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Abstract

Using time-dependent density functional theory (TDDFT) approach, the electronic structure and photophysical properties of five cyclometalated Ir(III) complexes bearing different substituted acetylacetone moieties have been calculated and investigated. The calculated geometry structure of complex 2 shows a very good agreement with the available experimental data. The HOMO of complex 1 has the different distribution from those of complexes 2–5, that is, residing on the d-orbital of Ir, π-orbital of acac and L ligands. The S0→S1 transition of complex 1 is from HOMO→LUMO and HOMO–1→LUMO, that is, different from those of complexes 2–5. The lowest energy emissions for these complexes from CAM-B3LYP level are localized at 591, 581, 576, 574, and 571, respectively. Complex 4 might possess the largest kr value among these studied complexes. We anticipate that this study can shine some light on Ir(III) emitters in the fabrication of efficient organic light-emitting diodes (OLEDs).
KEYWORDS

DFT, TDDFT, OLEDs, Iridium, phosphorescence
1 | INTRODUCTION
In the past two decades, organic light-emitting diodes (OLEDs) have been intensively investigated from both academic and industrial community due to their capacity to give high luminance efficiency and color quality [1–6]. Especially, phosphorescent OLEDs (PhOLEDs) is a very critical technologies and possesses many performance advantages over traditional fluorescent OLEDs [7–10]. It is known that because phosphorescent transition metal complexes are capable of harvesting both singlet and triplet excitons, PhOLEDs can reach 100% utilization of its quantum efficiency (QE), while fluorescent emitters are limited to singlet excitons, achieving about 25% [11,12]. 
Many phosphorescent transition metal complexes, such as Ru(II), Rh(III), Os(II), Ir(III), Pt(II) and Cu(I) complexes, are extensively explored and applied in the fabrication of OLEDs because the central heavy metals can induce spin orbit coupling (SOC) to facilitate the intersystem crossing (ISC) from singlet to triplet excited states and further increase the quantum efficiency by suppressing its non-radiative decay [13–18]. In addition, it is found that transition metal triplet emitters can optimise device performance with high colour purity and durability. Especially, the iridium(III) complexes possessing a d6 electronic configuration and octahedral coordination geometry have been intensively studied due to their wide color tunability, high luminescence efficiency and potential applications in OLEDs [19–22]. Generally, the electronic feature of cyclometalating ligands can dominate the photophysical characters of cyclometalated Ir(III) complexes. So, alternating the structures of the ligands is the most important and effective way to modulate the photophysical and electroluminescence properties for the cyclometalated Ir(III) complexes. 
It is known that coumarin derivatives can provide great possibility of molecular design for the corresponding cyclometalated Ir(III) complexes. Feng et al. have investigated the photophysical and thermal data of a series of ppy-type coumarin-based cyclometalated Ir(III) complex isomers [23]. On the basis of complex IrC5 [23], we have designed a series of new complexes bearing different substituted acetylacetone moieties (Figure 1). Obviously, it is meaningful to explore their difference including crystal structures, electronic structure and photophysical properties.
2 | COMPUTATIONAL METHODS
The ground state geometry for each molecule was optimized by density functional theory (DFT) [18] method with hybrid Hartree-Fock/density functional model (PBE0) based on the Perdew-Burke-Erzenrhof (PBE) [24]. On the basis of the ground- and excited-state equilibrium geometries, the time-dependent DFT (TDDFT) approach was applied to investigate the absorption and emission spectral properties. The “double-ξ” quality basis set LANL2DZ [25,26] associated with the pseudopotential was employed on atom Ir. The 6–31G(d) basis set was used for nonmetal atoms in the gradient optimizations. Furthermore, the stable configurations of these complexes can be confirmed by frequency analysis, in which no imaginary frequency was found for all configurations at the energy minima. All calculations were performed with the polarized continuum model (PCM) in dichloromethane (CH2Cl2) medium. All calculations were performed with the Gaussian 09 software package [27].
3 | RESULTS AND DISCUSSION
3.1 | Molecular geometries in the ground and lowest triplet states
The schematic structures of complexes 1–5 have been provided in Figure 1. The optimized structure of complex 3 in the ground state (S0) along with the numbering of some key atoms at the PBE0 level is shown in Figure 2. The important bond lengths of complexes 1–5 in optimized ground and excited states geometries are summarized in Table 1.
It can be seen that the calculated geometrical parameters of complex 1 are in good agreement with the measured values. The bond length deviation between the calculated and experimental ones for complexes 1 is smaller than 1%. For C1–Ir–O2, C2–Ir–O1 and N1–Ir–N2 of complex 1, no more than 3° of deviation was found between the experimental and calculated bond angles. The bond angles C1–Ir–O2, C2–Ir–O1 and N1–Ir–N2 of complexes 1–5 are larger than 174°, which shows that these complexes adopt a distorted octahedral chelating skeleton structure with cis-C,C, cis-O,O, and trans-N,N chelating disposition. For C1–O1–O2–C2, C1–N1–O2–N2 and C2–N1–O1–N2 of complex 1, the largest deviation between the experimental and calculated bond angles is less than 2°. Interestingly, the dihedral angles C1–N1–O2–N2 and C2–N1–O1–N2 of complex 3 have the smallest and largest values, respectively.
Upon excitation to the T1 state, complexes 1–5 still retain their geometries with only slight alteration. The bond lengths of Ir-C1 and Ir-C2 for complexes 1–5 become slightly shorter from S0 to T1 state, whereas those of Ir-N1 and Ir-N2 are extended. The bond lengths of Ir-O1 and Ir-O2 for complexes 1 and 2 are slightly shorter from S0 to T1 state, however, those of complexes 3, 4 and 5 show the opposite change. The possible reason is that these complexes possess the different substitute groups with different electron-donating and electron-accepting ability. In contrast to the S0 state, the bond angles C1–Ir–O2 and C2–Ir–O1 of complexes 1–5 in T1 state show some decrease. The bond angle N1–Ir–N2 of complexes 2–5 is slightly increased from S0 to T1 state. The dihedral angles C1–O1–O2–C2 of complexes 1–5 in T1 state have some decrease in contrast to those of S0 state. However, the dihedral angles C1–N1–O2–N2 and C2–N1–O1–N2 of complexes 1–5 in T1 state have obviously enhancement in contrast to those of S0 state.
3.2 | Frontier molecular orbitals (FMO) properties
It is known that the optoelectronic properties of transition metal complexes are closely related to the FMOs, especially HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital). The HOMOs and LUMOs distribution, energy levels, and the HOMO–LUMO energy gap (ΔEH-L) of the complexes 1–5 have been plotted in Figure 3. 
The detailed information of FMO compositions for 1–5 has been provided in Tables S1–S5 (Supplementary Information). The HOMO and LUMO energy levels for these complexes are in the two orders 1 > 2 > 3 > 4 = 5 and 1 > 2 > 3 > 4 < 5. The LUMO of complexes 1–5 mainly resides on the C^N ligand, for example, the LUMO of complex 1 has the distribution 98% π-orbital of L ligand. Especially, the HOMO of complex 1 distributes over the d-orbital of Ir (16%) and π-orbital of acac (66%) and L ligands (18%). However, the HOMO of complexes 2–5 mainly resides on the d-orbital of Ir and C^N. It is interesting that the order of ΔEH–L values for these complexes is 1 < 2 < 3 < 4 < 5, which is consistent with the electron-donating and electron-accepting ability of the substituent groups R on acac ligand. It can be seen that the electron-withdrawing group –CF3 on the ancillary ligand acac of complex 5 lowers the energy levels of HOMO and LUMO compared with 1, and meanwhile increases the ΔEH–L to 3.55 eV.

3.3 | Absorption spectra properties
On the basis of the optimized S0 structures, the absorption spectra (Figure 4) in CH2Cl2 solvent have been calculated with TDDFT method. The vertical electronic excitation energies, oscillator strengths (f), dominant configurations, and their assignments of singlet excited states have also been provided in Tables S6 (Supplementary Information).
As shown in Table S6, the lowest lying S0→S1 absorption wavelengths are located

at 486 nm (f = 0.0876) for 1, 470 nm (f = 0.0980) for 2, 522 nm (f = 0.1188) for 3, 512 nm (f = 0.1247) for 4, and 510 nm (f = 0.1255) for 5, respectively. Generally speaking, complexes 1–5 have the similar absorption line shape. In particular, complex 3 has two splitting crests near the 256 nm position. Complexes 1, 2, 4 and 5 have two large absorption peaks from 240 nm to 330 nm. The S0→S1 transition of complex 1 is from HOMO→LUMO (50%) and HOMO–1→LUMO (45%), which has the transition character of d(Ir)+π(acac+C^N)→π*(C^N)[MLCT(metal to ligand charge transfer) /LLCT(ligand to ligand charge transfer)/ILCT (intraligand charge transfer)]. Whereas the S0→S1 transition of complexes 2–4 are mainly from HOMO→LUMO, which are described as d(Ir)+π(C^N)→π*(C^N)[MLCT/ILCT] transition character. Hence, it can be seen that the strong electron-donating substitute group —N(CH3)2 has the obvious effect on the transition character.
3.4 | Phosphorescence in CH2Cl2 medium
In order to get a more reliable experimental method, we used six functions B3LYP [28], CAM-B3LYP [29], M052X [30], M062X [31], PBE0 [32], BP86 [33] to calculate the phosphorescence emission wavelength of complex 2, and the calculated values are 674, 581, 534, 527, 655, and 858 nm, respectively. Among them, the calculated value 581 nm at CAM-B3LYP level for complex 2 is the closest to the experimental test value 592 nm. Hence, on the basis of the lowest triplet excited-state geometries, the emission spectra of all studied complexes were calculated by the TDDFT/CAM-B3LYP functional in CH2Cl2 medium. The emission properties have been listed in Table 2, along with the available experimental value. The plots of the molecular orbitals related to emissions of 1–5 have been presented in Table 3. In addition, partial frontier molecular orbital composition (%) of complexes 1–5 in the triplet excited states have been provided in Table S7 (Supplementary Information).
For complexes 1–5, the calculated values are 591, 581, 576, 574, and 571, respectively. The lowest energy emission of complexes 1–3 are assigned as the similar transition. For example, the lowest energy emission of complex 1 has the LUMO→HOMO (64%) and LUMO+1→HOMO–2 (14%) transition configuration designated as [π*(L)→d(Ir)+π(acac+L)] with 3MLCT (triplet ligand to metal charge transfer)/3LLCT (triplet ligand to ligand charge transfer)/3ILCT (triplet intraligand charge transfer) characteristics. In comparison with 3, the emission wavelength of complex 1 has the obvious redshift. However, complexes 3, 4 and 5 have the approximate emission wavelength, which indicates that the electron-accepting substitute groups –F and –CF3 have no obvious effect on the phosphorescent emission properties. In addition, the lowest energy emission of complexes 4 and 5 have the similar transition. For example, the lowest energy emission of complex 4 has the LUMO→HOMO (60%) and LUMO+1→HOMO–1 (18%) transition configuration designated as π*(L)→d(Ir)+π(L)/3MLCT/3ILCT and π*(L)→d(Ir)+π(acac+L)/3MLCT/3LLCT/3ILCT characteristics. It can be seen from Table 3 and Table S7, that the LUMO of complex 1–5 are mainly distributed on L ligands, the HOMO are largely localized on the 5d(Ir) orbital and L ligand except complex 1.
3.5 | The PL quantum efficiency in CH2Cl2 medium
The emission quantum yield (ΦPL) from an emissive excited state to the ground state is linked to the radiative (kr) and nonradiative (knr) rate constants by the following equation:
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Evidently, ΦPL can be affected by the competition between kr and knr. Therefore, to increase the quantum yield, a large kr and a small knr are required.

Theoretically, kr is related to the mixing between S1 and T1, which is proportional to the spin-orbit coupling (SOC) and inversely proportional to the energy difference between the S1 and T1 states as expressed below [34,35]:
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Here, 
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is the transition electric dipole moment for the S0→S1 transition, and n, h, and ε0 are the refractive index of the medium, Planck’s constant, and the permittivity in vacuum, respectively.
 is the spin-orbit coupling (SOC) matrix element. The contribution of 3MLCT in the T1 state is an important factor to measure the SOC effects. The direct involvement of the d(Ir) orbital enhances the first-order SOC in the T1→S0 transition, which will greatly reduce the radiation lifetime, thereby reducing the occurrence of nonradiative transitions. The T1→S0 energy gap (
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[image: image8.wmf]1

s

μ

and smaller 
[image: image9.wmf]11

S-T

Δ

E

are beneficial to the improvement of kr. Thus, the complex 4 possibly possesses the largest kr value on the basis of the data in Table 4. 
4 | CONCLUSIONS
The electronic structures and spectral properties of five cyclometalated Ir(III) complexes bearing different substituted acetylacetone moieties have been theoretically investigated in the present work. It can be seen that the order of ΔEH–L values for complexes 1–5 is gradually increased from 1 to 5, which is line with the electron-donating and electron-accepting ability of the substituent groups R on acac ligand. The lowest lying S0→S1 absorption wavelengths are located at 486 nm for 1, 470 nm for 2, 522 nm for 3, 512 nm for 4, and 510 nm for 5, respectively. The calculated lowest energy emission value 581 nm at CAM-B3LYP level for complex 2 is good agreement with the experimental test value 592 nm. In addition, it is inferred that complex 4 could possess the largest kr value among complexes 1–5. It is hoped that the theoretical studies could provide some inspiration in the design of new phosphorescent materials for use in the OLEDs.
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FIGURE 1  Schematic structures for complexes 1–5
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FIGURE 2  Optimized structure of complex 3 in the ground state
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FIGURE 3  Contour plots of the HOMO and LUMO for complexes 1–5
(a)
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FIGURE 4  Simulated planar absorption spectra (a) and three-dimensional absorption spectra (b) of complexes 1–5 in CH2Cl2 medium
TABLE 1  Main optimized geometry parameters for complexes 1–5
	
	1
	2
	3
	4
	5

	
	S0/Exptl.a
	T1
	S0
	T1
	S0
	T1
	S0
	T1
	S0
	T1

	bond length (Å)
	
	
	
	
	
	
	
	
	
	

	Ir-C1
	1.981/1.984
	1.966
	1.984
	1.958
	1.988
	1.961
	1.977
	1.948
	1.980
	1.951

	Ir-C2
	1.988/1.990
	1.967
	1.988
	1.962
	1.983
	1.956
	1.981
	1.953
	1.985
	1.956

	Ir-N1
	2.032/2.036
	2.048
	2.036
	2.040
	2.038
	2.043
	2.039
	2.040
	2.039
	2.042

	Ir-N2
	2.033/2.035
	2.035
	2.037
	2.042
	2.037
	2.040
	2.039
	2.043
	2.042
	2.045

	Ir-O1
	2.157/2.157
	2.145
	2.166
	2.162
	2.179
	2.181
	2.218
	2.228
	2.185
	2.197

	Ir-O2
	2.160/2.150
	2.146
	2.166
	2.164
	2.179
	2.181
	2.217
	2.222
	2.185
	2.196

	bond angle (°)
	
	
	
	
	
	
	
	
	
	

	C1–Ir–O2
	174.42/171.77
	173.73
	174.61
	174.16
	175.72
	174.74
	174.63
	173.42
	174.09
	173.02

	C2–Ir–O1
	174.03/175.65
	172.26
	175.51
	174.33
	174.95
	174.47
	175.88
	173.84
	175.21
	173.14

	N1–Ir–N2
	177.08/175.26
	176.66
	176.78
	177.19
	176.67
	177.13
	176.83
	177.43
	176.71
	177.37

	dihedral angle (°)
	
	
	
	
	
	
	
	
	
	

	C1–O1–O2–C2
	6.64/7.16
	4.77
	5.89
	4.02
	5.65
	3.88
	4.97
	3.26
	6.26
	5.06

	C1–N1–O2–N2
	4.57/6.53
	6.08
	4.36
	5.35
	0.87
	3.95
	4.80
	5.97
	4.61
	5.82

	C2–N1–O1–N2
	1.20/1.02
	4.36
	1.02
	3.70
	3.56
	4.47
	1.43
	4.12
	1.26
	4.16


a Ref. [23]
TABLE 2 Phosphorescent emission of complexes 1–5 in CH2Cl2 medium at the TDDFT calculation, together with the experimental wavelength (nm) available
	
	λ(nm)/E(eV)
	Configuration
	Nature
	Exptl.a

	1
	591/2.09
	L→H (64%)
	3MLCT/3LLCT/3ILCT
	

	
	
	L+1→H–2 (14%)
	3MLCT/3LLCT/3ILCT
	

	2
	581/2.13
	L→H (69%)
	3MLCT/3ILCT
	592

	
	
	L+1→H–2 (20%)
	3ILCT
	

	3
	576/2.15
	L→H (66%)
	3MLCT/3ILCT
	

	
	
	L+1→H–2 (19%)
	3ILCT
	

	4
	574/2.16
	L→H (60%)
	3MLCT/3ILCT
	

	
	
	L+1→H–1 (18%)
	3MLCT/3LLCT/3ILCT
	

	5
	571/2.17
	L→H (61%)
	3MLCT/3ILCT
	

	
	
	L+1→H–1 (19%)
	3MLCT/3ILCT
	


         a Ref. [23]
TABLE 3  The frontier molecular orbital contours related to the lowest energy phosphorescence emissions of complexes 1–5
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	HOMO–1
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TABLE 4 The metal-to-ligand charge transfer 3MLCT (%) in the T1 state, the energy gaps between the S1 and T1 states 
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[image: image36.wmf]1

s

μ

 (Debye) and the measured quantum yields Φ (%) for complexes 1–5 in CH2Cl2 medium
	
	3MLCT
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	Φa

	1
	25.14
	0.3898
	1.4020
	39

	2
	23.46
	0.4344
	1.5175
	

	3
	21.78
	0.4488
	2.0440
	

	4
	22.86
	0.4631
	2.1052
	

	5
	20.81
	0.4659
	2.1086
	


                               a Ref. [23]
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