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We report here a new cationic bis-cyclometallated iridium(i) complex, 1, with deep-blue emission at 440
nm and its use in Light-emitting Electrochemical Cells (LECs). The design is based on the 2’,6'-difluoro-2,3'-

bipyridine skeleton as the cyclometallating ligand and a bis-imidazolium carbene-type ancillary ligand.
Furthermore, bulky tert-butyl substituents are used to limit the intermolecular interactions. LECs have
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been driven both at constant voltage (6 V) and constant current (2.5 mA cm™2). The performances are

significantly improved with the latter method, resulting overall in one of the best reported greenish-
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Introduction

Charged bis-cyclometallated iridium(m) complexes'™ have
recently emerged as a promising class of phosphorescent
materials on their own, in particular for their application in
Light-emitting Electrochemical Cells (LECs).>** LECs are elec-
troluminescent devices based on ionic transition-metal
complexes (iTMCs) and constitute an alternative to Organic
Light-Emitting Diodes (OLEDs) due to their promising low-cost
production. The major advantages of LECs come from their
simpler architecture and the possibility of using air-stable
electrodes allowing non-rigorous encapsulation processes. The
latter is due to the presence of mobile ions, which migrate
towards the electrodes under an applied voltage and assist the
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blue LECs having fast response (17 s), light intensity over 100 cd m~2 and a reasonable efficiency of

injection of charges in the device. The development of this
technology is however hampered by current limitations con-
cerning efficiency and blue color emission. Efficient and stable
blue emitters are necessary to achieve highly efficient white-
light electroluminescence.

Consequently, charged blue-emitting iridium complexes are
highly searched for, which has resulted in various reports about
new blue-emitting complexes based on different substitution
patterns, main ligand skeleton, and ancillary ligands.**'**>**” Only
a few blue emitters based on emitting charged iridium(m)
complexes have been reported in LECs, and all these devices
showed poor performances (see details in the ESIf). A particular
issue is the color point of the emitted light. The electrolumines-
cence spectrum very often shifts significantly to the red with
increasing operation time and true blue emission is only observed
during the first stages of operation. While the exact reasons for
this red shift in electroluminescence (EL) are still unclear, it is
paralleled by the red shift of photoluminescence (PL) observed
when increasing the concentration of iTMCs in thin films.*® The
large spectral red-shift in EL compared to PL (84 nm) observed for
the blue-emitting iridium(m) complex [Ir(ppy-F,),Me,phen][PF]
was attributed to the high concentration of the iTMC in the thin
film resulting in a change of the emissive excited state. Supported
by quantum-chemical calculations, the origin of the concentra-
tion-dependent emission was ascribed to the population of three
closely contiguous low-energy triplet states lying within an energy
difference of only 0.1 eV.*® Moreover, Margapoti et al. found
evidence that molecular rearrangement into aggregates in LECs
based on the iTMC [Ir(4,5-diphenyl-2-methylthiazolo),(5-methyl-
1,10-phenanthroline)|[PFs] favors the formation of excimeric
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states induced by the local electric field in a LEC." These states
are shown to be irreversibly formed and to be the preferential
emitting states even in devices left unbiased for a long period of
time. Accordingly, a change of the molecular environment in the
stressed devices over time could reasonably explain the color shift.
Phosphorescent materials with emission independent of the
surrounding medium, in particular in neat solid, are expected to
solve this issue. The introduction of bulky substituents such as
dendrimers on the periphery of the emitting center is a classical
approach in neutral phosphorescent emitters to limit the inter-
molecular interactions impacting the output color.*~*> However,
in the case of LECs, the iTMCs act both as charge transporting
materials and light emitters. Addition of too large electro-inactive
substituents would strongly isolate the iTMCs and decrease the
charge transport performances in the device with an overall
negative effect on the efficiency. A good balance should therefore
be obtained to limit the red shift of emission due to intermolec-
ular interactions on the one hand, while keeping close contact to
allow for efficient charge transport through iTMCs on the other
hand. In this respect, small and bulky substituents appear as a
promising compromise.

Here we report the synthesis, characterization and electro-
luminescent properties of a new cationic bis-cyclometallated
iridium(m) complex, 1 in Scheme 1, with deep-blue emission
centered at 440 nm. The complex has been designed by using a
2/,6'-difluoro-2,3'-bipyridine skeleton as the main ligand and a
bis-imidazolium carbene-type ancillary ligand. Furthermore, we
used bulky tert-butyl substituents to limit the intermolecular
interactions. LECs have been studied both at constant voltage
(6 V) and constant current (2.5 mA cm™?). The performances are
significantly improved with the latter method, resulting overall
in one of the best reported greenish-blue LECs with fast
response (17 s), light intensity over 100 cd m~? and a reasonable
efficiency of almost 5 cd A™". In addition, although a red shift of

Scheme 1 Chemical structure of complex 1 and previously reported similar
complexes with a carbene-based ancillary ligand.
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the color point was observed under stress, the blue component
of the electroluminescence spectrum remained stable over
time.

Results and discussion
Synthesis

The main ligand L', 4-(tert-butyl)-2’,6'-difluoro-2,3'-bipyridine,
was synthesized by Suzuki coupling following the method
reported by Lee et al. for a similar ligand without the tert-butyl
group.® The bis-imidazolium ancillary ligand, L?, was obtained
by a slightly modified literature procedure.” Whereas IrCl; x
H,O0 is usually employed as the starting material for the prep-
aration of the chloro-bridged iridium dimer, this synthesis was
not successful with L' and we used instead the recently reported
method with [Ir(COD)(u-Cl)], as the starting material.** The
reaction time is much shorter than with the classical method (3
hours instead of more than 12 hours) and the yield is very good
(97%). In particular, this method allows for the gram-scale
synthesis of the chloro-bridged dimer complex in a small
amount of solvent. Complex 1 was finally obtained by reacting
the dimer [Ir(L"),(u-Cl)], with L? in the presence of silver() oxide
and was isolated as the hexafluorophosphate salt in 44% yield.

X-ray crystal structure

The X-ray crystal structure of complex 1 (Fig. 1) was obtained
from a single crystal grown by slow diffusion of heptane into a
dichloromethane solution of the complex. The complex crys-
tallizes with both A and A-isomers in the unit cells. Only the
A-isomer is discussed hereafter. The complex shows a near-
octahedral geometry with the two pyridines of the anionic
cyclometallated ligands in trans position one to each other and
the two orthometallated phenyl rings in cis position, retaining

Fig. 1 ORTEP drawing of the X-ray crystal structure of 1 (only the A-isomer is
shown; the PFg anion and solvent molecules have been omitted for clarity

)
Selected bond lengths (A) and angles (°) of the A-isomer: Ir(1)-N(1) 2.057(6),
Ir(1)-N(4) 2.074(6), Ir(1)-C(10) 2.047(8), Ir(1)-C(11) 2.059(7), Ir(1)-C(29) 2.111(8),
and Ir(1)-C(35) 2.113(7); C(29)-Ir(1)-C(35) 84.1(3), C(10)-Ir(1)-C(29) 173.8(3),
C(11)-Ir(1)-C(35) 173.8(3), N(1)-Ir(1)-N(4) 171.0(2), C(10)-Ir(1)-C(11) 83.1(3),
C(10)-1r(1)-C(35) 100.5(3), and C(11)-Ir(1)-C(29) 92.8(3).
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the geometry of the starting chloro-bridged iridium dimer. The
bite angle of the bis-carbene ancillary ligand shows very similar
values in complex 1 (84.1(3)°) and complex B (85.82(18)°).*
Whereas the Ir-C(carbene) distances of complexes 1 and B are
close to 2.11 A, those of complexes A and C are significantly
shorter (~2.07 A)."” This is in good agreement with the smaller
bite angle of the pyridine-carbene ancillary ligand (76.4(3)° for
A and 76.59(16)° for C) forming a 5-membered-cyclometallated
ring. It is worth noting that the ter¢-butyl substituent prevents
intermolecular interactions such as w-m stacking, which are
therefore not observed in the crystal structure.

Electrochemical properties

The electrochemical potentials of complex 1 were measured
versus ferrocenium/ferrocene (Fc'/Fc) using 0.1 M TBAPF; as the
supporting electrolyte in acetonitrile and are 1.35 V for the
oxidation (irreversible) and —2.33 V for the reduction (quasi-
reversible). The value for the reduction potential in complex 1 is
very similar to that found for complexes A, B and C (—2.20,
—2.32, and —2.26 V vs. Fc'/Fc, respectively).'”? The influence of
the ancillary ligand on the reduction potential can be estimated
from the difference between B and C, 0.06 V. Assuming a similar
impact between 1 and A, the remaining 0.06 V difference is
assigned to the tert-butyl donor group. On the other hand, the
oxidation potentials are significantly different from one
complex to another. Compared to A (1.61 V vs. F¢'/Fc),"” the
oxidation of 1 is cathodically shifted by 0.26 V, which is mainly
attributed to the change of ancillary ligand and reflects the
increased o-donation and decreased 7-back-bonding of the bis-
carbene ligand compared to the pyridine-carbene ligand. A
similar 0.20 V change in the oxidation potential is observed
when comparing complexes C (1.19 V vs. F¢'/Fc)'” and B (0.99 V
vs. Fc'/Fc).® The extra 0.06 V destabilization of the oxidation
potential of 1 can be attributed to the tert-butyl donor group,
which destabilizes the HOMO energy level through its oy,
Hammett parameter.*® These results point to a HOMO and a
LUMO both localized on the cyclometallated ligand, in contrast
to the commonly used charged complexes where the LUMO is
usually located on the ancillary ligand.

Photophysical properties

The UV-visible electronic absorption spectrum of 1 in acetoni-
trile solution (Fig. 2) displays intense absorption bands in the
UV region (¢ = 40 000 M~ ' cm™ ) assigned to ligand-centered
(LC) m-m* transitions on the cyclometallated 2,3’-bipyridine
ligand. The weaker bands (¢ = 15 000 to 5000 M~ " cm™") in the
290-350 nm range correspond to the metal-to-ligand charge
transfer (MLCT) transitions. Finally, two very weak bands are
observed at 402 nm (¢ = 160 M™' cm ') and 428 nm (¢ =
60 M~ cm™ "), similar to what has been previously observed for
complex A"

The emission spectrum of 1 in acetonitrile (excitation at
370 nm) is shown in Fig. 2. The highest energy emission band
occurs at 440 nm with a photoluminescence quantum yield of
0.13 and an observed excited-state lifetime of 1.16 us. The
radiative constant (k, = 1.1 x 10> s~ ') is similar to that reported
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Fig. 2 Absorption (left, in acetonitrile) and emission (right: bold black line, in
acetonitrile at room temperature; thin black line, in 2-methyltetrahydrofuran at
77 K; blue line, 5 wt% of 1 in PMMA,; green line, mixture 1/[BMIM][PF¢] 4 : 1)
spectra of complex 1.

for complex B (same ancillary ligand, k, = 0.96 x 10° s~ " in

CH,Cl,),*® while significantly higher than for A (similar main
ligand, k. = 0.23 x 10° s~ ')."” On the other hand, the non-
radiative constant (k,, = 7.5 x 10> s ') is higher than for A
(knr = 0.94 x 10° s7 ") and B (k; = 3.8 x 10°> s ' in CH,Cl,) but
half of the value reported for C (k; = 14.2 x 10° s ').7? The
differences with B could be attributed to a solvent effect as the
reported data were measured in CH,Cl, while we use acetoni-
trile, a more polar solvent. When cooled to 77 K in 2-methylte-
trahydrofuran, the emission spectrum is only slightly blue
shifted (Amax = 436 nm) and is highly structured with two
vibronic progressions, about 1000 and 1500 cm ™. This points
to an emitting triplet state with mainly *LC character, as sup-
ported by theoretical calculations (see below).

Solid-state photophysical data were obtained for thin solid
films consisting of 5% by weight of 1 in poly(methyl-methac-
rylate) (PMMA) and of 1 and the ionic liquid (IL) 1-butyl-3-
methyl-imidazolium hexafluorophosphate [BMIM][PF,] in a
molar ratio of 4 to 1 using an excitation wavelength of 280 nm.
The PL emission spectra of both thin solid films (Fig. 2) show a
structured band with maxima at 440 and 466 nm and a lower
intensity shoulder at around 495 nm. The higher-energy peak is
more intense for the film of 1 in PMMA than for the 1:IL film,
whereas the shoulder is more pronounced for the complex
mixed with the IL. The photoluminescence spectra in the solid
state are very similar to those recorded in solution. This effect is
due to the bulky tert-butyl substituents attached to the emitting
ligand that prevent intermolecular stacking, as seen above in
the X-ray crystal structure. Photoluminescence quantum yields
of 0.59 and 0.17 are measured for 1 in a 5% complex in a PMMA
film and in a more concentrated film similar to that used in LEC
devices, respectively. The significant decrease in photo-
luminescence quantum yield when increasing the concentra-
tion of the complex in a solid film indicates that significant
exciton hopping occurs in a more concentrated film. Hence, the
tert-butyl substituents prevent emission shifts yet they do not
shield the molecules that much to prevent exciton hopping and
concentration quenching.

This journal is © The Royal Society of Chemistry 2013



Theoretical calculations

To gain a deeper insight into the electrochemical and photo-
physical properties of complex 1, a combined DFT/TD-DFT
theoretical investigation was undertaken at the B3LYP/
(6-31G** + LANL2DZ) level in the presence of the solvent
(acetonitrile) (see the Experimental section for full computa-
tional details). The molecular and electronic structures of the
cations of complexes A, B and C were also investigated for
comparison purposes.

The geometry of the complexes in their ground electronic
state (So) was fully optimized without imposing any symmetry
restriction. For complex 1, calculations correctly reproduce the
near-octahedral coordination of the Ir metal observed in the
X-ray structure and predict geometric parameters in good
accord with the experimental data (see Table S2 in ESIT). For
instance, the values computed for the Ir(1)-C(10) and Ir(1)-
C(11) distances (2.050 and 2.058 A, respectively) and for the bite
angle of the bis-carbene ancillary ligand (84.5°) agree well with
the X-ray values (2.047(8) A, 2.059(7) A and 84.1(3)°, respec-
tively). The largest difference between computed and X-ray data
corresponds to the coordinate Ir-N and Ir-C(carbene) bonds,
whose distances are theoretically overestimated by 0.03 and
0.05 A, respectively, as is frequently observed when using
the B3LYP functional.** To maximize the interaction with the
iridium core, the bis-carbene ligand loses its planarity and the
imidazolium rings are twisted by an average angle of 52.0°.

Fig. 3 compares the energy and electron density contours
calculated for the highest-occupied and lowest-unoccupied
molecular orbitals (HOMO and LUMO, respectively) of 1 with
those obtained for complexes A, B and C. The electron density
distribution of the HOMO shows important differences for the
four complexes. The HOMO of 1 calculated at —5.98 eV is
composed of a mixture of Ir d. orbitals (t,,) and 7 orbitals of the
ancillary ligand, with a small contribution from the 7t orbitals of
the main ligands. This is not what is usually observed for
commonly  designed Ir-iTMCs incorporating  two

Energy (eV)

Fig.3 Schematic diagram showing the electron density contours (0.03 e bohr~3)
and the energy values calculated for the HOMO and LUMO of complexes 1, A, B
and C. The tert-butyl groups in complex 1 and the methyl groups in complexes 1
and B have been omitted to facilitate the viewing of the orbitals.
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cyclometallating C*N ligands, the most popular being 2-phe-
nylpyridines (ppy), and a bidentate diimine N”N ancillary
ligand, for which the HOMO is a mixture of Ir d. orbitals and
phenyl 7 orbitals of the ppy ligands.*>***” The different topology
calculated for the HOMO of 1 is due to the high energy of the
HOMO of the bis-imidazolium carbene ligand. On passing to
complex A, the bis-carbene :C~C: ligand is replaced by a pyri-
dine-carbene N~C: ligand and the HOMO retrieves the partici-
pation of the main C*N ligands (Fig. 3). As a consequence, the
HOMO is stabilized by 0.26 eV in perfect agreement with the
increase of the oxidation potential from 1 (1.35 V) to A (1.61 V).
The effect of the main ligand is reflected on going to complex B,
for which the cyclometallating 2,3-bipyridine ligands are
replaced by the less electron-withdrawing ppy ligands and the
HOMO increases in energy by 0.32 eV. This destabilization
determines the lower oxidation potential recorded for B (0.99 V)
and is slightly smaller than that obtained on passing from A to
C (0.47 eV) due to the tert-butyl donor groups present in 1. It is
to be mentioned that whereas the HOMO-1 of 1 shows an
electron density distribution similar to the HOMO, the HOMO-
2, HOMO-3 and HOMO-4, which are calculated within a range of
0.55 eV below the HOMO, are mainly composed of different
mixtures of Ir d, orbitals and 7 orbitals of the main ligands
(Fig. S21).

In contrast to the HOMO, the LUMO shows a similar electron
density distribution for the four complexes (see Fig. 3); it resides
on the main C”N ligands, showing no contribution from the
ancillary ligand. Nonetheless, the change of the ancillary ligand,
from a bis-carbene (1 and B) to a pyridine-carbene (A and C),
stabilizes the LUMO in good agreement with the anodic shift
recorded for the first reduction potential (1: —2.33 Vvs. A: —2.21
Vand B: —2.32 Vvs. C: —2.26 V). The slightly larger stabilization
predicted in passing from 1 to A (0.19 eV compared with 0.08 eV
from B to C) agrees well with the experiment and is attributed to
the presence of the tert-butyl donor groups in 1 as proposed
above from the electrochemical properties. The LUMO + 1 is
calculated slightly above the LUMO (0.05 eV for 1) and shows a
similar electron density distribution. Indeed, no molecular
orbital shows a relevant contribution from the ancillary ligand
in a range of up to 1 eV above the LUMO for complex 1 (Fig. S27).

The evolution of the HOMO-LUMO energy gap along the
series B (4.13 eV), C (4.16 eV), 1 (4.41 eV) and A (4.48 eV) follows
the trend observed for the electrochemical gap (AE;,"% =
Eq1p™ — Eq5"9, B: 3.31 V; C: 3.45 V; 1: 3.68 V; A: 3.81 V) and
justifies, in a first approach, the blue shift that the replacement
of the main C~N ligand (2-phenylpyridine by 2,3'-bipyridine)
causes in the emission spectra in passing from B (452 nm,
CH,Cl,)* to 1 (440 nm, CH;CN) or from C (450 nm, CH3CN) to A
(435 nm, CH3CN)."”

The atomic orbital composition calculated for the frontier
orbitals does not support the fact that emission in complex 1
takes place from the main ligand (LC character), as the
experiment suggests, since the HOMO implies the Ir d; orbitals
(t2¢) and the 7 orbitals of the ancillary ligand whereas the LUMO
resides on the main C*N ligands. As the simple description of
the HOMO and LUMO is not always representative of the
emitting triplet state, the lowest-energy triplet state of complex
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Fig. 4 UB3LYP spin-density contours (0.005 e bohr—3) computed for the opti-
mized Ty state of complexes 1, A, B and C.

1 was calculated using the spin unrestricted UB3LYP approach.
After full-geometry relaxation, the calculation converges to a
triplet state (T;) for which the two unpaired electrons mostly
reside on one of the C"N ligands with a small contribution (0.09
e) from the metal (Fig. 4). This is also the case for complexes A
(0.10 e), B(0.15 €) and C (0.15 e). Calculations therefore suggest
that excitation to the emitting triplet state of complex 1, and
also of complexes A, B and C, mainly implies an electron
promotion within the cyclometallated ligands and has a *LC
electronic nature in good agreement with experimental
evidence. The large LC character of T, explains the structural
aspect of the emission band observed experimentally and the
absence of any rigidochromic shift upon decreasing the
temperature (Fig. 2). The T, state is computed to lie 2.97 (1),
2.91 (A), 2.81 (B) and 2.84 eV (C) above the electronic ground
state S, (adiabatic energy differences). These energy differences
also support the blue shift observed for the emission of
complexes 1 and A, bearing 2’,6'-difluoro-2,3'-bipyridine C"N
ligands, compared with B and C.

To further investigate the nature of the excited states, the
low-lying triplet states of complex 1 were calculated using the
time-dependent DFT (TD-DFT) at the optimized geometry of S,.
TD-DFT calculations predict two low-energy triplets, T; and T,,
lying at very close energies (3.06 and 3.11 eV above S,, respec-
tively) and showing a complex nature resulting from a mixture
of MLCT, LLCT and LC excitations (see Table S3t). The geometry
of these two states was optimized at the TD-DFT level as a
further refinement. After full-geometry relaxation, both states
evolve to ’LC states, each one localized on one C*N ligand
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>

HOMO LUMO

Fig.5 Schematic diagram showing the electron density contours (0.03 e bohr~3)
calculated for the HOMO and LUMO of complex 1 at the TD-DFT optimized
geometry of Ty. The tert-butyl and the methyl groups have been omitted to
facilitate the viewing of the orbitals.

(see Fig. S3T). TD-DFT optimizations therefore confirm that the
two lowest-energy triplet states of complex 1, that lie almost
degenerate at 2.70 (T,) and 2.75 eV (T,) above S, (adiabatic
energy differences), correspond to -7t* *LC states involving the
C”N ligands. It is interesting to note that at the optimized
geometries of T, and T, both the HOMO and the LUMO are
localized on one of the cyclometallated ligands. This is illus-
trated in Fig. 5 for T,. Therefore, excitation to T; and T, slightly
modifies the coordination sphere of the iridium core and
mainly affects the geometry of the C”N ligand involved in the
excitation (Table S2 and Fig. S47).

The first 40 singlet states of complex 1 were also calculated
using TD-DFT. The calculations provide a picture of the
absorption spectrum that reproduces the main bands observed
in the experimental spectrum. An interesting feature is the lack
of any calculated singlet state with energy below 3.76 eV
(330 nm). This points to triplet states as responsible for the very
weak absorption bands detected experimentally at 402 and 428
nm, which would explain their low intensity (¢ = 160 and 60
M~ ' em™ ", respectively). Triplets T, and T, are well separated in
energy from the rest of excited triplet states (Table S3T) and are
the main candidates to account for those bands.

Electroluminescent properties

To test the electroluminescent properties of complex 1, light-
emitting electrochemical cells were prepared according to the
procedure described in the Experimental section. Briefly,
devices consisted of a 100 nm emitting layer, comprising the
iTMC 1 and the IL [BMIM][PF¢] in a molar ratio of 1:IL = 3 : 1,
sandwiched between an ITO/PEDOT:PSS (100 nm) anode and a
thermally evaporated aluminum cathode (150 nm). PEDOT:PSS
was used to smoothen the ITO surface, increasing the yield and
reproducibility of working devices, whereas the IL was
employed to facilitate charge injection into the devices and
hence reducing the turn-on time.*

Fig. 6a represents the time-dependent electroluminescence
spectra of 1 in the aforementioned LEC device configuration at a
fixed voltage of 6 V. The initial spectrum (black line) was
recorded as soon as emission could be observed (after two

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 (a) Normalized time-dependent electroluminescence spectra of 1:IL =
3: 1 at a fixed voltage of 6 V. (b) Corresponding time-dependent CIE coordinates
(CIE 1931).

minutes). The device exhibits greenish EL with a peak centered
at around 500 nm, coincident with the PL shoulder emission
determined in acetonitrile solution and in thin film (Fig. 2).
Moreover, the EL spectrum exhibits a minor tail extending into
the red part of the visible spectrum. The CIE 1931 coordinates
are (0.27, 0.43). As the device operates, the low energy tail of the
electroluminescence spectrum becomes more and more
pronounced and color shifts towards the red, which is more
clearly visualized in the CIE 1931 diagram in Fig. 6b. After ten
minutes of operation the CIE 1931 coordinates have changed to
(0.36, 0.45) and the EL maximum at that operation time is at 532
nm. Nevertheless, the blue part of the spectrum remains
interestingly fairly stable, and the red-shift observed is best
described as a broadening of the spectrum.

The onset of the gradual red-shift of the EL spectrum during
operation matches very well with the point in time after
maximum luminance was achieved. The temporal dependence
of the luminance and current density of the LEC device is
illustrated in Fig. 7a. Upon applying a fixed voltage of 6 V to the
device, the typical behavior of light-emitting electrochemical
cells, a gradual increase in both luminance and current with
proceeding time, is observed. The slow rise reflects the opera-
tional mechanism of LEC devices. In response to the applied
electrical field, the small PFs~ counter-anions of 1 migrate to
the respective electrode interface (anode) leaving an excess of

This journal is © The Royal Society of Chemistry 2013
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over time of the LEC operated at a fixed voltage of 6 V.

positively charged complex molecules at the counter-electrode
(cathode), which on the one hand lowers the barrier for charge
injection at both electrodes,*** and on the other hand results
in an electrochemical doping process of the active layer.**>**

The brightness reaches a maximum (L) of 15 cd m™ > after
3.6 minutes (Fig. 7a), defined to be the turn-on time (¢,,) of the
device, and maximum efficiency values of 1.76 cd A~ and 0.92
Im W', respectively, were attained (Fig. 7b). After having
reached its maximum, the light intensity dropped rapidly
resulting in a low lifetime (¢;/,, defined to be the time for the
luminance to decay from the maximum to half of the
maximum) of around three minutes, which is partly attributed
to the irreversible oxidation behavior of 1 (see the Electro-
chemistry section) resulting in degradation of the complex. The
current, however, showed a further increase with time after
crossing the point of maximum luminance. This opposing
behavior of luminance and current is due to the continuous
growth of the doped regions beyond what is necessary for an
efficient operation of LEC devices and results in device
degradation.*

To further study the material, the LEC was also tested under
constant current conditions (galvanostatic mode), an opera-
tional protocol previously reported to be advantageous for the
performance of the devices such as accelerated turn-on time.** A
constant current density of 2.5 mA cm ™~ was applied to the LEC
and the temporal evolution of the luminance, voltage and effi-
ciency is illustrated in Fig. 8. Compared to the constant voltage
mode, a nearly eight-fold increase in maximum brightness (113
cd m~?) accompanied by a more than two-fold gain in current
efficiency (4.71 cd A™' and 1.95 Im W', respectively) was
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Fig. 8 (a) Luminance and voltage and (b) current and luminous efficiency over
time of the LEC operated at a fixed current density of 2.5 mA cm~2

achieved. The device response was also very fast, with a turn-on
time of around 17 s. Another striking feature is the bluish-green
appearance of the device at the moment of maximum bright-
ness demonstrated by the CIE 1931 coordinates of (0.24, 0.40).

A summary of the electrical characteristics of the LEC
incorporating 1 is given in Table 1. We now compare complex 1
to the previously published blue-emitting Ir-iTMCs in LEC
environments in combination with an ionic liquid.*>*>*>'** We
stress that in the present case no optimization has been carried
out concerning the device configuration and active layer
composition.

In 2008 He et al. published a greenish-blue LEC having CIE
coordinates of (0.20, 0.28) and moderate brightness (39 cd m™?)
and current efficiency (0.65 cd A~')."* However, the very slow
device response resulted in maximum brightness achieved only
after 7 hours. Ionic liquid was added to reduce the turn-on time
to 1 hour at the expense of the performance. The light intensity
and efficiency decreased to 23 cd m~> and 0.51 cd A", respec-
tively, and the color point significantly red-shifted (CIE: 0.33
and 0.45), which was attributed to the electrical excitation.

Table 1 Electrical characteristics of the LEC incorporating 1

Limax ton nC,maxa nL,maxa tia CIE
Driving mode  (cd m™?)  (s) (ecdA™)  (ImwW™) (s) (x,9)
6V 15 215 1.76 0.92 179 0.28, 0.43
2.5 mA cm ™2 113 17 4.71 1.95 60 0.24, 0.40

“ Ne,max and 7, max denote maximum current and luminous efficiency,
respectively.
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Under a high electrical field in LEC devices, the molecular
orbitals of the ionic complex might be polarized and, thus, the
energy of the emitting state would decrease, resulting in the red-
shift of the EL spectrum.*® When using complex 1 in a LEC
configuration with IL similar to that used by He et al., and by
applying a similar driving voltage (6 V), we achieve a more
bluish LEC (CIE: 0.28, 0.43) with a much faster turn-on time of
only 3.6 minutes and a threefold increase in efficiency to 1.76 cd
A" at a comparable light intensity.

Yang et al. presented blue-green emitting LECs with light
intensities and response times similar to our devices under
constant voltage conditions.”* Although devices using complex
B showed deeper blue electroluminescence (CIE: 0.20 and 0.34)
than our device with 1, efficiencies were lower by a factor of two.

In 2009 He et al."* demonstrated for the first time reasonable
current efficiencies as high as 8.4 cd A~ for blue-emitting LECs,
and even high efficiencies of nearly 20 cd A" have recently been
demonstrated by the same group.*® Although, these high values
have been achieved at very low light levels of only 39 and 15 cd
m 2, Moreover, the turn-on time of those LECs was very long (20
to 30 minutes). In contrast, we present LEC devices with fast
response (17 s) having a moderate light intensity of over 100 cd
m~ 2 and a reasonable efficiency of almost 5 cd A™" with similar
CIE coordinates as shown in the aforementioned papers.

Concerning the lifetime of our devices, we want to stress that
stability in general seems to be a limiting factor in blue-emitting
LEC devices to date. To the best of our knowledge, there are only
a few publications that explicitly display stability values of blue
LECs ranging from minutes to few hours.®%>%2¢

Conclusion

In conclusion a new charged bis-cyclometallated iridium(ur)
complex having deep-blue emission at 440 nm is reported. The
design is based on the 2’,6'-difluoro-2,3’-bipyridine skeleton as
the main ligand and a bis-imidazolium carbene-type ancillary
ligand. Furthermore, bulky tert-butyl substituents are used to
limit the intermolecular interactions. Electrochemical and
photophysical properties point to an emission from the main
ligand in contrast to the commonly used cationic iridium(ur)
complexes based on N*N ancillary ligands. This result is further
supported by theoretical calculations. Light-emitting Electro-
chemical Cells (LECs) have been studied both at constant
voltage (6 V) and constant current (2.5 mA cm™2). The perfor-
mances are significantly improved with the latter method. This
results overall in one of the best reported greenish-blue LEC
having fast response (17 s), light intensity over 100 cd m > and a
reasonable efficiency of almost 5 cd A™".

Experimental section

Materials and methods

[Ir(COD)(u-Cl)], was purchased from MCAT (Germany). 4-(tert-
Butyl)-2-chloropyridine*® and 2,6-difluoropyridiyl-3-boronic
acid® were synthesized as previously reported. All other mate-

rials and solvents were of reagent quality and used as received.
"H and "*C NMR spectra were recorded using a Bruker AV 400
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MHz spectrometer. Chemical shifts 6 (in ppm) are referenced to
residual solvent peaks. For "H NMR: CDCl;, 7.24 ppm and for
BC NMR: CDCl;, 77.0 ppm. '°F and *'P NMR were recorded
using a Bruker AV 200 MHz spectrometer. Coupling constants
are expressed in hertz (Hz). High-resolution mass spectra
(HRMS) were obtained with a Waters Q-TOF-MS instrument by
electro spray ionization (ESI). UV-visible spectra were recorded
in a 1 cm path length quartz cell on a Hewlett Packard 8453
spectrophotometer. Emission spectra were recorded on a Flu-
orolog 3-22 using a 90° optical geometry. The emission spectra
were photometrically corrected using a NBS calibrated 200 W
tungsten lamp as the reference source. The quantum yields
were determined using fluorescein (10™> M in 0.1 M NaOH; air
equilibrated; QY = 0.93) as the standard.” Excited-state life-
times were measured using a FL-1061PC TCSPC and a 371 nm
Nanoled as the excitation source. Solutions were degassed by
gently bubbling argon for 30 min and the concentration cor-
rected for the solvent evaporation. The photoluminescence
spectrum and quantum yield of 1 in thin films were measured
with a Hamamatsu C9920-02 Absolute PL Quantum Yield
Measurement System. Voltammetric measurements employed a
PC controlled AutoLab PSTAT10 electrochemical workstation.
Cyclic voltammograms (CV) were obtained at a scan rate of 100
mV s " using 0.1 M TBAPF, as the supporting electrolyte in
acetonitrile (MeCN). Glassy carbon, platinum plate and plat-
inum wire were employed as working, counter and reference
electrodes, respectively. At the end of each measurement,
ferrocene was added as the internal reference.

X-ray data for 1

Data collection for the X-ray crystal structure was performed at
low temperature [100(2) K] using Mo-Ka radiation on a Bruker
APEX II CCD, having kappa geometry. The dataset was reduced
by means of EvalCCD*® and then corrected for absorption.*® The
solution and refinement were performed by SHELX.*® The
crystal structure was refined using full-matrix least-squares
based on F> with all non-hydrogen atoms anisotropically
defined. Hydrogen atoms were placed in calculated positions by
means of the “riding” model. Csg39H40.78Cly.78F10IrNgP, M,
1125.88, triclinic, space group P1, a = 11.4876(11) A, b =
19.033(3) A, ¢ = 21.883(3) A, a = 78.208(12)°, 8 = 88.161(10)°,
vy =79.175(11)°, V = 4600.1(11) A%, Z = 4, d a1eq = 1.626 g cm >,
F(000) = 2225, u = 3.177 mm" %, 26, = 50.00°, index ranges
—13=h=13,-22=<k=122,-26 <= 25,70 477 data: (15 694
unique), R(int) = 0.1033, 1301 parameters, R, (I > 20(I)) =
0.0505, WR, = 0.0998, Gof on F* = 1.051, and AF . (AFmin) =
1.417 (-1.795) e A2,

4-(tert-Butyl)-2',6'-difluoro-2,3-bipyridine (L")

4-(tert-Butyl)-2-chloropyridine (0.85 g, 5 mmol) was dissolved in
THF (30 mL) and water (10 mL) and the solution was degassed
for 15 min by bubbling nitrogen. The solution was added via a
cannula to a nitrogen-filled two neck-flask containing 2,6-
difluoropyridiyl-3-boronic acid (0.95 g, 6 mmol, 1.2 eq.), K,CO3
(1.04 g, 7.5 mmol, 1.5 eq.) and [Pd(PPhs),] (0.29 g, 0.25 mmol,
5 mol%). The mixture was heated to 85 °C overnight. After
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cooling to ambient temperature the layers were separated and
the aqueous layer was extracted twice with ethyl acetate. The
combined organic layers were dried over MgSO, and the solvent
was removed in vacuo. The crude product was purified by
column chromatography on silica gel using CH,Cl, as eluent.
The product was obtained as pale yellow oil. Yield: 296 mg (1.19
mmol, 24%). "H NMR (400 MHz, CDCl,): 6 8.65-8.59 (m, 1H,
ArH), 8.59 (dd,J = 5.2 and 0.7 Hz, 1H, ArH), 7.82 (dt,/ = 1.9 and
0.8 Hz, 1H, ArH), 7.28 (dd, J = 5.3 and 1.9 Hz, 1H, ArH), 6.94
(ddd, j = 8.2, 3.0 and 0.8 Hz, 1H, ArH), 1.35 (s, 9H, and
C(CH3);) ppm.

[1r(L),(-CD,

[Ir(COD)(p-Cl)], (2.02 g, 3.0 mmol) was suspended in 9 mL of 2-
ethoxyethanol in a 50 mL flask. The suspension was evacuated
and back-filled with nitrogen (3 cycles). The ligand L' (2.98 g,
12.0 mmol, 4.0 eq.) was added and 1 mL of 2-ethoxyethanol was
used for rinsing. The suspension turned pale yellow immedi-
ately and was evacuated and back-filled with nitrogen again
(3 cycles). The flask was closed and heated at 130 °C for 3 hours.
Upon heating the solution turned orange and within half an
hour a yellow precipitate appeared. After 3 hours, the volume of
solvent was reduced under vacuum and 20 mL of methanol were
added to precipitate the product. Then the precipitate was
collected on a glass-frit, washed with methanol and dried in
vacuo to afford 4.2 g (2.9 mmol, 97%) of the product as yellow
solid. *H NMR (CDCl;, 400 MHz): 6 8.98 (d, J = 6.1 Hz, 4H, ArH);
8.34 (t,] = 2.2 Hz, 4H, ArH); 6.98 (dd, ] = 6.2 Hz, J = 2.1 Hz, 4H,
ArH); 5.08 (s, 4H, ArH); 1.52 (s, 36H, ‘Bu).

1,1’-Dimethyl-3,3"-methylenediimidazolium diiodide (L?)

1-Methylimidazole (1.2 mL, 15 mmol, 3 eq.) and diiodomethane
(1.34 g, 5 mmol, 1 eq.) were dissolved in 15 mL of toluene and
heated to 80 °C overnight. After cooling to ambient tempera-
ture, the white precipitate was collected on a glass frit, washed
with 15 mL of toluene and dried in vacuo to obtain the pure
product as white solid. The filtrate was concentrated and
further heated to 95 °C to increase the yield. Yield: 82%. 'H
NMR (400 MHz, DMSO-D6): 6 9.38 (s, 2H, NCHN), 7.97 (t, *Jun =
1.7 Hz, 2H, ArH), 7.80 (t, *Jyy = 1.6 Hz, 2H, ArH), 6.66 (s, 2H,
NCH2N), 3.91 (s, 6H, NCH3) ppm.

Complex 1

A mixture of L? (1.17 g, 2.7 mmol, 2.1 eq.), silver(1) oxide (0.62 g,
02.7 mmol, 2.1 eq.) and [Ir(L"),(u-Cl)], (1.85 g, 1.28 mmol, 1 eq.)
in 1,2-dichloroethane (100 mL) was heated to 95 °C overnight
under nitrogen. After cooling to ambient temperature, the
mixture was filtered through celite to remove silver residues.
The celite was washed with CH,Cl, and the solvent was removed
in vacuo. The crude product was purified by column chroma-
tography on silica gel (basified by adding 2 mL of NEt; to 100 g
of Si0,) using CH,Cl,/acetone = 4/1 as solvent. After removing
front impurities, KPFs was added to the solvent mixture to elute
the product as the corresponding PF, salt. After evaporation of
the solvent, the residue was re-dissolved in CH,Cl, and extrac-
ted with water to remove excess KPFq. The organic layer was
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dried over MgSO, and concentrated to obtain 1.49 g of a yellow
solid. The product was re-crystallized from CH,Cl,/heptane to
yield the pure 1 as a pale yellow solid. Yield: 1.14 g (1.13 mmol,
44%). "H NMR (400 MHz, CDCl,): 6 8.32 (br s, 2H, ArH), 8.02
(d, *Jrar; = 6.2 Hz, 2H, ArH), 7.45 (d, “Jsz1; = 0.9 Hz, 2H, ArH), 7.25
(dd, *Jun = 6.2 Hz, YJuy = 1.5 Hz, 2H, ArH), 6.86 (d, “Juy = 0.8
Hz, 2H, ArH), 6.10 (s, 2H, ArH), 5.74 (s, 2H, NCH,N), 2.89 (s, 6H,
NCHj;), and 1.41 (s, 18H, C(CH,);) ppm. C NMR (100 MHz,
CDCl,): 6 185.7 (NCN), 164.2, 163.6, 163.5, 159.3, 152.5, 124.1,
122.6, 122.0, 121.1, 120.9, 108.8, 108.5 (ArC), 62.4 (NCH,), 37.6
(NCH,), 35.5 (C(CH3);), 30.4 (C(CH3);) ppm. *'P NMR (81 MHz,
CDCl3): 6 —144.2 (sept, ‘Jpr = 713 Hz, PFg) ppm. '°F NMR (188
MHz, CDCl,): 6 —67.3 (d, J = 8.9 Hz, ArF), —70.5 (d, / = 8.8 Hz,
ATF), —72.0 (d, Ypr = 712 Hz, PF,) ppm. HRMS (ESI-TOF) m/z
(%): caled 863.2787; found 863.2785 (100) [(M — PFg)']. Anal.
caled for Cjz,HzgF;oIrNgP (1007.93): C 44.09, H 3.80, N 11.12;
found: C 44.15, H 3.57, N 10.83%.

Computational details

Density functional calculations (DFT) were carried out with the
C.01 revision of the Gaussian 09 program package® using
Becke’s three-parameter B3LYP exchange-correlation func-
tional®>*® together with the 6-31G** basis set for C, H, F, and N,**
and the “double-{” quality LANL2DZ basis set for the Ir
element.” An effective core potential (ECP) replaces the inner
core electrons of Ir leaving the outer core [(55)*(5p)°] electrons
and the (5d)° valence electrons of Ir(m). The geometries of the
singlet ground state and of the lowest-energy triplet state were
fully optimized without imposing any symmetry restriction. The
geometry of the first triplet state was first calculated at the spin-
unrestricted UB3LYP level with a spin multiplicity of 3. The
expected values calculated for S*> were always smaller than 2.05.

All the calculations were performed in the presence of the
solvent (acetonitrile). Solvent effects were considered within the
self-consistent reaction field (SCRF) theory using the SMD
keyword that performs a polarized continuum model (PCM)?>*-®
calculation using the solvation model of Truhlar et al.>® The
SMD solvation model is based on the polarized continuous
quantum chemical charge density of the solute (the “D” in the
name stands for “density”).

Time-dependent DFT (TD-DFT)**%* calculations of the
lowest-lying triplets and singlets were performed in the pres-
ence of the solvent at the minimum-energy geometry optimized
for the ground state (Sy). Up to 40 singlet and 40 triplet states
were calculated. The geometries of the two lowest-energy trip-
lets (T; and T,) of complex 1 were fully optimized at the TD-DFT
level.

Fabrication and characterization of LEC devices

Methyl ethyl ketone (MEK) (ACS reagent, =99.0%) and 1-butyl-
3-methyl-imidazolium  hexafluorophosphate =~ [BMIM][PFs]
(purum, =97.0%) were obtained from Sigma Aldrich and were
used as received. Poly-(3,4-ethylenedioxythiophene)-poly-(styr-
enesulfonate) aqueous dispersion (PEDOT:PSS) (CleviosTM P
VP Al4083) was purchased from Heraeus (formerly H. C. Starck).
Indium tin oxide (ITO)-coated glass plates were patterned using
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conventional photolithography. Before deposition of the
organic layers, the substrates were extensively cleaned by soni-
cation in detergent baths and subsequent oxygen plasma
treatment.

LEC devices were prepared as follows. Three percent by weight
of complex 1 and [BMIM][PF,] in a molar ratio of 3 : 1 were dis-
solved in 0.5 mL of MEK. The solution was filtered using a 0.1 pm
PTFE-filter and spin-coated on top of a ITO/PEDOT:PSS substrate
under ambient conditions giving rise to a transparent thin film.
The pre-coated 100 nm PEDOT:PSS layer was deposited to pla-
narize the ITO anode, increasing the yield and reproducibility of
working devices. After coating, the substrate was transferred to a
N, filled glovebox (O, and H,O < 1 ppm) and annealed on a
hotplate at 100 °C for 1 hour resulting in a final active layer
thickness of 100 nm. Finally, a 150 nm thick aluminum (Al)
cathode was thermally evaporated on top under high vacuum (<1
x 107° mbar) using a shadow mask, defining 8 pixels per
substrate, each having an active lighting area of 4 mm®. The
device was encapsulated by a glass capping layer to protect the
organic layers against penetrating oxygen and water.

The thicknesses of the films were determined using a KLA
Tencor P-15 profilometer. The electro-optical characterization
was carried out in a Botest OLED Lifetime Test System (OLT)
under a constant voltage of 6 V and a constant current density of
2.5 mA cm  , respectively, at a constant temperature of 20 °C. The
photo-diodes were calibrated using a Photo Research PR-650
SpectraScan® Colorimeter and simultaneously the electrolumi-
nescent spectra of the LEC devices were detected in the visible
range between 380 and 780 nm at a constant voltage of 6 V.
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