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Abstract
A series of Ir (III) complexes [Ir(F2ppy)2(neo)](PF6) (C1), [Ir(F2ppy)2(biq)](PF6) (C2), [Ir(F2ppy)2(dabiq)](PF6) (C3), [Ir(bzq)2 

(neo)](PF6) (C4), [Ir(bzq)2(biq)](PF6) (C5), [Ir(bzq)2(dabiq)](PF6) (C6), have been synthesized and their photophysical properties 
were investigated supported by theoretical calculations to propose emitters based on single complex or host-guest blend to poten-
tial applications in LEC devices. In acetonitrile, C1 and C4 showed emissions at higher energies (490-515 nm); C2 and C3 emitted 
~580 nm and C5 and C6 at low energy (~615 nm). C1 reached the higher quantum yield (43%) and lower values (3-5%) were 
obtained with C5 and C6. The photophysical differences are consistent with cyclometalating and ancillary ligand natures, since both 
are involved in the triplet emitting states. The experimental and theoretical evaluation allow us to propose C1 and C3 as promising 
individual blue and yellow-orange emitters, respectively, as well as single and double host-guest doped systems, with blends of (C1), 
(C2), (C3), (C4), (C5) and (C6), respectively, to produce white emissions.

Keywords: Density Functional Calculations; Iridium (III) Complexes; Light Emitting Electrochemical Cell; Luminescence; Tunable 
emission energies.

Introduction
The luminescent properties of ionic Transition Metal 

Complexes (iTMCs) are take advantage in several energy conversion 
applications, among which Light Emitting Electrochemical Cells 
(LECs) is stand out. [1] These devices arise from the evolution of 
LEDs (Light Emitting Diodes) and OLEDs (Organic Light Emitting 
Diodes) [2], being characteristic in LECs the simplified fabrications 
that involve a single emissive layer of an iTMC between a metallic 
cathode and anode [3,4]. In addition, these devices can operate 
with low-bias and with air-stable cathodic materials avoiding 
encapsulation processes [5-7]. The working mechanism of LECs 
comprise hole-electron recombination processes: under the 
influence of an electrical field, the electrons are injected directly 
from the cathode into the LUMO (Lowest Unoccupied Molecular 
Orbital) of the iTMC and the holes are introduced from the  

 
anode into the HOMO (Highest Occupied Molecular Orbital)[4] The 
carriers hop toward one another and if both charges arrive in a 
single molecule a molecular excited state may be formed, and the 
recombination process takes place emitting light if the deactivation 
is by radiative way [8].

The cyclometalated Ir (III) complexes of the type [Ir(C^N)2(N^N)] 
+, (C^N: cyclometalating and N^N: ancillary ligands) stand out as 
iTMCs in LECs due to their attractive photophysical properties, 
strongly influenced by the spin-orbit coupling exerted by Ir (III) 
core, promoting intense emissions with excited-states of short 
lifetimes [9]. The emission energies are modulated by electron 
donor-acceptor nature of the chelating ligands since both N^N 
and C^N have contributions on the frontier molecular orbitals 
[10,11]. In general, the LUMO is mainly composed by *π -orbitals 
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of N^N ligands and HOMO usually has the electronic density in the 
C^N ligands and Iridium center [12]. Consequently, low-energy 
electronic transitions to promote excited states generally involve a 
mixture of Metal to Ligand Charge Transfer (MLCT) and Ligand to 
Ligand Charge Transfer (LLCT), hence the energy gap HOMO-LUMO 
( H - LE∆ ) modules the emission energy [13].

LUMO stabilization to decrease H - LE∆ , has been achieved 
with electron withdrawing N^N ligands by the incorporation of 
acceptor substituents such as acids or esters, as well as through 
the inclusion of highly conjugated systems [14]. For example, the 
[Ir(ppz)2(CO2Et-bpy)]+, complex (ppz: 1´-phenylpyrazole and 
CO2Et-bpy: 4,4’-bis(ethoxycarbonyl)-2,2’- bipyridine) showed 
emission at 628 nm in acetonitrile by the ester group effect 
compared than [Ir(ppz)2(bpy)]+ complex λem = 563 nm) [15]. 
Another alternative has been the use of benzothiazole moieties 
that promote substantially red-shifted emissions, as was observed 
in an Ir(III) complex with 2,2′-bibenzo-[d]thiazole with emission 
at 686 nm in CH2Cl2 solution [16]. To obtain blue emissions, the 
most used strategy is the incorporation of electron withdrawing 
C^N ligands [17,18] as showed the [Ir(F2ppz)2(t-butyl-bpy)]+ 
complex (λ em = 495 nm) with respect to [Ir(ppz)2(t-butyl-bpy)]+
λem = 555 nm) (t-butyl-bpy: 4,4´-di-tert- butyl-2,2´-bipyridine), 
where the presence of fluorine atoms promotes stabilization of 
HOMO increasing the emission energy [19]. The effect of fluoride 
substituents has also been observed in the [Ir(F2ppy)2(tzpy-cn)] + 
(F2ppy: 2-(2,4-difluorophenyl) pyridine and tzpy-cn: 2,2-dimethyl-

6-(3-(pyridin-2-yl)-4H-1,2,4-triazol-4-yl) hexanenitrile)) complex 
with a vibronic structure emission with two peaks at 456 and 486 
nm [20].

The increment of stable Ir-iTMCs with full-color emissions has 
been and will continue to be a challenge for lighting applications, 
being essential reduce costs in the synthesis of ligands, avoiding 
complicated synthetic steps that give low-yield products. Besides, 
with appropriate mixtures of iTMCs (Red, Green and Blue: RGB), 
it is possible to produce a white-light multicomponent LEC, where 
the great challenge is to achieve a wide band gap for blue iTMCs 
and stable red emitter complexes. In this sense, this article shows 
the rationalized synthesis, characterization and photophysical 
study of six Ir (III) complexes that display emission in a wide range. 
The understanding of electronic properties was complemented 
by theoretical studies through DFT calculations. The complexes 
studied (Figure 1) are: [Ir(F2ppy)2(neo)](PF6) (C1), [Ir(F2ppy)2(biq)]
(PF6) (C2), [Ir(F2ppy)2(dabiq)](PF6) (C3), [Ir(bzq)2(neo)](PF6) 
(C4), [Ir(bzq)2(biq)](PF6) (C5), [Ir(bzq)2(dabiq)](PF6) (C6), where 
C^N ligands are F2ppy and bzq: benzoquinoline; and as N^N 
ligands were used neo: neocuprine, biq: biquinoline and dabiq: 
(2,2’-biquinoline)-4,4’-dicarboxylic acid. The C^N and N^N were 
selected to accomplish synergic effect in the electron-density 
distributions of excited states for each Ir-iTMC to contribute the 
diversification of the emission colors and/or possible blends to 
promote future white light emissions.

Figure 1: Chemical structure of cationic Ir (III) complexes C1-C6.

Results and Discussion
Experimental and theoretical structural characterization

The synthesized complexes were characterized by FT 
IR, MALDI-MS and 1H NMR spectroscopies (see Supporting 
Information, SI). C2, C4 and C5 complexes have been synthesized 

previously [21,22]. All FT IR spectra showed the characteristic PF6- 
peaks  ~ 845 and 559 cm-1. [23-25] In addition, for C3 and C6 the 
peaks associate to vibrational modes of the acid substituents (C=O 
and O-H) were observed. [26] The characterization by 1H NMR 
spectroscopy confirmed the structures of the complexes from the 
signals with their corresponding multiplicities and integrations. 
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For C1 and C4 the singlet at 2.10 ppm (C1, DMSO-d6) and 1.96 ppm 
(C4, CDCl3) evidence the presence of the methyl protons; for C3 and 
C6 the signal at 8.89 ppm (DMSO-d6) is attributed to the proton of 
the acid groups.

 Besides, in C1, C2 and C3 the signals of the H5 and H6 show 
a splitting consistent with the proton-fluorine coupling, since 
the fluorine is an active nucleus in NMR.[14] Analogous Iridium 
(III) complexes with F2ppy as cyclometalating ligand show a 
similar patter splitting [27,28]. The C1-C6 optimized molecular 
structures in the ground state (S0) were calculated (PF6- was not 
incorporated) and all the selected geometrical parameters are 
listed in the Supporting Information. All the complexes show a 
distorted octahedral coordination around the central metal. The 
bond lengths involving the metal center appear in the following 
ranges: Ir-C1 = 2.02-2.03 Å (like Ir-C2), Ir-N1 = 2.08-2.10 Å (like Ir-
N2), Ir-N3 = 2.30-2.33 Å (like Ir-N4). The angles that involve the metal 
center appear in the following ranges: ∠C1-Ir-N1 = 94.61°-95.93°, 
∠N3-Ir-N4 = 74.07°-74.57°, ∠N1-Ir-N2 = 173.91°- 174.95°, ∠C1-Ir-N3 
= 175.58°-177.09°, and for the dihedral angles: ∠N3-C3-C4-N4 = 
1.29°- 25.87°, ∠C1-C2-N3-N4 = 2.99°-6.03°, ∠C2-N1-N4-N2 =4.73°-
5.90°. In general, no significant differences were found between the 
studied complexes and the parameters agree with the structures 
of analogous Ir (III) complexes. However, some differences are 
observed in ∠N3-C3-C4-N4 dihedral angle where for C1 and C4 this 
angle is smaller respect to the other complexes (1.9 and 1.3° for C1 
and C4, respectively, vs 24-26° in the remaining complexes) which 
indicates a higher planarity degree of neo ligand in comparison to 
biq and dabiq ligands. Moreover, in ∠C1-C2-N3-N4 dihedral angle 

highest values are observed for C1 y C4, which is attributed to the 
presence of the methyl substituents in the positions 6 and 6´of 
phenanthroline skeleton that induce steric hindrance, locating this 
ligand out of the plane to favor a suitable spatial arrangement of the 
atoms in the complexes.

Electrochemical properties
The cyclic voltammograms (CV) of the complexes were recorded 

in acetonitrile solutions using Ag/AgCl as reference electrode (see 
SI). The assignments of the reduction and oxidation processes were 
carried out by comparing to electrochemical data reported for 
similar cyclometalated Ir (III) complexes. [29-31] The values of the 
redox potentials are shown in Table 1. Towards positive potentials 
the redox process of Ir(4+/3+) couple is registered [32]. These 
processes also have contributions associated to cyclometalating 
ligands in agree with the values for C1, C2 and C3 (1.72 V, 1.70 V 
and 1.88 V, respectively), which are similar among them due to the 
presence of F2ppy; as it also happens with C4, C5 and C6 (1.30 V, 
1.31 V and 1.46 V, respectively) that contain bzq. The oxidation 
processes of F2ppy-complexes are at higher potentials than bzq-
complexes, as expected due to the electron-withdrawing nature of 
F2ppy ligand, which promotes the oxidation of the metallic center 
at higher energy [33]. Furthermore, the influence of the ancillary 
ligands on oxidation is strong for C3 and C6 complexes, due to the 
acceptor character of the dabiq ligand given by the acid substituents. 
Similar behavior has been observed in Ru-bpy complexes with and 
without ester group, where the oxidation of Ru-bpy complex is at 
1.29 V and for Ru-bpy-ester complex at 1.55 V [34].

Table 1: Values of the redox processes for complexes C1–C6.

Complex Eox (Ir4+/3+)/Va Ered (L/L-)/Va ΔEred-ox/Vb ΔEHL/eVc

C1 1.72 -1.35 3.07 3.29

C2 1.7 -0.85 2.55 2.95

C3 1.88 -0.56 2.44 2.65

C4 1.3 -1.41 2.71 2.99

C5 1.31 -0.87 2.18 2.67

C6 1.46 -0.76 2.22 2.36
aEox (Ir4+/3+) and Ered(L/L-) = 1/2(Epa + Epc); L is referred to N^N ligand; acetonitrile/TBAPF6 0.1 M, vs. Ag/AgCl. bΔEred-ox = Eox 

(Ir4+/3+) - Ered(L/L-). cΔEHL, H = HOMO and L = LUMO, data from theoretical calculations.

At negative potentials the complexes show a redox process 
assigned to a reduction on the N^N ligand, [35] evidenced by 
the similar values in the C1/C4, C2/C5 and C3/C6 complex pairs. 
The more negative values for this reduction are assigned to the 
complexes with neo ligand (C1 and C4) since this ligand has an 
electron-donor character in comparison with biq and dabiq. 
Here, the methyl substituents confer the donor character, as have 
been identified in more negative reduction potentials of Ir (III) 
complexes with bipyridine or phenanthroline with presence of 
methyl substituents in comparison to the reductions of their 
analogous complexes without methyl substituents [36]. Conversely, 
between C2/C5 and C3/C6 pairs, the complexes with acid group 
(dabiq) show less negative reduction due to the higher acceptor 

character of dabiq given by electron withdrawing substituents in 4 
and 4´positions [37]. Since the oxidation and reduction potentials 
are related to HOMO and LUMO frontier orbitals, we estimated 
ΔEHL from the potentials (ΔEred-ox), which values follow a decreasing 
trend as: C1 > C4 > C2 > C3 > C6 > C5. This tendency shows that 
the highest gaps of C1 and C4 could be yield the complexes with 
emissions at higher energy compared to C6 and C5 with emissions 
probably shifted to red. Relate to theoretical studies, the energies 
of the molecular orbitals were calculated for all complexes. Fig. 2 
shows the energy diagram and density surfaces of HOMO and LUMO 
frontier molecular orbitals, while the molecular orbital energies 
and compositions are tabulated in the Supporting Information, 
from HOMO-2 to LUMO+2. In all cases HOMO orbitals are composed 
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by a mixture of π and d orbitals of the cyclometalating ligand (63- 
70%) and metal (28-35%), respectively. For LUMOs, the electron 
density is mainly delocalized on the ancillary ligand (∼96%). These 
electronic distributions agree with the metal oxidation and N^N 
ligand reductions described by CV. The HOMOs-1 and HOMOs- 2 
orbitals are mainly composed C^N ligand orbitals (∼96% and 
77%, respectively), below from HOMOs in around 0.2-0.3 eV and 
0.4-0.6 eV, respectively. In the case of LUMOs+1, the composition 
is centered in the orbitals of the N^N ligands (∼96%) and they 
are above to LUMOs in around 0.3-0.9 eV; the LUMOs+2 is largely 
composed by orbitals of the C^N ligands (∼90%) and they are 
above to LUMOs ∼ 0.6-1.5 eV. The most stabilized HOMO orbitals 
are in C1-C3 series (0.50-0.53 eV lower than C4-C5 series) due to 

the fluoride substituents of the C^N ligand, in contrast to C4-C6 
that contain bzq. For LUMOs, C1 and C4 have energies ∼ 0.30 eV 
higher than C2 and C5, and the energies of these latter are ~ 0.40 
eV higher than C3 and C6. These tendency evidence the increment 
of the electron withdrawing character of the N^N ligands in the 
order dabiq > biq > neo, as it was also described by CV experiments. 
The theoretical ΔEHL were determined and the values are listed 
in Table 1. A comparison of the theoretical and experimental 
results (ΔEHL vs ΔEred-ox) shows the same tendency; however, some 
discrepancies can be observed for C5, which could be ascribed to 
possible electrochemical adsorption/desorption processes of the 
electroactive species onto electrode surface [38].

Figure 2: Energy diagram and isosurfaces of HOMO and LUMO for C1-C6.

Charge injection and transport properties

The balance between injection/transport of holes and electrons 
is decisive for an iTMC can be used in LEC devices, since this balance 
determines the luminance, turn-on time, and lifetime of the device 
[39]. The energy barrier for the injection of holes and electrons, is 
related to the ionization potential (IP) and electronic affinity (EA) 
[40]. Here, these thermodynamic parameters were calculated and 
analysed respect to the energies of the frontier orbitals. These 
parameters are defined as: IP = EN−1 − EN and EA = EN − EN+1, where 
EN, EN+1, and EN−1 correspond to the total energies of the molecular 
system in its fundamental state (EN) and with one more electron 
(EN+1) and one less electron (EN−1) [41,42]. To identify a favored hole 
injection from the anode into the iTMC are expected low IP values; 
conversely, for an efficient electron injection from the cathode into 
the iTMC, high EA values are expected [43] Considering the MLCT 
and LLCT are the main electronic transitions involved in the radiative 
decay, the HOMO should be correlated with IP since in this orbital 
the holes are formed, namely, in the metal and C^N ligand orbitals. 
Table 2 shows the IPs calculated for the complexes where the lowest 
values are in the complexes with bzq as cyclometalating ligand (C4, 

C5 and C6), therefore, in these complexes the hole injection should 
be easier compared to complexes with F2ppy. The IP values agree 
with the highest HOMOs determined by the theoretical calculations 
and predicted by CV. This trend is in concordance with electron 
donor nature of bzq that promote the HOMO destabilization.

In the LUMO the electron arrives, residing primarily in the 
ancillary ligand, therefore, the energy of this orbital is correlated 
with the EA. The data of Table 2 show the highest EA values to C3 
and C6, intermedia for C2 and C5 and the lowest are found to C1 and 
C4, following an order relate to ancillary ligand as: C-dabiq > C-biq 
> C-neo. These electronic affinities agree with the LUMO energies 
determined both theoretical calculations and predicted by CV and 
indicate the complexes with highest EA have the lowest energy 
barrier for electron injection. The trend follows the regimen from 
an electron acceptor for dabiq to an electron donor in neo, where 
these extreme ligands promoting stabilization and destabilization 
of LUMO, respectively. The reorganization energies of hole and 
electron (λhole and λelectron) are the kinetic parameters that determine 
the transport balance between holes and electrons [26] The 
reorganization energy relates to charge transfer rate as follow: k 
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= Aexp(-λ/kBT), where A is the electronic coupling factor, kB is the 
Boltzmann constant, and T is temperature. The reorganization 
energies are determined according to: λhole = IP−HEP and λelectron = 
EA−EEP, where HEP and EEP correspond to the hole and electron 
extraction potentials, respectively, which are calculated as the 
vertical energy difference between the relaxed cationic (anionic) 
molecule and the neutral molecule at the cationic (anionic) 
geometry [44-46]. An efficient charge transport process relates 
with a low reorganization energy, then, as show the results in Table 
2, the λelectron are lower compare to λhole, therefore, the performance 
of these complexes are optimized to electron transport than for 
hole transport.[47] However, the complexes with F2ppy have 
similar values  0.38 eV and all the complexes with bzq have 0.35 eV, 

indicating that in the triad of C4, C5 and C6 the transport of hole is 
slightly favored compare to the other complexes. In the case of λelectron, 
the tendency of values is related to the nature of ancillary ligand, 
where the lowest values are obtained with the C-neo, intermedia 
with C-biq and highest with C-dabiq. Therefore, in C1 and C4 it could 
be considered that the electron transport is favored compared to 
the other complexes. Besides, the energy difference between λhole 
and λelectron (Δλ) are smaller in all systems ranged between 0.03-0.12 
eV. These values indicate hole and electron transfer balance could 
be achieved easily in emitting layer. For example, an analogous Ir 
(III) complex exhibit a maximum luminance of 177 cd/m2 and was 
characterized by a Δλ = 0.20, therefore, it is expecting the complexes 
studied as suitable iTMCs for LEC applications.

Table 2: Transport and injection electronic parameters for C1-C6. Ionization potential (IP), electron affinity (EA), and recombina-
tion energies (λhole and λelectron) in eV.

Complex IP EA lhole lelectron Dl

C1 4.43 3.92 0.37 0.25 0.12

C2 4.5 4.4 0.38 0.28 0.1

C3 4.42 5.05 0.38 0.32 0.06

C4 4.14 3.77 0.35 0.24 0.11

C5 4.22 4.26 0.35 0.28 0.07

C6 4.13 4.93 0.35 0.32 0.03

UV-Vis absorption properties

The absorption spectra of complexes were registered in 
acetonitrile solutions and are show in Figure 3A. The wavelengths 
of electronic transitions involved in the emission processes and 
the corresponding molar absorptivity coefficients are summarized 
in (Table 3) fig 3. The absorptions at high energies (220-280 nm) 
are assigned to the spin-allowed ligand-centered (1LC) *π π→  
transitions that involved both ancillary and cyclometalating 
ligands [48, 49, 50]. The bands observed between 340-400 nm 
can be ascribed at the first glance to 1MLCT and 1LLCT, where 
1MLCT involves an electronic density transition from metal to 
ancillary ligand, meanwhile, 1LLCT involves a transition from the 

cyclometalating ligand (phenyl fragment) to the ancillary ligand 
[51, 52, 53]. The absorptions observed higher than 400 nm are 
attributed to spin-forbidden transitions towards triple states, which 
are enabled by the high spin–orbit coupling of the Iridium [54, 55, 
56]. To understand the nature of the electronic transitions, the 
theoretical absorption spectra based on the optimized geometry 
of the ground states were determined by TD-DFT methodology, 
focusing on the transitions between 340 to 400 nm which are 
related to the photophysical properties of these complexes. The 
vertical electronic excitation energies, the oscillator strengths, 
the mono excitations, and the nature of the excited states were 
determined and listed in the Supporting Information.

Table 3: Photophysical properties of C1-C6 complexes in acetonitrile solution.

Complex λabs/nm (ε/M-1cm-1) λem/nm Φem/% τ/µs kr/105 knr/105

C1 361 (9120) 490 43 2.34 1.84 2.43

C2 370 (9280) 585 27 1.62 1.67 4.5

C3 373 (10070) 580 11 2.47 0.45 3.6

C4 364 (10550) 515 20 3.23 0.62 2.48

C5 371 (9520) 617 3 2.78 0.11 3.49

C6 372 (10790) 605 5 1.25 0.4 7.6
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Figure 3: Absorption spectra of C1-C6 at 10-5 M. B. Normalized emission spectra of C1-C6. Both spectra registered in acetonitrile 
solutions.

For C1 three states are associated with the absorption 
band ~ 360 nm: S3, S6 and S7 corresponding to transitions from 
H → L+2, H-1 → L and H-3 → L, respectively, giving a mixture of 
1MLCT/1LLCT/1LC characters. In the case of C2, the S4 and S6 states 
would be responsible for the broad absorption band located at 
370 nm, originated from the H-4 → L and H → L+2 transitions, 
respectively, corresponding to a mixture of 1MLCT/1LC characters. 
In C3, two states are related with the absorption at 373 nm: S5 
and S6, due to transitions from H-4 → L and H → L+1, respectively, 
giving a mixture of 1MLCT/1LLCT characters. For C4, three excited 
states are involved to absorption at 364 nm: S3, S4 and S5 states 
due to electron promotions from H → L+1, H-3 → L and H → L+2, 
respectively, showing a mixed of 1MLCT/1LLCT/1LC characters. In 
C5 three excited states (S4, S5 and S6) were computed to explain the 
experimental band at low energy, that involve H → L+1, H-3 → L 
and H → L+2 (1MLCT/1LLCT/1LC characters) transitions. Finally, 
C6 shows two transitions responsible of absorption at 372 nm (S8 
and S9), due to transitions from H-5 → L and H → L+2 (1MLCT/1LC 
characters), respectively.

Photoluminescence properties

The emission spectra registered in degassed acetonitrile 
solutions are shown in (Figure 3B). and the associated data are 
summarized in (Table 3). (Figure 3B). shows broad emission profiles 
attributable to radiative deactivations from the 3MLCT or 3LLCT 
excited states or a mixture of both, according with to the description 
of analogous Ir (III) complexes C1 and C4 show emissions towards 
higher energies in agreement with the electro-donor nature of 
the neo ligand. Since C1 has an electron withdrawing (F2ppy) 
cyclometalating ligand their emission is blue shifted compared 
to C4. This same dependence is observed comparing C2 and C3 
with C5 and C6, respectively. Therefore, F2ppy favored the HOMO 
stabilization allowing an increment of HOMO–LUMO gap, [57] 
which is in good agree with the theoretical calculations see (Figure 

2). The emission at intermediate energies is observed for C2 and 
C3, and towards to the red for C5 and C6. Since dabiq is the N^N 
ligand with the stronger acceptor character, it expected that the 
complexes C3 and C6 show emissions most red-shifted, however, it 
is possible to note the C3 emission slightly blue shifted compared to 
C2 (similarly in C6 respect to C5). This behavior could be attributed 
to geometrical distortions as it evidenced by the highest C1-C2-N3-N4 
and C2-N1-N4-N2 dihedral angles for C3 compared to C2, promoting 
an emission energy increase, as it also has been described for 
analogous complexes [58].

On the other hand, the relative emission quantum yields were 
determined showing the highest values for C1 and C4, and the 
lowest for C5 and C6 in agreement with the “energy gap law” [59] 
The decay of the emission process was monitored by time-resolved 
emission experiments at room temperature in both air-equilibrated 
and degassed acetonitrile solutions. In degassed solutions, all 
the studied complexes exhibited a single-exponential decay with 
lifetimes between 1.25-3.23 μs, typically of phosphorescence 
[60,61]. In air-equilibrated solutions, all lifetimes were lower than 
those registered at N2 atmosphere (between 90-560 ns, see SI), 
evidencing the phosphorescence for the studied complexes [62]. 
The radiative and non-radiative rate constants were estimated 
from the emission lifetimes and quantum yields values. As 
expected, the complexes that show higher emission quantum yields 
are those with higher radiate rate constants (kr) values, while C6 
has the highest non-radiative rate constant, in agreement to their 
low quantum yield. To gain further insight of the nature of the 
state responsible for the emission, the optimized structures of 
the lowest triplet states (T1 for C1, C2, C4 and C5; T3 for C3) were 
determined (the geometric parameters are reported in the SI). For 
C6, it was not possible to find a triplet excited state coherent with 
the experimental emission value. For all complexes, the structures 
of the triplet states show shorter bond lengths than in the ground 
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state, except for Ir-N1 and Ir-N2 bonds, which practically show no 
variation. The decrease in Ir-N3 (and Ir-N4) bond length suggests 
that the metal-ligand bond is strengthened, which could facilitate 
the metal to ligand charge transfer transition [63]. The dihedral 
angles that contain the metal center show the distortion of the 
octahedral geometry, like occur in the ground states.

The theoretical phosphorescence energies in acetonitrile were 
determined considering the vertical energy difference between 
the relaxed triplet state and the ground state at the triplet state 
geometry. The emission energies obtained from T1 states were: 2.54 
eV (490 nm), 2.20 eV (562), 2.30 eV (540 nm) and 1.94 (640 nm) for 
the complexes C1, C2, C4 and C5, respectively, which agree with the 
experimental energies. The electronic transitions responsible for 
radiative deactivation pathways of the emitting states are composed 
by 3MLCT and 3LLCT characters [N^N(π*) → Ir(d) + C^N(π)] as it 

observed from Hole (blue) and electron (violet) distributions 
with the main pair-orbital contributions for the deactivation of 
the first triplet excited state (T1) for complexes C1, C2, C4, C5 and 
third triplet excited state (T3) for C3, corroborating that these 
radiative deactivations are mainly associated with the LUMO → 
HOMO transition (over 90%). On the other hand, the emitting 
state determined for C3 is T3, since the calculated energy of this 
state (1.91 eV, 649 nm) is the closest related to the experimental 
value (580 nm). Similar differences between theoretical and 
experimental energies have been described for other complexes 
of Ir(III). The T1 and T2 states are discarded as emitters because 
the calculated energies in both cases are at least 192 nm above the 
experimental emission wavelength. For C3, the emissive triplet is 
described as a mixture of 3MLCT/3LC characters [N^N( *π ) → Ir(d) + 
N^N(π)] (Figure 4) and its radiative deactivation is mainly due the 
transition LUMO → HOMO-5 (42%)

Figure 4: Hole (blue) and electron (violet) distributions with the main pair-orbital contributions for the deactivation of the first 
triplet excited state (T1) for complexes C1, C2, C4, C5 and third triplet excited state (T3) for C3. 

Energies offset diagrams in host-guest systems

The stable and pure white light emission from the LEC devices 
have been commonly achieved with the host–guest strategy, since 
a single luminescent iTMC cannot cover enough spectral width 
to produce white emission [64]. With this strategy a blend of two 
or three emissive molecules that comprise a high-gap host (blue 
or blue-green emitters) and low-gap guests [65]. In addition, the 
offsets in energy levels of host and guest iTMCs should be considered 
to promote a suitable carrier balance, favoring the emission zone 
near the center of the emissive layer, avoiding exciton quenching, 
therefore, improving device efficiency [66]. 

Considering the photophysical and electrochemical properties 
of C1-C6 iTMCs evaluated in this work, we propose suitable blends 

to produce host-guest systems as potential white LECs, Fig. 5. 
Energy levels derived from the CV data of: A.) hostguest single-
doped system with C1 and C6, B) host-guest double-doped system 
with C1,C2 and C6. ITO and Al represent anode and cathode, 
respectively. The first proposal is a single-doped host-guest system 
(Figure 5A) involved C1 as host doped with C6 as guest. In this 
system the requirements of blue host doped with a red iTMC is 
satisfied, compared for example with a white LEC composed with 
emitters at 513 and 591 in acetonitrile solutions (499 and 607 
in film), yielding CIE coordinates in the white region (0.42, 0.41) 
with a maxima Luminance of 42.5 cd/m2 at bias 3.5 V [67]. In the 
proposal system the energy offset of host-guest at LUMO levels 
is 0.59 eV and HOMO levels it is 0.26 eV. This tendency probably 
will produce an electron trapping (hole injection favored over 
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electron injection), which could be avoiding by modulation of the 
bias applied and/or host-guest concentrations. [68,69] Another 
alternative is a double-doped host-guest system as show Figure 5B. 
Here, also C1 is proposed as host double doped with C2 and C6, 
where due to the presence of C2, the LUMO and HOMO gaps are 
reduced between the blue and red emitters, allowing an improved 
carrier balance to compare the single host-guest system. 

This proposal is comparable with a previously described 
double doped host-guest device with blue, orange, and red emitters, 
yielding a white LEC (0.32, 0.43 CIE coordinates) with 20.2 cd/m2 
of maxima luminance at 3.3 V.[38b] In this way, we can project in 
a rational way and based on the electronic studies of our systems, 
two forms of possible white LECs with two or three cyclometalated 
Ir (III) complexes of easy synthesis.

Figure 5: Energy levels derived from the CV data of: A.) host-guest single-doped system with C1 and C6, B) host-guest double-
doped system with C1, C2 and C6. ITO and Al represent anode and cathode, respectively.

Conclusions
The Ir (III) complexes studied are suitable as luminescent 

materials for LEC applications, allowing to increase the number 
of iTMC that can produce emission at wide range of colors. The 
modulation of emission energy was achieved successfully by a 
selection of commercial ancillary and cyclometalating ligands, 
avoiding the reactions of complicated ligands that obviously affect 
the yield in the synthesis of an iTMC. According to the experimental 
and theoretical results, C1 complex is proposed as new efficient 
blue emitter for LEC devices since their F2ppy ligands promote a 
strong stabilization of HOMO, increasing the emitting state energy. 
Considering the high demand of stable blue- iTMC, C1 stands out 
by their high quantum yield, from an excited state with 3MLCT 
and 3LLCT characters (95% of LUMO → HOMO transition). The C4 
complex show emission at 515 nm with a proper quantum yield, 
and C2 and C3 are emitters around 580 nm that can be useful in 
blends for double doped host-guest systems. C5 and C6 complexes 
depicted emissions at lower energies but with lower quantum 
yield, however, these red emitters displayed surprising electron 
injection and transport properties, highlighting the high values 
of electronic affinities. In addition, this study shows valuable 
precedents to continue exploiting these complexes, optimizing 
their LEC performances with both single luminescent iTMCs and to 
produce white light from host- guest systems.
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