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Emission energy of azole-based ionic iridium(III) 

complexes: A theoretical study 

Paula Pla,a José M. Junquera-Hernández,a Henk J. Bolinka and Enrique Ortí*a 

A theoretical density functional theory study has been performed on different families of 

cationic cyclometallated Ir(III) complexes with general formula [Ir(C^N)2(N^N)]+ and azole-

based ligands. The goal was to investigate the effect that the number and position of the 

nitrogen atoms of the azole ring have on the electronic structure and emission wavelength of 

the complex. The increase in the number of nitrogen atoms changes the relative energy of the 

HOMO and LUMO levels and leads to a gradual shift in the emission wavelength that can be 

larger than 100 nm. The direction of the shift however depends on the ligand in which the 

azole ring is introduced. The emission shifts to bluer wavelengths when the azole forms part of 

the cyclometallating C^N ligands, whereas it shifts to the red when the 5-membered ring is 

incorporated in the ancillary N^N ligand. The position of the nitrogen atoms in the azole ring 

also plays an important role in determining the emission energy. Complexes with phenyl-azole 

C^N ligands bearing a nitrogen in the azole position to which the phenyl is linked show a 

markedly blue-shifted emission compared to complexes with the same number of nitrogen 

atoms in the azole ring and bearing a carbon atom in that position. Therefore, when comparing 

the emission properties of azole-based [Ir(C^N)2(N^N)]+ complexes, not only the number of 

nitrogen atoms of the azole but also their position in the ring and the ligand where the azole 

ring is incorporated should be taken into account. 

 

Introduction 

Light-emitting electrochemical cells (LECs) have been widely 
studied in the last years as promising, low-cost luminescent 
devices.1,2 Although the design of LECs is similar to that of 
organic light-emitting diodes (OLEDs), they present a simpler 
structure consisting usually in a single layer of an organic 
semiconductor processed from solution placed between two 
electrodes. In addition, and in contrast to OLEDs, LECs are not 
sensitive to the work function of the electrodes, and thus they 
do not require the use of low work function cathodes that oblige 
rigorous encapsulation to prevent degradation.3,4,5 

Ionic transition-metal complexes (iTMCs) are frequently 
used as the electroactive species in LECs due to their 
conducting and photoluminescent properties.6,7 On the one 
hand, iTMCs are responsible of the charge injection and charge 
transport processes. The presence of a high concentration of 
mobile ions in the active layer, able to migrate towards the 
electrodes when a bias is applied, lowers the injection barriers 
and allows for a very efficient hole and electron injection.8,9,10 
On the other hand, iTMCs allow for a fine tuning of the 
emission wavelength by simply modifying the chemical 
structure of the ligands employed (see ref. 6 and 11 for detailed 
reports on the many iTMCs studied during the last years). An 
additional advantage of these materials is the high 
phosphorescence efficiency they present due to the high spin-
orbit coupling induced by the presence of the transition metal. 

Within the different phosphorescent iTMCs, 
cyclometallated iridium(III) complexes are widely employed in 
LECs because of their thermal stability and the relatively short 
lifetime of their excited states. Heteroleptic complexes with 
[Ir(C^N)2(N^N)]+ structure, where C^N is a cyclometallating 
anionic ligand and N^N an ancillary diimine ligand, are the 
most promising candidates for the production of stable and long 
lifetime LECs.6,12,13,14 

Emission color tuning is achieved by modifying the relative 
energies of the frontier molecular orbitals, and thus the energy 
of the emitting excited states. In the [Ir(C^N)2(N^N)]+ 
complexes, the highest-occupied molecular orbital (HOMO) is 
predominantly located on the cyclometallating C^N ligands, 
whereas the lowest-unoccupied molecular orbital (LUMO) is 
usually centered on the ancillary N^N ligand, as long as it 
possesses low-lying π* orbitals, as is very often the case.6 As a 
consequence, changes in the structure of the cyclometallating 
ligands mainly alter the HOMO energy, whereas modifications 
on the ancillary ligand affect the energy of the LUMO. 

One of the main interests in the field of electroluminescent 
devices is to find complexes with emission wavelengths in the 
blue region of the spectrum, as they are combined with red and 
green emitting complexes to obtain white-light emitting 
devices.15,16,17,18,19,20,21,22,23,24 A simple way to blue-shift the 
emission wavelength in iTMCs is to increase the 
HOMO−LUMO gap by modifying the structure of the 
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cyclometallating ligand to stabilize the HOMO. This can be 
achieved by introducing electron-withdrawing groups, for 
example fluorines,25 or by reducing the ring size of the aromatic 
N-heterocycle. This second approach presents the advantage of 
not requiring the formation of C(sp2)−F bonds, which are very 
reactive, and can afford instability when the complex is used in 
LECs.21,26,27,28 

Concerning the second approach, several examples of Ir(III) 
complexes with cyclometallating ligands including 5-
membered nitrogen-containing rings have been reported, 
particularly 1-aryl-1,2-pyrazoles,16,29,30,31,32 and phenyl-
imidazoles.33 Some aryl-triazoles have also been reported (5-
aryl-1,2,4-triazoles,34 and aryl-1,2,3-triazoles.35,36,37,38,39,40) and 
a few aryl-tetrazoles.41 However, the experimental values 
recorded for the emission wavelengths of these complexes do 
not completely fit the expected trend that the emission energy 
increases with the number of nitrogen atoms. Taking the 
archetype complex [Ir(ppy)2(bpy)]+ (Hppy = 2-phenylpyridine, 
bpy = 2,2’-bipyridine) with emission maximum (λmax) at 585 
nm as a reference,12 the analogous pyrazole complex 
[Ir(ppz)2(bpy)]+ (Hppz = 1-phenyl-1,2-pyrazole) shows a 
significant blue shift with λmax = 563 nm.29 In contrast, the 
triazole complex [Ir(phtl)2(bpy)]+ (Hphtl = 4-phenyl-1-benzyl-
1,2,3-triazole), featuring a λmax of 580 nm,36 is less shifted to 
the blue than the pyrazole complex, in spite of the higher 
number of nitrogen atoms that involves the azole ring. The 
tetrazole complex [Ir(ptrz)2(bpy)]+ (Hptrz = 2-methyl-5-phenyl-
2H-tetrazole) exhibits a largely blue-shifted emission with λmax 
of 545 nm.41 These experimental results seem to indicate that 
an increase of the number of nitrogen atoms in the 5-membered 
heterocycle does not warrant an increase of the emission energy 
of the complex, although one might expect that the presence of 
electron-rich nitrogen atoms in the C^N ligands should 
proportionally enhance the ligand field splitting of Ir(d) 
orbitals. 

In this work, we investigate the electronic properties of 
[Ir(C^N)2(N^N)]+ complexes incorporating azole rings in the 
C^N and N^N ligands with the aid of quantum-chemistry 
calculations. The main goal of the study is to systematize the 
effect that the number of nitrogen atoms forming the azole ring 
has on the emission properties. To do so, both the energy and 
topology of the frontier molecular orbitals (HOMOs and 
LUMOs) and the nature and relative energy of the lowest-lying 
triplet electronic states of the complexes are analyzed, and the 
results are compared with those of the reference complex 
[Ir(ppy)2(bpy)]+ (1). The complexes included in the first part of 
the study are those depicted in Chart 1, which include an 
increasing number of nitrogen atoms in the five-membered ring 
of the C^N ligand. Complexes with 2, 3 and 4 nitrogen atoms in 
the azole ring are denoted as a, b and c, respectively. To 
investigate the relevance of the azole position in which the 
nitrogen atoms are placed, the electronic properties obtained for 
the series of complexes 2a-c are compared with those 
calculated for complexes 3a-c. The main difference between 
these two families is the nature of the atom to which the phenyl 
substituent is linked: a nitrogen atom for 2a-c and a carbon 
atom for 3a-c. The effect of adding nitrogen atoms in the 
ancillary N^N ligand is studied in the second part of the study 
by calculating the electronic properties of complexes 4a-c, for 
which an azole-based N^N ligand is used in combination with 
ppy− as the C^N ligand (Chart 2). 

Due to the differences in the structure of the ligands and the 
number of nitrogen atoms, the numbering of the positions in the 
five-membered azole ring changes between complexes. To 

simplify the discussion, a fixed numbering, starting from the 
coordinated nitrogen atom, is assigned to each position of the 
five-membered ring as indicated in Scheme 1. 

 

Chart 1  Ionic Ir(III) complexes with an increasing number of nitrogen atoms in 

the phenyl-azole cyclometallating C^N ligand. 

 
Chart 2  Ionic Ir(III) complexes with an increasing number of nitrogen atoms in the 

pyridine-azole ancillary N^N ligand. 

 
Scheme 1  Labelling used to design the positions of the five-membered ring in 

phenyl-azole (X = C) cyclometallating and pyridine-azole (X = N) ancillary ligands. 

 

Computational Details 

Density functional calculations (DFT) were carried out with the 
D.01 revision of the Gaussian 09 program package42 using 
Becke's three-parameter B3LYP exchange-correlation 
functional43,44 together with the 6-31G** basis set for C, H and 
N,45 and the “double-ζ“ quality LANL2DZ basis set for the Ir 
element.46 An effective core potential (ECP) replaces the inner 
core electrons of Ir leaving the outer core [(5s)2(5p)6] electrons 
and the (5d)6 valence electrons of the Ir(III). The geometries of 
the singlet ground state and of the lowest-energy triplet state 
were fully optimized for all complexes without imposing any 
symmetry restriction. The geometries of the triplet states were 
calculated using the spin unrestricted UB3LYP approach with a 
spin multiplicity of 3. The expectation values calculated for S2 
were always smaller than 2.05. All the calculations were 
performed in the presence of the solvent (acetonitrile). Solvent 
effects were considered within the self-consistent reaction field 
(SCRF) theory using the polarized continuum model 
(PCM)47,48,49 approach. Phosphorescent emission energies were 
estimated as the vertical energy difference between T1 and S0 at 
the optimized minimum-energy geometry of T1. The calculation 
of the energy of S0 at the T1 geometry was performed as an 
equilibrium single-point calculation with respect to the solvent 
reaction field/solute electronic density polarization process.. 
Time-dependent DFT (TD-DFT) calculations of the lowest-
lying 20 triplets were performed in the presence of the solvent 
at the minimum-energy geometry optimized for the ground 
state. 
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Results and discussion 

Adding nitrogen atoms to the cyclometallating ligands 

The molecular and electronic structures of the complexes 
depicted in Chart 1 were investigated by a combined DFT/TD-
DFT study at the B3LYP/(6-31G**+LANL2DZ) level in the 
presence of the solvent. The geometry of the complexes in their 
electronic ground state (S0) was first optimized. Previous 
theoretical studies on similar systems have shown that the 
B3LYP/(6-31G**+LANL2DZ) approach reproduce accurately 
the experimental X-ray geometries slightly overestimating the 
Ir(III) coordination distances.12,41,50 The calculations performed 
on complexes 1, 2 and 3 show that, in all cases, both the 
cyclometallating and the ancillary ligands are close to planar 
(the angle between the planes of the two rings being around 1º) 
and define a near-octahedral coordination for the Ir metal as is 
usually observed for this type of complexes.12,32,41,51,52 The bite 
angle formed by the phenyl-azole C^N ligands in complexes 2 
and 3 is always around 80º, and is similar to that defined by the 
ppy ligand in 1 (81º). 

Fig. 1 shows the energy and the electron density contours 
calculated for the HOMO and LUMO of complexes 2a-c and 
includes complex 1 as a reference system. The atomic orbital 
composition of the frontier MOs is very similar for all the 
complexes, and fits the expected behavior for this kind of 
compounds. The HOMO is mainly composed of a mixture of 
Ir(III) dπ orbitals and phenyl π orbitals of the cyclometallating 
ligands, with no contribution from orbitals of the ancillary 
ligand. In contrast, the LUMO corresponds to the π* LUMO of 
the bipyridine ligand with a very small contribution from the 
metal, and show no participation of the main ligands. 
Compared to 1, the substitution of the pyridine ring in the C^N 
ligands by an azole leads to a stabilization of the HOMO, which 
decreases in energy gradually as the number of nitrogen atoms 
in the azole ring increases. The stabilization of the HOMO 
amounts to 0.65 eV in passing from 1 to 2c. The energy of the 
LUMO also experiences a slight stabilization, decreasing in 
0.12 eV from 1 to 2c. The higher stabilization effect predicted 
for the HOMO is an expected result, because this orbital mostly 
resides on the C^N ligands and the structural differences in the 
2a-c series rely on these ligands. An increase in the 
HOMO−LUMO gap is therefore computed along the series 1 
(3.22 eV) < 2a (3.31 eV) < 2b (3.59 eV) < 2c (3.75 eV). This 
trend suggests that the excited state originating in the 
HOMO−LUMO excitation will appear at higher energies as the 
number of nitrogen atoms in the azole ring increases in the 2a-c 
series. 

 
Fig. 1  Schematic representation showing the isovalue contours (±0.03 a.u.) and 

the energies calculated for the frontier molecular orbitals of complexes 1 and 2a-

c. Hydrogen atoms are omitted. 

To investigate the nature of the lowest-energy triplet excited 
states, a TD-DFT study was performed for each complex at the 
optimized geometry of S0. Table 1 summarizes the excitation 
energy and the electronic description computed for the first 
triplet states of 1 and 2a-c. For all the four systems, the lowest-
lying triplet (T1) mainly results from the HOMO → LUMO 
excitation and therefore implies a charge transfer from the 
metal and the cyclometallating ligands environment, where the 
HOMO is located, to the ancillary ligand, where the LUMO 
resides (see Fig. 1). The T1 state therefore shows a mixed 
metal-to-ligand/ligand-to-ligand charge transfer (MLCT/LLCT) 
character. For 2c, T1 shows a larger multiconfigurational 
character at the TD-DFT level due to its proximity to higher 
excited states, and the HOMO → LUMO excitation only 
represents the 41% of the wave function. Nevertheless, the 
MLCT/LLCT character of T1 is also confirmed for 2c as 
discussed below. The energy of T1 increases gradually in 
passing from 1 (2.50 eV) to 2c (3.04 eV), in good agreement 
with the trend calculated for the HOMO−LUMO gap. It is of 
interest to compare this evolution with that calculated for the 
first ligand-centered (LC) triplet state located on the ancillary 
bpy ligand (T4 for 1 and T2 for 2a-c, Table 1). The energy of 
this state remains mostly constant (2.96 to 3.05 eV) because it 
mainly implies MOs that involve the ancillary ligand, and it 
becomes mostly degenerate with the MLCT/LLCT T1 state for 
complex 2c. 

Table 1 Lowest triplet excited states calculated at the TD-DFT B3LYP/(6-
31G**+LANL2DZ) level for complexes 1 and 2a-c in acetonitrile solution. 
Vertical excitation energies (E), dominant monoexcitations with 
contributions (within parentheses) greater than 20% and description of the 
excited state are summarized. H and L denote HOMO and LUMO, 
respectively.  

Complex State E (eV) Monoexcitations Description 

1 T1 2.50 H → L (98) 3MLCT/3LLCT 

 T2 2.77 H → L+1 (66) 3LC/3MLCT 

 T3 2.81 H → L+2 (54) 

H–1 → L+1 (26) 

3LC/3MLCT 
3LC/3MLCT 

 T4 2.96 H–2 → L (36) 

H–6 → L (34) 

3MLCT/3LLCT 
3LCa 

2a T1 2.60 H → L (98) 3MLCT/3LLCT 
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 T2 2.95 H–2 → L (52) 

H–6 → L (34) 

3MLCT/3LLCT 
3LCa 

2b T1 2.88 H → L (98) 3MLCT/3LLCT 

 T2 3.03 H–6 → L (55) 

H–2 → L (20) 

3LCa 
3MLCT/3LLCT 

2c T1 3.04 H → L (41) 

H → L+1 (34) 

3MLCT/3LLCT 
3LC 

 T2 3.05 H–4 → L (41) 

H–6 → L (32) 

3LC/3MLCT 
3LCa 

a The H–6 → L monoexcitation corresponds to a π→π* transition fully 
centered on the ancillary N^N ligand. 

The MLCT/LLCT nature and low energy of the HOMO → 
LUMO T1 triplet suggest that it very likely corresponds to the 
state from which phosphorescent emission takes place. The 
great contribution of the metal to this state induces a relevant 
spin-orbit coupling that allows the otherwise spin-forbidden 
transition to S0. A significant blue-shift of the emission 
wavelength is therefore to be expected along the series 1, 2a, 
2b and 2c.  

To get additional information about the emitting state, the 
geometry of the lowest-energy triplet excited state T1 was fully 
optimized using the spin-unrestricted UB3LYP approach. The 
phosphorescent emission energy was then estimated as the 
vertical energy difference between T1 and S0 at the optimized 
minimum-energy geometry of T1 (Eem in Fig. 2). The results 
obtained are summarized in Fig. 2, together with the unpaired-
electron spin density distributions calculated for the lowest-
energy triplet of complexes 1 and 2a-c. The spin density 
distribution presents the same shape for the four complexes (Ir 
~ 0.5e, C^N ligands ~ 0.5e, N^N ligand ~ 1.0e) and perfectly 
matches the topology of the HOMO → LUMO excitation. It 
confirms the electron transfer from the Ir(C^N)2 environment to 
the ancillary ligand and, therefore, the 3MLCT/3LLCT character 
of the T1 state. The values calculated for Eem predict a gradual 
blue shift along the series 1 (2.07 eV) < 2a (2.15 eV) < 2b (2.42 
eV) < 2c (2.57), in good agreement with the evolution of the 
HOMO−LUMO gap and the TD-DFT excitation energies 
discussed above. The Eem values are in good correlation with 
the available λem experimental data (Fig. 2), which gives 
support to the reliability of the theoretical results. 

 
Fig. 2  a) Schematic energy diagram showing the adiabatic energy difference (∆E) 

between S0 and T1 and the emission energy (Eem) from T1 computed for 

complexes 1, 2a, 2b and 2c. Experimental λem values at 298 K are given within 

parentheses for 1
12

 and 2a.
29

 b) Unpaired-electron spin density contours (0.002 

au) calculated for the fully relaxed T1 state. 

According to the theoretical results, complexes 2a, 2b and 
2c therefore behave following chemical intuition in the sense 
that as the number of nitrogen atoms in the azole ring increases 
the HOMO−LUMO gap enlarges and the emission energy 
gradually shifts to the blue. However, this trend does not 
explain the anomalous behavior observed experimentally for 
the triazole complex [Ir(phtl)2(bpy)]+ that remains unsettled. As 
discussed above, the emission of [Ir(phtl)2(bpy)]+ (580 nm)36 is 
red-shifted compared to the pyrazole complex 2a (563 nm),29 
and is far from that predicted here for the triazole complex 2b 
(512 nm). Let us point that there is a significant difference 
between the [Ir(phtl)2(bpy)]+ complex and 2b: in the former, the 
position linking the azole ring to the phenyl substituent 
(position 2 in Scheme 1) is occupied by a carbon atom, whereas 
this position is occupied by a nitrogen atom in 2b. To 
disentangle the relevance of this structural difference, a 
comparative study was performed on complexes 3a-c, which 
mainly differ from 2a-c in that position 2 of the azole is 
occupied by a carbon atom instead of a nitrogen atom (see 
Chart 1). 

Fig. 3 displays the frontier MOs calculated at the optimized 
minimum-energy geometry of S0 for complexes 3a-c, together 
with those of the reference complex 1. The topology of the 
MOs is identical to that of 2a-c (Fig. 1), but the HOMO appears 
~0.4 eV higher in energy than in complexes 2a-c with the same 
number of nitrogen atoms in the azole ring. The LUMO is also 
destabilized but in a smaller amount (~0.10 eV) because it 
mainly resides on the ancillary ligand where no structural 
change is made. For 3a the energy of both MOs is indeed above 
the corresponding MOs of the reference complex. This result 
indicates that the energy stabilization produced by the inclusion 
of a second nitrogen atom in the five-membered ring of the 
C^N ligand, in a position other than that linking the azole to the 
phenyl ring, is not compensating the destabilization induced by 
the reduction of the ring size. This effect is more important in 
the HOMO due to the higher contribution of the main ligands 
where the structural modification is performed. As a 
consequence, 3a presents a HOMO−LUMO gap (3.02 eV) 
smaller than those calculated for 1 (3.22 eV) and 2a (3.31 eV). 

The inclusion of additional nitrogen atoms in the azole ring 
has the same effect reported for the 2a-c series, and the 
HOMO−LUMO gap increases (3a: 3.02 eV; 3b: 3.29 eV; 3c: 
3.50 eV) as the number of nitrogen atoms does. However, as 
the starting point is a smaller HOMO−LUMO gap for the 
diazole-based complex 3a, the gaps calculated for complexes 
3a-c are significantly smaller −by about 0.3 eV− than those 
found for the corresponding 2a-c complexes. This suggests that 
emission in 3a-c has to be expected to be red-shifted with 
respect to 2a-c, and would not necessarily appear at higher 
energies compared to 1. 
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Fig. 3  Schematic representation showing the isovalue contours (±0.03 a.u.) and 

energies calculated for the frontier molecular orbitals of complexes 1 and 3a-c. 

Hydrogen atoms are omitted. 

TD-DFT calculations (Table 2) confirm the trends inferred 
from the evolution of the HOMO−LUMO gap. The first triplet 
excited state of 3a-c results from the HOMO → LUMO 
excitation and is computed at lower energies (~0.3 eV) than the 
respective triplet in complexes 2a-c. The T1 state therefore has 
a mixed MLCT/LLCT character and increases in energy along 
the series 3a (2.32 eV) < 3b (2.58 eV) < 3c (2.79 eV) as found 
for 2a-c. The LC triplet located on the ancillary ligand remains 
at similar energies than in 2a-c between 2.90 and 3.02 eV. 

 

Table 2 Lowest triplet excited states calculated at the TD-DFT 
B3LYP/(6-31G**+LANL2DZ) level for complexes 3a-c in acetonitrile 
solution. Vertical excitation energies (E), dominant monoexcitations 
with contributions (within parentheses) greater than 20% and 
description of the excited state are summarized. H and L denote HOMO 
and LUMO, respectively. 

Complex State E (eV) Monoexcitations Description 

3a T1 2.32 H → L (98) 3MLCT/3LLCT 

 T2 2.79 H–2 → L (70) 3MLCT/3LLCT 

 T3 2.90 H–4 → L (87) 3LCa 

3b T1 2.58 H → L (98) 3MLCT/3LLCT 

 T2 2.97 H–6 → L (39) 

H–2 → L (23) 

H–4 → L (22) 

3LCa 
3MLCT/3LLCT 
3MLCT/3LLCT 

3c T1 2.79 H → L (98) 3MLCT/3LLCT 

 T2 3.02 H–6 → L (46) 3LCa 
a
 The monoexcitation is fully centered on the ancillary N^N ligand. 

The T1 state of complexes 3a-c was further investigated by 
fully optimizing its geometry at the UB3LYP level. These 
calculations confirm the HOMO → LUMO MLCT/LLCT 
character of T1 and provide the emission energies listed in 
Table 3. The estimated Eem values are red-shifted with respect 
to those of the 2a-c series by ~0.25 eV, and are in good 
agreement with the available experimental values. The emission 
wavelength calculated for the triazole complex 3b (575 nm) is 
very close to that experimentally observed for [Ir(phtl)2(bpy)]+ 
(580 nm)36 and explains the apparently anomalous behavior of 
this complex that shows almost no blue shift compared with 1 
(585 nm).12 
 

Table 3 Adiabatic energy difference (∆E) between S0 and T1 and 
emission energy (Eem and λem) from T1 computed for complexes 3a-c 
Experimental values at 298K are given within parentheses. 

Complex ∆E (eV) Eem (eV) λem (nm)a 

3a 2.17 1.91 649 

3b 2.43 2.16 575 (580)36,b 

3c 2.63 2.35 528 (545)41 

a Experimental values at 298K are given within parentheses. b Experimental 
value for [Ir(phtl)2(bpy)]+. 

In summary, two different effects arise from the emission 
energies calculated for complexes 2a-c and 3a-c. First, an 
increase in the number of nitrogen atoms in the azole ring of the 
cyclometallating C^N ligand leads to an increase in the 
HOMO−LUMO energy gap and to a blue-shift of the emission 
wavelength. Second, those complexes in which position 2 of 
the azole ring is occupied by a carbon atom, as in 3a-c, present 
a decrease in the HOMO−LUMO energy gap and a red-shift of 
the emission wavelength with respect to the equivalent 
complexes with the same number of nitrogen atoms in the azole 
ring in which there is a nitrogen in position 2 (2a-c). The 
available experimental values correspond to the complexes 
[Ir(ppz)2(bpy)]+ or 2a (563 nm),29 [Ir(phtl)2(bpy)]+ (580 nm)36 
and [Ir(ptrz)2(bpy)]+ or 3c (545 nm).40 These complexes 
actually form a mixed family where one member, the pyrazole-
based 2a, has a nitrogen atom in position 2 of the azole ring, 
and two members, the triazole [Ir(phtl)2(bpy)]+ complex 
analogous to 3b and the tetrazole-based 3c, have a carbon atom 
in position 2. For 3b, and consequently for [Ir(phtl)2(bpy)]+, the 
reported effects of increasing the number of nitrogen atoms and 
the presence of a carbon atom in position 2 of the azole 
compensate each other, and the emission wavelength is even 
higher than that calculated for 2a. The initial analysis of the 
experimental values did not take into account the second effect 
ignoring the relevance of the atom occupying position 2 in the 
azole ring. Thus, the observation that could be taken from the 
experimental results, that the increase in the number of nitrogen 
atoms in the azole ring did not guarantee a blue shift in the 
emission wavelength, was wrong. According to our results, the 
increase in the number of nitrogen atoms always induces the 
expected blue shift, as long as a coherent structural group of 
complexes in which no other factor influences the frontier MOs 
energies and the HOMO−LUMO gap is studied. 

 
Chart 3  Ionic Ir(III) complexes derived from 2b and 3b by changing the position 

of one nitrogen atom in the azole ring. 

A new question arises from the previous discussion about 
how important is the position occupied by nitrogen atoms in 
positions other than 1 (the coordination position) and 2 (the 
phenyl position) and its influence on the emission energy of the 
complex. To address this question, a new set of triazole-based 
complexes was studied (Chart 3), in which the position of the 
third nitrogen atom of the azole ring is changed with respect to 
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the initial complexes 2b and 3b. Table 4 summarizes the results 
obtained for the new complexes after performing a set of 
calculations analogue to those previously discussed for 2a-c 
and 3a-c. Moving a nitrogen from position 5 to position 3 to 
obtain complexes 2b' and 3b' induces a small decrease in the 
HOMO−LUMO gap (0.10 and 0.02 eV, respectively) and a red 
shift in the expected emission wavelength that is more 
accentuated for 2b' (20 nm) than for 3b' (7 nm). Both changes 
are much smaller than those observed when we go from 2b to 
3b (63 nm) or from 2b' to 3b' (50 nm) moving the nitrogen 
atom out of position 2. The results obtained for 2b' and 2b'' are 
quite similar, indicating that placing the third nitrogen atom at 
positions 3 or 4 is nearly equivalent. 

Table 4 HOMO and LUMO energies, HOMO−LUMO gap (∆EH−L), 
adiabatic energy difference (∆E) between S0 and T1 and emission 
energy (Eem and λem) from T1 computed for complexes 2b and 3b. 

Complex 
EHOMO 

(eV) 
ELUMO 

(eV) 
∆EH−L 
(eV) ∆E (eV) Eem (eV) λem (nm) 

2b –6.03 –2.44 3.59 2.71 2.42 512 

2b' –5.98 –2.50 3.48 2.62 2.33 532 

2b'' –5.95 –2.48 3.47 2.60 2.30 538 

3b –5.63 –2.34 3.29 2.43 2.16 575 

3b' –5.65 –2.38 3.27 2.40 2.13 582 

 

 

Adding nitrogen atoms to the ancillary ligand 

B3LYP/(6-31G**+LANL2DZ) calculations were 
performed on complexes 4a-c (Chart 2). These complexes 
incorporate 2-phenyl-pyridine as the cyclometallating C^N 
ligand and a 2-azolyl-pyridine with 2 (4a), 3 (4b) and 4 (4c) 
nitrogen atoms in the azole ring as the ancillary N^N ligand. 
The goal was to check the effect of increasing the number of 
nitrogen atoms in the emission energy. The complexes selected 
for the study correspond to those in which, based on the results 
of the previous section, the effect of adding nitrogen atoms is 
expected to be greater, i. e., those with a nitrogen atom in 
position 2 linking the azole ring to the pyridine. 

 
Fig. 4  Schematic representation showing the isovalue contours (±0.03 a.u.) and 

the energy values (in eV) calculated for the frontier molecular orbitals of 

complexes 4a-c. Hydrogen atoms are omitted. 

Fig. 4 displays the frontier MOs calculated for complexes 
4a-c at the optimized equilibrium geometry of the ground state. 
The topology of the MOs is the same obtained for complexes 
2a-c (Fig. 1) and 3a-c (Fig. 3) with the HOMO centered on the 
cyclometallating ligands and the dπ orbitals of Ir(III), and the 
LUMO located on the ancillary ligand. As expected, the energy 
of both orbitals lowers as the number of nitrogen atoms in the 
azole ring increases. However, and in contrast with what was 
found for 2a-c and 3a-c, the stabilization is much greater for the 
LUMO than for the HOMO in complexes 4a-c (Fig. 4). This 
effect is due to the fact that the azole ring with an increasing 
number of nitrogen atoms is now incorporated in the ancillary 
ligand where the LUMO is located and has a small influence on 
the HOMO. As a consequence, the HOMO−LUMO gap 
decreases gradually along the series 4a (3.66 eV), 4b (3.34 eV) 
and 4c (3.17 eV). Therefore, compared to 2a-c and 3a-c, the 
addition of nitrogen atoms to the azole ring has a completely 
different effect on complexes 4a-c, for which a red shift of the 
emission has to be expected as the number of nitrogen atoms of 
the azole increases. 

Table 5 Lowest triplet excited states calculated at the TD-DFT 
B3LYP/(6-31G**+LANL2DZ) level for complexes 4a, 4b, and 4c in 
Acetonitrile solution. Vertical excitation energies (E), dominant 
monoexcitations with contributions (within parentheses) greater than 
20%, and description of the excited state are summarized. H and L 
denote HOMO and LUMO, respectively. 

Complex State E (eV) Monoexcitations Descriptionb 

4a T1 2.77 H → L+1 (65) 3LC/3MLCT 

 T2 2.81 H → L+2 (53) 

H–1 → L+1 (24) 

3LC/3MLCT 
3LC/3MLCT 

 T3 2.94 H → L (97) 3MLCT/3LLCT 

4b T1 2.60 H → L (98) 3MLCT/3LLCT 

 T2 2.78 H → L+1 (60) 3LC/3MLCT 

 T3 2.82 H → L+2 (41) 

H–1 → L+1 (23) 

3LC/3MLCT 

3LC/3MLCT 

4c T1 2.44 H → L (98) 3MLCT/3LLCT 

 T2 2.79 H → L+1 (52) 3LC/3MLCT 

 T3 2.83 H → L+3 (36) 

H–1 → L+1 (22) 

3LC/3MLCT 
3LC/3MLCT 

 

 
As previously done for 2 and 3, TD-DFT calculations were 

performed to determine the nature and relative energy of the 
lowest-lying triplet excited states of 4a-c (Table 5). The 
MLCT/LLCT triplet state originating in the HOMO → LUMO 
excitation appears at lower energies as we progress in the series 
4a (2.94 eV) > 4b (2.60 eV) > 4c (2.44 eV) in good agreement 
with the trend expected from the HOMO−LUMO gap. Not far 
from this state, at around 2.80 eV, two LC/MLCT triplet states 
centered on the cyclometallating-Ir(III) environment are found. 
The energy of these states remains mostly constant along the 
series because they have no significant contribution from MOs 
centered on the ancillary ligand where nitrogen atoms are 
added. However, it is worth noting that for complex 4a the 
HOMO → LUMO triplet corresponds to the T3 state and is 
computed higher in energy than the LC/MLCT triplets. In 4b 
and 4c, the stabilization effect of the nitrogen atoms is high 
enough to place the HOMO → LUMO MLCT/LLCT state as 
the first triplet state (T1), as it was found for 2a-c and 3a-c. 
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Fig. 5  a) Adiabatic energy difference (∆E) between S0 and T1 and emission energy 

(Eem and λem) from T1 computed for complexes 4a-c. b) Unpaired-electron spin-

density contours (0.002 au) calculated for the fully relaxed T1 state. 

 
Fig. 5 summarizes the photophysical properties calculated 

for complexes 4a-c after fully-relaxing the geometry of the T1 
state using the UB3LYP approach, together with the 
corresponding spin density distributions. UB3LYP calculations 
fully support the results obtained from the TD-DFT study. The 
emission energy undergoes a red shift in passing from 4a (2.35 
eV) to 4c (1.97 eV). According to the spin-density distribution, 
the lowest-energy triplet of 4b and 4c has a MLCT/LLCT 
nature and results from the HOMO → LUMO excitation. In 
contrast, as predicted by the TD-DFT study, the spin-density 
distribution calculated for the first triplet of 4a is mainly 
centered on one of the cyclometallating ligands (1.65 unpaired 
electrons) with some contribution from the iridium atom 
(0.29e) and T1 has a predominant LC nature with some MLCT 
character. The photoluminescence spectrum recorded for 4a 
presents a marked vibronic structure at room temperature that 
becomes more accentuated when the spectrum is registered at 
low temperatures.53 These features point to an emissive excited 
state with predominantly π−π* character, which is in good 
agreement with the 3LC C^N description here predicted for the 
T1 state of 4a. It has to be mentioned that He et al. studied 
complex 4a at the same theoretical level we use here but 
without including the effect of the solvent in the calculations.53 
The TD-DFT calculations reported by He et al. indicated that 
the HOMO → LUMO MLCT/LLCT state was the lowest-lying 
triplet (2.43 eV) and was located 0.27 eV below the first LC 
triplet. This assignment was in conflict with the experimental 
spectrum, which pointed to an emitting 3LC state. The inclusion 
of solvent effects, as performed in this work, leads to a 
destabilization of the low-energy triplets of 4a. However, while 
the LC triplets undergo a slight destabilization relative to S0, 
passing from 2.70 and 2.75 eV in gas phase to 2.77 and 2.81 eV 
in acetonitrile, the HOMO → LUMO MLCT/LLCT state 
experiments a large destabilization from 2.43 to 2.93 eV and 
lies higher in energy than the LC triplets. Solvent effects are 
therefore needed to obtain a description of the emitting triplet in 
good agreement with the experimental evidences. 
 

Conclusions 

The emission energies of different series of cationic Iridium(III) 
[Ir(C^N)2(N^N)]+ complexes incorporating azole rings in both 
the cyclometallating C^N and the ancillary N^N ligands have 
been theoretically investigated. The structure of the ligands has 
been modified by changing the number (from 2 to 4) and 

position of the nitrogen atoms in the azole ring. Calculations 
show that an increment in the number of nitrogen atoms 
modifies the relative stability of the frontier MOs leading to 
changes in the HOMO−LUMO gap and in the energy of the 
lowest-lying triplet excited states from which emission takes 
place. When the azole ring forms part of the C^N ligands, the 
increment in the number of nitrogen atoms stabilizes the 
HOMO in a higher degree than the LUMO and leads to an 
enlargement of the HOMO−LUMO energy gap. As a result, a 
gradual blue shift of the emission wavelength is obtained as the 
number of nitrogen atoms in the azole ring grows. In contrast, 
when the azole ring is incorporated in the ancillary N^N ligand, 
the stabilization of the LUMO is greater than that of the HOMO 
and, as a consequence, the HOMO−LUMO gap narrows and 
the emission wavelength gradually shifts to the red. 

Calculations also show that the position in which the 
nitrogen atoms are placed in the azole ring plays a relevant role 
in determining the emission energy. For complexes bearing a 
phenyl-azole as the C^N ligand, it has been shown that the 
largest effect is associated with the azole position to which the 
phenyl ring is linked. Complexes in which the linking position 
is occupied by a nitrogen atom present a larger HOMO−LUMO 
gap and a significant blue-shifted emission (~0.3 eV) compared 
to those with the same number of nitrogen atoms in the azole 
ring and bearing a carbon atom in that position. Therefore, 
when comparing the emission properties of azole-based 
[Ir(C^N)2(N^N)]+ complexes, not only the number of nitrogen 
atoms but also the nature of the atom (nitrogen or carbon) to 
which the aryl group is connected to should be taken into 
account. In a coherent series of complexes, where the nature of 
the atom in the linking position is maintained, a gradual shift of 
the emission wavelength is always found as the number of 
nitrogen atoms in the azole ring increases and, as long as the 
azole ring is in the C^N ligands, the shift will be to bluer 
wavelengths. 

Finally, it should be emphasized that solvent effects have to 
be included in the theoretical calculation to get a proper 
description of the distribution of the excited states and, in some 
cases, of the electronic nature of the emitting state. 
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