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Cationic Iridium Complexes with Phenylpyridine
and Strong Ancillary Ligands

HO WAN HAM' AND YOUNG SIK KIM!*?

"Department of Information Display, Hongik University, Seoul, Korea
’Department of Science, Hongik University, Seoul, Korea

We report the theoretical studies of cationic Ir(IIl) complexes with phenylpyridine
and  phosphines,  [trans-Ir(dfMeppy ) ( PPhoMe),]"  and  [cis-Ir(dfMeppy ),
(PPh,Me),]*. To gain insight into the factors responsible for the emission color
change and the different quantum yields, we perform DFT and TDDFT calculations
on the ground and excited states of these complexes, including solvation effects on
the calculation of the excited states. [Trans-Ir(dfMeppy)( PPhoMe),]" produces
the PL emission at 450 and 475 nm, whereas [cis-Ir(dfMeppy ),( PPh,Me),] " pro-
duces the PL emission at 442 and 470 nm, respectively. The computational study
allows us to reveal that the position of the PPh,Me ancillary ligands alter the
MLCT energy mainly by changing the HOMO energy level. The HOMO energy
level of the cis-isomer may be lowered by a high trans effect of the strong-field ancil-
lary ligand, which causes a significant blue shifted emission. It is also likely that the
strong-field ancillary ligand PPhyMe increases the MLCT characteristics of the
cis-isomer by lowering the t,, energy level of 5d-orbitals of the metal. We discuss
how the ancillary ligand PPh,Me influences both the emission peak and the MLCT
transition efficiency.

Keywords Blue; cationic iridium complex; LEC; OLED; phosphorescence;
TDDFT

1. Introduction

Light-emitting electrochemical cells (LECs) have attracted increasing attention in
recent years and hold much promise as the next generation of solid-state lighting
due to their many advantages over traditional organic light-emitting diodes
(OLEDs). LECs are particularly promising for large-area lighting applications
because they are easy to produce and operate at very low voltages, yielding highly
power-efficient devices. Typical OLEDs require a multilayered structure for charge
injection, transport, and light emission, as well as a low work-function metal cathode
and a high work-function metal or metal oxide anode to provide efficient charge
injection [1-4]. LECs require only a single layer of organic semiconductor, which
is processed directly from solution. LECs generally give low turn-on voltages, close
to the photon energy, which are largely independent of the thickness of the active
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layer. Furthermore, charge injection in an LEC is insensitive to the work function of
the electrode material, thus permitting the use of a wide variety of metals as cathode
materials [5-7].

The first examples of LECs were based on conjugated polymers to which inor-
ganic salts were added [8]. More recently, organometallic compounds that yield
single-component solid-state light-emitting devices have attracted wide interest.
The majority of the devices is based on charged organometallic complexes using
iridium(IIT) and ruthenium(II) as the metal core [9-11]. The compound most widely
used in these single-component devices is tris-(bipyridine) ruthenium(II), Ru(bpy)?,
balanced by a large negative counter ion such as hexafluorophosphate [12,13]. Thus,
LECs based on charged metal complexes do not require the presence of an added
electrolyte or an ion-conducting polymer, making the device architecture simpler
than that of polymer-based LECs. However, a number of complications remain that
impede their integration in products. These include a limited temporal stability and
the lack of deep-blue light-emitting complexes. Using various chemical approaches,
the range of available colors has recently increased up to a bluish-green device [10].

Mixed ligand cationic iridium complexes of the type [Ir(C"N),(N"N)]*, with
(C"N) cyclometalating and (N"N) bipyridine-like ligands, are studied in this respect
because the two types of ligands can be almost independently functionalized to
obtain the desired color tuning. Electron withdrawing substituents on the phenyl
ring of (C"N) ligands decrease the donation to the metal and therefore stabilize
the metal-based HOMO. On the other hand, electron-donating substituents on the
(N”N) ligand lead to destabilization of the (N"N) ligand-based LUMO, ultimately
leading to increased HOMO-LUMO gaps and a blue-green emission at 463 nm with
high quantum yield [14,15].

However, purely blue-emitting cationic iridium complexes are rarely found.
Recently, cationic iridium(III) complexes with phenylpyridine and phosphines,
[trans-Ir(dfMeppy).(PPh,Me),]" and [cis-Ir(dfMeppy)»(PPh,Me),]", [dfMeppy =
2-(2' 4 -difluorophenyl)-4-methyl pyridine] were synthesized and studied to tune the
phosphorescence wavelength to the deep blue region and to enhance the luminescence
efficiencies. [Trans-Ir(dfMeppy)-(PPh.Me),]* produce the PL emission at 450 and
475nm, whereas [cis-Ir(dfMeppy).(PPh,Me),]" emits the PL emission at 442 and
470 nm, respectively [16]. These promising results prompted us to perform a system-
atic investigation of the photophysical and electrochemical properties of the cationic
Ir(IIT) complexes with different isomeric structures in order to experimentally assess
the role of substituents located on various positions of the phosphine ligand.

2. Details of the Calculation

To gain insight into the factors responsible for the emission color change and the
different quantum yields, we perform density functional theory (DFT) and time-
dependent DFT (TDDFT) calculations on the ground and excited states of these
complexes, characterizing the excited-state geometries and including solvation effects
on the calculation. This computational procedure allows us to provide a detailed
assignment of the excited states involved in the absorption and emission processes
and to rationalize the factors determining the efficiency of radiative and nonradiative
deactivation pathways.

The geometries of all complexes were optimized by DFT method using the
B3LYP exchange-correlation function, together with a LANL2DZ (6-31G(d,p))
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basis set for Ir (N, C, O, H) in the Gaussian 03 (G03) program package. Electronic
populations of the central atom were calculated to show the significant admixture of
7 character of the ligand and 5d character of the centric Ir metal in HOMOs related
to these metal to ligand charge transfer (MLCT) transitions. At the ground-state-
optimized geometries, we performed TDDFT calculations at the B3LYP/
LANL2DZ level of theory in dichloromethane solution by means of the PCM solva-
tion model, as implemented in the G03 program package. Calculation of the lowest
70 singlet-singlet excitations at the ground-state-optimized geometries allowed us to
simulate a large (up to 250 nm) portion of the absorption spectrum. The simulation
of the absorption spectra has been performed by a Gaussian convolution with
fwhm = 0.4 eV; the experimental spectra have been rescaled so that the intensity of
the experimental and theoretical main features in the absorption spectra match.

We optimized the geometry of the lowest excited state by means of self-consistent
field calculations imposing a triplet spin multiplicity. At the triplet-optimized geome-
tries, we calculated the three lowest singlet-singlet (S) and singlet-triplet (T) TDDFT
excitations in dichloromethane at the B3ALYP/LANL2DZ level, the triplet excited
state being related to the emission process. It should be noted that the singlet-triplet
excitation oscillator strengths are set to zero due to the neglect of spin-orbit coupling
in the TDDTF calculations as implemented in GO03.

3. Results and Discussion

To provide detailed insight into the electronic energy levels and nature of the
electronic transitions controlling the electrochemical and optical properties, we
performed DFT calculations on the cationic iridium complexes. Figure 1 shows
[trans-Ir(dfMeppy)»(PPh,Me),]" (1) and [cis-Ir(dfMeppy)»(PPh,Me),]*(2) contain-
ing two dfMeppy ligands trans and cis to each other, respectively. The two nitrogen
atoms are cis to each other in trans-isomer 1 but trans to each other in cis-isomer 2.
We optimized the singlet ground-state geometries and the lowest triplet excited-state
geometries of the cationic complexes. Selected optimized geometrical parameters of

Cis

(b)

Figure 1. Optimized molecular structures of [trans-Ir(dfMeppy),(PPh,Me),]" and
[cis-Ir(dfMeppy),(PPh,Me),] *.
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the ground compared to the available structural data were obtained from an X-ray
investigation of the related complexes [16]. Even though these complexes carry the
ppy ligand instead of the dfMeppy ligand, our optimized geometrical parameters
are in excellent agreement with the X-ray data. For instance, for the trans-isomer
1, we calculated Ir-N, Ir-C, and Ir-P bond distances and P-Ir-P, C-Ir-N bond angles
of 2.238, 2.054, 2.444 A and 179.1°, 178.8° and compared them to X-ray experi-
mental values of 2.168, 2.052, 2389 A and 174.8°, 175°, respectively. For the
cis-isomer 2, Ir-N, Ir-C, and Ir-P bogd distances and N-Ir-N, C-Ir-P bond angles
are calculated at 2.100, 2.053, 2.480 A andﬂ 168.9°, 168.9° and compared to X-ray
experimental values of 2.089, 2.072, 2.433 A and 164.3°, 169.3°, respectively. Inter-
estingly, for trans-isomer 1, we evidenced a significantly lengthened Ir-N bond dis-
tance (2.238 vs. 2.100 A for the trans and the cis-isomer, respectively). This effect
is due to the presence of two PPh,Me ligands in the trans position, which sterically
perturbs the metal coordination sphere, thus producing a strain on the Ir-N bond. A
similar effect was found for the X-ray structure due to the presence of bulky PPh; in
the trans positions [16]. There is a difference in Ir-C bond distance of the cis-isomer
(2.072 vs. 2.053 A for the X-ray data with the ppy ligand and the calculated value
with dfMeppy, respectively). This is due to the significant admixture of = character
of the dfMeppy ligand and the t,, energy level of 5d-orbitals of the Ir metal in the
cis-isomer. The electron-withdrawing fluoro group in the phenyl ring of dfMeppy
decreases the HOMO energy level and the strong-filed ancillary ligand PPh,Me low-
ers the ty, energy level of 5d-orbitals of the Ir metal. It leads to increased mixing
between the metal and the dfMeppy ligand and increases the MLCT characteristics.
Bond angles show minimal variations among the complexes investigated and are in
good agreement with X-ray experimental values.

On the optimized geometries, we performed single-point calculations in dichlor-
omethane solutions. The results, in terms of frontier orbitals, are reported in
Figure 2. The solvent was chosen because it experimentally employed for the photo-
physical measurements. Sizable differences between the trans-isomer and the
cis-isomer were found. The HOMO and HOMO-1 of the these complexes are a com-
bination of Ir(t,s) and dfMeppy () orbitals of A symmetry. The HOMO of these
complexes are calculated at —6.29, and —6.40eV for trans-isomer and cis-isomer,
respectively. The HOMO of cis-isomer is stabilized compared to that of trans-isomer
because of a high trans effect of the strong-field ancillary ligand PPh,Me, which
causes a significant blue shifted emission. The HOMO-2 of cis-isomer has a same
character of HOMO/HOMO-1; however, the HOMO-2 of trans-isomer shows a
mixture of © character of PPh,Me ligand as a result of the presence of two sterically
perturbed PPh,Me ligands in the trans position. The LUMO and LUMO + 1 of
these complexes are a n* orbital localized on the dfMeppy ligand acting as an
acceptor. However, regarding the trans-isomer, the LUMO + 2 is a ©* orbital loca-
lized on the PPh,Me ancillary ligand for the same reason as HOMO-2. The elec-
tronic populations of Ir orbitals in HOMO are 49.4% cis-isomer and 46.8%
trans-isomer. It shows that the strong-field ancillary ligand PPh,Me trans to
dfMeppy increases the MLCT characteristics of the cis-isomer by lowering the ts,
energy level of 5d-orbitals of the metal to increase the mixing between the metal
and the dfMeppy ligand.

The solution UV-Vis absorption of complexes has been calculated as shown in
Figure 3. The comparison of calculated values with experimental data is not pro-
vided due to the absence of experimental data in Ref. 16. However, inspection of
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Figure 2. Calculated electronic  structure in  dichloromethane solution for
[trans-Ir(dfMeppy)>(PPh,Me),]" and [cis-Ir(dfMeppy),(PPh,Me),] " at their optimized geome-
tries of ground electronic state. Also shown are isodensity surface plots of selected molecular
orbitals of these complexes.

the TDDFT eigenvectors allows us to assign the three main features giving rise to the
264 nm band as overlapping ligand centered (LC: n-7*) transitions of the dfMeppy
and PPh,Me ligands, while the transitions giving rise to the 290 nm shoulder appear
to be composed by mixed LC and MLCT excitations to the dfMeppy based n* orbi-
tals for cis-isomer, and to the PPh,Me based n* orbital for trans-isomer. The fact
that they are weaker at lower levels of energy (>300nm) is mainly due to MLCT
transitions. At longer wavelengths, we calculate three transitions of sizable intensity
at 323, 331, 347 nm (f=0.030, 0.052 and 0.040) for trans-isomer and at 317, 338 and
345nm (f=0.017, 0.004 and 0.045) for cis-isomer, as shown in Figure 3. These three
transitions have MLCT character, originating from the HOMO/HOMUO-1 set to the
LUMO/LUMO + 1 set. For cis-isomer, the transitions of 303, 308 and 313 nm have
the same MLCT character from the HOMO-1/HOMO-2 set to LUMO/LUMO + 1
set, while the transitions of 301, 304, 308 and 309nm of trans-isomer have the
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Figure 3. Calculated UV—Vis absorption spectrum of (a) [trans-Ir(dfMeppy).(PPh,Me),] ™",
and (b) [cis-Ir(dfMeppy),(PPh,Me),]" in dichloromethane solution.

PPh,Me 7* (LUMO + 2) as the arriving state. The intensity difference clearly origi-
nates from the different starting and the arriving orbitals.

To gain insight into the nature of the excited states involved in the emission pro-
cess, we repeated the calculation of the lowest singlet-singlet and singlet-triplet exci-
tation energies at the T; optimized geometry. The energies of the lowest excited
states calculated in dichloromethane solution for the investigated complexes are
reported in Table 1. As it can be seen from Table 1, the emission energies calculated



Downloaded by [University of Haifa Library] at 14:21 08 August 2012

114/[390] H. W. Ham and Y. S. Kim

Table 1. Lowest singlet-triplet (So-T;) and singlet-singlet (So-S; and Sy-S,) excitation
energies (eV) for trans- and cis-isomers calculated in dichloromethane solution at the
Sy and T, optimized geometries. For singlet-singlet excitations, oscillator strengths
are also reported. Experimental values [eV (nm)] of the emission maxima for
trans- and cis-isomers are reported for comparison

Trans-isomer Cis-isomer
SO T1 S() T1
So-T 2.908 2.542 2.923 2.583
So-S1 3.565 (0.040) 3.155 3.584 (0.044) 3.171
S-S, 3.742 (0.054) 3.573 3.665 (0.044) 3.592
Emssion“ 2.755 (450) 2.610 (475) 2.805 (442) 2.638 (470)

“Emission data were collected from Ref. 16 in eV (nm).

at the Sy and T, optimized geometries nicely correlate with the experimental data of
Table 1. In particular, a blue-shift of the lowest excitation energies is calculated on
going from trans-isomer to cis-isomer. Comparison of calculated emission energies
with emission spectral maxima shows that the PL spectrum of cis-isomer has a sig-
nificant blue shifted phosphorescence emission due to the strong field ancillary
ligand PPh,Me, which lowers the t,, energy level of 5d-orbitals of the Ir metal. It
leads to increased mixing between the metal and the dfMeppy ligand and increases
the MLCT characteristics. The strong MLCT characteristics of cis-isomer lead to
increasing PL efficiency.

4. Conclusions

In summary, we report the theoretical studies of cationic Ir(III) complexes with
phenylpyridine and phosphines, [trans-Ir(dfMeppy)»(PPh,Me),]* and [cis-Ir
(dfMeppy).(PPh,Me),]" in order to find a purely blue emitting material for appli-
cation in LECs. To gain insight into the factors responsible for the emission color
change and the different quantum yields, we perform DFT and TDDFT calculations
on the ground and excited states of these complexes, including solvation effects
on the calculation of the excited states. [Trans-Ir(dfMeppy)-(PPh;Me),]* produces
the PL emission at 450 and 475 nm, whereas [cis-Ir(dfMeppy)-(PPh,Me),]* produces
the PL emission at 442 and 470 nm, respectively. The computational study allows us
to reveal that the position of the PPh,Me ancillary ligands alter the MLCT energy
mainly by changing the HOMO energy level. The HOMO energy level of the
cis-isomer may be lowered by a high trans effect of the strong-field ancillary ligand,
which causes a significant blue shifted emission. It is also likely that the strong-field
ancillary ligand PPh,Me increases the MLCT characteristics of the cis-isomer by
lowering the t,, energy level of 5d-orbitals of the metal. The strong MLCT charac-
teristics of cis-isomer lead to increasing PL efficiency.
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