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The preparation and characterization of a series of iridium(i) ionic transition-metal complexes for application
in light-emitting electrochemical cells (LECs) are reported. The complexes are of the type [I(CAN),(NAN)I[PFg]
in which CAN is one of the cyclometallating ligands 2-(3-(tert-butylphenyl)pyridine (tppy), 2-phenyl-
benzoldthiazole (pbtz), 1-phenyl-1H-pyrazole (ppz) and 1-phenylisoquninoline (pig), and NAN is 2-(pyridine-
2-ylbenzold]thiazole (btzpy). The variation in the CAN ligands allows the HOMO energy level to be tuned,
leading to HOMO-LUMO gaps in the range 2.76-3.01 eV and values of Efj of 0.81-1.11 V. In solution, the
complexes are orange to deep-red emitters (Lmax in the range 600-660 nm), with quantum yields
between 2% for [Ir(tppy),(btzpy)l[PFe] and 41% for [Ir(pbtz),(btzpy)l[PFel. Similar trends for the emission
maxima and photoluminescence quantum yields are observed in the solid state. Density functional

Received 18th September 2018, theory (DFT) calculations support the charge transfer nature of the emission. Very bright electroluminescence

Accepted 22nd October 2018 was observed for LECs containing [Ir(pbtz),(btzpy)l[PFel, although the device was not stable under continuous
operation; this is attributed to an unbalanced charge distribution and/or to a fast ionic migration. Significantly,

LECs fabricated with [Ir(tppy).(btzpy)l[PFel in the active layer are very stable, produce pure red emission and
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Introduction

Solid-state lighting (SSL) has emerged as a promising technology
taking over from the use of conventional light sources such as
incandescent bulbs or fluorescent tubes. Light-emitting electro-
chemical cells (LECs) are simple and potentially inexpensive SSL
devices, where a single molecular material is placed in between
two electrodes.' ™ To date, the most commonly used emissive layer
in LECs has been composed of phosphorescent iridium(m) ionic
transition-metal complexes (Ir-iTMCs) with general formula
[Ir(C*"N),(N~N)]*, where C"N is a cyclometallating ligand and
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show no signs of degradation over a period of 5 days of continuous operation.

NN is an ancillary diimino ligand.®"® It is well known that the
frontier orbitals in Ir-iTMCs are usually spatially separated.
The highest-occupied molecular orbital (HOMO) is localized on
the C”N ligands, whereas the lowest-unoccupied molecular
orbital (LUMO) resides on the N*N ligand.’*** This spatial
separation has been used to blue- or red-shift the emission
by changing or chemically modifying the ligands around the
Ir(u) metal.”>™"”

As the LEC performance is determined by the photophysical
and charge-transport properties of the iTMC, its design is
crucial for colour tuning as well as for an efficient device operation.
Several approaches have been attempted in the chemical modifi-
cation/functionalization of the archetypal cationic iridium complex
[Ir(ppy)2(bpy)][PFs] (Hppy = 2-phenylpyridine, bpy = 2,2"-bipyridine)
in order to enhance the device performance. For example, the use
of bulky groups and spacers has been reported to increase both the
device stability and efficiency.>'®>° This is due to an enhanced
peripheral steric hindrance of the complex, which reduces inter-
molecular quenching and leads to high PLQY in thin films.
However, there are limits in the size of the bulky groups that
can be used to decorate the periphery of the complex. Very large
substituents would be detrimental for charge transport as a

J. Mater. Chem. C, 2018, 6, 12679-12688 | 12679


http://orcid.org/0000-0001-5795-214X
http://orcid.org/0000-0001-9784-6253
http://orcid.org/0000-0003-4916-4041
http://orcid.org/0000-0002-9189-3005
http://orcid.org/0000-0001-9544-8286
http://orcid.org/0000-0002-8074-0089
http://crossmark.crossref.org/dialog/?doi=10.1039/c8tc04727h&domain=pdf&date_stamp=2018-11-10
http://rsc.li/materials-c
https://doi.org/10.1039/c8tc04727h
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC006046

Published on 24 October 2018. Downloaded by Y unnan University on 8/23/2025 9:28:17 AM.

Paper

consequence of the augmented intermolecular separation, increas-
ing the operating voltage of the device. Such groups may also slow
down the ion migration within the device, leading to long turn-on
times.'® We reported a breakthrough in the stability of LECs by
the use of ligands that favour intramolecular n-r stacking.?! >3
This interaction results in a supramolecularly caged hydro-
phobic scaffold where the iridium metal centre is more
shielded from nucleophilic attacks, which would degrade the
emitter and undermine the device operation.

Recently, two families of Ir-iTMC complexes without peripheral
bulky substituents have been employed in LECs with high stability
and short turn-on times. The first family is based on iTMCs
with arylazole-containing ancillary ligands,>* while the second
uses benzothiazole-based ancillary ligands.>® In the latter
case, a series of extremely stable red-emitting LECs based on
[Ir(ppy).(btzpy)][PFs] (btzpy = 2-(pyridine-2-yl)benzo[d]thiazole)
were reported, with a maximum luminance of 200 ¢d m~>
and device lifetime exceeding 6000 hours.>® In view of the
promising optoelectronic properties of these benzothiazole-
containing iridium complexes, we have extended the range of
compounds incorporating 2-(pyridine-2-yl)benzo[d]thiazole
(btzpy) as the N”N ligand and investigated the influence
of varying the C"N cyclometallated ligands. In this work
we report the synthesis, characterization and electrolumines-
cent properties of four new iTMCs with general formula
[Ir(C*N),(btzpy)][PFs]. The C~N ligands used are 2-(3-(tert-
butyl)phenyl)pyridine (tppy), 1-phenylisoquinoline (piq),
1-phenyl-1H-pyrazole (ppz) and 2-phenylbenzo[d]thiazole (pbtz),
giving complexes 1, 2, 3 and 4, respectively (Scheme 1).
The photo- and electroluminescence confirmed the expected
colour variation, ranging from orange to red. Importantly,
we obtained very stable devices even when driven with high
current density.
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Experimental section
Synthesis and compound characterization

Detailed synthetic procedures including characterization data
are reported in the ESL.{ For reactions performed under an inert
atmosphere, dry solvents purchased from Sigma-Aldrich or Acros
Organics were used. Solvents used for all other reactions were of
reagent grade. Analyses were performed using HPLC grade
solvents. Fluka silica gel 60 (0.040-0.063 mm) was used for
column chromatography. NMR spectra were recorded on Bruker
Avance I1I-400 (400 MHz) or III-500 (500 MHz) spectrometers
and chemical shifts referenced to residual solvent peaks with
O(TMS) = 0 ppm. ESI mass spectrometry was performed using a
Bruker Esquire 3000P™* instrument and elemental analysis on an
Elementar Vario Micro Cube instrument. FT-IR spectra were
obtained using a PerkinElmer Spectrum Two UATR instrument.
UV-Vis absorption spectra were measured using an Agilent
8453 spectrophotometer and solution emission spectra were
recorded on a Shimadzu 5301PC spectrofluorophotometer.
Solution and powder photoluminescence quantum yields were
recorded on a Hamamatsu absolute PL quantum yield spectro-
meter C11347 Quantaurus QY. Powder emission spectra as well
as solution and powder excited-state lifetime values were
obtained using a Hamamatsu Compact Fluorescence lifetime
spectrometer C11367 Quantaurus Tau. Electrochemical measure-
ments were carried out using a CH Instruments 900B potentiostat
in deaerated CH,Cl, solution, using both glassy carbon and
platinum working electrodes, a platinum counter electrode and
a silver wire as a pseudo-reference electrode. TBAPF; (0.1 M) was
used as the supporting electrolyte and 3-5 mg of the iridium(im)
compound was added to CH,Cl, (10 mL). The scan rate was set as
0.1 mV s~ ". Ferrocene was used as the internal reference and was
added at the end of each experiment.
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s 1 (C*N = tppy) - 80.0%
2 (CAN = piq) -78.9%
3 (CAN = ppz) -48.7%
4 (CAN = pbtz) - 57.8%

(tert-butyl)phenyl)pyridine (tppy) and iridium complexes 1-4, and chemical structures of the cyclometallating CAN ligands

3_
used. Reaction conditions: (a) bis(pinacolato)diboron, KOAc, Pd(dppf),Cl,-CH,Cl,, THF, MW, 90 °C, 1 h; (b) 2-bromopyridine, Na,COs, Pd(PPh3),Cl,,
THF/H,O 1:1, MW, 100 °C, 30 min; (c) AgPFs, MeOH, room temperature, 2.5-4 h; (d) btzpy, MeOH, room temperature, overnight. Reported yields

(over two steps) are calculated based on the dimer starting materials.
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Photoluminescence characterization

The samples for thin-film photoluminescence (PL) measure-
ments were prepared with the same composition and thickness
as the emissive layer used in LECs. Each complex was mixed
with the ionic liquid (IL) 1-butyl-3-methylimidazolium hexa-
fluorophosphate ([Bmim][PF¢]) in a molar ratio of 4:1. A
100 nm thick film was deposited from a 20 mg mL~" solution
of complexes 1-4 in acetonitrile. Prior to deposition, all solutions
were filtered with a 0.22 um pore size filter and spin-coated at
1000 rpm for 30 s in air onto cleaned quartz substrates. The
quantum yields and PL spectra in thin films were recorded using a
Hamamatsu absolute quantum yield C9920 spectrometer.

Computational details

Density functional calculations (DFT) were performed using
the D.01 revision of the Gaussian 09 program package.”®
The Becke’s three-parameter B3LYP exchange-correlation
functional,®”*® together with the 6-31G** basis set for C, H,
N, and $*° and the “double-{” quality LANL2DZ basis set for the
Ir atom,*® was employed in all the calculations. An effective
core potential (ECP) was used to replace the inner core elec-
trons of Ir, accounting for relativistic effects. The geometries of
the singlet ground electronic state (S,) and the lowest-energy
triplet state (T,) were fully optimized for cations [1]" to [4]". No
symmetry restrictions were imposed during the optimization
process. The geometries of [1]'-[4]" in the T, state were calcu-
lated using the spin-unrestricted UB3LYP formulation with
spin multiplicity of three. All the calculations were done in
the presence of the solvent (CH,Cl,). Solvent effects were
considered within the self-consistent reaction field (SCRF)
theory using the polarized continuum model (PCM) approach.*’?
The lowest-lying 5 triplet and 10 singlet excited states of all the
complexes were computed at the minimum-energy geometry
optimized for S, using the time-dependent DFT (TD-DFT)**~®
approach. The phosphorescence emission energies were estimated
as the vertical energy difference between the energy of the
minimum of T, and the single-point energy of S, at the T,
optimized geometry.

Device fabrication

All materials were used as received. Poly(3,4-ethylenedioxy-
thiophene):polystyrene sulfonate (PEDOT:PSS, Clevios P VP Al
4083) was purchased from Heraeus. [Bmim|[PF] and acetonitrile
were purchased from Sigma Aldrich. Photolithography-patterned
indium tin oxide (ITO) glass substrates were purchased from
Naranjo Substrates (www.naranjosubstrates.com). The substrates
were subsequently cleaned with soap, deionized water, and iso-
propanol in an ultrasonic bath for 5 minutes each, followed by
20 minutes of UV-ozone treatment. Onto the clean ITO substrates,
an 80 nm thick film of PEDOT:PSS was spin-coated at 1000 rpm for
1 minute. The PEDOT:PSS dispersion was filtered with a 0.45 pm
pore size filter. The layers were dried at 150 °C for 15 minutes. On
top of it, a 100 nm thick film of the emissive layer was deposited
under the same conditions described above for PL measurements.
After deposition, they were transferred to a nitrogen glove box and

This journal is © The Royal Society of Chemistry 2018
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annealed at 100 °C for 1 hour. Finally, a 70 nm thick aluminium
film was thermally deposited under vacuum as the top electrode
using a shadow mask.

LEC characterization

LECs were tested by applying pulsed current and by monitoring
the voltage and the luminance with a True Colour Sensor
(MTCSICT Sensor, MAZeT GimbH) using a Lifetime Test System
(Botest OLT OLED Lifetime-Test System, Botest System GmbH).
The pulsed current consisted of a block wave at 1000 Hz
frequency with a 50% duty cycle. The current density at the
peak of the pulse was 1400 A m > and the average current density
was 700 A m~ > Electroluminescence spectra were recorded
using an Avantes fibre optics photo-spectrometer. All devices
were tested without encapsulation inside a nitrogen glove-box
at room temperature.

Results and discussion
Ligand synthesis

The chemical structures of the cyclometallating C*N ligands
used in this series of iridium complexes are shown in Scheme 1,
and detailed synthetic procedures are described in the ESLf
The synthesis of tppy has been previously reported,®” but the
following procedure shows a higher yield. 1-Bromo-3-(tert-butyl)-
benzene was transformed into 2-(3-(tert-butyl)phenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane via a microwave-assisted Miyaura
borylation using bis(pinacolato)diboron and KOAc, catalysed by
Pd(dppf),Cl,-CH,Cl,. Suzuki coupling with 2-bromopyridine
gave the desired ligand in excellent yields (91.3% over two
steps, Scheme 1).

Synthesis of iridium complexes

Chlorido-bridged iridium dimers were prepared according to
the standard method*®**° and characterized by "H NMR spectro-
scopy. Cleavage of the iridium dimer with the ancillary ligand in
MeOH or CH,Cl,/MeOH is the typical procedure for the synthesis
of iridium complexes of the type [Ir(C*N),(N*N)]".*>"*> However, by
using this protocol, traces of chloride counterions may still be
present in the final product, despite using a large excess of
hexafluorophosphate salt for ion metathesis. We have shown that
even small amounts of chloride impurities can significantly
decrease the stability of a LEC.** Therefore, complexes 1-4 were
synthesized according to a two-step procedure via a solvento
intermediate, formed by the reaction of the iridium dimer with
AgPFs in MeOH (Scheme 1). Exchange of the bound solvent
molecules by the ancillary ligand subsequently occurs at room
temperature in MeOH solution. This method has previously been
successfully implemented in the synthesis of a series of orange
emitters, leading to exceptional device stabilities.** As shown in
Scheme 1, iridium complexes 1-4 were obtained in moderate to
high yields (over two steps) starting from the appropriate dimer
and the ancillary ligand btzpy, and were fully characterized by 1D
and 2D NMR spectroscopies, ESI mass spectrometry, elemental
analysis and IR spectroscopy (see the ESI for details).

J. Mater. Chem. C, 2018, 6, 12679-12688 | 12681
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Theoretical calculations: geometry and molecular orbitals

The geometries of the complexes in their ground electronic
state S, were theoretically optimized without imposing any
symmetry restriction using DFT calculations at the B3LYP/
(6-31G**+LANL2DZ) level and including solvent effects (CH,Cl,).
The optimized geometries reproduce the near-octahedral coordi-
nation of the Ir metal usually found in this series of iridium
complexes,***> and those previously reported for other complexes
including btzpy as the ancillary ligand.*® The minimum-energy
geometries computed for the cations of complexes 1-4 are
depicted in Fig. 1, and the selected geometrical parameters are
listed in Table S1 (ESI). As for the reference [Ir(ppy).(btzpy)]"
complex,> and due to the absence of pendant groups that give rise
to intramolecular stacking, both the cyclometallating and the
ancillary ligands in all the complexes are predicted to be mainly
planar. Only in the piq ligands, where the additional phenyl ring
causes intra-ligand H---H contacts that break the planarity, the
inter-ring dihedral angle rises to ~17° (see Table S1, ESIt).

The energies calculated for the HOMO and LUMO of com-
plexes 1-4 are displayed in Fig. 2. The topology of the frontier
molecular orbitals remains almost unchanged along the series,
and only the HOMO and LUMO of complex 1 are depicted. As it is
usually found for ionic cyclometallated iridium complexes,*>*°
including those previously studied with a btzpy ancillary ligand,*
the HOMO appears mainly centred on the metal and the phenyl
rings of the C*N ligands, whereas the LUMO is almost fully located
on the N*N ligand. As the LUMO resides on a molecular region
that remains structurally unchanged along the series, its energy
remains almost constant for all the complexes, and is very close to
that of [Ir(ppy).(btzpy)]” (—2.98 €V). In contrast, the energy of the
HOMO changes with the nature of the cyclometallating ligand.
The electron-donating nature of the tert-butyl group induces
a destabilization of the HOMO of complex 1 (—5.72 eV), which
is computed 0.14 eV higher in energy than the HOMO of

Fig. 1 B3LYP/(6-31G**+LANL2DZ)-optimized geometries for the ground
state So of complexes 1-4. Hydrogen atoms are omitted for simplicity.
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Fig. 2 Energy diagram showing the energies calculated for the HOMO
and LUMO of complexes 1-4. The HOMO-LUMO energy gap is also
quoted. Isovalue contour plots (+0.03 a.u.) are drawn for the HOMO and
LUMO of complex 1 (CAN = tppy). The topology of the frontier MOs of the
other complexes is almost identical and is omitted for simplicity.

[Ir(ppy)2(btzpy)]" (—5.86 eV). The 1-phenylisoquinoline ligand
induces a smaller destabilization of the HOMO in 2 (—5.82 eV).
In complexes 3 and 4, the substitution of the pyridine ring
of the C”N ligands by a more electron-deficient heterocycle
produces a stabilization of the HOMO,*” which now appears
at —5.95 and —6.02 eV, respectively. As a consequence, the
HOMO-LUMO energy gap increases along the series 1-4 from
2.76 to 3.01 eV, with complexes 1 and 2 having smaller, and
complexes 3 and 4 greater HOMO-LUMO gaps, than that of
[Ir(ppy)a(btzpy)]” (2.88 €V). Therefore, if the emitting triplet
state results from the HOMO — LUMO excitation, complexes
1 and 2 are expected to emit at longer wavelengths as compared
to complexes 3 and 4.

Electrochemical properties

The electrochemical data of complexes 1-4, obtained from
cyclic voltammetry measurements in CH,Cl, solution, are
summarized in Table 1. The reduction potentials lie in a close
range (—1.52 to —1.57 V, Fig. 3), in agreement with the energies
computed for the LUMO that also lie in the 0.05 eV range as a
consequence of the localization of the LUMO on the ancillary
btzpy ligand (Fig. 2). Since the HOMO is localized mainly on the
iridium centre and the phenyl ring of the cyclometallating
ligand, the oxidation potential is sensitive to changes in the
C”N ligand and follows the trends of the HOMO energies
predicted by DFT calculations. Complexes 1 and 2, the HOMOs
of which are computed at higher energies (Fig. 2), are more
readily oxidized than complexes 3 and 4 (Table 1). This is in

This journal is © The Royal Society of Chemistry 2018
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Table 1 Electrochemical data of complexes 1-4 referenced to Fc/Fc*?

Complex  ESjy [V] (Epa — Epe [mV]) E35 [V] (Epe — Epa [V]) A5 [V]

1 +0.819" (113) —1.56 (100) 2.37
2 +0.92% (109) —1.56 (98) 2.48
3 +1.0297 (121) —1.579" (103) 2.59
4 +1.119° (113) —1.52 (91) 2.63

“ Determined by cyclic voltammetry in deaerated CH,Cl, solution
with Pt working and counter electrodes and an Ag pseudo-reference
electrode, 0.1 M TBAPF; as the electrolyte and a scan rate of 0.1 mV s~ .
qr = quasi-reversible.

= fp /Qf

-20 -1.5 -1.0 -05 0.0 0.5 1.0 1.5
Potential (V)

Current (1A)
o

Fig. 3 Cyclic voltammogram traces of complexes 1-4, measured in
CH,Cl, solution and referenced to Fc/Fc*. The arrow indicates the initial
scanning direction.

good agreement with the calculated stabilization of the HOMO
on going from 1 to 4 (Fig. 2). The oxidation potentials measured
for 1-4 span a range below and above that measured for
[1r(ppy)2(btzpy)][PFs] (+0.94 V)** in good agreement with the
theoretical predictions.

Photophysical properties

The UV-Vis absorption spectra of 1-4 in CH,Cl, solution are
shown in Fig. 4. Intense absorption bands in the UV with
maxima between 253 and 324 nm are seen for all complexes
and are attributed to spin-allowed m — m* transitions of the
ligands. Higher wavelength bands in the range 350-450 nm
arise from spin-allowed metal-to-ligand (*MLCT) and ligand-to-
ligand charge transfer ('LLCT) transitions. Time-dependent

—1

—3

RN WA 0O

10° & (dm’ mol* cm™)

.

250 300 350 400 450 500 550 600
Wavelength (nm)

o

Fig. 4 UV-Vis absorption spectra in CH,Cl, solution (10> M) of
complexes 1-4.
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DFT (TD-DFT) calculations of the excited singlet states (S,)
confirm this assignment. Complexes 2 and 4 present medium
intense maxima above 430 nm due to S, — S, low energy
n — T* transitions associated with the more conjugated piq
and pbtz ligands, respectively. In addition, low intensity tails
above 450 nm are observed (Fig. 4), which are attributed
to spin-forbidden *MLCT, *LLCT and ligand-centred (*LC)
excitations.”” TD-DFT calculations of the first triplet excited
states (T,) show that in all cases the T, state corresponds to the
HOMO — LUMO excitation, which implies an electron transfer
from the Ir(C*N), environment to the N*N ligand (see Fig. 2),
and therefore implies a mixed *MLCT/’LLCT nature.

The absorption spectra of complexes 1 and 3 are similar to
that previously reported for [Ir(ppy).(btzpy)][PFs],>® whereas
complexes 2 and 4 show distinct absorption profiles (Fig. 4).
Characteristic peaks at 293 (¢ = 46 000 dm® mol ' cm ™) and
433 nm (¢ = 8900 dm® mol™' ecm™') are observed in the
absorption spectrum of complex 2 which arise due to the
presence of the 1-phenylisoquinoline (piq) cyclometallating
ligand. These maxima are also observed for [Ir(piq),(bpy)][PFs] at
290/291 and 439/440 nm (in CH,Cl,) with similar extinction
coefficients, as described in the literature.**>® The distinctive
absorption band at 324 nm (¢ = 46 000 dm® mol ' em™) for
complex 4 is not present in the other compounds and must
therefore be a characteristic of the pbtz cyclometallating ligand.
Comparison with literature data of [Ir(pbtz),(bpy)]" shows the
presence of an absorption band with two maxima in the same
region (310-325 nm) in CH,Cl,,>" CH,;CN,”" MeOH>* and THF>
solutions. TD-DFT calculations support these assignments. For all
the four complexes, the S, — S, transition associated with the
HOMO — LUMO excitation has a negligible oscillator strength
(f < 0.0005), and the absorption bands observed correspond to
transitions to higher excited singlets (S; and S,). For complexes 2
and 4, these transitions imply the pbtz and piq ligands, respec-
tively, and are calculated at higher wavelengths (~445 and
420 nm) than for complexes 1 and 3 (400-410 nm). This justifies
the red shift observed for 2 and 4 compared with 1 and 3, which is
not expected on the basis of CV values obtained for the electro-
chemical gap (Table 1).

The PL spectra for the series of compounds were recorded in
solution, powder and thin-films. The photophysical parameters
are summarized in Table 2. The PL maxima in dichloro-
methane solutions (107> M, Fig. 5) are located in the orange
to deep-red spectral region, between 600 and 660 nm. Compared
to [Ir(ppy)a(btzpy)]’,”> functionalization of the cyclometallating
ligand with a tert-butyl group (complex 1) red-shifts the
emission by 16 nm, whereas substitution of ppy by piq
(complex 2) exerts a negligible influence on the luminescence
maximum. As for complexes 3 and 4, both ppz and pbtz
cyclometallating ligands stabilize the HOMO and increase the
HOMO-LUMO gap (Fig. 2). Both complexes are therefore
orange emitters, with blue-shifted Agn values of 607 and
600 nm, respectively. These observations agree with the trends
observed in the electrochemically measured energy gaps
(Table 1). The solution photoluminescence quantum yields
and the excited-state lifetimes differ considerably between the

J. Mater. Chem. C, 2018, 6, 12679-12688 | 12683
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Table 2 Photophysical properties of complexes 1-4
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CH,Cl, solution Powder Film
Complex Jem ¢ [nm] ¢ [ns] PLQY*? [%] Jmaxh 1nm] ¢ [ns] PLQY" [%] Jmaxf nm)] PLQY” [%]
1 660 55 2 648 328 10 666 5
2 642 380° 9 642 142 2 659 3
3 607 459 16 612 337 11 629 12
4 600 1200 41 614 730 33 625 29

% Jexe = 268 nm for complex 1, 293 nm for 2, 261 nm for 3 and 326 nm for 4. b Jexe = 280 nm for complexes 1-3 and 340 nm for 4. © Measured in
deaerated solution under an atmosphere of argon. ¢ Measured in deaerated solution. ® 7, (biexponential fits were used for the excited-state

lifetime determination). S Jexe = 320 nm.
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oy —2
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c 08l —3 |
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£
: 0.6 E
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©
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Fig. 5 Emission spectra in CH,Cl, solution (1.0 x 107> mol dm™3). Aeyc =
430 nm for complex 3; Jeyxe = 435 nm for 1; Aeye = 437 nm for 2 and 4.

four complexes, with PLQYs ranging from 2% to 41% and
lifetimes between 55 ns and 1.2 ps (see Table 2).

Complexes 1-4 show broad, mostly unstructured emission
profiles (Fig. 5), indicating a large charge transfer character-
istic of the emissive state. This is in good agreement with the
*MLCT/’LLCT (HOMO — LUMO) nature of the emitting Ty
state as predicted by TD-DFT calculations. However, com-
pounds 3 and 4 show some vibrational structures in the
emission bands, suggesting a *LC contribution to the emissive
state. To investigate this possibility, the nature of the T, triplet
was further studied by fully relaxing the molecular geometry of
this state using the UDFT approach. It should be recalled that
TD-DFT calculations are performed at the optimized geometry
of the S, ground state (Franck-Condon region), and the order
of the states could change upon relaxation. Fig. S1 (ESIY)
displays the unpaired-electron spin-density distributions
computed for the fully-optimized T, triplet of complexes
1-4. For all the complexes, the unpaired electrons reside over
the Ir(C"N), environment and the N~N ligand and reproduce
the topology of the HOMO — LUMO excitation, thus confirm-
ing the charge transfer *MLCT/*LLCT nature of the emitting
state. However, the spin density of complexes 3 and 4 is more
concentrated over the N”N ligand which shows a smaller
contribution from the metal (~0.42e) compared to complexes
1 and 2 (~0.48¢), thus justifying the appearance of some
vibrational structures. The emission energies calculated from
the UDFT optimized geometry of T; (1: 739 nm > 2: 708 nm >
[Ir(ppy).(btzpy)]": 691 nm > 3: 663 nm ~ 4: 668 nm), although
shifted to the red, reproduce the main trends observed experi-
mentally (Table 2). Complexes 1 and 2 emit more to the red

12684 | J. Mater. Chem. C, 2018, 6, 12679-12688

compared to [Ir(ppy).(btzpy)]’, and complexes 3 and 4 more to
the blue region.

The PL spectra of powder samples are shown in Fig. 6a.
Whereas no shift of the emission maximum is observed for
complex 2 on going from solution to the solid state, we observed
a blue-shift (12 nm) for complex 1 and a small red-shift for both
complexes 3 and 4 (5 and 14 nm, respectively). As in solution, the
solid-state PLQYs of the complexes vary considerably and range
from 2% for compound 2 to 33% for complex 4. The film and
solid-state PLQY values follow the same trends as expected.
Biexponential fits were used for the decay curves of powder
samples of all complexes (Table S2, ESIt). The average lifetimes
lie between 142 and 730 ns, with complex 4 exhibiting not only
the highest quantum yield, but also the longest lifetime.

Light-emitting electrochemical cells (LECs)

The electroluminescent properties of complexes 1-4 were investi-
gated by preparing LECs using a two-layer architecture, as described

Q
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Fig. 6 Solid-state emission spectra of complexes 1-4 in (a) powder
(Jexe = 280 nm) and (b) thin-film (Aexe = 320 Nnm).
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Fig. 7 Normalized electroluminescence spectra of LECs 1-4.

in the Experimental section. In the following discussion, LECs
fabricated using complexes 1-4 will be referred to as LECs 1-4.
As previously mentioned, the emissive layer consists of a mixture
of the complex and the IL [Bmim][PFs] in a molar ratio of 4:1.
The addition of IL reduces the device turn-on time (¢,,), defined in
this work as the time to reach a luminance of 50 cd m 2> LECs
were operated by applying a pulsed-current with an average current
density of 700 A m~?, which consists of a block wave at 1000 Hz
frequency with a duty cycle of 50%. These driving conditions were
used as similar compounds have been found to sustain such high
current density with no discernible degradation.”®

The electroluminescence (EL) spectra for all complexes are
displayed in Fig. 7, and the corresponding EL emission maxima
and the CIE 1931 colour coordinates are listed in Table 3. LECs
1 and 2 show pure red electroluminescence, with emission
maxima centred at 658 and 654 nm and CIE coordinates of
(0.65, 0.34) and (0.63, 0.35), respectively. LECs 3 and 4 resulted
in orange light emission with main maxima at 607 (LEC 3) and
600 nm (LEC 4), and the same CIE coordinates (0.60, 0.40).
The EL spectra are similar to the thin-film PL spectra, with a
small blue-shift of 8 and 5 nm for the red-emitting devices LEC
1 and LEC 2, respectively, and a blue-shift of 22 and 25 nm for
the orange-emitting devices LEC 3 and LEC 4, respectively.

The evolution of the luminance and the average voltage was
continuously monitored for 120 hours (5 days, Fig. 8) in order
to extract the characteristic device parameters, reported in
Table 3. LEC 4 presents the largest ¢,, of the series with
1925 s (32 min) to reach 50 cd m 2, while LECs 1-3 exhibit
short turn-on times (¢,,) with values between 13 and 40 s.
This feature hints towards a very different ionic redistribution
and/or charge injection and transport for LEC 4 within the series.

Table 3 Performance parameters and electroluminescence data obtained for LECs 1—-4 operating under a pulsed-current driving of 700 A m™

(1000 Hz, 50% duty cycle, block wave)
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Paper

The orange-emitting LECs 3 and 4 were found to be brighter
compared to the red-emitting LECs 1 and 2. In particular, LEC 4
delivers a maximum luminance (Lum,,,,) of 1049 cd m~2, much
higher than LEC 3 (320 cd m 2), LEC 1 (203 cd m %) and LEC 2
(85 cd m™?). Notably, the maximum luminance in LEC 4 is
even higher compared to previously reported ppy-containing
compounds.*® LEC 4 also presents the highest external quantum
efficiency (EQE) of the series with 0.91%, whereas an intermediate
value of 0.30% was obtained for LEC 3. The higher luminance
obtained for LEC 1 also results in an improved EQE (0.45%) as
compared to LEC 2 (0.16%). The general EQE trend agrees with
that observed for the PLQY measured in thin-films (Table 2), where
4 (28.7%) > 3 (11.5%) > 1 (5.1%) > 2 (3.3%). Considering the
relationship between the EQE and the PLQY, we can investigate
the origin of the losses associated with the device efficiency.
The EQE can be expressed as follows:

EQE = 30y{sPLQY

where 1, is the outcoupling efficiency, y is the electron-hole
balance and (s is the exciton generation efficiency. For phos-
phorescent emitters, the exciton generation efficiency can be
considered as unity since all electron-hole pairs can in principle be
harvested as emitting triplet excitons. If we deliberately neglect the
charge carrier balance (y = 1) and reasonably assume 7, = 0.2, then
we can calculate the theoretical maximum EQE (EQEcor, Table 3)
for the device series. By comparing these values with the measured
maximum EQEs, we can quantify the losses for each device as
EQEjosses = EQE/EQEwenr% (Table 3). We found that orange-
emitting LECs 3-4 exhibit larger losses in device efficiency
(88 and 84%, respectively), in spite of being the brightest
devices obtained. On the other hand, the red-emitting devices
exhibit lower losses, in particular LEC 1 where 55% of the
charges are non-radiatively lost during the device operation.
Such losses are associated with the previously neglected charge-
carrier balance, indicating that carrier injection or transport
(most likely a combination of both) within the diode are
hindered when moving from complex 1 to 4. At short time
scale, when ions have not yet redistributed, the charge injection
efficiency is proportional to the potential difference between
the electrode work function and the corresponding molecular
orbital. As the LUMO energy is essentially unvaried for the
compounds presented here, the variation of the HOMO energy
from complex 1 to complex 4 (increasing approximately 0.1 eV
for each complex within the series, Fig. 2) leads to hindered

2

LEC Lum,,, [ed m™?] ton” [5] t12° [h] EQEma” [%] EQEtheor” [%] EQEjogses [%] J32% EL [nm)] CIE®

1 203 13 & 0.45 1.0 55 658 0.65, 0.34
2 85 18 220/ 0.16 0.6 73 654 0.63, 0.35
3 320 38 1757 0.30 2.4 88 607 0.60, 0.40
4 1049 1925 26 0.91 5.8 84 600 0.60, 0.40

¢ Maximum luminance. ? Time to reach 50 cd m~2 luminance. ¢ Time to decay to half of the maximum luminance. ¢ Maximum external quantum
efficiency. © The CIE 1931 colour coordinates.’ Extrapolated values. ¢ No signs of degradation after 5 days of continuous operation.
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Fig. 8 (a) Luminance and (b) average voltage for LECs 1-4 measured using a pulsed current driving (average current density 700 A m~2, 1000 Hz, 50%

duty cycle, block wave).

hole injection from the anode into the active layer, partially
explaining the augmented electronic losses. Additionally, the
chemical nature and steric hindrance of the cyclometallating
ligands vary substantially, resulting in an alteration of the
charge transport and balance within the devices. The charge
balance within the device should be also reflected in the device
lifetime (¢,,), defined as the time to decay to one-half of the
maximum luminance. In agreement with this hypothesis, LEC
1 actually shows no luminance decay during 5 days of contin-
uous operation (Fig. 8a). The ¢,,, obtained for LECs 2 and 3 were
estimated by extrapolation to be about 220 and 175 hours,
respectively (Fig. S2, ESIt). On a side note, LEC 3 showed a
larger voltage (approximately 3.3 V after stabilization, Fig. 8b)
as compared to the other devices (2.6-2.7 V), indicating a lower
conductivity of the complex in the solid state. The brightest
device obtained, LEC 4, showed a very short lifetime of only
26 hours, pointing to an unbalanced charge distribution or to a
faster ionic migration under an applied field. The very stable
voltage profile (Fig. 8b) also supports the latter hypothesis.

Conclusions

In conclusion, we have synthesized a new family of iTMCs for
application in LECs. The variation in the cyclometallating
ligand in four [Ir(C~N),(btzpy)][PFs] complexes allows the
tuning of the HOMO energy, and thereby the oxidation potential
(0.81-1.11 V), and the HOMO-LUMO gap (2.76-3.01 eV). In
solution, the complexes present photoluminescence maxima in
the orange to deep-red spectral region, between 600 and 660 nm,
with significantly different quantum yields ranging from 2% for
[Ir(tppy).(btzpy)]|[PFs] where tppy = 2-(3-(tert-butyl)phenyl)pyridine,
to 41% for [Ir(pbtz),(btzpy)][PFs] where pbtz = 2-phenylbenzo[d]-
thiazole. Similar trends for the emission maxima and PLQYs are
found in the solid state. DFT calculations support the charge
transfer nature of the emission. We obtained very bright electro-
luminescence for [Ir(pbtz),(btzpy)][PFs]. However, the device was
not stable under continuous operation, most likely due to an
unbalanced charge distribution and/or to a fast ionic migration.
Importantly, we have fabricated very stable LECs when using
[Ir(tppy)a(btzpy)][PFe] in the emissive layer. This complex leads to

12686 | J Mater. Chem. C, 2018, 6, 12679-12688

pure red emission and show no signs of degradation during 5 days
of continuous operation, challenging the most stable LECs demon-
strated up to now.
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