) and the results are displayed in Figure 4.7. 

The presence of nano-aggregates in the TEM picture clearly suggests that the 

enhanced emission of FIrPyBiz is due to the formation of aggregates. Moreover, 

these aggregates show only a ring type diffuse halo as observed from the ED pattern, 

indicating the polycrystalline nature of the AIPE sample. 

4.4.3. TNT Detection: Solution State 

The phosphorescent emission response of the nano-aggregates of FIrPyBiz, in an 

acetone–water mixture with 70% water content, against TNT is shown in Figure 4.8.  
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Figure 4.8. Phosphorescence spectra of FIrPyBiz (c = 5μM) in acetone–water (30: 70%) containing 

different amounts of TNT (λexc = 365 nm). 

 

Figure 4.9. Stern – Volmer plots of relative PL intensities (I0/I) versus TNT concentrations. Herein, I0 = 

PL intensity at TNT = 0 μg mL-1 (Ksv = 74,160 L mol-1). 
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It was observed that an addition of 5 μg mL−1 TNT to the solution of FIrPyBiz, 

resulted in 98% quenching of emission. The quenching of emission in FIrPyBiz (70 :

30% H2O–acetone) upon the addition of TNT can also be observed by the naked eye 

(inset of Figure 4.8). The detection limit of FIrPyBiz as a phosphorescent sensor for 

TNT is found to be 9.08 μg mL−1 (Figure 4.9), which is low enough for the detection 

of micromolar concentrations of TNT. This finding demonstrates the utility of 

aggregates of FIrPyBiz in the detection of TNT. In order to understand the excited-

state behaviour of FIrPyBiz in 70% H2O : 30% acetone mixtures, the 

phosphorescence lifetime decay profiles before and after addition of TNT were 

recorded (Figure 4.10). These data of FIrPyBiz (λexc = 375 nm) exhibited a single 

exponential character with a lifetime of 0.62 μs when monitored at 520 nm. Upon the 

addition of TNT, a fast single exponential decay with a time constant of 0.22 μs was 

observed. The decrease in the lifetime can be attributed to the interaction of TNT with 

the FIrPyBiz in the excited state.  

The Stern–Volmer plot (Figure 4.9) for TNT exhibits a nonlinear dependence 

when its concentration is higher than 0.03 mM. A linear Stern–Volmer relationship 

may be observed if either a static or dynamic quenching process is dominant. Thus, in 

the case of higher concentrations of TNT, the two processes may be competitive, 

which results in a nonlinear Stern–Volmer relationship. This could also arise from 

aggregation of the analyte with a chromophore. Trogler and co-workers30 noted 

similar behaviour in the case of sensors for picric acid. The quenching constant is 
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evaluated to be 74 160 L mol−1 for FIrPyBiz, which is higher than many of the 

reported fluorescent sensors (Table 4.4). 

 

Figure 4.10. Lifetime decay profiles of FIrPyBiz (c = 5μM) in acetone–water (30: 70%) containing 

different amounts of TNT (0 to 0.05mM) (λexc = 365 nm). 

Table 4.4. Comparison of present work with previous reports with respect to type of system used, 

stern-volmer constant and phase of experimentation 

Sl. No.  Publication  System KSV (M-1)  Phase  

1  Present work AIPE active phosphorescent 

Iridium(III) complex 

7.4 × 104 Vapor, Solid 

and solution 

2 J. Mater. Chem. 

2011, 21, 9130  

π-Electron rich fluorescent 

aromatic compounds 

1.97 × 104 Solution  

3 J. Mater. Chem. 

2012, 22, 11574  

Fluorescent self-assembled 

monolayer film 

1.47 × 104 Solution  

4 J. Mater. Chem. 

2012, 22, 2908  

Silica anchored fluorescent 

organosilicon polymers 

10 × 103 Solid state  

5 Chem. Commun. 

2012, 48, 4633  

Conjugated polymer 

encapsulated in mesoporous 

silica nanoparticles 

3.73× 103 Solution  
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Figure 4.11. Selectivity graph of FIrPyBiz towards nitroaromatics for 5 μg/mL analyte. 

The quenching of phosphorescent emission with the different compounds 

examined follows the order: TNT ∼ picric acid (PA) > o-nitrotoluene (oNT) ∼ 

nitrobenzene (NB) > 2,4-dinitrotoluene (DNT) > p-nitrotoluene (pNT) > nitromethane 

(NM) > benzoic acid (BA) ∼ toluene (T) > benzoquinone (BQ) (Figure 4.11). 

Negligible change in the emission was observed on addition of NM, BA, T and BQ. It 

is evident from the result that the most electron-deficient aromatic substrates 

generated the greatest quenching. This is consistent with the proposed mechanism in 

which a nitro aromatic analyte acts as a PL quencher as a result of an electron transfer 

event (Figure 4.12). Thus, the higher energy of the LUMO (lowest unoccupied 

molecular orbitals) [−2.95 eV] of FIrPyBiz allows electrons to jump to the lower 

energy of the LUMO of nitroaromatics (TNT = −3.70 eV; DNT = −3.30 eV; NB = 

−3.35 eV).30  
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Figure 4.12. HOMO and LUMO energy levels of FIrPyBiz, TNT, DNT and NB. 

 

Figure 4.13. Change in emission intensity (a) and photographs (b) of FIrPyBiz impregnated paper 

strips on exposing to the vapours of solid TNT (λexc = 365 nm). 
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4.4.4. TNT Detection: Vapor Phase 

The use of FIrPyBiz for the detection of TNT vapors was also studied. A Whatman 

filter paper strips (2.0 cm × 2.0 cm) impregnated with FIrPyBiz (1 × 10−4 M in 

dichloromethane) showed efficient quenching of phosphorescence when exposed to 

saturated TNT vapors. Following exposure for 60 s, 22% quenching was observed in 

the presence of TNT (Figure 4.13), which demonstrates the practical sensitivity and 

applicability of FIrPyBiz for vapors of TNT. A comparison of the response times of 

FIrPyBiz impregnated test strips with vapors of various nitroaromatics have also 

been investigated after exposure for 60 s and the results are depicted in Figure 

4.14. The percentage of quenching of the various nitroaromatics is found to be in the 

order of their respective vapor pressures at 20 °C. 

 

Figure 4.14. Comparison of the phosphorescence quenching efficiency of FIrPyBiz impregnated test 

strips upon exposure to saturated vapors of different nitro aromatic analyte for 60 s (λexc = 365 nm). 
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Figure 4.15. Plot of the emission at 510 nm (% of quenching) of the test strips against concentration of 

added TNT in drinking water (10 μL, 1 × 10−15 − 1 × 10−3 M). 

4.4.5. TNT Detection: Contact Mode 

Efforts have been made to detect the TNT in contact mode by applying small spots 

(10 μL) of different concentrations of TNT solution on to FIrPyBiz impregnated test 

strips. Dark spots of different strengths were formed (Figure 4.15), which shows that 

the regulation of the quenching behaviour of TNT is also practically applicable by 

varying the concentration of TNT, even up to 10−9 M (∼22.7 ng mL−1). The contact-

mode response to TNT by the filter paper strips was also tested by placing TNT 

crystals over the test strips for 10 s, resulting in black spots upon illumination with a 

UV lamp (Figure 4.16). In another experiment, a human thumb (gloved) was rubbed 

with TNT and then all visible TNT particles were brushed off, followed by pressing 
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the thumb against a test strip. The fingerprint of the thumb could be seen as quenched 

luminescence when illuminated with UV light. These images illustrate the utility of 

the FIrPyBiz impregnated test strips for the on-site instant visualization of trace 

residues of TNT present on a specimen. 

 

 

Figure 4.16. Photographs of FIrPyBiz impregnated test strips under different experimental conditions. 

(a) TNT crystal on top under day light (b) TNT crystal on top under UV light. (c) Upon removal of the 

crystals after 10 seconds. (d, e) Thumb impression before after rubbing with TNT crystals, respectively. 

All photographs were taken under 365 nm UV illumination. 

4.5. Conclusions 

 For the first time we have demonstrated a new AIPE-active iridium(III) 

complex as a phosphorescent emission probe for the detection of TNT at a 

nanogram level.  

 Most importantly, by analyzing the influence of molecular packing on the 

photophysical properties of FIrPyBiz, it can be concluded that the formation 

of excimers by π–π stacking of adjacent difluorophenyl and pyridyl rings of 

dfppy ligands plays a key role in the AIPE phenomenon.  
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 However, the detection limit and sensitivity for the detection of TNT using 

AIPE active iridium(III) complex is not attractive compared to the existing 

literature. Better selectivity and lower detection limits can be obtained by 

tuning the LUMO levels of AIPE-active iridium(III) complexes appropriately 

to match the LUMO level of TNT for effective electron transfer to occur. 

4.6. References   

 (1) (a) Chiu, Y. C.; Hung, J. Y.; Chi, Y.; Chen, C. C.; Chang, C. H.; Wu, C. C.; Cheng, 

Y. M.; Yu, Y. C.; Lee, G. H.; Chou, P. T., Adv. Mater. 2009, 21, 2221-2226. (b) 

Xiao, L. X.; Chen, Z. J.; Qu, B.; Luo, J. X.; Kong, S.; Gong, Q. H.; Kido, J. J., Adv. 

Mater. 2011, 23, 926-952. (c) Adachi, C.; Baldo, M. A.; Thompson, M. E.; Forrest, 

S. R., J. Appl. Phys. 2001, 90, 5048-5051. (d) Lamansky, S.; Djurovich, P.; Murphy, 

D.; Abdel-Razzaq, F.; Lee, H. E.; Adachi, C.; Burrows, P. E.; Forrest, S. R.; 

Thompson, M. E., J. Am. Chem. Soc. 2001, 123, 4304-4312. (e) Nazeeruddin, M. 

K.; Humphry-Baker, R.; Berner, D.; Rivier, S.; Zuppiroli, L.; Graetzel, M., J. Am. 

Chem. Soc. 2003, 125, 8790-8797. (f) Baldo, M. A.; Thompson, M. E.; Forrest, S. 

R., Nature 2000, 403, 750-753. (g) Reineke, S.; Lindner, F.; Schwartz, G.; Seidler, 

N.; Walzer, K.; Lussem, B.; Leo, K., Nature 2009, 459, 234-236. (h) Kido, J.; 

Kimura, M.; Nagai, K., Science 1995, 267, 1332-1334. 

 (2) (a) Yang, C. M.; Wu, C. H.; Liao, H. H.; Lai, K. Y.; Cheng, H. P.; Horng, S. F.; 

Meng, H. F.; Shy, J. T., Appl. Phys. Lett. 2007, 90, 133509-133511. (b) Schulz, G. 

L.; Holdcroft, S., Chem. Mater. 2008, 20, 5351-5355. (c) Nazeeruddin, M. K.; 

Gratzel, M., Photofunctional Transition Metals Complexes 2007, 123, 113-175. 

 (3) (a) Chen, Z. Q.; Bian, Z. Q.; Huang, C. H., Adv. Mater. 2010, 22, 1534-1539. (b) You, 

Y.; Nam, W., Chem. Soc. Rev. 2012, 41, 7061-7084. (c) Zhao, Q. A.; Li, F. Y.; 

Huang, C. H., Chem. Soc. Rev. 2010, 39, 3007-3030. (d) Guerchais, V.; Fillaut, J. 



 AIPE-Active Green Phosphorescent Ir3+ Complex for TNT Detection 207
                                                                                                                

 

L., Coord. Chem. Rev. 2011, 255, 2448-2457. (e) Shan, G. G.; Li, H. B.; Sun, H. Z.; 

Zhu, D. X.; Cao, H. T.; Su, Z. M., J.Mater.Chem.C. 2013, 1, 1440-1449. (f) Lou, B.; 

Chen, Z. Q.; Bian, Z. Q.; Huang, C. H., New J. Chem. 2010, 34, 132-136. 

 (4) (a) Zhao, Q.; Huang, C. H.; Li, F. Y., Chem. Soc. Rev. 2011, 40, 2508-2524. (b) Jiang, 

W. L.; Gao, Y.; Sun, Y.; Ding, F.; Xu, Y.; Bian, Z. Q.; Li, F. Y.; Bian, J.; Huang, C. 

H., Inorg. Chem. 2010, 49, 3252-3260. (c) Lo, K. K. W.; Li, S. P. Y.; Zhang, K. Y., 

New J. Chem. 2011, 35, 265-287. (d) Zhao, Q.; Yu, M. X.; Shi, L. X.; Liu, S. J.; Li, 

C. Y.; Shi, M.; Zhou, Z. G.; Huang, C. H.; Li, F. Y., Organometallics 2010, 29, 

1085-1091. (e) Lo, K. K. W., Photophysics of Organometallics 2010, 29, 115-158. 

 (5) (a) Huang, K. W.; Wu, H. Z.; Shi, M.; Li, F. Y.; Yi, T.; Huang, C. H., Chem. 

Commun. 2009, 1243-1245. (b) Zhao, Q.; Li, L.; Li, F. Y.; Yu, M. X.; Liu, Z. P.; Yi, 

T.; Huang, C. H., Chem. Commun. 2008, 685-687. 

 (6) You, Y.; Huh, H. S.; Kim, K. S.; Lee, S. W.; Kim, D.; Park, S. Y., Chem. Commun. 

2008, 3998-4000. 

 (7) (a) Zhao, N.; Wu, Y. H.; Luo, J.; Shi, L. X.; Chen, Z. N., Analyst 2013, 138, 894-900. 

(b) Wu, H. Z.; Yang, T. S.; Zhao, Q. A.; Zhou, J.; Li, C. Y.; Li, F. Y., Dalton Trans. 

2011, 40, 1969-1976. (c) Liu, S. J.; Sun, H. B.; Ma, Y.; Ye, S. H.; Liu, X. M.; Zhou, 

X. H.; Mou, X.; Wang, L. H.; Zhao, Q.; Huang, W., J. Mater. Chem. 2012, 22, 

22167-22173. 

 (8) (a) Zhao, Z. J.; Chang, Z. F.; He, B. R.; Chen, B.; Deng, C. M.; Lu, P.; Qiu, H. Y.; 

Tang, B. Z., Chem. Eur. J 2013, 19, 11512-11517. (b) Hong, Y. N.; Lam, J. W. Y.; 

Tang, B. Z., Chem. Commun. 2009, 4332-4353. (c) Zhou, J.; Chang, Z. F.; Jiang, Y. 

B.; He, B. R.; Du, M.; Lu, P.; Hong, Y. N.; Kwok, H. S.; Qin, A. J.; Qiu, H. Y.; 

Zhao, Z. J.; Tang, B. Z., Chem. Commun. 2013, 49, 2491-2493. (d) Hong, Y. N.; 

Lam, J. W. Y.; Tang, B. Z., Chem. Soc. Rev. 2011, 40, 5361-5388. (e) Zhou, J.; He, 

B. R.; Chen, B.; Lu, P.; Sung, H. H. Y.; Williams, I. D.; Qin, A. J.; Qiu, H. Y.; 

Zhao, Z. J.; Tang, B. Z., Dyes. Pigm. 2013, 99, 520-525. 



208  Chapter 4 

  

 (9) (a) Luo, X. L.; Li, J. N.; Li, C. H.; Heng, L. P.; Dong, Y. Q.; Liu, Z. P.; Bo, Z. S.; 

Tang, B. Z., Adv. Mater. 2011, 23, 3261-+. (b) Zhao, Z. J.; Lam, J. W. Y.; Chan, C. 

Y. K.; Chen, S. M.; Liu, J. Z.; Lu, P.; Rodriguez, M.; Maldonado, J. L.; Ramos-

Ortiz, G.; Sung, H. H. Y.; Williams, I. D.; Su, H. M.; Wong, K. S.; Ma, Y. G.; 

Kwok, H. S.; Qiu, H. Y.; Tang, B. Z., Adv. Mater. 2011, 23, 5430-+. (c) Liu, J. Z.; 

Su, H. M.; Meng, L. M.; Zhao, Y. H.; Deng, C. M.; Ng, J. C. Y.; Lu, P.; Faisal, M.; 

Lam, J. W. Y.; Huang, X. H.; Wu, H. K.; Wong, K. S.; Tang, B. Z., Chem. Sci. 

2012, 3, 2737-2747. (d) Shi, J. Q.; Chang, N.; Li, C. H.; Mei, J.; Deng, C. M.; Luo, 

X. L.; Liu, Z. P.; Bo, Z. S.; Dong, Y. Q.; Tang, B. Z., Chem. Commun. 2012, 48, 

10675-10677. (e) Zhao, Z. J.; Lam, J. W. Y.; Tang, B. Z., Curr. Org. Chem. 2010, 

14, 2109-2132. (f) Li, Z.; Dong, Y.; Mi, B. X.; Tang, Y. H.; Haussler, M.; Tong, H.; 

Dong, Y. P.; Lam, J. W. Y.; Ren, Y.; Sung, H. H. Y.; Wong, K. S.; Gao, P.; 

Williams, I. D.; Kwok, H. S.; Tang, B. Z., J. Phys. Chem. B 2005, 109, 10061-

10066. (g) Gao, X.; Peng, Q.; Niu, Y. L.; Wang, D.; Shuai, Z. G., Phys. Chem. 

Chem. Phys. 2012, 14, 14207-14216. 

 (10) (a) Kartha, K. K.; Babu, S. S.; Srinivasan, S.; Ajayaghosh, A., J. Am. Chem. Soc. 

2012, 134, 4834-4841. (b) Kumar, M.; Vij, V.; Bhalla, V., Langmuir 2012, 28, 

12417-12421. (c) Fainberg, A., Science 1992, 255, 1531-1537. 

 (11) Pushkarsky, M. B.; Dunayevskiy, I. G.; Prasanna, M.; Tsekoun, A. G.; Go, R.; Patel, 

C. K. N., Proc. Nat. Acd. Sci. USA 2006, 103, 19630-19634. 

 (12) (a) Goldman, E. R.; Medintz, I. L.; Whitley, J. L.; Hayhurst, A.; Clapp, A. R.; 

Uyeda, H. T.; Deschamps, J. R.; Lassman, M. E.; Mattoussi, H., J. Am. Chem. Soc. 

2005, 127, 6744-6751. (b) Zhang, K.; Zhou, H. B.; Mei, Q. S.; Wang, S. H.; Guan, 

G. J.; Liu, R. Y.; Zhang, J.; Zhang, Z. P., J. Am. Chem. Soc. 2011, 133, 8424-8427. 

 (13) Qu, W. G.; Deng, B.; Zhong, S. L.; Shi, H. Y.; Wang, S. S.; Xu, A. W., Chem. 

Commun. 2011, 47, 1237-1239. 



 AIPE-Active Green Phosphorescent Ir3+ Complex for TNT Detection 209
                                                                                                                

 

 (14) (a) Mathew, A.; Sajanlal, P. R.; Pradeep, T., Angew. Chem. Int. Ed. 2012, 51, 9596-

9600. (b) Yang, L. B.; Chen, G. Y.; Wang, J.; Wang, T. T.; Li, M. Q.; Liu, J. H., J. 

Mater. Chem. 2009, 19, 6849-6856. 

 (15) (a) Wang, X. H.; Guo, Y. Z.; Li, D.; Chen, H.; Sun, R. C., Chem. Commun. 2012, 48, 

5569-5571. (b) Sanchez, J. C.; Trogler, W. C., J. Mater. Chem. 2008, 18, 3143-

3156. (c) Shanmugaraju, S.; Joshi, S. A.; Mukherjee, P. S., J. Mater. Chem. 2011, 

21, 9130-9138. (d) Yang, J. S.; Swager, T. M., J. Am. Chem. Soc. 1998, 120, 11864-

11873. 

 (16) Zhang, Y. L.; Xia, J.; Feng, X.; Tong, B.; Shi, J. B.; Zhi, J. G.; Dong, Y. P.; Wei, Y., 

Sens. Actuators, B 2012, 161, 587-593. 

 (17) Vijayakumar, C.; Tobin, G.; Schmitt, W.; Kim, M. J.; Takeuchi, M., Chem. 

Commun. 2010, 46, 874-876. 

 (18) You, Y. M.; Park, S. Y., J. Am. Chem. Soc. 2005, 127, 12438-12439. 

 (19) Dorey, R. C.; Carper, W. R., J. Chem. Eng. Data 1984, 29, 93-97. 

 (20) J. C. de Mello; H. F. Wittmann; Friend, R. H., Adv. Mater. 1997, 9, 230-232. 

 (21) Liu, Y.; Liu, M. S.; Jen, A. K. Y., Acta Polym. 1999, 50, 105-108. 

 (22) SMART (version 5.628); SAINT (version 6.45a); XPREP; SHELXTL, Madison, WI, . 

Bruker AXS Inc.: 2004. 

 (23) Sheldrick, G. M., Siemens Area Correction Absorption Correction Program. 

University of Gottingen: Gottingen, Germany, 1994. 

 (24) Sheldrick, G. M., SHELXL-97 Program for Crystal Structure Solution and 

Refinement. University of Gottingen:: Gottingen, Germany, 1997. 

 (25) Vandersluis, P.; Spek, A. L., Acta Crystallogr. Sect. A 1990, 46, 194-201. 



210  Chapter 4 

  

 (26) Farrugia, J. L., J. App. Crystallogr 1999, 32, 837−838. 

 (27) (a) Song, Y. H.; Yeh, S. J.; Chen, C. T.; Chi, Y.; Liu, C. S.; Yu, J. K.; Hu, Y. H.; 

Chou, P. T.; Peng, S. M.; Lee, G. H., Adv. Funct. Mater. 2004, 14, 1221-1226. (b) 

Orselli, E.; Kottas, G. S.; Konradsson, A. E.; Coppo, P.; Frohlich, R.; Frtshlich, R.; 

De Cola, L.; van Dijken, A.; Buchel, M.; Borner, H., Inorg. Chem. 2007, 46, 11082-

11093. (c) Orselli, E.; Albuquerque, R. Q.; Fransen, P. M.; Frohlich, R.; Janssen, H. 

M.; De Cola, L., J. Mater. Chem. 2008, 18, 4579-4590. 

 (28) Zhu, Y. C.; Zhou, L.; Li, H. Y.; Xu, Q. L.; Teng, M. Y.; Zheng, Y. X.; Zuo, J. L.; 

Zhang, H. J.; You, X. Z., Adv. Mater. 2011, 23, 4041-4046. 

 (29) Janiak, C., J. Chem. Soc., Dalton Trans. 2000, 3885–3896. 

 (30) Sohn, H.; Sailor, M. J.; Magde, D.; Trogler, W. C., J. Am. Chem. Soc. 2003, 125, 

3821-3830. 

 

 



 

Papers Presented at Conferences                                                                                          211 

 

 

Papers Presented at Conferences  

1. AIPE-Active Green Phosphorescent Iridium(III) Complex Impregnated Test Strips for 

the Vapor-Phase Detection of 2,4,6-Trinitrotoluene (TNT). K. S. Bejoymohandas, M. V. 

Lucky, P. K Thejus, Alikunhi, T. M. George, S. Bhattacharya, S. Natarajan & M. L. P. 

Reddy.  
 

Presented a poster at the International Conference on Advanced Functional Material 

(ICAFM) organized by CSIR-NIIST, Thiruvananthapuram, India during February 19-21, 

2014. 

 

2. AIPE-Active Green Phosphorescent Iridium(III) Complex Impregnated Test Strips for 

the Vapor-Phase Detection of 2,4,6-Trinitrotoluene (TNT). K. S. Bejoymohandas, T. M. 

George, & M. L. P. Reddy.  
 

Presented a poster in the Indian Society of Analytical Scientists conference (ISAS 2014; 

Theme - Advanced Technologies for Material Processing and Diagnostics) held at Kochi. 

Kerala during September 18-21, 2014. (Best poster award). 

 

3. Photophysical Properties of Bis(2′,6′-difluoro-2,3′-bipyridinato-N,C4′) 

iridium(picolinate) Complexes: Effect of Electron-withdrawing and Electron-donating 

group Substituent at the 4ʹ Position on the Pyridyl moiety of the Cyclometalated Ligand. 

K. S. Bejoymohandas, M. V. Lucky, P. K. Thejus, M. Alikunhi, S. Varughese, E. 

Varathan, V. Subramanian & M. L. P. Reddy. 
 

Presented a poster at the 8th Asian Photochemistry Conference (APC-2014) organized 

jointly by IISER and CSIR-NIIST, held from November 10-13, 2014 at 

Thiruvananthapuram. 

 

4. Inorganic Oxides Displaying Intense Orange Color with Impressive Solar Reflectance 

Based on Mn4+ in Octahedral Geometry in Y2Ti2O7. K. S. Bejoymohandas, Sheethu Jose 

& M. L. P. Reddy.  
 

Presented a poster at the International Conference on Science, Technology and 

Applications of Rare earths (ICSTAR 2015) organized by Rare Earths Association of 

India (REAI) held at Thiruvananthapuram during April 23-25, 2015. 

 

5. Photophysical and Electroluminescent Properties of Bis(2′,6′-difluoro-2,3′-bipyridinato-

N,C4′)iridium(picolinate) Complexes: Effect Of Electron-Withdrawing and Electron-

Donating Group Substituent at the 4ʹ Position on the  Pyridyl Moiety of the 



 

212                                                                                         Papers Presented at Conferences    

 

  

Cyclometalated Ligand. K. S. Bejoymohandas,  Arunandan Kumar,
 S. Varughese, E. 

Varathan, V. Subramanian & M. L. P. Reddy. 

 

Presented a poster at the National Conference on Analytical Science for Technological 

Excellence and Environmental Sustainability organized by the Indian Society of 

Analytical Scientists, held in Munnar, Kerala, India during September 24-26, 2015.  

 

6. Photophysical and Electroluminescent Properties of Bis(2′,6′-difluoro-2,3′-bipyridinato-

N,C4′)iridium(picolinate) Complexes: Effect Of Electron-Withdrawing and Electron-

Donating Group Substituent at the 4ʹ Position on the  Pyridyl Moiety of the 

Cyclometalated Ligand. K. S. Bejoymohandas, Ajay Kumar,
 S. Sreenadh, S. Varughese 

& M. L. P. Reddy. 
 

Presented a paper at the poster session in the International Symposium on Photonic 

Applications and Nanomaterials (ISPAN-2015) during 28-30 October 2015 organized by 

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Thiruvananthapuram.  

 

 

 



 

Publications 213 

 

List of Publications 

From the thesis 

1. AIPE-active green phosphorescent iridium(III) complex impregnated test strips for 

the vapor phase detection of 2,4,6-trinitrotoluene (TNT); K. S. Bejoymohandas, 

T. M. George, S. Bhattacharya, S. Natarajan and M. L. P. Reddy. 

Journal of Materials Chemistry C, 2014, 2, 515–523. 

2. Photophysical and electroluminescence properties of bis(2',6'-difluoro-2,3'-

bipyridinato-,C4')iridium-(picolinate) complexes: effect of electron-withdrawing 

and electron-donating group substituents at the 4' position of the pyridyl moiety of 

the cyclometalated ligand; K. S. Bejoymohandas, Arunandan Kumar, S. 

Varughese, E. Varathan, V. Subramanian and M. L. P. Reddy.  

Journal of Materials Chemistry C, 2015, 3, 7405–7420.  

3. Highly Selective Chemosensor for Cyanide Derived from Formyl Functionalized 

Phosphorescent Iridium(III) Complex; K. S. Bejoymohandas, Ajay Kumar, S. 

Sreenadh, E. Varathan, S. Varughese, V. Subramanian, and M. L. P. Reddy.  

ACS Inorganic Chemistry, 2016, 55, 3448−3461.  

4. Evolution of 2, 3′−bipyridine class of cyclometalating ligands as efficient 

phosphorescent iridium(III) emitters for applications in organic light emitting 

diodes; M. L. P. Reddy, K. S. Bejoymohandas.  

Journal of Photochemistry and Photobiology, C: Photochemistry Reviews, 2016, 

29, 29−47.  

Out of the thesis 

5. Amending the anisotropy barrier and luminescence behavior of heterometallic 

trinuclear linear [MII-LnIII-MII] (LnIII=Gd, Tb, Dy; MII=Mg/Zn) complexes by 

change from divalent paramagnetic to diamagnetic metal ions; Sourav Das, K. S. 

Bejoymohandas, Atanu Dey, Sourav Biswas, M. L. P. Reddy, Roser Morales, 

Eliseo Ruiz, Silvia Titos-Padilla, Enrique Colacio, and Vadapalli Chandrasekhar.  

Chemistry A European Journal. 2015, 21, 1 – 17. 

 


	1 Cover page
	2 Dedication
	3 Declaration
	4 Certificate
	5 Acknowledge
	6 Contents
	7 List of schemes
	8 newList of figures
	9 List of tables
	10 Abreviations
	11 Preface
	Chapter 1_New Bejoy_ Intro
	Chapter 2 _Bejoy_tuning
	Chapter 3_Bejoy_CN sensing
	Chapter 4 TNT detection
	Papers Presented at Conference
	PublicationsNew

