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Iridium(I1T)-based phosphorescent complexes have received
considerable attention due to their possible applications in
organic light-emitting diodes (OLEDs).!"! Tuning of emission
colors over the entire visible spectra has been achieved by
ingenious modification of the cyclometalated and/or ancillary
ligands.”) However, reports concerning the design and
preparation of saturated blue or even near-UV phosphores-
cent materials are relatively rare.’! Increasing the emission
energy gap means that there is a gradual decrease in the
admixture of the ligand-centered m—mn* and metal-to-ligand
charge-transfer (MLCT) transition,™ the net result of which is
a reduction in the T,—S, transition probability and hence a
low emission quantum efficiency (QE). Moreover, increasing
the emission gap to blue raises the likelihood that thermal
population of the higher lying dd,”! MLCT," nz*,/ or even
ligand-to-ligand charge-transfer states (LLCT)® could be
invoked to account for the fast quenching at room temper-
ature.

It has been reported recently that the use of high-field-
strength ligands such as carbenes should result in an increase
of the blue phosphorescent efficiency.”! As depicted in
Scheme 1, an obvious way of achieving this goal is to treat
IrCl; with the benzoimidazole ligand 1-(4-fluorophenyl)-2,3-
dihydro-3-methyl-1H-benzo[d]imidazole (H,fpmb) to give
the chloride-bridged dimer and then with the pyridyl triazole
4-tert-butyl-2-(5-(trifluoromethyl)-2 H-1,2 4-triazol-3-yl)pyri-
dine (bptzH) to afford the heteroleptic complex [(fpmb),Ir-
(bptz)] (1). As cyclometalated carbene ligands theoretically
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Scheme 1.

have a greater m—m* energy gap, the lowest one-electron
excitation in 1 should occur solely on the triazolate chelates,
which in the majority of cases possess a TS, gap suitable for
attaining blue phosphorescence.”! Unfortunately, complex 1
and its derivatives are poorly soluble in common solvents and
have significantly lower luminescence efficiencies. These
drawbacks have hampered the application of these complexes
in the fabrication of high efficiency OLEDs.

Very recently, we have initiated an approach that involves
interrupting the m-conjugation of the heterocyclic chelates on
the heteroleptic Ir™ scaffold by using a functionalized N-
benzylpyrazole. This approach means that the m-electron
crosstalk is effectively disrupted and causes the emission to
occur at the other, more conjugated chromophore. This
concept has proved to be successful for the synthesis of a
series of phosphorescent Ir'" complexes.'”! Unfortunately,
due to the twisting motion of the chelate ligands, which
facilitates the nonradiative decay channels, these complexes
do not serve as efficient true-blue phosphors but instead have
been applied as the host materials for green phosphorescent
OLED:s.

With the aim of continuing this effort, we report herein
the use of a different functionalized benzyl carbene chelate
ligand and its coordination to a different iridium source
reagent, namely [IrCly(tht);] (tht=tetrahydrothiophene),!!
which is soluble in non-polar organic solvents. This change of
reagents allows the preparation of blue-emitting Ir'"™" com-
plexes in a two-step synthetic manipulation involving: 1) gen-
eration of the cationic silver carbene intermediate,'? and
2) carbene transfer! to the Ir'"" center and cyclometalation,
followed by addition of the third, pyridyl azolate chelate
ligand."™ The simplified reaction sequence leading to the
isolation of [(fbmb),Ir(bptz)] (2; fbmb = 1-(4-fluorobenzyl)-
3-methylbenzimidazolium) and [(dfbmb),Ir(fptz)] (3;
dfbmb = 1-(2 4-difluorobenzyl)-3-methylbenzimidazolium) is
depicted in Scheme 2. It is believed that the use of aprotic
xylenes as solvent reduces unwanted decomposition reactions
and leads to an increase in the yield of isolated products to
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Scheme 2.

around 50 %. Detailed synthetic procedures and character-
ization data for 2 and 3 are provided as Supporting
Information.

Figure 1 shows the absorption and emission spectra of
complexes 1-3 in degassed CH,Cl,. As supported by the
frontier orbital analyses (see below), it is reasonable to assign
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Figure 1. Absorption and luminescence spectra of 1 (—), 2 (-----),
and 3 (-—-) in degassed CH,Cl, at room temperature.

the absorption band at around 320 nm (e~2x10*M'cm™)
to overlap of the m—um* transition of the triazolate chelate
with the benzyl (carbene) to pyridyl (triazolate fragment)
LLCT transition (the S,—$S, transition). We have not assigned
the higher electronic states of 1-3 because their compositions
are complicated due to the large molecular frameworks of
these complexes, which are likely to render any assignments
meaningless. Furthermore, iridium-enhanced spin-orbit cou-
pling should result in a non-negligible absorption cross-
section for the triplet transition, as indicated by the small
absorption shoulder at around 360-400 nm.

Complexes 1-3 exhibit blue emission with maxima at 461,
460, and 458 nm, respectively. The phosphorescence intensity
of 1is rather weak, as indicated by its QE of only 5.0 x 10~* in
fully degassed CH,Cl,. This, in combination with the observed
lifetime (z,,,) of 0.83ns, leads to a calculated radiative
lifetime (z,) of 1.67 ps. A short-wavelength (392 nm) emission
is also observed for 1 (see Figure 1 and Table 1). This weak
emission exhibits a system response limited lifetime (7, <<
30 ps and @; < 10™*) and can reasonably be attributed to the
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Table 1: Selected photophysical properties of Ir'"' complexes 1-3 in

CH,Cl,.
UV/Vis [nm] PL QEM Tops [NS] K, K
(ex107) Armax [n]

1 298 (34.7),318 392,461 5.0x107* 0.83 6.0x10° 1.2x10°
(17.4), 356 (2.8)

2 298 (25.0),322 460 0.22 219 1.0x10° 3.5x10°
(22.1), 363 (1.8)

3 293 (23.7),316 458 0.73 378 1.9%x10° 7.0x10°

(26.5), 363 (1.8)

[a] With respect to quinine sulfate, which has an emission yield @ of
approximately 0.54 +0.2 in 1.0N sulfuric acid solution.®

fluorescence, which is resolvable due to the similarly weak
phosphorescence. Conversely, the QEs of 0.22 and 0.73 for 2
and 3, respectively, are much higher than that of 1. The
observed lifetimes of 0.22 and 0.38 us for these complexes
lead to radiative lifetimes of 1.0 and 0.5 ps for 2 and 3,
respectively. The radiative lifetimes of all complexes confirm
their phosphorescent nature. It is notable that the large
difference in QE between 1 and 2 (or 3) is due to the
distinctively different nonradiative decay rate constants, k,,
of 1.2x10% 3.5x10° and 7.0 x 10° s! for 1-3, respectively.
A time-dependent density functional theory (TD-DFT)
approach (see the Supporting Information) was next applied
to gain an insight into the structure/photophysics relationship.
Geometry optimization of the lowest triplet excited states of
complexes 1-3 was performed to elucidate the nature of the
emissive state. Figure 2 depicts the frontier orbitals of 3 that

HOMO-2

HOMO

LUMO Spin Density

Figure 2. Frontier orbitals mainly involved in the low-lying So—T,
transitions of 3 based on the structurally optimized geometry in the
lowest-lying triplet state and the spin density of the triplet electronic
configuration. The orbitals for complexes 1 and 2 are depicted in
Figure S6 in the Supporting Information.

www.angewandte.org

Chemie

4543


http://www.angewandte.org

Communications

4544

are mainly involved in the low-lying S;—T, transitions along
with the spin density contour for the triplet electronic state.
The orbital descriptions and the energy gaps for all three
complexes are listed in Table 2. The T, states of the lower-

Table 2: Calculated energy levels and orbital transition analyses of 1-3.

Supporting Information, the average bite angle of the carbene
chelate ligands in 1 (78.9°) is much smaller than that of 2
(86.6°) despite their Ir—C distances being almost identical
within experimental error. A similar difference is also found
between 1 and 3. These results
allow us to propose a large internal

strain upon incorporating the fpmb

Complex State Amax [NM] f Assignments MLCT [%] carbene chelate into 1 relative to
1 T, 491 0 HOMO —LUMO (+45%) 22.1 that of fbmb (dfbmb) in 2 (3).
HOMO—-2—LUMO (33%) Certain vibrational motions, such
HOMO—5—=LUMO (17%) as those modes associated with

s, 415.8 0.0005 HOMO —LUMO (+96%) 23.5 . .
carbene-chelate ring breathing,
2 T, 430 0 HOMO—LUMO (+54%) 30.1 Ir—C stretching, etc., may signifi-
HOMO—2—LUMO (39%) cantly weaken the metal-ligand
S 409.6 0.0019 HOMO —LUMO (+ 96 %) 32.8 bond strength. The corresponding
potential energy surface (PES)
3 T 463 0 HOMO-2—-LUMO (+63%) 319 might therefore become shallow
HOMO—LUMO (34%) enough to intersect with the PES

HOMO-1-LUMO (10%) (i3]

s, 400.0 0.0016 HOMO—LUMO (+94%) 34.6 of the ground state.™ Such a con-

lying transitions of 1-3 share the same pattern (HOMO—-2—
LUMO and HOMO—LUMO) consisting of the m—u*
transition on the pyridyl azolate, mixed with LLCT (fluoro-
phenyl to the azolate fragment) and MLCT (metal to pyridyl
azolate), despite the different ligand configurations in these
complexes (conjugated fpmb versus nonconjugated dfbmb (or
fbmb)). The validity of the TD-DFT result can readily be seen
from the wavelengths calculated for the T,—S, transitions
(491, 480, and 463 nm for 1-3, respectively), which are in good
agreement with the experimentally observed phosphores-
cence. A careful analysis of the character of each transition
highlights a trend of increasing MLCT contributions from 1
(T1:22%) t0 2 (30 %) and 3 (32 %; Table 2). Since an increase
of MLCT character enhances spin-orbit coupling and hence
the transition probability, this observation correlates well with
the trend of the radiative decay rate constant being in the
order 1<2 <3 (see Table 1). Nevertheless, the approximate
threefold difference between 1 and 3 is not sufficient to
account for the large difference in emission QE, in other
words the large discrepancy in view of radiationless deacti-
vation. A careful examination of the frontier orbitals involved
in each transition for complexes 1-3 shows that the calculated
Sy—T, (1 <n<10) transitions have no contribution from the
metal-centered d.d, and/or ligand-to-metal d,. states.
Instead, the unoccupied orbitals with d,. character are
ascribed to the LUMO+11 for 1 (see the Supporting
Information) and even higher for 2 and 3. In the case of 1,
the d,d,- state is more than 3 eV higher in energy than the T,
state and is therefore inaccessible at room temperature.
Orbital analyses further indicate that there is no contribution
from any atoms possessing nonbonding electrons to the lower-
lying triplet excited-states. These results mean that the
generally adopted mechanism whereby the *d.d,. (or *md,)
and/or nm* states are responsible for the lack of room-
temperature emission for 1 is not operative here.["!

The X-ray structural data reveal significant differences
between 1 and 2 (or 3). As can be seen in Figures S1-S3 in the
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ical type of PES intersection may
allow dominant radiationless deac-
tivation which, in a qualitative
manner, rationalizes the rather weak emission observed for 1.

Complex 3 was used as the dopant for fabrication of blue
phosphorescent OLEDs due to its superior emission quantum
yield. The device configurations and materials used (see
Figure S4 in the Supporting Information) were ITO/a-NPD
(30 nm)/TCTA (20 nm)/CzSi (3 nm)/CzSi doped with 6 wt. %
of 3 (25 nm)/UGH2 doped with 6 wt. % of 3 (3 nm)/UGH2
(2 nm)/BCP (50 nm)/Cs,CO; (2 nm)/Al (150 nm). Figures 3a
and 3b show the electroluminescence (EL) spectrum and the
corresponding CIE color coordinates, while Figures 3¢ and
3d depict the current-voltage-luminance (I-V-L) character-
istics and the EL efficiencies of the device. The EL spectrum,
which exhibits two distinct emission peaks, one at 434 nm and
the other at 460 nm, is slightly different from the solution PL
spectrum depicted in Figure 1. The 1931 Commission Inter-
nationale de L’Eclairage (x, y) coordinates (CIE, ) calculated

a)
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Figure 3. a) EL spectrum, b) CIE chromaticity coordinates, c) I-V-L
characteristics (j=current density, L=brightness), and d) external
quantum efficiency and power efficiency (17) versus brightness L for
the device containing 3 as the dopant.
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from the EL spectrum (0.158, 0.128) are blue-shifted with
respect to the solution PL (with CIE coordinates of 0.149,
0.154) or PL of a vacuum-deposited, 3-doped UGH?2 thin film
(0.168, 0.143). This difference is presumably associated with
the optical effects of the device. Moreover, this device
exhibits a low turn-on voltage of around 4 V, a peak external
quantum efficiency of up to 6.0% photons per electron, a
peak luminance efficiency of 6.3 cd A~!, and a peak power
efficiency of 40lmW~'. At the practical brightness of
100 cdm 2, the external quantum efficiency, luminance effi-
ciency, and power efficiency drop to about 2.7%, 3.0 cdA™!,
and 0.9 Im W™, respectively. These efficiency roll-offs are to
be expected for phosphorescent OLEDs at higher current
densities.'") Nevertheless, the CIE coordinates of the present
device are much better than for other devices fabricated from
other well-known blue phosphorescent dopants (Flrpic, Fir6,
Flrtaz, FIrN4),!" which display CIE, >0.2 and CIE,,, > 0.4.
As a result, the chromaticity of 3 (CIE,,, <0.3) may strongly
stimulate the further development of efficient deep-blue
phosphors for display or lighting applications.

In conclusion, a nonconjugated benzyl carbene chelate
ligand can form blue-emitting Ir™ metal complexes and a
prototype phosphorescent OLED with unprecedented CIE
coordinates (0.16, 0.13) has been fabricated from complex 3.
Extensive chemical modifications following this strategy are
thus feasible and could lead to a new chapter in the story of
highly efficient blue phosphorescent OLED:s.
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