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ABSTRACT: In light-emitting electrochemical cells, the
lifetime of the device is intrinsically linked to the stability of
the phosphorescent emitter. In this study, we present a series
of ionic iridium(III) emitters based on cyclometalating
phenylpyridine ligands whose fluorine substituents are varied
in terms of position and number. Importantly, despite these
structural modifications, the emitters exhibit virtually identical
electrochemical and spectroscopic properties, which allows for
proper comparison in functional devices. Quantum-chemical calculations support the properties measured in solution and
suggest great similarities regarding the electronic structures of the emitters. In electroluminescent devices, the initial luminance,
efficiency, and efficacy are also relatively unaffected throughout the series. However, a shorter device lifetime is obtained upon
increasing the fluorine content of the emitter, which suggests drawbacks of such electron-withdrawing substituents for the design
of ionic iridium(III) emitters.
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■ INTRODUCTION

Lighting accounts for about 20% of the worldwide energy
consumption, which strongly motivates the development of
energy-saving solutions such as organic light-emitting diodes
(OLEDs).1,2 Current OLED technologies are based on a
multilayer architecture that combines low-weight active
molecules with air-sensitive injection layers and metals.3 The
stack is most commonly obtained by sequential evaporation
and requires rigorous encapsulation to prevent degradation.4−6

Undoubtedly, the device architecture and the fabrication
method must be simplified to reduce processing costs and
allow for large-area applications.
In this context, light-emitting electrochemical cells (LECs)

emerge as a promising alternative.7 Their device architecture is
dictated by the presence of mobile ions within the emitting
layer. Upon the application of an external bias, the device
experiences an ionic motion toward the electrodes that creates
an in situ electrochemical doping. This dynamic doping renders
the operation independent of the work function of the
electrodes,8 and suppresses the need for charge injection layers
or metallic cathodes with poor ambient stability.9 Conse-
quently, LECs can be reduced to a single active layer and can be
prepared under ambient conditions using solution processing,
including conventional printing technologies.10,11

One particular class of LECs uses ionic transition-metal
complexes (iTMCs) as emitters.12−15 Cyclometalated iridium-

(III) iTMCs are ideal as they possess high phosphorescence
quantum yields16,17 with wide color-tunability.18−23 Further-
more, they can be readily accessed through the use of neutral
N∧N ancillary ligands24,25 that derive from bipyridines.26,27

With this design, the emissive state of the iTMC usually
involves charge transfer from the iridium center and the
cyclometalated ligands to the ancillary ligand, and therefore has
both metal-to-ligand and ligand-to-ligand charge-transfer
character (MLCT and LLCT, respectively). To obtain blue-
to-green emission, one approach consists of using a non-
chromophoric ancillary ligand with a high-lying lowest-
unoccupied molecular orbital (LUMO).28,29 Alternatively, the
highest-occupied molecular orbital (HOMO) of the emitter can
be stabilized by introducing strong electron-withdrawing
group(s) at the cyclometalating ligands.30−32

Fluorine electron-withdrawing substituents are usually
preferred because the resulting iridium(III) emitters tend to
exhibit higher photoluminescence quantum yields (PLQY)
than their nonfluorinated counterparts,33 which is essential to
obtain efficient LECs. However, the electron-withdrawing
character of the fluorine atom strongly polarizes the C−F
bonds, which may explain their fragility in functional devices.34

Additionally, as the energy content of the generated excitons
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increases (particularly for the blue), low-lying d−d states
become thermally more accessible.35−37 By nature, these metal-
centered (MC) states have a dissociative character, and their
population may lead to degradation through the formation of
unsaturated iridium(III) species. The latter can react with
surrounding molecules and generate phosphorescence quench-
ers in the active layer.38,39

Since blue and green LECs are much less stable than their
orange counterparts, it is fundamental to understand the impact
of the fluorine content of the emitter on the device lifetime.
However, this task is not straightforward because of the
working mechanism of LECs. In the absence of charge-
transporting layers, charge-carrier migration in LECs depends
on the iTMCs ability to transport both electrons and holes.40

To compare relative stabilities throughout a series, it is
therefore imperative to align the oxidation and reduction
potentials while maintaining similar emissive properties.
Herein, we describe a series of green-emitting cyclometalated

iridium(III) iTMCs (Chart 1) that differ in the number and the
position of fluorine substituents, but whose photoelectrochem-
ical properties are virtually identical in solution and thin solid
films. Their performances are evaluated in a simple LEC
architecture. Using a pulsed-current driving method, high
luminances (ca. 1050 cd m−2) are obtained regardless of the
iTMC, with similar efficacies and efficiencies. However, we
observe different kinetics in the performance degradation
throughout the series. In an attempt to understand the factors
influencing the stability, iTMCs 1−4 are investigated using
quantum-chemical calculations, which provide information
regarding the energy and nature of the lowest-lying triplet
excited states and 3MC states. The present study highlights a
potential “fluorine bottleneck” that is worthy of consideration
in the design of more stable, efficient iridium iTMCs.

■ EXPERIMENTAL DETAILS
Electrochemical Properties. Voltammetric measurements em-

ployed a PC controlled AutoLab PSTAT10 electrochemical work-
station and were carried out under anaerobic conditions (argon filled
glovebox, < 5 ppm O2 and H2O). Measurements were performed
using 0.1 M tetrabutylammonium hexafluorophosphate in anhydrous
acetonitrile and a set of carbon glassy, Pt plate, and Pt wire as working,
counter, and quasi-reference electrode, respectively. Ferrocene was
used as internal standard (E0 = +0.64 V vs NHE).41 A scan rate of
1000 mV s−1 was applied.
Photophysical Properties. Electronic spectroscopic data were

collected in nitrogen degassed solutions using a Hewlett-Packard 8453
spectrophotometer. The quantum yields were determined using
fluorescein (10−5 M in 0.1 M NaOH; air equilibrated; PLQY =
0.93) as standard.42 Emission spectra were recorded with a Fluorolog
Horiba Jobin Yvon Model FL-1065, and excited-state lifetimes were
measured following 406 nm Nanoled excitation. The photo-
luminescence spectra and quantum yields of the thin films were

measured with a Hamamatsu C9920-02 Absolute PLQY Measurement
System (λexc = 315 nm). The system is made of an excitation light
source, consisting of a xenon lamp linked to a monochromator, an
integration sphere, and a multichannel spectrometer.

Computational Details. Density functional theory (DFT)43−45

calculations were carried out with the C.01 revision of the Gaussian 09
program package,46 using Becke’s three-parameter B3LYP exchange-
correlation functional47,48 together with the 6-31G** basis set for C,
H, N, and F,49 and the “double-ζ “ quality LANL2DZ basis set for the
Ir element.50 The geometries of the singlet ground state (S0), the
lowest-energy triplet state (T1), and the lowest-lying metal-centered
(3MC) state of the [Ir(C∧N)2(dtb-bpy)]

+ cations of complexes 1−4
were fully optimized by imposing C2 symmetry constraints except for
complex 3 which exhibits no symmetry. The geometries of the triplet
states were calculated at the spin-unrestricted UB3LYP level. The
nature of the obtained stationary points was confirmed as energy
minima in all the cases by carrying out frequency calculations (and
after analyzing the analytic second derivatives).

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)51,52 calculation
using the solvation model of Truhlar et al.53 The SMD solvation
model is based on the polarized continuous quantum chemical charge
density of the solute.

Time-dependent DFT (TD-DFT) calculations54,55 of the lowest-
lying triplet states were performed in the presence of the solvent at the
minimum-energy geometry optimized for the ground state. Specifi-
cally, the lowest-lying 40 triplet excited states of complexes 2 and 4
were computed at the TD-DFT level and, in addition, the three
lowest-lying triplet excited states were fully optimized at this level of
theory to confirm the nature of the emitting state.

Device Preparation. The solvents were supplied by Aldrich. The
thickness of films was determined with an Ambios XP-1 profilometer.
Indium tin oxide ITO-coated glass plates (15 Ω sq−1) were patterned
by conventional photolithography (www.naranjosubstrates.com). The
substrates were cleaned by successive 10 min sonication periods in
water-soap, then water, and finally 2-propanol baths. After drying, the
substrates were placed in a UV-ozone cleaner (Jelight 42-220) for 20
min. The electroluminescence devices were prepared as follows. First,
a 90-nm layer of poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) (CLEVIOS P VP AI 4083, aqueous
dispersion, 1.3−1.7% solid content, Heraeus) was spin-coated on the
ITO glass substrate to improve the reproducibility of the devices and
to prevent the formation of pinholes. Then, 90-nm films (consisting of
one of the emitters 1−4 and the 1-butyl-3-methylimidazolium
hexafluorophosphate [BMIM+][PF6

−] ionic liquid (>98.5%, Sigma-
Aldrich) at a molar ratio of 4 to 1) were spin-coated from 20 mg mL−1

acetonitrile solution at 1000 rpm for 20 s. The devices were transferred
to an inert atmosphere glovebox (<0.1 ppm O2 and H2O, MBraun)
and annealed at 100 °C for 1 h. Finally, using a shadow mask, the
aluminum electrode (70 nm) was thermally evaporated under vacuum
(<1 × 10−6 mbar) with an Edwards Auto500 evaporator integrated in
the glovebox. The area of the device was 6.534 mm2. The devices were
not encapsulated and were characterized inside the glovebox at room
temperature.

Chart 1. Chemical Structures of iTMCs 1−4a

aEmitters were isolated and used in LECs as PF6
− salts.
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Device Characterization. An Avantes luminance spectrometer
was used to measure the EL spectrum. Device lifetime was measured
by applying pulsed currents and monitoring the voltage and luminance
by a True Color Sensor MAZeT (MTCSiCT Sensor) with a Botest
OLT OLED Lifetime-Test System.

■ RESULTS AND DISCUSSION
Electrochemical and Photophysical Studies. The

structures of emitters 1−4 selected for this study are depicted
in Chart 1. Each complex incorporates a different pair of 2-
phenylpyridine (ppy) cyclometalating ligands along with a 4,4′-
di-tert-butyl-2,2′-bipyridine ancillary ligand (dtb-bpy). Emitter
1 bears two fluorine atoms at the 4-position of each ppy ligand
(4-Fppy) and was originally designed for its high PLQY.56

Emitter 2, an isomer of 1, contains these fluorine atoms at the
2-position of each ppy ligand (2-Fppy). In contrast, emitter 3 is
a tris-heteroleptic complex where both fluorine atoms are
located at the 2- and 4-position of the same ligand.57 Despite
the structural modification, complex 3 exhibits photoelec-
trochemical properties that are similar to those of 1 and 2.
Finally, the ppy ligand of complex 4 contains a total of four
fluorine atoms at both the 2- and 4-positions of each ppy
ligand, along with a 3-methyl substituent (2,4-diF-3-Me-ppy).
Because of the increased number of fluorine atoms, an electron-
donating 3-methyl group is introduced to maintain the
photoelectrochemical properties of emitters 1−3 and to avoid
degradation issues linked to the acidity of the proton in this
position.58 The complexes were prepared using standard
procedures (see the Supporting Information).57

The electrochemical properties of 1−4 were determined in
acetonitrile using cyclic voltammetry and differential pulse
voltammetry techniques. Data are presented in Table 1 vs the
ferrocenium/ferrocene couple (Fc+/Fc). All four complexes
exhibit a quasi-reversible one-electron oxidation at potentials
ranging from 1.00 to 1.03 V, and a quasi-reversible one-electron
reduction around −1.83 V (Supporting Information, Figures
S17 and S18), which results in electrochemical gaps, ΔE = EOX
− ERED, between 2.83 and 2.86 V. As expected, the four
complexes also have similar optical characteristics. The UV−vis
absorption spectra of complexes 1−4 in acetonitrile are
displayed in Figure 1. All four complexes exhibit strong
absorption bands below 320 nm that originate from spin-
allowed 1π−π* ligand-centered (LC) transitions. Less struc-
tured bands in the 320−420 nm range are assigned to π−π*
LLCT transitions and to MLCT transitions with singlet and
triplet spin multiplicity.
The emission spectra of the complexes were recorded in

acetonitrile at room temperature (RT, 298 K), and in 2-
methyltetrahydrofuran glass at 77 K. Following excitation at
320 nm within the π−π* and MLCT absorption bands, broad
and nonstructured emissions with maxima at 552, 555, 555, and
554 nm are observed at RT for 1, 2, 3, and 4, respectively. The

emission profiles are characteristic of complexes containing a
combination of cyclometalated and neutral ancillary ligands. At
77 K, the spectra become highly structured and the emission
maxima blue-shift to 460, 463, 464, and 456 nm. The observed
rigidochromic effect suggests a strong MLCT character of the
emissive state.59 The excited-state lifetimes and PLQY of the
compounds lie within the same order of magnitude, with
emitter 2 being slightly less emissive than the others. This
decrease in the PLQY could be due to a geometrical
deformation in the excited state compared to complex 1.60 A
similar shift is expected for complexes 3 and 4; however, the
PLQY can also improve with decreasing vibrational modes.33,61

The photoluminescence of the complexes was also studied in
thin solid films. The complexes were either dispersed 5 wt % in
a polymethylmethacrylate (PMMA) matrix or mixed in a 4 to 1
molar ratio with the 1-butyl-3-methylimidazolium hexafluor-
ophosphate [BMIM+][PF6

−] ionic liquid (IL) for the active
layer of the device. In the PMMA films, we observe virtually
identical, broad, nonstructured emission as shown in Figure 2a.
The spectra are blue-shifted compared to those recorded in
acetonitrile solutions with emission maxima at 505, 519, 514,

Table 1. Electrochemical and Photophysical Properties of Emitters 1−4

EOX
a/V ERED

a/V λmax
sol b/nm τc/μs ΦPL

sol kr
d/105 s−1 knr

d/105 s−1 λmax
glasse/nm λmax

filmf/nm ΦPL
film λmax

dev e/nm ΦPL
devg

1 +1.02 −1.84 552 1.06 0.69 6.48 2.91 460 505 0.82 538 0.48
2 +1.00 −1.83 555 0.55 0.52 7.64 10.5 463 519 0.89 540 0.57
3 +1.00 −1.83 555 0.99 0.59 5.99 4.16 464 514 0.84 544 0.59
4 +1.03 −1.83 554 0.78 0.62 9.23 3.59 456 503 0.93 534 0.66

aMeasured in acetonitrile, potential vs Fc+/Fc. bNitrogen saturated 10−5 M solution in acetonitrile, excitation at 320 nm. cExcitation at 406 nm.
dAssuming unitary intersystem crossing, kr = Φ/τ and knr = (1−Φ)/τ. eNitrogen saturated 10−5 M solution in 2-methyltetrahydrofuran at 77 K,
excitation at 320 nm. f5 wt % in PMMA thin film, excitation at 315 nm. gThin film of complex with 1-butyl-3-methylimidazolium
hexafluorophosphate (4:1 ratio).

Figure 1. Absorption (solid) and normalized emission spectra of
compounds 1−4 at RT in acetonitrile (dashed), and at 77 K in 2-
methyltetrahydrofuran (dotted).

Figure 2. (a) Photoluminescence of PMMA thin films and (b)
electroluminescence of LECs containing 1−4. PL: 5 wt % emitter in
PMMA; EL: ITO/PEDOT:PSS/iTMC:IL/Al at an applied bias of 100
A m−2.
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and 503 nm for 1, 2, 3, and 4, respectively. The shoulder
observed around 480 nm is a result of the rigidity of the PMMA
film, which affects the optical transition and explains the
increase in PLQY. The lower PLQY measured in the IL films
(ΦPL

dev) are indicative of quenching phenomena due to higher
iTMC concentrations.62

Theoretical Calculations. To gain a deeper insight into
the electrochemical and photophysical properties of the
emitters, density functional theory (DFT) calculations were
carried out at the B3LYP/(6-31G* + LANL2DZ) level. Almost
identical energies (±0.02 eV) are obtained for the HOMO
(EHOMO) and LUMO (ELUMO) of complexes 1−4 (Table 2),

thus supporting the measured redox potentials. Figure 3 shows
the energies and electronic density contours calculated for the
HOMO and LUMO of complex 2 as a representative example.
The HOMO is composed of a mixture of d orbitals of Ir(III)
and phenyl π orbitals of the cyclometalated ligands, whereas the
LUMO is composed of π orbitals of the ancillary ligand with a
small contribution from the Ir(III) center.
To confirm the MLCT/LLCT nature of the emissive state,

the lowest-energy triplet (T1) of complexes 1−4 was calculated
using the spin-unrestricted UB3LYP approach (and further
confirmed by TD-DFT calculations, see the Supporting
Information). After full-geometry relaxation, the T1 triplet
shows the unpaired-electron spin-density distribution displayed
in Figure 4b for complex 2 (Ir: 0.51e; 2-Fppy: 0.47e; dtb-bpy:
1.02e) that matches the combined topologies of the HOMO
and the LUMO. The difference in electron density between T1
and the ground state S0 depicted in Figure 4c clearly illustrates
an electron transfer from the Ir-phenyl environment to the

diimine ligand that takes place in passing from S0 to the excited
T1 state.

12,63 Identical trends are obtained for complexes 1, 3
and 4 (Supporting Information, Figure S19). The calculated
adiabatic energy difference between the energy minima of the
S0 and T1 states (ΔE(T1−S0)) and the emission energy from
the T1 state (Eem)

64 are presented in Table 2 and remain
consistent across the series.
The thermal accessibility of the 3MC excited state from the

emitting T1 state is known to strongly influence LECs
performances, in particular the stability.65,66 3MC states result
from excitation of an electron from the occupied t2g (dπ)
orbitals to the unoccupied eg orbitals of the metal (Figure 5a).

The eg orbital has a dσ*-antibonding character, and its
population may lead to the formation of unstaturated, reactive
species. To analyze the influence of the 3MC states on the
electronic structure of complexes 1−4, these states were
investigated at the UB3LYP level starting from distorted
geometries, in which the Nppy atoms are moved away from the
Ir center.
After full-geometry relaxation, the Ir−Nppy bond distances of

complex 2 lengthen from 2.080 Å in S0 to 2.590 Å in the 3MC
state. Similar bond elongations are reproduced for emitters 1, 3,

Table 2. HOMO (EHOMO) and LUMO (ELUMO) Energies,
HOMO−LUMO Energy Gap (EH−L), Adiabatic Energy
Differences ΔE(T1−S0) and ΔE(3MC−T1), and Emission
Energy from T1 (Eem) Computed in Acetonitrile Solutiona

1 2 3 4

EHOMO −5.56 −5.58 −5.57 −5.58
ELUMO −1.96 −1.97 −1.96 −1.99
EH−L 3.60 3.61 3.61 3.59
ΔE(T1−S0) 2.63 2.62 2.62 2.63
ΔE(3MC−T1) 0.20 0.21 0.17 0.26
Eem 2.36 2.35 2.35 2.36

aAll energy values are reported in eV.

Figure 3. Energies (in eV) and electron density contours (0.03 e·
bohr−3) calculated for the HOMO and LUMO of complex 2.

Figure 4. (a) Schematic illustration of the relative energies of the S0,
T1, and

3MC states for emitters 1−4. (b) Spin-density distribution
(0.003 e·bohr−3) calculated for the T1 state of 2. (c) Difference
electron density (0.002 e·bohr−3), computed by subtracting the
electron densities of the T1 and S0 states for complex 2. The charge
goes from the red to the green areas. Differences in Mulliken atomic
charges between T1 and S0 are +0.22, +0.49, and −0.71e for Ir, 2-
Fppys, and dtb-bpy, respectively.

Figure 5. (a) Electron density contours (0.03 e·bohr−3) calculated for
the two SOMOs (singly occupied molecular orbitals) of the lowest-
lying 3MC excited state of complex 2. (b) Spin-density distribution
(0.003 e·bohr−3) computed for the 3MC of 2.
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and 4 (Supporting Information, Table S2). The spin-density
calculated at the optimized geometry (Figure 5b) shows that
most of the unpaired electrons (1.72e for 2) are located on the
iridium core, which further confirms the 3MC nature of the
state. Most importantly, the adiabatic energy differences,
ΔE(3MC−T1), are computed at similar values throughout the
series, 0.20 (complex 1), 0.21 (2), 0.17 (3), and 0.26 eV (4).
Therefore, thermal population of the 3MC state should
similarly influence the degradation of these emitters in LECs.
Light-Emitting Devices. To investigate the electro-

luminescent properties of emitters 1−4, two-layer LECs were
prepared by spin coating a 90 nm layer of PEDOT:PSS on a
patterned indium tin oxide (ITO)-coated glass substrate,
followed by a 90 nm emitting layer consisting of one of the
emitters 1−4 and the [BMIM+][PF6

−] IL at a molar ratio of 4
to 1. Finally, a 70 nm aluminum layer was thermally evaporated
as cathode. Details concerning the preparation and character-
ization of the devices can be found in the Experimental Section.
The electroluminescent (EL) spectra show broad and

unstructured emissions similar to the PL spectra measured in
solution and in thin solid films, with emission maxima (λmax

EL ) at
554, 558, 552, and 555 nm (see Figure 2b). This indicates that,
in the device configuration, the excited-state energies are
comparable throughout the series (2.30 ± 0.02 eV). However,
the shape of the EL spectra is affected by the structure of the
ppy ligand. Emitters 1 (x = 0.38, y = 0.57) and 3 (x = 0.39, y =
0.56) exhibit broader emission than 2 (x = 0.42, y = 0.55) and 4
(x = 0.39, y = 0.55), which translates into different CIE
coordinates. This difference is not fully understood, and it is
tentatively assigned to differences in the film morphologies.
Previous studies have demonstrated that amorphous spin-
coated films consist of nm-sized crystalline domains.67

The initial EL performances of the device are not drastically
affected by the nature of the emitter, as shown in Figures 6a−c
and summarized in Table 3. All LECs exhibit a short turn-on
time (<5 s) and reach their maximum efficiency after a few
minutes, with comparable luminance (ca. 1050 cd m−2),
efficacy (9.6 to 10.4 cd A−1), and power efficiency (5.2 to 5.4
lm W−1). Under these comparable conditions, we observe
similar lifetimes around 55 h for complexes 1−3, with a linear

performance decrease. In contrast, LECs based on emitter 4,
the one incorporating four fluorine substituents, shows a 4-fold
decrease in the lifetime (ca. 13 h), with exponential
performance decay.
Under current-based driving conditions, the applied voltage

rapidly decreases with the accumulation of ions at the
electrodes (Figure 6d). This ionic motion creates doped
regions within the active layer and lowers the electron and hole
injection barriers. Eventually, the voltage reaches a steady state
that maintains a balanced ionic transport within the active layer.
While LECs incorporating emitters 1−3 follow this ideal
behavior,68 devices employing emitter 4 require a steady
increase of voltage after only 2.5 h of operation.
Since emitters 1−4 exhibit comparable electrochemical and

spectroscopic properties with similar electronic structures, this
observation highlights the propensity of emitter 4 to degrade
faster than the others, and demonstrates for the first time that
higher fluorine content may be detrimental to the stability of
the emitter in functional devices. Importantly, these results are
in line with previously published results, where “parent” orange
[Ir(ppy)(dtb-bby)]+ and blueish-green [Ir(di-Fppy)(dtb-
bby)]+ emitters exhibited lifetimes of 370 and 3.3 h,
respectively.57

■ CONCLUSION
Throughout a series of [Ir(ppy)2(dtb-bby)]

+ derivatives with
similar electrochemical, spectroscopic, and electroluminescent
properties, we show that LECs based on an emitter with four
fluorine substituents (4) deteriorates remarkably fast relative to
several emitters with two fluorine substituents (1−3). These
results may indicate a correlation between fluorine content and
stability of the emitters in functional devices. Therefore,
although this electron-withdrawing group is convenient to
tune the emissive properties of iridium(III) iTMCs, alternatives
may be required to blue-shift the emission without sacrificing
device stability.
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Figure 6. (a) Luminance, (b) efficacy, (c) power efficiency, and (d)
voltage for ITO/PEDOT:PSS/iTMC:IL(4:1)/Al LECs incorporating
emitters 1−4. LECs were driven at a pulsed current with an average
current density of 100 A m−2, using a block wave at a frequency of
1000 Hz and a duty cycle of 50%.

Table 3. Performance of LEC Devices Biased with a Block-
Wave Pulsed Current at a Frequency of 1000 Hz, an Average
Current of 100 A m−2 with a Duty Cycle of 50%

1 2 3a 4

n(F)b 2 2 2 4
λmax
EL /nm 554 558 552 555
Lummax/cd m−2 1028 1066 1046 1095
t1/2/h

c 59.8 48.3 55.0 13.2
efficacy/cd A−1 9.8 9.8 10.4 9.6
power efficiency/lm W−1 5.2 5.4 5.3 5.3
EQE/%d 2.85 2.92 2.99 2.90

aFrom ref 57. bNumber of fluorine substituents. cTime to half of the
luminance. dExternal quantum efficiency.
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