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By using density functional theory and time-dependent density functional theory, the geometrical, elec-
tronic and photophysical properties of six complexes with two ppy-type ligands and one acetylacetone
anion around the Ir center have been explored. The lowest energy absorption wavelengths are located at
414 nm for 1, 434 nm for 2, 434 nm for 3, 421 nm for 4, 436 nm for 5, and 425 nm for 6, respectively.
The lowest energy emissions of these complexes are localized at 617, 492, 633, 634, 491 and 491 nm,

respectively, for complexes 1-6, simulated in CH,Cl, medium at the M062X level. The calculated lowest
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1. Introduction

In the last two decades, organic light-emitting diodes (OLEDs)
have been a hot research topic due to the requirement for full-
color flat-panel displays and low-cost lighting sources.'”® It is
well-known that because phosphorescent transition metal
complexes are capable of harvesting both singlet and triplet
excitons, phosphorescent emitters offer the potential to reach
100% internal quantum efficiency in OLEDs, while fluorescent
emitters are limited to singlet excitons.” Many phosphorescent
transition metal complexes, such as Ru(u), Rh(ur), Os(u), Ir(im)
and Pt(u) complexes, have attracted significant academic and
industrial research interest due to their potential application
in the fabrication of OLEDs;*™® especially, cyclometalated
iridium(m) complexes are regarded as the most fascinating
phosphors because of their unique photophysical properties,
such as tunable emission energy, high phosphorescence
efficiencies and short lifetimes."”

In recent years, the elements in group VIA have been widely
employed to construct phosphorescent Ir(m) and Pt(u) com-
plexes with 2-phenylpyridine (ppy)-type ligands. The hole
injection/hole transport ability and electroluminescence
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lying absorption wavelength and the lowest energy emission wavelength for complex 3 are very close to
the available experimental values. The position and number of the incorporated electron-withdrawing
fluorine substituents have some effect on the electronic and photophysical properties of these studied

efficiencies of these ppy-type Ir(m) and Pt(u) phosphorescent
complexes have been enhanced through the strategy of attach-
ing both phenyl ether and phenyl sulfide groups to them.
Recently, Feng et al. have investigated the photophysical pro-
perties of a series of asymmetric heteroleptic Ir(i) phosphores-
cent complexes (Ir-SeOF, Ir-SelF, Ir-Se2F, and Ir-Se3F) syn-
thesized by using 2-selenophenylpyridine and one ppy-type
(ppy = 2-phenylpyridine) ligand with a fluorinated selenide
group.>® In this study, on the basis of complex Ir-Se3F,** five
complexes have been designed. Furthermore, by using density
functional theory (DFT) and time-dependent density func-
tional theory (TDDFT), the electronic structures, charge injec-
tion and transport, and spectral properties of these complexes
have been theoretically studied. It is anticipated that this
research could provide good guidance for the design of high
performance ppy-type Ir(m) phosphorescent emitters.

2. Computational method

The ground state geometry for each molecule was optimized
by the density functional theory (DFT)*> method with a hybrid
Hartree-Fock/density functional model (PBEO) based on the
Perdew-Burke-Ernzerhof (PBE).>® On the basis of the ground-
and excited-state equilibrium geometries, the time-dependent
DFT (TDDFT) approach was applied to investigate the absorp-
tion and emission spectral properties. The “double-£” quality
basis set LANL2DZ>”*® associated with the pseudopotential
was employed for Ir atoms. The 6-31G(d,p) basis set was used
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for nonmetal atoms in the gradient optimizations.
Furthermore, the stable configurations of these complexes can
be confirmed by frequency analysis, in which no imaginary fre-
quency was found for all configurations at the energy minima.
All calculations were performed with the polarized continuum
model (PCM) in CH,Cl, medium. The calculated electron
density plots for frontier molecular orbitals were prepared by
using GaussView 5.0.8 software. All calculations were per-
formed with the Gaussian 09 software package.*®

3. Results and discussion

3.1 Geometries in the ground state S, and triplet excited
state T,

The sketch map of iridium(m) complexes 1-6 is presented in
Fig. 1(a), and the partial atomic number of complex 1 as a
representative is shown in Fig. 1(b). To gain a better under-
standing of the structural modification from the S, to T; state,
the main optimized geometric parameters of S, and T, are pre-
sented in Table 1.

(b)

Fig. 1 (a) Sketch map of the structures of iridium(in) complexes 1-6. (b)
Representative optimized structure of complex 1 (H atoms omitted).
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As depicted in Fig. 1(a), for complexes 1-6, two ppy-type
ligands and one acetylacetone anion around the Ir center
furnish the chelating skeleton with cis-C,C, cis-O,0, and trans-
N,N chelating disposition. For all these complexes, the bond
lengths of Ir-C1 and Ir-C2 are between 1.90 and 1.99 A, the
bond lengths of Ir-N1 and Ir-N2 are between 2.00 and 2.09 A,
and the bond lengths of Ir-O1 and Ir-O2 are between 2.10 and
2.19 A. The bond angles C1-Ir-O1, C2-Ir-02 and N1-Ir-N2 for
complexes 1-6 are more than 173°. The dihedral angles C1-
C2-01-02, C1-N2-01-N1 and C2-N2-02-N1 for complexes
1-6 are less than 8°. This indicates that all these heteroleptic
iridium complexes possess a distorted octahedral configur-
ation. The position and number of the incorporated fluorine
atoms are different from complex 3 to 6, the geometrical struc-
ture parameters of which also show some slight changes.

In addition, to examine the changes of the geometrical
structures upon excitation, the calculated geometrical para-
meters of the lowest lying triplet excited states (T,) for all the
studied complexes are also presented in Table 1. The bond
lengths Ir-C1 for complexes 1-6 are slightly shorter, in con-
trast to those in the singlet state (S,) when the other bond
lengths show erratic changes. The bond angles C2-Ir-O2 and
N1-Ir-N2 show a slight decrease and increase, respectively,
compared with those of the S, state. The dihedral angles C1-
C2-01-02 for complexes 1-6 are smaller than those of the S,
state.

3.2 Molecular orbital properties

The detailed information of frontier molecular orbital (FMO)
compositions for complexes 1-6 is presented in Tables S1-S6
(ESIt). The HOMO and LUMO distribution, energy levels, and
energy gaps between of the LUMO and HOMO (AE; _y) of 1-6
are also plotted in Fig. 2. In addition, Fig. S1f presents the
names of different ligands in complexes 1-6 (taking complex 1
as an example).

From Fig. 2 and Tables S1-S6,7 it can be seen that the
HOMO of complexes 1-6 resides mainly on the Ir atom and L1
and L2 ligands. For example, the HOMO of 1 distributes over
the d-orbital of Ir (33%) and the m-orbital of L1 (14%) and L2
ligands (50%). In addition, the HOMO energy levels for com-
plexes 1-6 are not obviously different, that is, from —5.62 to
—5.51 eV. The LUMO of complexes 1-6 resides mostly on the
L1 ligand, for example, 94% antibonding n*-orbital of the L1
ligand for complex 1. The LUMO energy levels for complexes
1-6 have some difference from —1.87 to —1.61 eV; especially,
complex 1 has the largest HOMO, LUMO and AE;_y values
(=5.51, —1.61 and 3.90 eV). In contrast, complex 5 has the
smallest AE; 5 value (3.73 eV). Comparing complex 4 with 5,
the HOMO, LUMO and AE;j_y values of 4 are larger than
those of 5, which indicates that the different position of elec-
tron-withdrawing fluorine substituents has an obvious effect
on the electronic structure properties.

3.3 Ionization potentials (IPs) and electronic affinities (EAs)

The good device performance of OLEDs is closely bound up
with the excellent charge injection and transport abilities and
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Table 1 Main optimized geometry parameters for complexes 1-6
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1 2 3 4 5 6
So T, So T, So T, So T; So T, So T,
Bond length (&)
Ir-C1 1.988 1.956 1.986 1.965 1.988 1.959 1.988 1.959 1.988 1.962 1.988 1.966
Ir-C2 1.986 1.990 1.987 1.963 1.986 1.989 1.989 1.992 1.987 1.967 1.989 1.964
Ir-N1 2.078 2.061 2.062 2.078 2.059 2.049 2.058 2.046 2.059 2.078 2.057 2.073
Ir-N2 2.038 2.047 2.041 2.030 2.041 2.046 2.042 2.048 2.041 2.028 2.042 2.032
Ir-01 2.157 2.157 2.161 2.163 2.160 2.162 2.163 2.165 2.161 2.169 2.164 2.165
Ir-02 2.171 2.183 2.168 2.167 2.168 2.181 2.169 2.181 2.168 2.163 2.168 2.167
Bond angle (°)
C1-Ir-01 173.79 17476 17471 17411  174.66 17574  174.65  175.62  174.85  175.21  174.42  173.81
C2-Ir-02 175.17 17510  175.05  174.01  174.28  173.87 17512  175.10 17428  171.23  174.81  173.13
N1-Ir-N2 176.11  176.61  176.14  177.14  176.09  176.69  176.49  177.06  176.29  176.84  176.48  177.15
Dihedral angle (°)
C1-C2-01-02  7.21 6.03 6.59 4.78 6.74 5.53 6.67 5.39 6.68 5.54 7.03 5.39
C1-N2-O1-N1  2.39 2.60 2.37 3.12 2.23 2.40 2.26 2.60 1.85 1.69 2.42 3.31
C2-N2-02-N1  3.58 3.85 3.68 5.61 4.63 5.01 3.22 3.44 4.64 7.97 3.17 6.06
05 s The IP (both vertical and adiabatic) values for complexes 2 and
4‘? 2 ? (¥
%-' ot Sae iBase é.f 33 5 are larger than those of the other four complexes. In
— 17 AN RE° . . . .
S 3 o, 2% e e e addition, the EA (both vertical and adiabatic) values of 5 are
() - = ¥ . . . .
- 21 161 T8 T-182 1-169 T_1g7 f-1.74 Ev0 the largest among these complexes, which is beneficial to
g 3 enhance the electron injection ability. According to the
= 2.90 Marcus-Hush model,*® the charge (hole or electron) transfer
w : 376 375 (386 373 382 i
-4 1 rate K. can be expressed by the following formula:
-5
1551 4562 -§.57 : -5.55 -5.60 :5.56 HOMO Kt = A exp(—A/4kpT) (1)
64 2 H 0% R % e
, 7@ w VQ @ L/ w where T is the temperature, kg is the Boltzmann constant, and
- - A4 & ° . . . . . . .
AR v s | R Sl s RIS A A is the reorganization energy. Due to the limited inter-
-8 1 2 3 4 5 6 molecular charge transfer range in the solid state, the mobility

Fig. 2 Molecular orbital diagrams and HOMO and LUMO energies for
complexes 1-6.

the balance between the electron and hole transport. The
ionization potential (IP) and electron affinity (EA) both in verti-
cal (v, at the geometry of the neutral molecule) and adiabatic
(a, optimized structures for both the neutral and charged
molecules) processes have been investigated in order to quan-
titatively evaluate the charge injection abilities. The calculated
vertical IP (IP,), adiabatic IP (IP,), vertical EA (EA,), and adia-
batic EA (EA,) are also listed in Table 2.

As it is known that a smaller IP value facilitates hole injec-
tion, while a larger EA value will facilitate electron injection.

Table 2 The calculated vertical IP (IP,), adiabatic IP (IP,), hole extraction
potential (EEP), and reorganization energies for electrons (1) and holes (4;,)

of charges has been demonstrated to be predominantly related
to the internal reorganization energy A for OLED materials.*™*?
Thus, at constant temperature, a low A value is required for an
efficient charge transport process. Herein, we focus on the
inner reorganization energy 4;, which is caused by the change
of the internal nuclear coordinates from the reactant A to the
product B and vice versa (Fig. 3). It can be expressed by the fol-
lowing formula:

A=A+ M = (Ej — Ex) + (Ey — Ep) (2)
where E, and E} are the energies of A and B at the optimized
geometry of A, respectively and E4 and Ej are the energies of A
and B at the optimized geometry of B, respectively. The hole
extraction potential (HEP) has been calculated, which is the

potential (HEP), vertical EA (EA,), adiabatic EA (EA,), electron extraction
, unit: eV

1P, 1P, HEP EA, EA, EEP e n
1 5.352 5.235 5.117 1.737 1.927 2.083 0.346 0.235
2 5.434 5.315 5.185 1.988 2.153 2.318 0.330 0.249
3 5.386 5.240 5.161 1.958 2.139 2.310 0.352 0.225
4 5.362 5.272 5.171 1.744 2.074 2.265 0.520 0.191
5 5.412 5.303 5.195 2.004 2.172 2.342 0.337 0.216
6 5.374 5.283 5.183 1.873 2.116 2.306 0.433 0.191
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Nuclear Configuration

Fig. 3 Schematic description of the inner reorganization energy.

energy difference between M (neutral molecule) and M" (cat-
ionic), using M" geometry. The electron extraction potential
(EEP) has also been calculated, which is the energy difference
between M and M~ (anionic), using M~ geometry. The inner
reorganization energy for hole (1) and electron transport (1)
can be evaluated as follows:

Jn = IP, — HEP (3)
Je = EEP — EA, (4)

The reorganization energy (1) can be approximately used to
estimate the charge transport rate and balance between holes
and electrons and is listed in Table 2. The reorganization ener-
gies for hole transport (4.) of complexes 1-6 are larger than
those for electron transport (4;), which reveals that the hole
transporting performances of these complexes are better than
electron transporting performances. The difference between A,
and /. for 2 is the smallest among complexes 1-6, so hole and
electron transfer balance could be easily achieved in the emit-
ting layer, which is the key factor for efficient OLED materials.

3.4 Absorption spectra

On the basis of the optimized ground state geometries, the
absorption spectra of complexes 1-6 have been calculated by
using the PCM-TD-PBEO method in CH,Cl, medium. The verti-
cal electronic excitation energies, oscillator strengths (f),
dominant orbital excitations and their assignments of the
singlet excited state are presented in Table S7 (ESIT). The simu-
lated absorption spectral properties of complexes 1-6 are
sketched in Fig. 4.

It can be seen from Table S71 that the lowest lying singlet
— singlet absorption of 1-6 is located at 414 nm (f = 0.0621),
434 nm (f= 0.0473), 434 nm (f= 0.0552), 421 nm (f = 0.0824),
436 nm (f= 0.0475) and 425 nm (f = 0.0703), respectively. The
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Fig. 4 Simulated absorption spectra in CH,Cl, medium for complexes
1-6.

calculated 434 nm absorption for complex 3 can be compar-
able to the available experimental value of 418 nm.>* However,
from the article by Feng et al.,>* it can be seen that there is an
obvious difference between the measured value and the calcu-
lated lowest lying singlet — singlet absorption wavelength of
486.7 nm for complex 3. It is obvious that the lowest lying
singlet — singlet absorption of complexes 2 and 3 is red-
shifted compared to that of 1, which is consistent with the
variation rule of the AE;_y values. The lowest lying absorp-
tions for complexes 1-6 mainly have the HOMO — LUMO tran-
sition configuration contributing to the S, — S; state, and they
have the same transitions; for example, the lowest energy
absorption of 1 is characterized as metal-to-ligand charge
transfer (MLCT)/ligand-to-ligand charge transfer (LLCT)/intra-
ligand charge transfer (ILCT) [d(Ir) + =(L1 + L2) — n*(L1)] char-
acter. For complex 1, the high-energy absorption is located at
295 nm, which is arising from S;;, (HOMO-3 — LUMO and
HOMO-1 — LUMO+2). From Table S1,f it can be seen that
H-1 and H-3 are composed of 36% Ir(d) and 19% Ir(d),
respectively. The absorption at 295 nm can be assigned to
MLCT/LLCT/ILCT transition. The lowest lying absorptions of
both 2 and 3 are at 434 nm, which is very close to that of 5,
that is, 436 nm. From Fig. 4 and Table S7,} it can be seen that
complexes 2, 3 and 5 possess not only similar absorption
curves but close lowest-lying absorption wavelengths, oscillator
strengths, and transition characters. For example, the lowest
lying absorption of complex 2 can be characterized as a d(Ir) +
n(L1 + L2) - n*(L1) transition with MLCT/LLCT/ILCT charac-
ter. The lowest lying absorptions of 4 and 6 are 421 and
425 nm, respectively. Furthermore, as for 4 and 6, they possess
a similar absorption line shape, in which there are the
maximum peaks at about 320 nm in the absorption spectra.
From the abovementioned discussion, it can be drawn that
changing the L1 and L2 ligands by different methods, such as,
altering the position and number of the incorporated electron-
withdrawing fluorine substituents, can adjust the absorption
properties of complexes 1-6.

Photochem. Photobiol. Sci., 2019, 18, 2766-2772 | 2769
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.5 Phosphorescence in CH,Cl, medium

In general, TDDFT systematically underestimates the transition
energies, but it reproduces the general trend. To check the
computational method, six different density functionals
(B3LYP,>® CAM-B3LYP,** M052X,>*> M062X,*® BP86>" and
PBE0’®) were used to calculate the emission of complex 3. A
better agreement with experimental data was obtained for
MO062X relative to the other five functionals. The calculated
emission wavelengths for 3 at B3LYP, CAM-B3LYP, BPS§6,
MO052X, M062X and PBEO levels are 720, 791, 715, 681, 633 and
749 nm, respectively, with the deviations of 88, 159, 83, 49, 1
and 117 nm from the measured value of 632 nm.>* Obviously,
the M062X functional yielded a more satisfactory result. So, we
have employed the M062X functional for further emission
spectral calculations. On the basis of the optimized triplet
excited-state geometries, the emission properties of complexes
1-6 in CH,Cl, solution obtained using the TDDFT method are
shown in Table 3. The plots of the molecular orbitals related
to emissions of complexes 1-6 are presented in Table 4.
Besides, partial frontier molecular orbital compositions (%) of

Photochemical & Photobiological Sciences

complexes 1-6 in the triplet excited states are presented in
Table S8 (ESIY).

Table 3 shows that the calculated lowest energy emissions
of complexes 1-6 are located at 617, 492, 633, 634, 491 and
491 nm, respectively. The calculated emission wavelength of
561.8 nm for complex 3 by Feng et al.>* has a significant devi-
ation from the measured value, which is not as good as our
theoretical method. It can be seen that complex 2 has the
smallest emission wavelength among complexes 1, 2 and 3
with a similar molecular structure. It can be seen that the
emission wavelengths of complexes 2, 5 and 6 are in the range
of 490 nm whereas those of complexes 1, 3 and 4 are in the
range of 600 nm. Indeed, it cannot be concluded that there is
a clear correlation between the phosphorescent emissions and
the substitution of ligands. Interestingly, comparing complex 4
with 5, the only difference in the molecular structure is the
different fluorine substitution position, in which there is an
about 143 nm difference in the emission wavelength. It can be
seen from Table 3 that complexes 1-6 have the same emission
transition characters. For example, complex 1 has the triplet
metal-to-ligand charge transfer (*MLCT)/triplet ligand-to-

Table 3 Phosphorescent emissions of complexes 1-6 in CH,Cl, using the TDDFT calculations, together with the experimental wavelength (nm)

available
A (nm)/E (eV) Configuration Assignment Nature Expt.”
1 617/2.01 L - H (81%) (L1 + 12) — d(Ir) + n(L1) *MLCT/’LLCT/’ILCT
L+1 — H (12%) (L1 + L2) — d(Ir) + n(L1) *MLCT/’LLCT/’ILCT
2 492/2.51 L - H (55%) (L1) = d(Ir) + n(L1 + 1L2) *MLCT/’LLCT/*ILCT
L — H-2 (26%) 7*(L1) - =n(L1 + L2) *LLCT/ILCT
3 633/1.95 L — H (76%) (L1 + L2) — d(Ir) + n(L2) *MLCT/LLCT/’ILCT 632°
L+1 — H (16%) (L1 + L2) — d(Ir) + n(L2) *MLCT/’LLCT/’ILCT
4 634/1.95 L - H (87%) *(L2) = d(Ir) + n(L1 + L2) *MLCT/’LLCT/’ILCT
5 491/2.52 L — H (47%) 7*(L1) - d(Ir) + n(L1 + L2) *MLCT/LLCT/’ILCT
L+1 — H (17%) 7*(L2) — d(Ir) + n(L1 + L2) *MLCT/LLCT/’ILCT
L — H-2 (10%) 7*(L1) - =(L1 + L2) *LLCT/ILCT
6 491/2.52 L - H (52%) (L1) = d(Ir) + n(L1 + 1L2) *MLCT/’LLCT/*ILCT
L — H-2 (18%) 7*(L1) - n(L1 + L2) *LLCT/ILCT
“ Ref. 24.
Table 4 The frontier molecular orbital contours related to the lowest energy phosphorescence emissions of complexes 1-6
1 2 3 4 5 6
L+1 4 5. S:
W g?;‘ .:f
75 S e
L # o ? %
S :3° S d .“ o’ ;:0/
8 A 9 3. .. IPs.
1.2 o, :
H ":v a . by o 8 é om,,
. Lo &,
@ w @ 4 : 4
4 3‘:" ! ® .“'. . '°o Laa) ’a.' ° og .
H-2 ? % oz,
8. =%. %e .
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ligand charge transfer (*LLCT)/triplet intraligand charge trans-
fer (*ILCT) transition characters. The theoretical results show
that a slight change of the molecular structure could result in
an obvious difference in the phosphorescence emission pro-
perties. As shown in Table 4 and Table S8,f the HOMOs of
complexes 1-6 are localized on the Ir atom and L2 ligand. For
example, the HOMO of complex 1 is distributed on the Ir
(25%) and L2 ligand (65%). The LUMOs of complexes 1-6 have
different distributions, except for the LUMOs of 2, 5 and 6
which have the same distribution character, that is, L1 ligand
(94%).

4. Conclusions

In this study, we have used the DFT and TDDFT methods to
investigate the ground and excited state structures and absorp-
tion and emission spectra of six iridium(m) complexes with
two ppy-type ligands and one acetylacetone anion around the
Ir center. The aim is to investigate the effect of introducing
different atoms and changing the position and number of the
incorporated fluorine atoms on the electronic structure and
photophysical properties. The lowest lying absorptions for all
studied complexes possess the HOMO — LUMO transition
configuration with MLCT/LLCT/ILCT [d(Ir) + n(L1 + L2) — n*
(L1)] character. Complexes 2, 3 and 5 have a similar absorption
line shape. The calculated emission wavelength of 633 nm for
3 at the M062X level is in good agreement with the experi-
mental value. We hope that this research work can provide
some information to design good iridium complexes as phos-
phorescent emitters.
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