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Light-Emitting Electrochemical Cells

H igher efficiency in the end-use of energy requires substantial

progress in lighting concepts. All the technologies under development
are based on solid-state electroluminescent materials and belong to the
general area of solid-state lighting (SSL). The two main technologies
being developed in SSL are light-emitting diodes (LEDs) and organic
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1. Introduction: Lighting the

light-emitting diodes (OLEDs), but in recent years, light-emitting

electrochemical cells (LECs) have emerged as an alternative option.
The luminescent materials in LECs are either luminescent polymers

together with ionic salts or ionic species, such as ionic transition-metal

complexes (iTMCs). Cyclometalated complexes of Ir'"" are by far the

most utilized class of iTMCs in LECs. Herein, we show how these

complexes can be prepared and discuss their unique electronic,

photophysical, and photochemical properties. Finally, the progress in
the performance of iTMCs based LECs, in terms of turn-on time,

stability, efficiency, and color is presented.

1. Introduction: Lighting the World

The diffusion of artificial lighting is one of the greatest
achievements of the past century, but even today, in many
poor regions of the world, the rhythm of everyday life is
beaten by the daily light—dark cycle: at sunset virtually all of
human activities are stopped. For millennia artificial lighting
was generated by the open fire, which was eventually tamed
through the use of lamps, as testified by archaeological
findings all around the world. Until the second half of the 19th
century, rural dwellings worldwide utilized fuels of animal or
vegetal origin, such as whale oil or beeswax. In 1879, taking
advantage of the work of many other inventors and after
having tested hundreds of different materials as filaments,
Thomas Edison patented the incandescent carbon filament
lamp, a milestone of modern lighting, whose diffusion took
advantage of the almost concomitant spreading of electric
grids. Edison’s device converted just 0.2 % of electricity into
light, but it was 20-times more efficient than a candle in
converting chemical energy into useful photons.!"

In the following decades, electric lighting devices under-
went substantial progress in terms of efficiency and all the
systems that are still used nowadays were introduced: the
tungsten lamp (1906), that dominated residential lighting for
one century, the sodium vapor lamp (1930s), now utilized for
street illumination in its modern high-pressure variant, the
fluorescent tubes (1940s), very popular in large internal
environments, such as offices and factories.”! The evolutions
of these three fundamental designs were introduced in
relatively recent times: the halogen lamp, an advanced
filament system, entered the market in the 1960s and the
compact fluorescence lamp, a sort of hybrid between bulbs
and fluorescent tubes, appeared in the 1980s. Initially, the
latter was unenthusiastically received by consumers because
of high price, long dimming times, and poor white quality,
a set of issues now largely solved. Figure 1 shows the historical
trend of the efficiency of some lighting systems in converting
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Figure 1. Historical trend of luminous efficacy of the most common
light sources.

electricity into visible (Vis) electromagnetic radiation that
can be sensed by the receptors of the human eye.
Nowadays, artificial lighting is an over 70 billion Euro
market worldwide. The lighting industry provides 150000 jobs
in Europe alone and produces items not only for stationary
applications but also for the transportation sector, particularly
automotive. The electricity consumption for lighting amounts
to approximately 3 PWh, that is, 20 % of the world total, with
an estimated CO, production of 2 Gt, about 7% of the global
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emissions and equivalent to 70 % of the emissions produced
by transportation.®* Thus, efficiency gains in this sector
would significantly contribute to the energy transition that we
must carry out in the present century.>*

Compared to two centuries ago, the per capita average
availability of artificial photons for lighting in Europe has
increased by about 12000 times, with the price almost
unchanged.l! However, it has to be emphasized that about
1.5 billion people around the world still lack access to
electricity and obtain illumination by burning fuels. It is
estimated that about one million barrels of oil (1.2% of
production) is still burnt daily for lighting purposes.” This
poses high safety and health risks through accidental fires and
indoor air pollution.®

The few data summarized above show that there is an
urgent need for further improvements in lighting, so as to
make it more widespread, sustainable, and affordable. The
tremendous progress made during the 20th century in
improving the quality and availability of artificial lighting
was accomplished through the use of two main technologies:
incandescent- and discharge-based lamps.[l Incandescent
lamps consist of a bulb containing a wire filament that emits
light upon heating in a vacuum. They emit up to 95 % of the
energy as infrared photons (i.e., heat) hence their efficiency is
intrinsically low. Discharge lamps generate light by means of
an internal electrical discharge between electrodes that
produces ultraviolet (UV) radiation, which is then down-
converted into visible light by solid or gaseous compounds;
they can be substantially more efficient than the incandescent
counterpart but often at the expense of color quality. There is
a variety of both type of lamps but these two traditional
lighting concepts have been exploited near to their limit; thus,
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new lighting approaches have emerged in the last two decades
(Figure 1).

The emerging concept for illumination is solid-state
lighting (SSL),'"”! in which selected semiconductor materials
are stimulated to produce visible light under the action of an
electrical field (electroluminescence) in suitably engineered
devices where the transport of charge occurs in one specific
direction (diodes). Through this approach, the primary
product of these lighting devices is the photon itself, unlike
traditional sources where visible light is essentially a by-
product of other processes, such as heating or discharging. As
aresult, SSL creates visible light with reduced heat generation
or parasitic energy dissipation, while its solid-state nature
provides for greater resistance, increasing significantly the
lifespan of appliances.

There are two main families of SSL devices, namely light-
emitting diodes (LEDs)!™! and organic light-emitting diodes
(OLED:s).'*™ LED technology is based on inorganic semi-
conductors made from combination of several elements (e.g.,
In, Ga, P, N) and provides highly efficient and convenient
light point sources of different colors; LEDs are now standard
for screen backlighting, automotive applications, traffic
signaling, advertising, and decoration.”! Notably, they are
acquiring an increasing market share in ambient illumination
thanks to the consolidation of white LED concepts.!"”]

OLED:s are flat light sources where the photon output is
generated through electroluminescence within a multilayer
stack a few hundred nanometers thick.'*!*! They are used
extensively as displays in small handheld applications and in
prototype TVs. The core of the device is the layer containing
the luminescent material, typically a polymer, a small fluo-
rescent molecule, or a phosphorescent transition-metal com-
plex embedded in a charge transporting matrix.'”! State-of-
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the-art white OLEDs are based on multilayer stacks some-
times consisting of more than 15 individual layers.'"® Such
a multilayer stack can only be prepared by vacuum sublima-
tion that implies the use of thermally stable non-ionic
materials. Therefore, the choice of suitable compounds
within the huge family of luminescent transition-metal
complexes, which are normally ionic species,*? is dramat-
ically narrowed. The high manufacturing cost of OLEDs,
associated with the multi-layer evaporation process and the
need for rigorous encapsulation of the devices, are two of the
main obstacles that have prevented significant penetration of
this technology in the lighting market to date.

The above limitations of OLED technology have stimu-
lated the exploitation of new concepts for flat electrolumi-
nescent lighting devices;®! among these, LECs (light-emit-
ting electrochemical cells) are the most popular.?*>% LECs
have a much simpler architecture than OLEDs, are processed
from solution, do not rely on air-sensitive charge-injection
layers or metals for electron injection and hence require less-
stringent packaging procedures. LECs consist of an ionic
luminescent material in an ionic environment sandwiched
between two electrodes. The luminescent material is either
a conjugated light-emitting polymer or an ionic transition-
metal complex (iTMC). The first type is referred to as
polymer-LECs (PLECs).*%) The second type is even simpler
as it uses an ionic emitter that enables single-component
devices; this type of LECs is referred to as iTMC-
LECs.?*?2%31-34 This Review illustrates the fundamentals
of LEC technology, focuses on the most promising lumines-
cent materials for iTMC-LECs, particularly ionic Ir'"™" com-
plexes, and highlights the latest achievements and remaining
challenges of iTMC-LECs in the frame of the rapidly
developing area of lighting technologies.
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2. Flat Lighting Devices

2.1. Light-Emitting Electrochemical Cells: Motivation and
Definition

State-of-the-art organic light-emitting diodes are typically
made of multiple layers of organic materials, sandwiched in
between an anode, typically a transparent oxide film, such as
indium-tin oxide (ITO), and an air-unstable cathode (Ca, Ba)
often coupled with an electron-injection layer (Figure 2, left).
Such complex architectures are necessary to provide a bal-
anced injection of positive and negative charges across the
device, which must precisely recombine in the light-emitting
layer, to grant the physical integrity of the whole device under
the applied bias for hundreds of hours.'*!®! Nowadays,
OLEDs can be utilized for display and illumination but
their manufacturing still needs costly and complex procedures
in an inert environment that must be followed by a rigorous
encapsulation of the final device, particularly because of the
presence of low work-function metals or doped injection
layers which are extremely sensitive to ambient oxygen and
moisture.'*'*) The multilayer structure, additionally, makes
large-area processing extremely difficult, and ultimately
imposes a production cost of OLEDs still incompatible with
widespread applications in the general lighting market.

Light-emitting electrochemical cells (LECs) have a much
simpler architecture, are processed from solution, and do not
rely on air-sensitive charge-injection layers or metals for
electron injection (Figure 2, right). The concept of LEC was
introduced in 1995 by Pei et al., who mixed an inorganic salt
to a mixture of a conjugated luminescent polymer and an
ionic conductive polymer (Figure 3, left).’*3*! Soon after this
seminal contribution, an alternative approach was proposed
by Maness et al., who utilized a Ru" ionic transition-metal

OLED

Light Emitting Layer
Transparent Conductive Oxide
Substrate

Lee | 1 e

Electron Injection Layer
Electron Transport Layer
Light Emitting Layer

Layer

yacuum

TCO Metal

=
5
>
G
-
o
£
£
E
w
=1
£
)
-

ENERGY
ENERGY
Light Emitting Layer

Figure 2. Schematic representations of a typical OLED (left) and LEC
(right). An OLED consists of multiple layers that are in most cases
deposited stepwise by thermal vacuum evaporation. The injection of
electrons is achieved by the use of 1) a low work function metal or 2) a
chemically n-doped electron injection layer, both of which are unstable
in air and require rigorous encapsulation. In contrast, a LEC consists
of only one opto-electronically active layer whose negative counterions
are displaced when an external bias is applied. This set up enables an
efficient hole and electron injection from air-stable metals.
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Figure 3. Materials used in the first polymer-based LECs: MEH-PPV = poly[5-(2"-ethylhexyloxy)-2-methoxy-1,4-phenylene vinylene], PEO = poly-
(ethylene oxide) and [CF;SO;,] Li* =lithium trifluoromethanesulfonate. Compound 1 is the first iTMC used for LECs: poly-[Ru(vbpy);]*"", vbpy =
4-vinyl-4'-methyl-2,2'-bypiridine. Compound 2 is the archetypal complex of the largest class of Ir'"-iTMCs used in LECs: [Ir(ppy),(bpy)]" in which

ppy =2-phenylpyridinate and bpy=2,2"-bipyridine.

complex as the single active component in the light-emitting
layer (1, Figure 3).")

In this approach, the Ru" complex and its counterion
[PF,7] play several key roles: promotion of charge injection
from the electrodes, electron and hole transport through the
device and, thanks to the intrinsic orange emission, lumines-
cence. Nowadays, iTMC-LECs are mostly based on lumines-
cent ionic biscyclometalated Ir'" complexes®®! (the archetypal
complex of this large family of complexes is 2, Figure 3),F”!
which, like the original Ru" complex, may sustain charge
injection and transport while affording, at the same time, light
emission. A crucial benefit in the use of ionic compounds is
processability: iTMCs dissolve in polar benign solvents,
allowing the devices to be prepared by facile coating or
printing processes. In addition, the use of iTMCs allows novel
device fabrication processes, such as soft-contact lamina-
tion,*®! as well as the development of large-area illumination
panels®™“! that do not require any patterning (see Sec-
tion 4.1). Finally, the insensitivity of LEC devices to the work
function of the electrode material allows air-stable metals to
be used as anode and cathodes, greatly decreasing the severe
technical requirements for the encapsulation of devices.
Taken in concert, these characteristics facilitate large-area
processing and might give entry to flat electroluminescent
devices at more affordable costs.

2.2. LECs: Mechanism of Work

LEC materials can be either conjugated light-emitting
polymers or ionic transition-metal complexes, the related
devices are termed polymer-LECs (PLECs)?**! or iTMC-
LECs,723134 regpectively. Both types of LECs have been
studied for over 15 years,”*?! throughout which many mate-
rials, device concepts, and driving schemes have been tested.
This research has led to notable achievements in color,
efficiency, turn-on time, and stability, which will be com-
mented in Section 4. Now we describe the peculiar opera-
tional mechanism of LECs, which has been generally
described by two rationales, the electrodynamical (ED)#
and the electrochemical doping (ECD)P*¥* models
(Figure 4). Both models agree in that the injection barrier
for electrons and holes is reduced by the separation of the ions
in the light-emitting layer upon application of a bias.
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Figure 4. llustration of the potential profile as well as the electronic
and ionic charge distribution in a LEC during steady-state operation.
Potential profiles and charge distributions as predicted by the a) ED
and the b) ECD models. The thick blue line represents the potential
profile; the electronic and ionic charge carriers are illustrated by the
cyan (negatively charged) and red (positively charged) symbols,
respectively. Furthermore, the high- and low-field regions in the bulk
are highlighted in orange and yellow, respectively. In the low-field
regions, negative and positive centers are mutually compensated.
Adapted from Ref. [51].

The ED model assumes that the accumulation of ions
leads to the formation of electric double layers (EDLs) at the
electrodes which brings about a sharp drop of the electric
potential near the electrode interfaces and promotes charge
injection from the electrodes. In the bulk of the material the
anions and cations are still joined and light emission occurs
from the so-called field-free region in the bulk of the device.

The ECD model, on the other hand, assumes that the
accumulation of ions at the anode and cathode leads to the
formation of highly conductive p- and n-doped regions,
respectively (Figure 4, n-doping: negative doping, i.e. addi-
tion of an electron; p-doping: positive doping, i.e. removal of
an electron). The doped regions widen over time, until a p—i—
n junction (i=intrinsic, undoped) between them is formed.
Across the intrinsic region formed, the applied potential
drops substantially and favors charge recombination and light
emission.
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Several papers describing modeling studies that support
one or both of these models have appeared.[*"*>%1 Both
models are corroborated by experimental data that, in most
cases, were obtained from PLECs; they are described below.

The best performances of LECs are obtained when the
active material is sandwiched in between two electrodes, that
is, one electrode is below and one electrode is on top of the
active layer. In these sandwiched devices the active layer has
a thickness in between 100 and 200 nm. Although this layout
leads to best performances, the active layer is thin and
inaccessible and therefore it cannot be used to directly probe
its potential profile. This can be done, however, by using
another configuration in which the anode and cathode are
placed side by side at a given distance (i.e., interdigitated) on
a non-conductive substrate with the active layer on top of
them (alternatively the active layer can be deposited on the
bare substrate and then both contacts deposited on top). In
this configuration, referred to as a “planar” configuration, the
active material can be accessed by scanning probes (e.g.,
Kelvin probe) as there is nothing on top of it. To get
meaningful information, the electrode spacing in the planar
configuration must be at least one order of magnitude larger
than in the sandwiched configuration (several micrometers).
The performances in the planar configuration are much worse
when compared with the sandwiched layout, primarily
because of the very small light-generating areas on the total
substrate, resulting in a small aperture of these devices. Also
some care must be taken when the observations obtained
from planar cells are used to explain operations in sandwiched
devices, as the electrode spacing is quite different.

An example of a planar device using interdigitated
electrodes, where the emission zone was probed with a micro-
scope, is shown in Figure 5, left. It was revealed that, at
moderate operation voltage, light emission is concentrated
within a narrow zone (1-3 um) of the larger interelectrode
gap (15 um), which was taken as evidence for the creation of
a p-i-n junction (Figure5, left). The planar device also
allowed monitoring the photoluminescence as a function of
interelectrode distance and time, under UV illumination. This
information is of interest as the conjugated materials
employed as the active
materials in LECs are
fluorescent or phosphor-
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Figure 5. Left: Photograph of a planar PLEC with interdigitated gold
electrodes (dark lines); the spacing between electrodes is 15 um. With
4V applied across each pair of electrodes, the yellow—green emission
is observed from the dynamically formed p—n junction; the width of
the junction is about 1-3 um; adapted from Ref. [26]. Right: Selected
photographs of the doping progression in a planar AI/MEHPPV +
PEO + CF,SO;Li/Al LEC with a 1 mm interelectrode gap with the
interdigitated Al electrodes on top of the polymer blend. The Al
electrode to the left is the positive anode, and the device was operated
at T=360 K and 5 V. The photographs were taken at t=0s (a),
t=546s (b), t=978 s (c), and t=2750 s (d) after the voltage was
applied. Adapted from Ref. [52].

of doped zones in planar LECs. Under this condition, doped
regions resulted to be dark, as monitored by photographs or
videos (Figure 5, right).**=%

It is possible to directly measure the electrostatic potential
from planar LECs by using Kelvin probe techniques, which is
particularly useful as the two proposed models require very
distinct potential profiles.”® Slinker etal. measured the
electrostatic potential of planar iTMC-LECs, which were
fabricated by carefully avoiding having active material on top
of the electrodes using serial soft lithography.™!! The profile
obtained showed strong potential drops at the electrode
interface, without sharp drops at the center of the device
(Figure 6, left), providing support for the ED model. Shortly
after, a similar experiment was performed on a planar PLEC
by Matyba et al., who obtained a profile showing a distinct
drop in the center of the device in line with the prediction of
the ECD model (Figure 6, right).’® The latter observation
was confirmed by recent studies performing simultaneous
emission and Kelvin probe studies on the same device."®

escent with reasonably
high efficiencies, and it
is known that the photo-
luminescence is
quenched when the
material is electrochemi-
cally doped. Accordingly,
the absence of photolu-
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Figure 6. Left: Time dependence of the in situ potential profiles of planar iTMC-LECs for Au/[Ru(bpy);][PFel./Au
devices under 5 V operation, in which the [Ru(bpy)s][PF], layer has been patterned to be restricted between the
electrodes; first scan is black, the following ones are lines with increasingly lighter gray (the curves are spaced by
equal increments of 15 min in time). The inter-electrode region is between the dashed lines; adapted from

Ref. [54]. Right: Steady-state potential profile of a planar PLEC during operating at 5 V using Au electrodes.
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Figure 7. Steady-state potential profiles of a planar PLEC during operation at 8 V. Left: non-injection limited
regime (using Al-capped Au electrodes). Right: injection-limited regime (using slightly oxidized Al electrodes).
The panels below each potential profile are steady-state photoluminescence images of the devices. The white
dashed lines in all micrographs indicate the electrode interfaces; adapted from Ref. [51].

The above data show evidences supporting both models,
which sparked debate and increased the uncertainty concern-
ing the actual operational mechanism in planar devices.
Recent findings by van Reenen et al. shed new light on the
matter.’!! They obtained two different potential profiles using
good (Al-capped Au; Figure 7, left) and poorly injecting
contacts (slightly oxidized Al; Figure 7, right). With the Al-
capped Au non-injection limited contacts, the profile is in
accordance with the ECD model, because a dramatic poten-
tial drop is observed in an intermediate region between the
two electrodes, where electroluminescence is generated.
Additionally, small potential drops are observed at the
electrode interface, attributable to the formation of the
electric double layers. The potential profile of the planar
PLEC with oxidized Al contacts is very different. In that case,
the potential drastically drops only at the electrode interfaces
with no relevant changes across the bulk of the device, as
predicted by the ED model. Therefore, depending on the type
of contacts, the potential profile of LECs can be rationalized
with either the ECD or the ED model.

Tests described so far try to elucidate the mechanism of
LECs functioning in planar devices. However, LECs are
typically sandwich-type, which differ substantially in the
distance between electrodes (around 0.2 pm) compared to
their planar counterparts (8 to 120 um) and are characterized
by a much higher luminance. Hence, it is of great interest to
elucidate the specific operation mechanism of sandwiched
LEC:s. First attempts were made using impedance spectros-
copy, a technique that applies a small AC perturbation on
a DC voltage to get information on the resistance and
capacitance of the active material, and supported the ECD
model.””* In fact, the standard tools for studying conven-
tional light-emitting devices, which entail the measurement of
luminance (L) and current density (/) as a function of voltage
(V) JL-V measurements, are difficult to use in LECs because
the application of a voltage triggers the movement of ionic
charges and physically modifies the device itself. Therefore, to
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obtain reliable operative
parameters of a LEC for
a given ionic distribution,
it is crucial to avoid ionic
movement during the
JL-V scans.”* ! These
experiments have shown
that JL-Vs of fresh LECs
are featureless, whereas

40 60 80 100 120 after pohng and fiXing of
Position / um the ions they resemble
60 80 100 120 those of standard
OLEDs. A thorough

investigation of how

LECs evolve from the
initial state to the highly

luminescent state was
recently reported using
JL-V analysis on

dynamic LECs. In an
attempt to perform JL—
V' analysis on dynamic
LECs as well, a method was developed that applies a fixed
voltage and monitors the current density and luminescence
over time, while performing rapid JL-V scans at set intervals.
Even in this case it is crucial that there is no ionic movement
during the JL-V scans, as the electronic characteristics of the
device for a given ionic distribution are needed. This was
achieved for a sandwiched iTMC-LEC with a scan rate of
2.5 Vs~ and voltage never below 2 V.1l By this method it was
shown that, at the start of the operation, the current density is
limited by the injection barriers for holes and electrons. With
prolonged biasing the injection barriers decrease and the
current density becomes limited by the transport through the
active material, this is referred to as “bulk-limited” condition.
In bulk-limited OLEDs, the double carrier current density is
space-charge limited and can be described using Equation (1).

VZ
.]:(Xx—z

n

1)

Where, x,, is the effective layer thickness and a is a prefactor
depending on the dielectric constant, electron and hole
mobility, and bimolecular recombination rate.* In Figure 8,
the current density versus the effective applied voltage at
different operation times is depicted.® At driving times of
85 min and beyond, the current follows the typical quadratic
dependence on voltage, indicating that it is space-charge
limited. According to Equation (1), the one order of magni-
tude increase of device current (observed at 3.5V driving
voltage for over 85 min) is due to a decrease of the effective
layer thickness by approximately a factor of two. The physical
layer thickness of the active material did not change, thus the
increase of J after the device had been operating for 85 min
was attributed to the continued growth of the n- and p-doped
regions adjacent to the electrodes, that reduces the thickness
of the undoped (intrinsic, i) light-emitting layer. Additionally,
it implies that the charge transport in the intrinsic region is
rather similar to OLEDs and governed by space-charge. In
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Figure 8. Current density (J) versus effective applied voltage
(Veg=V—W,;, where V,; is taken as the point where the current deviates
from an exponential dependence) at different times during constant
voltage (3.5 V) operation of a sandwiched LEC based on complex 2.
The parallel black lines indicate the quadratic dependence.

the same work it was also shown that, for a driving voltage of
1.5V, current transients are in line with the predictions of the
ED model.[*’]

The above observation corroborates the results obtained
by van Reenen et al. on planar PLEC-based devices, who
demonstrated that the electrostatic potential can be in
accordance with both the ECD and the ED model, depending
on the specific type of contact employed (see above).”!
Therefore, it appears that the situation described by the ED
model occurs when there is only a limited electron injection
into the organic film. On the other hand, when substantial
electron injection occurs, the formation of doped zones takes
place. The speed of the formation of the EDLs and the
widening of the doped zones is directly related to the ionic
motion and is in general much faster in PLECs than in iTMC-
LECs. Initially, the active layer of a LEC device is neutral
since charges are randomly distributed. Upon application of
a voltage above the band gap of the emitting material, the
electric double layers are formed next to both electrodes,
whereas the p- and n-doped regions (Figure 4b) start to grow
at the expense of the neutral undoped emitting layer
(Figure 5, right). In the specific case of iTMC-based LECs,
light emission occurs by phosphorescence originating from
long-living triplet excitons. Since they are quenched® by
electrochemical doping (see above) and the p- and n-doped
regions adjacent to the neutral emitting layer continue to
grow, the LEC luminance will inexorably decrease over time.
Hence, the time-dependent decline of LEC luminance can be
caused not only by chemical degradation of the emitting
material in the operating device, but also by the increasing
amount of excitons being quenched, as the neutral emitting
layer thickness is reduced.!”! Accordingly, switching a device
off for several minutes once the maximum luminance level is
reached and then re-applying the same voltage, leads to full
restoration of light emission.”®! The correlation between the
formation of EDLs and the expansion of the doped zones is
probably the reason why a relation between the turn-on time
and the lifetime is often found in iTMC-LECs (see Section 4).
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3. lonic Transition-Metal Complexes for LECs:
The Rise of Iridium

This Review focuses on iTMC-LECs and, for recent
advances on PLECs, the reader can refer to a Review by Sun
et al.’ and, for doped conjugated polymers, to a Review by
Inganis.® iTMC-LECs differ from PLECs in that the iTMCs
are intrinsically ionic and do not need auxiliary charged
species to drive the device. Additionally, iTMCs are typically
phosphorescent triplet emitters, which allows for higher
electroluminescence efficiencies compared to singlet emit-
ters.” iTMCs also allow for easy solubilization in benign
solvents and environmentally friendly wet device-preparation
processes.[""!

Early works on iTMC-LECs focused on differently
substituted ruthenium(IT) complexes, such as the archetype
[Ru(bpy);][PF¢], (3, Figure 9); these devices achieved exter-
nal quantum efficiencies up to 5.5%.7"7 However, LECs
based on ruthenium chromophores offer limited color tuning
because the emission band is placed across the orange-red
part of the visible spectrum and this restriction strongly limits
the applicative potential for lighting and display technologies,
which require wider color tunability.

2+

2PFg PFg

Figure 9. Structural formula of two examples of iTMCs used in LECs:
[Ru(bpy)s][PFel, (3) and [Ir(ppy).(dtb-bpy)][PFq] (4).

Using luminescent iTMCs based on different metal
centers opened the route to the whole color scale® and, in
this regard, the by far most versatile family of iTMCs is that of
I (Ir-iTMCs).”®! These compounds, thanks to a unique
combination of physical and chemical properties, provide
a huge variety of stable complexes, covering the whole visible
spectrum all the way from blue to red.® In particular,
changing the metal center from a second-row (e.g., Ru) to
a third-row (Ir) transition element, the stability of the related
complexes is generally improved by 1) increasing the metal—
ligand bond strength and 2)by raising the ligand-field
splitting energy (LFSE) and making dissociative metal-
centered (MC) excited states less thermally accessible com-
pared to Ru" analogues."" LFSE is further increased, relative
to Ru" complexes, thanks to the higher electric charge of the
iridium ion and by the presence of anionic cyclometalating
ligands (C~N), typically used with Ir™ centers. All these
combined features of Ir-iTMCs can lead to very high emission
quantum efficiencies of virtually any color and impart good
photochemical stability. 3737

The first example of a LEC based on an ionic iridium(IIT)
transition-metal complex was reported by Slinker et al. in
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2004.7%1 It was a single-layer device emitting yellow light and
based on 4, a complex that exhibits a photoluminescence
quantum yield (PLQY) in oxygen-free acetonitrile solution of
235%.

3.1. Synthesis of Cationic Iridium(lll) Cyclometalated Complexes
for LECs

Most Ir-iTMCs are synthesized in two steps according to
the strategy depicted in Figure 10. First, commercially avail-

able IrCl;-nH,O reacts with a slight excess of the desired
cyclometalating (often termed also ortho-metalating) ligand

N
Gy @ @

IrClg \ / <
2- ?thoxyeihanol CI | Cl Xj

\\/ = ©/
N Y

\N/

Figure 10. Typical two-step synthesis of a heteroleptic bis-cyclometa-
lated iridium(I11) complex. The p-dichloro-bridged dimer (5) involving
the desired cyclometalating C*N ligands (e.g., 1-phenylpyrazole,
Hppz) is isolated and subsequently cleaved using neutral ancillary
ligands to obtain the corresponding mononuclear iridium(lll) complex
(e.g., [Ir(ppz).(bpy)]Cl). Subsequently, counterion exchange of chlor-
ides with, for instance, PF,~ or BF,™ affords the final product (6).

(C”N), the most popular of which are substituted 2-phenyl-
pyridines (Hppy) or 1-phenylpyrazoles (Hppz; Figure 11).
The reaction is usually carried out in 2-ethoxyethanol at
around 120°C under argon atmosphere for 24 h.'7 The
product of this reaction is the cyclometalated Ir"" u-dichloro-
bridged dimer [{(C N),Ir(pn-Cl)},] (5). In iridium dimer
complexes such as 5, the Ir—C/Ir—C’ bonds are stereochem-
ically cis to each other, whereas the Ir—N/Ir—N’ are mutually
in trans position.” Tris-cyclometalated iridium(III) com-
plexes are minor byproducts that can be easily separated from
the main dichloro-bridged dimer.®

e [{(CAN),Ir(u-Cl)},] dimers undergo facile reactions
with a variety of monodentate and bidentate neutral imine-
type chelating ligands (Figure 12) to yield a plethora of
different cationic mononuclear complexes (e.g. 6 in Figure 10)
in high yields®"*! as chloride salts. Subsequently, these can
undergo an ion exchange reactions with less-coordinative and
less-reactive anions (e.g., PF,~ or BF,”) to improve the
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Phenylpyridine-based cyclometalating ligands

o o o

Hppy Htpy fmppyH
/©£;3H /©;m(pz/: D{lpm

Phenylpyrazole-based cyclometalating ligands

o2 ol o
Hppz dmppzH dfppzH

Figure 11. Some examples of cyclometalating (C*N) ligands commonly
used in the synthesis of Ir-iTMCs.

performance of the complex under the electric field in
operating devices (see Section 4).

When the direct addition of the neutral ligands to the
dimer affords low yields, an alternative synthetic route can be
utilized, carrying out removal of chlorides by treating the p-
dichloro-bridged dimer with silver triflate or other silver-
based chloride-abstracting agents.™ The chloride-free inter-
mediate, for example, [(C*N),Ir(H,0),][CF;SOs], can then
be treated with the desired neutral ligand under mild reaction
conditions.® It is even possible to avoid this two-step
procedure by directly treating the [{(C~N),Ir(u-Cl)},] dimer
with a stoichiometric amount of neutral ligands in the
presence of Ag,O, to promote the removal of chloride
during the reaction.’®

3.2. Photophysics of Cationic Ir-iTMCs

The wide availability of robust cationic iridium(III)
complexes with tunable luminescence was the fundamental
prerequisite for the development of studies on LECs. In this
Review, we focus primarily on Ir-iTMCs that have been
utilized in LECs, as well as on related complexes that allow
the comparison and rationalization of physical properties. Of
course, they are only a fraction of the innumerable ionic Ir'™
complexes that have been synthesized in the last
decade.?3%77! In this Section, the basic electronic and
photophysical properties of Ir-iTMCs will be described,
focusing on the main strategies to design a complex with the
desired emission color.

3.2.1. The Iridium(l1l) Metal Center in Octahedral Coordination
Ir'™ is a 5d° metal center and its d orbitals are split by the
interaction with the octahedral ligand field into three

stabilized t,, (d,,, d,;, d,;) and two destabilized e, orbitals
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Figure 12. Some of the most widely utilized neutral ancillary ligands used in Ir-iTMCs.

(d,, do_y2), Figure 13a. The energy difference between these
two levels (4,) depends on 1) the oxidation state of the metal
center: the higher the oxidation state, the higher the A4,
splitting; 2) the size of the d orbitals: 4, is smallest for 3d
metals and progressively increases with 4d and 5d metals;
3) the field strength exerted by the ligands, following the so-
called spectrochemical series.

Ir-iTMCs exhibit a high A, splitting because of the
presence of a highly charged ion belonging to the third row
of the d-block of the periodic table, bound to very strong-field
ligands (i.e., the anionic cyclometalating ligands). As a result,
the electronic configuration of the metal center is always in
a low-spin state (t,’e,’, Figure 13a) and the ligand-field
stabilization energy is maximized, which means that Ir™
complexes are generally stable and rather inert toward
substitution. Accordingly, the configuration of the metal
orbitals is closed-shell (A;,) and, since the ligand orbitals are
fully occupied, the ground-state of the complexes is a singlet
(Sy)-

Other transition-metal ions have the same d® low-spin
configuration of Ir'" (e.g., Os", Ru" and, in the presence of
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particular ligands, even Fe™), however their complexes do not

exhibit such remarkable photophysical properties (e.g.,

emission color tunability, high PLQYs, good photostability,

etc.) because the scenario in the excited states is very different

(Figure 13b). The reasons are as follows:

a) Fe', 3d° configuration: the 4, splitting is very small, hence
the lowest-lying excited state is 'MC in nature (i.e.,
centered on e, metal orbitals) and, therefore, not emis-
sive.!

b) Ru", 4d° configuration: the A4, splitting is increased and
the lowest (emissive) excited state is a metal-to-ligand
charge transfer triplet (MLCT), relatively close to *MC
states that can be thermally populated and open a com-
petitive radiationless deactivation pathway to either the
ground state or to degradation products; accordingly, the
PLQY of Ru" complexes increase substantially with
decreasing temperature.®

c) Os", 5d° configuration: the 4, splitting is considerable and
the "MC states are usually too high to affect emission
properties, but the emissive "MLCT excited state has lower
energy compared to Ru" analogues (emission bands
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Figure 13. a) Low-spin d® orbital configuration in octahedral field.

b) Qualitative electronic excited states description for Fe', Ru", and
Os' metal complexes. c) Electronic energy-level diagram for a generic
Ir-iTMC. MC is metal-centered, LC is ligand-centered, LLCT and MLCT
are ligand-to-ligand and metal-to-ligand charge transfer, respectively.

typically peaking in the red/infrared edge of the spectrum)
and this favors radiationless pathways thanks to the
“energy gap law”;®"! accordingly, PLQYs of these com-
plexes are typically low, often below 1-2 %[5

3.2.2. Spectroscopic Properties of Ir-iTMCs

Since UV or visible light absorption is mostly associated
with spin-allowed electronic transitions from the ground state,
which is of singlet nature in the case of I-iTMCs, the strongest
absorption bands in Ir'"" complexes are ascribable to singlet
ligand-centered ('LC), metal-to-ligand ("MLCT), and ligand-
to-ligand ("LLCT) charge-transfer transitions.

The absorption spectrum of the archetypal Ir-iTMC
complex 2 is depicted in Figure 14 as an example. The UV
region is dominated by intense spin-allowed 'm—n* ('LC)
transitions involving the organic ligands. At longer wave-
length (350-450 nm), less-intense 'MLCT and 'LLCT bands
are present: the 'LLCT transitions correspond to electron
promotions from the phenyl groups of the cyclometalating
ligands to the ancillary ligand (e.g., 2,2’-bipyridine, in 2).
Additionally, the weak and long tails observed above 450 nm
are due to direct spin-forbidden population of the triplet
excited states "MLCT, *LLCT, and *LC (*n—*) transitions)
enabled by the high spin-orbit coupling of the iridium metal
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Figure 14. Electronic absorption spectrum of [Ir(ppy),(bpy)][PFé] (2) in
dichloromethane; MLCT transitions are expanded in the inset.

core (spin-orbit coupling constant ¢=3909 cm ) that
allows the mixing of triplet states with the higher-lying
'MLCT levels. All these transition are schematically sum-
marized in Figure 13c.

The high spin-orbit coupling of Ir™ yields almost unitary
intersystem crossing efficiency from singlet to triplet excited
states, therefore iridium(IIT) complexes always exhibit effi-
cient spin-forbidden phosphorescence emissions. The emit-
ting state is the lowest-energy triplet (T,) which normally
arises from “mixed” triplet levels, due to the contributions of
MLCT, °LC, and sometimes also *LLCT states (Fig-
ure 13¢).”! Depending on the extent of contribution of the
charge-transfer (CT) states, the emission profile is substan-
tially affected: the presence of vibrational features suggests
a low charge-transfer (CT) character, whereas broader and
less structured shapes are indicative of a high charge-transfer
character. As an example, in Figure 15 the room-temperature
(RT) photoluminescence (PL) spectra of 2 and of [Ir(ppy),-
(pzpy)][PF] (7, Figure 19) are depicted. These two complexes
have the same ppy cyclometalating ligand, but different
ancillary (N”~N) ligands. On passing from bpy to pzpy
(Figure 15) an hypsochromic shift of about 100 nm is
observed, which is due to the change of the nature of the T,
state from a more *MLCT/LLCT transition (2) to a more
vibronically structured *LC one (7). The use of the electron-
rich pyrazole ring pushes up the LUMO of the ancillary

11
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Figure 15. Room temperature emission spectra of [Ir(ppy),(pzpy)][PFs]
(7, dashed line) and [Ir(ppy).(bpy)][PF¢l (2, solid line) in solution. The
more structured emission profile of 7 is a strong evidence of a predom-
inantly ligand-centered (m—m*) emitting state.
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(N~N) ligand and this orbital becomes closer in energy to the
LUMOs of the cyclometalating (CAN) ligands. As a conse-
quence, the electronic m—m* excitation of the ppy ligands
emerges as competitive in energy and the T, state increases its
*LC character.

Further evidence of the predominant ligand-centered
character of the T, excited state could be derived by
evaluating the radiative decay rate constant k, of the complex,
using the experimental values of PLQY (@) and excited-state
lifetime (), according to Equation (2).

k=®7! 2)

A smaller k, value usually indicates a stronger LC
character in the “mixed” triplet excited state. For instance,
in the case of 4 and 7, although both complexes have the same
PLQY (®~~23%) in deoxygenated acetonitrile solution, 7
shows an emission lifetime almost three-times longer than 4
(1.56 ps vs. 0.56 ps).[? Therefore 7 exhibits a smaller k, (1.5 x
10°s7!) relative to 4 (42x10°s™"), confirming a less-pro-
nounced *MLCT character of its emissive excited state.

It must be pointed out that Ir-iTMCs having a T, excited
state with pronounced *MLCT character (e.g., 2 and 4)
generally exhibit shorter emission lifetimes (i.e., 0.43 ps and
0.56 ps, respectively) compared to related ruthenium(II)
complexes, which invariably emit from *MLCT levels (e.g.,
0.81 ps for 3), despite their intrinsically superior PLQYs. This
behavior is due to the increased spin-orbit coupling that, in
third-row transition-metal complexes, accelerates both radi-
ative and non-radiative singlet-triplet transitions, thereby
decreasing the duration of excited-state lifetimes. Having
typically higher @ and shorter 7, Ir-iTMCs exhibit radiative
decay rates as much as five-times higher than Ru" analogues.

3.2.3. Molecular-Orbital Features of Ir-iTMCs

To rationalize the photophysical properties of Ir-iTMCs, it
is useful to determine the energy and atomic orbital
composition of the highest-occupied and the lowest-unoccu-
pied molecular orbitals (HOMO and LUMO, respectively).
As already known for neutral iridium(I1I) complexes, also in
the case of charged systems”! the HOMO is an admixture of
Ir dr orbitals (t,,) and phenyl m orbitals of the cyclometalated
(C~N) ligands, whereas the LUMO is usually located on the
neutral (N~N) ancillary ligand (Figure 16 a).’”) Therefore, the
emitting T, triplet usually has a mixed *MLCT/LLCT
character.

To investigate the nature of higher energy LUMOs
(LUMO +1, LUMO +2, etc.) is useful to understand the
non-radiative deactivation pathways of the T, emitting state
and to assess to which extent the LUMO orbital is located on
the neutral ligand. In fact, by changing or chemically
modifying the ancillary ligand, it is possible to destabilize
the LUMO, while keeping the HOMO relatively unpertur-
bed. This procedure is useful for blue-shifting the emission
spectra of cationic iridium complexes, but it has an intrinsic
limit: if the LUMO of the neutral ancillary ligand lies too high
in energy, the LUMO +1 or the LUMO + 2, usually located
on the cyclometalating ligands, becomes the new LUMO of
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Figure 16. Schematic representation of the electronic density contours
calculated for the frontier molecular orbitals of a) [Ir(ppy).(bpy)][PF]
(2) and of b) [Ir(ppy),(CNBu),][PF] (8), a complex with higher ligand
field.

the complex (Figure 16b). If this is the case, as expected from
the larger electronegativity of the N atom, the new LUMO is
mainly located on the heterocyclic moiety of the (C*N) ligand
(e.g., the pyridine ring for ppy-based ligands). In this way, the
use of ancillary ligands with relatively inaccessible 7t* orbitals
(e.g., carbenes™! or isocyanides®*') leads to low-lying
emitting excited states centered on the cyclometalated ligands
and the emitting T, state exhibits a more ligand-centered
character. In such cases, highly structured emissions and
strongly increased radiative lifetimes (i.e., small values of k,)
are found. Practically, the ancillary ligand plays a passive role
in determining the nature of the excited state as it only
influences the A4, splitting of the iridium d orbitals by
inductive effects through o bonds.***

As the simple description of the HOMO and LUMO is
not always exhaustive in describing the emitting triplet state
of Ir'™ complexes, theoretical calculations performed with the
time-dependent version of the density functional theory (TD-
DFT)P%! result to be very useful in establishing the
electronic nature and relative energy ordering of the low-
lying triplet states and, in particular, of the emitting excited
state T;. The combination of TD-DFT and DFT calculations
are especially helpful in determining the energy position and
the electronic and molecular structures of *MC states.[¥-%-"]
As mentioned above, the thermal population of these states
might be one of the possible non-radiative deactivation
processes that could take place in Ir-iTMCs and, likewise
ruthenium(II) metal complexes™ might cause complex
instability and degradation both in solution and in LECs.
*MC states formally involve the transfer of one electron from
the HOMO dx orbitals (t,,) to the antibonding do* orbitals
(e,) of the iridium ion. The e, orbital is characterized by
a strong o-antibonding interaction between the iridium atom
and the nitrogen atoms of the CAN ligands (Figure 17).5")
Therefore, population of the *MC states leads to elongation of
Ir—N¢ay bonds and to the opening of the molecular structure
of the complex, prompting the entrance of small nucleophilic
molecules and leading to degradation of the complex. Despite
the fact that the ligand-field stabilization energy is strongly
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a)

Figure 17. a) Electron density contour (0.05 ebohr™) calculated for the
unoccupied e, orbital of complex 2 showing the o-antibonding
interactions along the vertical N(ppy)-Ir-N(ppy) axis. b) Spin density
calculated for the optimized structure of the *MC state of complex 2.

enhanced by cyclometalation and hence antibonding e,
orbitals are very high in energy,* in some cases MC thermal
population has been observed for Ir-iTMCs (see Sec-
tion 3.2.4).)

Because HOMO and LUMO orbitals are usually located
on different ligands (except in the case of high-field-strength
ancillary ligands, for which the HOMO and the LUMO are
located on different moieties of the same cyclometalated
ligand), the HOMO-LUMO energy gap can be fine-tuned by
playing independently on the cyclometalated (HOMO) or on
the ancillary ligands (LUMO), or even on both of them. As
a rule of thumb, it can be said that 1) electron-withdrawing
substituents on the C*N ligands reduce the o donation to the
metal, decrease the electron density on the iridium ion, and
lead to a stabilization of the HOMO; and 2) electron-
donating substituents on the ancillary ligand or use of
intrinsically electron-rich ligands bring about a destabilization
of the LUMO. Some examples of how it is possible to
influence these levels to tune the emission color in cationic
iridium(IIT) complexes are reported in Section 3.3.

Although it has become feasible to estimate the emission
energy of Ir-iTMCs, it remains quite difficult, on the other
hand, to predict other emission properties, such as radiative
constants (k,) and emission quantum yields (&), only by
means of DFT calculations or electrochemical data. Accord-
ingly, in-depth experimental studies remain essential to fully
characterize the photophysical properties of luminescent Ir™"
complexes.

3.2.4. Deactivation Pathways through *MC Levels

The lowest-lying T, excited state of iridium(III) com-
plexes has a mixed *MLCT, *LLCT, and *LC character that
deactivates radiatively to the ground state (Figure 13),
typically in the microsecond time scale, with high PLQYs.
As pointed out earlier and similarly to Ru" complexes,”® non-
emissive *MC levels could offer effective radiationless path-
ways to the T, emitting state; such transitions often entail
photodegradation of the complex by nucleophilic-assisted
ligand-exchange reactions. In the case of ionic cyclometalated
iridium(IIT) complexes, the energy gap (AE) between the T,
and the *MC states is usually around 5000 cm ™', namely
higher than for luminescent Ru" compounds (below
4000 cm™").® This situation is due to the strong ligand-field
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stabilization energy provided by cyclometalating C*N ligands

and because Ir is a third-row delement. Therefore, the

thermal population of *MC levels of Ir-iTMCs is negligible in
most cases but, under particular circumstances, it must be
thoroughly considered. This is the case, for instance, when the
complex is geometrical distorted or when emission comes
from very high (i.e., blue emitting) T, states.'®* Moreover,
when Ir-iTMCs are used as active materials in LEC devices,
the thermal accessibility of metal-centered states might
become an issue under the operative conditions. Unfortu-
nately, the experimental determination of AE by solid-state
electroluminescence measurements cannot be accomplished,
unlike photoluminescent liquid samples.”®

Key information about the population of thermally
accessible non-radiative excited states can be obtained in
solution by studying the temperature dependence of the
intrinsic deactivation rate constant of the complex k;, =7,
where 7 is the measured excited-state lifetime. Overall, the
deactivation of the emitting excited states in d° transition-
metal complexes is governed by three main processes (Fig-
ure 18a):21%

1) an almost temperature-independent non-radiative path-
way, characterized by a rate constant k,, that occurs
through direct potential energy surface crossing and/or
vibrational coupling between T, and S, states;

2) a minor temperature-dependent radiative pathway, with
kinetic rate constant k/(T), associated with the thermal
population of the upper-lying triplet substates of T, (e.g.,
Ty, Ty, and Ty;) having their own radiative decay rates;

3) a strong temperature-dependent non-radiative pathway,
with kinetic rate k,,,(T), involving the thermal population
of upper-lying non-radiative excited states (i.e., *MC
states), frequently associated with an activation energy
barrier.

Following this model, an experimental estimation of the
energy gap (AE) between the emissive T, and the *MC excited
states can be obtained correlating the dependence of k;, with
temperature, using the Arrhenius-type Equation (3).

AE,
ki =ko+ Y, Aiexp {— R—T'} 3)

Where, k, is a low-temperature limiting value and A; is the
pre-exponential frequency factor of the i-th deactivation
process. This pre-exponential constant is extremely important
to figure out the physical meaning of this model. In fact, once
the *MC state is populated, two limiting Kinetic cases can
occur:

1) a strong coupling between the *MC state and the S level
(k,> k_,, Figure 18b), so that A,>10": the *MC deacti-
vation to the ground state is extremely fast and often leads
to dissociative photodegradation of the complex. In this
case, AE corresponds to the activation energy barrier
between the T, emitting level and the *MC state;

2) a thermal equilibrium between *MC and T, (k_;>k,,
Figure 18c), so that A;<10%: the *MC deactivation is
slower and the AE value corresponds to the difference in
energy between the T, emitting level and the *MC.
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Figure 18. a) Schematic representation of the lowest-energy excited states of Ir’
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" complexes and their deactivation processes. The lowest emitting

excited state (T;) is composed of three levels (T, T,, and Ty, split by zero-field splitting) that undergo thermal equilibration at temperatures
above 77 K. b) and c) potential energy curves illustrating the two possible limiting kinetic cases describing the non-radiative deactivation of the

emitting T, state through thermal population of upper-lying *MC levels.

Practically, the k;, (i.e., 1/7) values determined in a wide
range of temperatures (typically 77-300 K) can be fitted using
Equation (3) to obtain all the relevant parameters described
above.!'"!

3.2.5. Optimizing Emission Performance in the Solid State

There are many parameters that describe the performance
of LECs (see Section4) and one of them is the external
quantum efficiency (EQE, the ratio of photons emerging
from the device per injected electron) that is proportional to
the fraction of excitons that decay radiatively. Since emission
in Ir-iTMCs arises from the triplet state and singlet excitons
are efficiently converted into triplets, it has been shown that
the EQE should be proportional to the solid-state PLQY
measured in thin films."®>%! Therefore, a preliminary photo-
physical characterization of a given complex in solid-state
films can be helpful to predict if it can yield a brightly emitting
device. Some main strategies can be used to enhance PLQYSs
in the solid state and minimize the typical self-quenching
effects observed in films:*”

1) use of inert matrices, such as ionic liquids!®!®! or
polymers,1%! o disperse the iTMC; ionic liquids
improve both PLQY and LEC properties (e.g., turn-on
time, luminance, and efficiency),”” but polymers have
often a detrimental effect on device efficiency.””

2) dispersion of a low-band-gap iTMC in a wider band-gap
iTMC, for example, an orange iTMC in a green emitter;
this has been successful to increase the device EQE.I"

3) covalent binding of hydrophobic bulky groups (e.g., tert-
butyl) to chelating ligands; this improves PLQY as it
increases the distance between the emitting complexes in
the solid state and therefore can strongly decrease self-
quenching, as also found for Ru complexes.'™ In
addition, hydrophobic bulky groups on iTMCs can also
enhance the stability of the complexes because they
render the molecule less susceptible to interaction with
aggressive nucleophiles.*!
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Another useful PL parameter to check in solid films is the
excited-state lifetime, which can be helpful to evaluate the
protecting effect of bulky groups against self-quenching.
Practically, shorter lifetimes in neat films (compared to
diluted dispersions of inert matrices) indicate interactions
between closely packed iTMCs and, hence, additional non-
radiative pathways.'"!

It must be emphasized that, although an accurate photo-
physical study of the emitting complex (especially in solid-
state film) can be very useful to predict the performance of
the active material in LECs, several other parameters that do
not usually affect the photoluminescence behavior can
strongly affect the device properties, as will be discussed in
Section 4.

3.3. Strategies for Tuning the Color of Ir-iTMCs

The key property of Ir-iTMCs to be utilized in LECs is the
emission color, which can be tuned by changing or chemically
modifying the organic ligand framework around the Ir"™ metal
ion.’ A parameter often used to describe the emission color
of a given compound is the wavelength of the emission band
maximum (4,,,,). It is a very practical parameter since is
directly derived from the photoluminescence (PL) or electro-
luminescence (EL) spectra corrected for the detector
response, but it can only give a rough estimation of the true
emission color, which dramatically depends on the specific
bandwidth. Moreover, to fully define a color, the sensitivity of
the photoreceptors in the human eye has to be considered.
Therefore the appropriate method to define colors requires
the use of the Commission Internationale de 1'Eclairage
(CIE) coordinates, that can be calculated from the lumines-
cence spectrum and give a univocal definition of the emission
color according to universally accepted international stand-
ards.""! CIE coordinates are particularly useful to define
white-light sources and, to this purpose, the so-called color-
rendering index (CRI) is also provided, which gives a quanti-
tative measure of the ability of an emitting device to
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reproduce the colors of various objects faithfully, in compar-
ison with natural sunlight.!''”

A huge number of cationic iridium(IIT) complexes have
been synthesized and characterized.*77! In this Review
we discuss primarily those used as active materials in LECs
together with some examples that illustrate the general
strategies used for color-tuning and for achieving highly
emissive materials. The photophysical and electrochemical
properties of many of them are gathered in Table 1 to allow an
easy comparison.

3.3.1. Attaching Substituents to the [Ir(ppy),(bpy)]" lon

The spatial distribution of the frontier orbitals in [Ir-
(ppy).(bpy)][PFs] (2, Figure 16a) allows for an almost inde-
pendent tuning of the HOMO and LUMO energy levels.
Consequently, two different strategies are possible: to attach
substituents on the bpy ancillary ligand (LUMO tuning) or/
and to substitute the cyclometalating ppy ligands (HOMO
tuning).

In the first Ir-iTMC used in a LEC (4, Figure 9), two tert-
butyl groups are attached to the 4 and 4’ position of the bpy
ancillary ligand."® In acetonitrile solution, no substantial shift
is observed in the PL spectrum if compared to 2 (A=
581 nm vs. 585 nm). However, a more marked hypsochromic
shift of 30 nm was found in the EL spectrum (4,,,, =560 nm

Table 1: Photophysical and electrochemical properties of Ir'"

H.J. Bolink, N. Armaroli et al.

vs. 590 nm) of the LEC, a shift which has been observed in
more cases, especially in wide-band-gap iTMCs. The main
difference between PL and EL spectra, besides the way of
excitation, is the concentration of the iTMC in the solvent or
in the device film; in PL it is usually low whereas in EL the
iTMCs are usually present at a concentration higher than
70 wt%.

To accomplish emission blue-shift, it is necessary to
enlarge the HOMO-LUMO energy gap. This can be achieved
by anchoring electron-withdrawing substituents on the cyclo-
metalated ligands (to stabilize the HOMO) and/or electron-
donating substituents on the neutral ancillary ligands (to
destabilize the LUMO). Following this approach, using a 4,4'-
dimethylamino-substituted bipyridine ligand, with strong
electron-donating groups on the 4,4’ positions, a hypsochromic
shift of almost 60 nm was obtained.''!l The corresponding
complex [Ir(ppy),(dma-bpy)][PF4] (9) exhibits a strong emis-
sion band with maxima at 491 and 520 nm (PLQY =280%, in
deaerated solution). A further blue shift could be obtained by
stabilizing the HOMO using difluoro-substituted 2-phenyl-
pyridines (dfppy) as the cyclometalating ligands. While the
sole effect of the dfppy ligand leads to a blue—green emission
around 512 nm in the case of complex [Ir(dfppy),(dtb-bpy)]-
[PF¢] (10), the synergetic effects of both the electron-with-
drawing substituents on the dfppy ligands and the electron-
donating amino substituents on the bpy-based ligand are able

complexes utilized in LEC devices.

Complex Photophysics!”! Electrochemistry®
Absorption Emission Oxidation Reduction
Amax [NM] (£ [x10° M~ em ™) Amax [NM] Tlpus] P Eo [V Eea[V]
2 257 (4.8), 269 (4.7), 309 (2.2, sh), 281 (6.9), 467 (0.83)¢ 585 043  0.14 0.84 -1.77,
—2.60
4 - 581 0.557 0.23 0.83 —1.88,
—2.87
7 253 (5.51), 358 (0.53), 411 (0.30) 475, 503 (sh) 156 023 0.88 —2.19
8 341 (0.75) 453, 485,509 (sh) 32 0.52 1.23 —2.38
9 268 (5.62), 290 (3.49), 355(0.95), 472 (0.19) 491, 520 243 0.80 0.72 —2.17,
—2.61
10 - 512 1.4 0.70 -
n 266 (8.27), 316 (2.89), 345 (2.20), 444 (0.14) 463, 493 41 0.85 1.00 —2.13,
—2.49
12 Approx. 275, 290, 375 687 0.069 0.02 -
13 254 (11.9), 266 (11.1), 297 (10.6), 344 (10.3), 415 (0.9), 465 (0.2) 623 0.575 0.17 -
14 250 (7.50), 360 (0.78), 387 (0.36) 452, 480 (sh) 162  0.20 1.20 —2.15
15 248 (5.13), 302 (2.14,sh), 362 (5.50) 453, 48314 0.68 0.21¢ 1.22 —2.18,
—2.59
16 249, 366 454, 48519 1.14 -1.92
17 252 (44.9), 308 (20.1), 412 (0.1), 440 (0.06)™ 444, 4681 6.2 0.16¢ >1.40  —-2.19
18 326 (1.2) 447 40 0.55 1.37 —2.43
19 - 451, 4821 0.015 0.0734 -
20 - 445, 4741 0.17  0.0794 -
21 Approx. 250 (3.9), 310 (1.7), 360 (0.6) 452, 43214 2089 0.201 0.99 —2.32,
—2.67
22 251 (4.7), 266 (4.4), 306 (1.8, sh), 375 (0.51), 459 (0.01) 47 0.065  0.009 0.86 —2.43

[a] Where not specified, the reported data have been obtained at room-temperature in acetonitrile, air-equilibrated (absorption) or oxygen-free
(emission) solutions. [b] Relative to Fc*/Fc, in acetonitrile (Fc=[(CsH;),Fe]). [c] In dichloromethane. [d] In 2-MeTHF. sh=Shoulder
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to shift the emission band of the complex [Ir(dfppy),(ddma-
bpy)][PFs] (11) to the blue with emission maxima at 463 and
493 nm.["?

Using the same rationale as above, emission red-shift can
be achieved by LUMO stabilization. To this end, there are
essentially two methods: 1) adding electron-withdrawing
groups to the N”N ancillary ligand or 2)increasing the
delocalization of its & system. Following the first approach,
a deep-red LEC device was obtained using complex [Ir(tpy),-
(e-bpy)][PFs] (12): the red-shifted emission (PL emission
peak in solution at 687 nm) is due to LUMO stabilization by
the electron-withdrawing effect of the ester groups."™” The
second approach was used with [Ir(ppy),(pdp-bpy)][PFs] (13),
having a 5,5'-diphenyl-substituted-bpy as NN ligand and
exhibiting a red PL emission centered around 620 nm."!¥

3.3.2. Designing Ligands beyond Prototypical bpy and ppy

Using differently substituted bpy-type ancillary ligands, it
is very difficult to push the emission of Ir-iTMCs toward the
blue because of the intrinsically limited energy gap.!'"
Therefore it is more convenient to replace the bpy-based
ancillary ligand with other diimine ligands containing stron-
ger electron-donating nitrogen atoms, such as 2-(1H-pyrazol-
1-yl)pyridine (pzpy, Figure 12).1"°! For example, in acetoni-
trile solution, [Ir(ppy).(pzpy)][PF¢] (7) emits blue-green light
(Amax =475 nm), which is hypsochromically shifted by more
than 100 nm with respect to the bpy analogue 2, Figure 15.
[Ir(dfppy).(pzpy)][PFs] (14, Figure 19) with fluorine-substi-
tuted cyclometalated ligands shows even further blue-shifted
light emission (4,,,, =451 nm).

Compared to pzpy, triazole-pyridine ancillary ligands
(Figure 12) have an even stronger electron-donating capa-
bility owing to the o-donor properties of the triazole ring, that
make them suitable for preparing sky-blue light-emitting Ir-
iTMCs. Indeed, recent examples by De Cola and co-workers
show that, by using Ir-iTMCs with 1,2,3-triazole-pyridine as
ancillary ligands, PL peaks are in the range 460—490 nm and
LECs exhibiting true-blue emission are obtainable;'!* one of
these compounds (15) is depicted in Figure 19. Following
a similar approach, Chen et al.''”! used the isomeric 1,2,4-
triazole-pyridine with different substituents in the 4 and 5
position of the triazole ring as the ancillary ligand to make an
Ir-iTMC (16) displaying an EL band further shifted to the
blue (457-486 nm).

Tamayo et al. reported the first series of Ir-iTMCs used for
LECs without 2-phenylpyridine (ppy) -cyclometalating
ligands."*® The ppy motif was replaced by the higher energy
1-phenylpyrazole (ppz), as exemplified by the green-blue and
red-emitting complexes depicted in Figure 20. Ladouceur
et al., described a new series of Ir-iTMCs using aryl-triazoles
as the cyclometalating ligands, that lead to blue- and green-
emitting complexes.'"” Their use in LECs has not been
described yet.

3.3.3. Ir-iTMCs Based on Strong-Field Ancillary Ligands

Deep-blue emissions from Ir-iTMCs can be obtained also
by introducing strong ligand-field-stabilizing ligands (e.g.,
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CO, isocyanides, or carbenes), so that the HOMO —LUMO
transition involves mainly the cyclometalated C N system
without participation of the ancillary counterpart. In these
cases, the HOMO orbital is predominantly located on the Ir—
C bonds on the phenyl moieties of the C*N ligands, while the
LUMO is mostly found on the pyridine rings of the same
cyclometalating ligand. The first two examples of this class of
complexes were reported by Thompson et al. in 2005, using
isocyanides as strong-field neutral ligands. In 2-methyl-THF
solution, [Ir(ppy),(CN¢Bu),][CF;SO;] (8) and [Ir(dfppy),-
(CN1Bu),][CF;S0O;] (17) emit with A,,,=458 and 444 nm,
respectively, and the isocyanide ancillary ligands have a negli-
gible effect in dictating the HOMO-LUMO gap.”” Recently,
[Ir(rBu-ppy),(CNBu),][CF;SO;] (18, Figure 19) has turned
out to be first example of an Ir'" isocyanide complex whose
strong blue phosphorescence is unaffected by passing from
solution to the solid state, thanks to the presence of the fert-
butyl groups on the ppy ligand that are particularly effective
in preventing self-aggregation.*

In 2007, Chin et al."® synthesized a series of cationic
iridium complexes equipped with even stronger-field ligands,
such as CO. Complexes [Ir(ppy),(CO),][PF4] (19) and [Ir(df-
met-ppy),(CO),][PF4] (20, Figure 19) emit at 451-482 nm and
441-443 nm, respectively. Following an analogous approach,
Yang et al.® have recently reported the first LECs based on
N-heterocyclic carbene ligands displaying the bluest emission
ever reported for a LEC device (456-488 nm). This class of
complexes displays true-blue emission both in solution and in
neat film, although exhibit a strong PLQY decrease in the
solid state because of self-quenching. Also in this case, the
carbene ancillary ligand appears to contribute only with
a small electron density to both the HOMO and the LUMO.
In Figure 19, one of these complexes (21) is reported as an
example. Similar results have been recently reported by
Kessler et al., who synthesized a series of Ir-iTMCs emitting
from near-UV to red using a neutral pyridine-carbene
ancillary ligand and different cyclometalating ligands (e.g.,
22, Figure 19).2! The low PLQYs observed for these com-
plexes were ascribed to non-radiative process through the
population of *MC states. Nevertheless, LECs with emission
from the bluish-green to orange region of the visible
spectrum were fabricated.

4. iTMCs-Based LECs
4.1. Fabrication and Architectures

LECs are prepared by solution-based processes with
benign solvents. Most devices reported to date consist of one
or two active layers sandwiched in between one transparent
and one reflecting electrode (Figure 21a). Materials most
commonly used for electrodes are ITO (transparent anode)
and Au, Al, and Ag (air-stable reflecting cathode). Double-
layer LECs, besides the film of the light-emitting iTMC, entail
a hole injection layer, generally composed of PEDOT:PSS
[poly(3,4-ethylenedioxythiophene):polystyrenesulfonate].
Such a layer is deposited to smoothen the ITO surface and, as
a result, increases the yield of device preparation. An inert
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Figure 19. Selected examples of Ir-iTMCs with substituted ppy as cyclometalating ligands.

23 24

Figure 20. Two examples of complexes with phenylpyrazoles as C*N
cyclometalating units: [Ir(dfppz),(dtb-bpy)][PFe] (23), Amax =492 Nm;
([Ir(pp2).(biq)][PFe] (24), Amax=616 Nm.
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polymer or an ionic liquid is frequently added to the iTMC
core component to facilitate the formation of the film and to
enhance the device performances. In most cases, the top metal
contact is thermally evaporated; there are few examples in
which it was prepared by soft contact lamination;**! liquid top
contacts are also reported.'?

Bernards et al.”! and Slinker et al.*! have made LEC
arrays powered directly by a standard US outlet (120V,
60 Hz), without the use of transformers. These lighting panels
consist of several LECs (16, 24, and 36) that were placed in
series in such a way that the anode of a given device acts also
as cathode for the next one (Figure 21b). Bernards et al.
showed that iTMC-LECs with ITO anodes and laminated Au
cathodes (Figure 21c) exhibit comparable performance to
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Figure 21. Schematic layout of a sandwiched (a), cascaded (b), and
laminated LEC (c).

those fabricated with evaporated top contacts.*® These
devices were made by evaporating the Au electrode onto
a polydimethylsiloxane (PDMS) stamp, followed by soft-
contact lamination onto an iTMC-layer deposited on a pat-
terned ITO substrate. Light emission output is uniform over
the whole device area, indicating a high-quality mechanical
and electrical contact.

4.2. Figures of Merit in LECs

The most important figures of merit used to characterize
the performance of LECs are:

o Luminance (L): Flux of light emitted by the device,
measured in candela per surface unit (cdm?), red curve in
Figure 22.

o Current density (J): Flux of current through the device,
measured in ampere per surface unit (Am ?2), black curve
in Figure 22.

o Turn-on time (t,,): Time needed to reach the maximum
luminance; in Figure 22 ¢, is 0.74 h. A parameter often
used in literature is t,,, which is the time to reach L=
100 cdm™2.

o Lifetime (t;,): Time to reach half of the maximum
luminance; in Figure 22, ¢, =7.1 h. Sometimes, it is also
used f5, namely the time to reach one fifth of the
maximum luminance.

o Total emitted energy (E): It is calculated by integrating
the radiant flux of the device vs. time from ¢t =0 (applica-
tion of bias) to t=1,51% If this value is divided by the
electrode area, it yields the total emitted energy density
U, which allows devices having electrodes of different
shapes to be compared. Herein, all the values are
determined using an area of 3 mm?, hence only the E,,
parameter will be used.
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Figure 22. Typical trend of the current density (black), luminance (red),
and efficacy (green, inset) over time of a standard LEC at applied
constant voltage.

e Efficacy (or current efficiency): Emitted light per electric
flux, measured in candela per ampere (cd A™"). The value
of efficacy reported for a given device is the maximum
observed. The evolution of the efficacy over time is
displayed in Figure 22 (inset).

® Power efficiency: Flux of light per electric input, measured
in ImW~'. The value of power efficiency reported for
a given device is the maximum observed.

® External quantum efficiency (EQE): The ratio of photons
emerging from the device per injected electrons. EQE is
also defined through the equation EQE = b¢/2n?, where b
is the recombination efficiency (equal to unity for two
ohmic contacts!'), ¢ is the fraction of excitons that decay
radiatively, and n is the refractive index of the glass
substrate and is equal to 1.5 (the factor 1/2n* accounts for
the light outcoupling of the device).

The stability of a LEC device is measured by using either
the lifetime (¢,,) or the total emitted energy (E,), and this
can generate confusion in making comparisons among data
from different research groups. E,, is more accurate for
comparing the stability of different LECs since t,,, strongly
depends on the maximum luminance level reached, which can
be rather different; devices running at higher luminance
levels typically exhibit lower lifetimes. E,,, takes into account
the absolute magnitude of the radiant flux as well as the total
device lifetime, and does not rely on the shape of the curve of
radiant flux versus time.

4.3. Early Studies on LECs

Two excellent Reviews by Slinker et al. cover the devel-
opment of iTMC-LECs during the first 10 years.”>?! The vast
majority of reports reviewed in these articles concerns LECs
based on ruthenium(II) and osmium(II) complexes, with
[Ru(bpy);]*" as the most utilized cationic compound (e.g.,
COmpleX 3 in Figure 9)'[27—29,31—34,38-40,54.58,66,71,106.108,122,123,125—147]
These LECs showed emission in the red and orange-red
spectral windows, with stabilities of few hours and low
external quantum efficiencies. Other copper(I)- and rhe-
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nium(I)-based complexes were also tested in LECs but only
few examples were initially described (see Section 4.5).[145-15]

Herein, only the most significant reports from early times
will be summarized. More generally, we will illustrate the
latest advances obtained in iTMCs-LECs in terms of turn-on
time, stability, efficiency, and color.

4.4. LECs Based on Ir-iTMCs: Recent Advances

In 2004, Slinker et al. pioneered the use of Ir-iTMCs in
LECs." As discussed in Section 3, there are several reasons
that justify their selection over Ru" complexes: 1) high
PLQY;!*80%81561 2) easily tunable HOMO-LUMO energy
gap by independent chemical modifications of the
ligands;[29,37,75,81‘82,85,91,99.103,105‘111,113,116,118,157—160] 3) hlgh Stabil'
ity against degradation processes owing to higher ligand-field
splitting,[1%:86.97:98.156.161-164 Qyer the last eight years, the use of
Ir-iTMCs has brought very significant advances in LEC
performances, that is, color, efficiency, stability, and turn-on
times. Notably, Ir'"! complexes (in most cases neutral) have
been extensively used also in OLED technology, and several
Reviews covering this vast topic have been published over the
years.”>!! Shin et al. have also demonstrated that devices
based on a combination of neutral Ir'"" complexes with tetra-
n-butylammonium tetrafluoroborate in the emitting layer
behave similarly to iTMC-based LECs,'*! obtaining lumi-
nances of about 300 cdm 2 and f,, shorter than one second.
Such devices can be considered borderline cases between
iTMC-LECs and PLECs using an ionic liquid."*”

4-4.1. Turn-On Time

As discussed in Section 2.2, the movement of ions is
essential to promote electronic charge injection in LECs.
However, since the ionic conductivity in the solid state is low,
it takes time for iTMC-LECs to become operative, therefore
the so-called turn-on time (z,,, see above) generally ranges
from a few minutes to several days. This is clearly a formidable
obstacle for most practical applications, which require
instantaneous response.®*? In the first ten years of activity
on LECGs, only few reports targeted the improvement of
ton P2 which were typically achieved by applying higher
driving voltages.?*>1%! These voltages are provided contin-
uously or, alternatively, initial sequences of high-voltage
pulses followed by constant lower bias, once sufficient
luminance is reached, are applied.” Higher voltages lead to
1) faster movement of ions towards the electrode interfaces
and 2) lower electron/hole injection barriers; both effects
reduce the turn-on time.’3!114%1%] Notably, the approach
entailing a few short higher voltage pulses can lead to both an
improvement of ¢, and device stability (see also Sec-
tion 4.4.2).%81 Environmental effects during device prepara-
tion and operation may also influence ¢, For instance,
devices running in air exhibit shorter turn-on times than those
in a nitrogen environment;'? this is due to the presence of
residual moisture and/or solvent in the iTMC layer, which
increases the ionic mobility."*!1%] The use of complexes
with counteranions smaller than [PF¢"], such as [BF,7] or

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

H.J. Bolink, N. Armaroli et al.

[ClO,7], is also beneficial for turn-on times,”"'* likewise the
addition of salts in the form of electrolytes or ionic
liquids.P7-82.104.105.126.169.170] = A]  these approaches enhance
ionic conductivities, thereby causing a faster build-up of the
electrical double layer which induces a faster device #,, but, on
the other hand, also a quicker propagation of the doped zones
leading to more extensive exciton quenching and decrease of
the luminance (see Section 2).

In the last few years, several reports have appeared
showing improvements in the turn-on time of LECs by
increasing the density of small ions or by adding ionic liquids
(see Section 4.4.1.2).

4.4.1.1. Chemical Modifications of Ir-iTMCs

To increase the ionic concentration in the device, extra
charged groups were attached at the periphery of the Ir-
iTMCs (Figure 23). Zysman-Colman et al.'”"! made a family
of novel ruthenium(II) and iridium(III) complexes (e.g., 25,
Figure 23) with triethylammonium hexafluorophosphate
groups attached to the 5-position of the bpy ligands through
alkyl chains made of four, six, and eight carbon atoms. The
turn-on time was strongly reduced for all Ir-iTMCs, down to
about 30 min. The EQE values were improved by increasing
the length of the carbon chain, reaching a maximum for n =6.
With longer chains, the EQE drops as a result of a decrease of
electron transport, attributed to a non-optimal spacing of the
iTMCs in the film.

Su etal."™ reported a significant decrease of t,, by
tethering imidazolium moieties onto a cationic Ir-iTMC (26,
Figure 23).2! The imidazolium groups do not affect the
photophysical and electrochemical properties of complex 26,
compared to the parent complex 27 which lacks the cationic
fragments, and related LECs have similar luminance (80—
100 cdm~?) and EQE values of 4-6 %. However, the turn-on
times of LECs based on complex 26 (200 min) are much
shorter than those based on 27 (500 min). This result was

PFo- PFe-

=
X

N\ | PFe

n,

Ir

N
-
Ao
Ne L

| _ |
27

/
N
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Figure 23. Schematic structures of Ir-iTMCs proposed to reduce the
turn-on time in LEC devices.
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attributed to the larger number of mobile [PF,4~] counterions
in the neat film.

In a related work, Kwon et al.'”?! modified a neutral Ir-
iTMC by attaching an alkyl chain with an anionic sulfonate
group to the picolinate ligand (28, Figure 23), counterbal-
anced by a small Na* ion. The key idea is to take advantage of
the better mobility of small cations in solid films compared to
small anions, such as [PF,]~. Indeed, ¢,, of LECs under reverse
bias (—3 V) was reduced compared to those employing
similar Ir-iTMCs equipped with [PF,]”. However, the LEC
made with 28 exhibited low efficiency, stability, and lumi-
nance levels.

In a different approach, soft salts of cationic and anionic
Ir'™ complexes were reported; these soft salts do not have
small counterions and therefore the related LECs were not
made.['™

4.4.1.2. Use of lonic Liquids

In 2005, Malliaras and co-workers proposed for the first
time the insertion of an ionic liquid [BMIM]*[PF¢]~ (3-butyl-
1-methylimidazolium hexafluorophosphate) into Ir-iTMC-
based LECs (Figure 24, top).l1®! Indeed, small amounts
of this compound significantly reduced the ¢, of LECs from
4 h to 25 min, while also increasing luminance levels. These
results were attributed to an improvement of ionic conduc-
tivity inside the light-emitting layer, because of the higher
density of mobile ions. Su etal. studied the effect of
[BMIM]*[PF,]~ on the film morphology of two different Ir-
iTMCs, by means of atomic force microscopy (AFM)
measurements. Uniform spin-coated thin films were obtained,
with no evidence of aggregation or phase separation. They
also examined the effect of the [BMIM]'[PF,]” on the PL
properties of films, observing an increase of PLQY upon
addition of the ionic liquid (IL).'* Using a Ru" complex and
an ionic liquid, a LEC operating at 60 Hz (standard US
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Figure 24. Top: Structural formula of ionic liquids used in LEC devices.
Bottom: Luminance versus time plots for ITO/PEDOT:PSS/[Ir(ppy),-
(bpy)][PFg):IL/Al LEC devices under a constant voltage of 3 V and

a [Ir(ppy).(bpy)][PFe]:IL molar ratio of 4:1. The trend within the first
two hours of operation is shown in the inset. For comparison, data for
the device without IL are also shown.
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outlet) was prepared, which exhibited a response time of
about 4 ms.*” Similar results were also obtained in LECs
using the simple [Ir(ppy).(bpy)][PF,] (2, Figure 3) and differ-
ent amounts of [BMIM]*[PF,]~,*” significantly reducing the
turn-on time from 70 h (pristine device) to 0.7 h (Ir-iTMC:-
[BMIM]*[PF,]~, molar ratio of 1:1) and increasing the PLQY
in thin films. In all the above examples, device stability
decreased upon addition of the ionic liquid, showing that it
seems to exist a trade-off between turn-on time and stability.

Surprisingly, although there are hundreds of ionic liquids
on the market, all reports on LECs with ionic liquids had
utilized [BMIM]*[PF;]". Recently, Costa et al. studied the
effect of some different ILs, with similar chemical structures
but different ionic conductivities, on the performance of
LECs based on 2." They tested [HMIM]*[PF,]~ and
[EMIM]*[PF,]~, which exhibit lower and higher ionic con-
ductivities, respectively (Figure 24). Compared to the LEC
employing [BMIM][PF,] ™, addition of [HMIM]*[PF¢]~ leads
to an increase of the turn-on time and a decrease of the
maximum luminance, whilst the LEC with [EMIM]*[PF4]"
has a higher luminance level and turns on faster. Although ¢,
is much shorter than that observed for the pristine LEC
without any additional IL, the total emitted energy of the
device with [EMIM]*[PF,]™ is larger, thanks to the higher
luminance level. Therefore, by adding a carefully optimized
amount of ionic liquid with high conductivity (molar ratio Ir-
iTMC:[EMIM]*[PF,]~ 4:1), it is possible to improve the turn-
on time without sacrificing the stability of the device thanks to
a higher luminance.

4.4.1.3. Operation Mode. Pulsed Driving

Rudman et al. reported the benefits of pulsed driving for
a ruthenium-based iTMC in a LEC.'%! Tn another report they
applied DC current driving, showing that a fixed current
density implies the initial application of a high voltage that
was rapidly decreased as the injection barriers are reduced by
the displacement of the ions in the film."'l Using this
approach, it takes 0.5s to reach 50 cdm 2, which required
a starting voltage of 7 V, lowered to 3.5 V within the first 10
seconds. Recently, a further advance was reported by using
a combined current and pulsed driving approach, that yielded
sub-second turn-on times to reach luminances of
150 cdm 27! This method also slows down the growth of
the doped zones, stabilizing the LEC (which will be com-
mented upon in the next Section).

4.4.2. Stability

Stability is an essential figure of merit in electrolumines-
cent devices, but while OLEDs may exhibit lifetimes of
thousands of hours, those of most LECs range from a few
hours to a few days. The stability of the device can be
described by either the lifetime (¢,,) or the total emitted
energy (Etot)'[uS]

LECs using complex [Ru(bpy);][PF¢], (3, Figure9) in
polymethylmethacrylate (PMMA) yielded f,, as high as
1000 h with a luminance of 50 cdm™"1%! At higher lumi-
nance values of 200 cdm™, the highest E,, reported for
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ruthenium-based LECs is around 1JP' In general, as
mentioned previously, device stability is related to the
mobility of the ions in the thin film, but the intrinsic
robustness of the specific iTMC is also of great relevance.
The most detailed studies addressing the degradation of the
active luminescent material in LECs were focused on devices
using 3. Based on earlier works about the degradation
mechanism of this iTMC in solution,'®19*1% Kalyuzhny
et al.'? postulated that the low stability of LECs involves the
formation of a photoluminescence quencher in small quanti-
ties (ca. 1 wt%). One possible quencher was complex [Ru-
(bpy),(H,O),]*" (29), whose formation is facilitated in the
excited state. This hypothesis is supported by Pile et al., who
observed that humidity significantly reduces the ¢, of LEC
devices of [Ru(bpy);][ClO,], (30),*!1 probably as a result of
the formation of 29.'”! Zhao et al. investigated the effects of
residual water and acetonitrile on thin films and devices of
complex 30.*! Subsequently, evidence was obtained for the
formation of an oxo-bridged dimer [{Ru(bpy),(H,0),},O]-
[PFy], as a quencher in devices based on 3, which
probably results from the condensation of two subunits of 29.
Soltzberg et al. used laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry and in situ Raman spec-
troscopy to study the generation of the oxo-bridged dimer
during device operation.'*¥ They demonstrated that this
species is an effective quencher of device luminescence, which
can explain the decay of the luminance after having reached
its maximum value. In a second study, Slinker et al.l'*’l
employed real-time in situ Raman spectroscopy to identify
the sequential formation of oxo-bridged species upon device
operation showing that, after operating the device for one
hour, a low amount of this species (1 wt %) was detected,
a quantity sufficient to effectively quench the luminescence of
the device, as revealed by fluorescence microscopy. All the
above studies show that the stability of LECs based on Ru-
iTMCs is strongly affected by the generation of quenching
molecules during device operation.

Most strategies to obtain long-lived LECs based on Ir-
iTMCs focus on the design of robust hydrophobic complexes.
Bolink et al.'®!3 demonstrated that the use of bulky
substituents on both Ru- and Ir-iTMCs leads to more stable
LECs, probably through enhanced hydrophobicity of the
complexes that limits the occurrence of water-induced sub-
stitution reactions. The same group also showed that LECs
with lifetimes of thousands of hours are obtained when using
intramolecularly caged iridium(IIT) complexes (Figure 25 and
Table 2).%102168176] The cage formation effect occurs through
an intramolecular m—r interaction between a pendant phenyl
group attached to the N*N bpy ligand and the phenyl of the
CAN cyclometalating ppy moiety. Complex 31 (Figure 25)
keeps its rigid cage conformation in the ground and excited
states acquiring high stability against reactions with water.
LECs based on 31 with a small amount of IL [BMIM]"[PF,]
showed #,,=1290 h and E,,,=13.6J at a luminance value of
100 cd m~2 (Table 2).1’! Notably, this stability can be enhanced
using a pre-biasing at high voltages, which leads to efficient
(10lmW™") and stable (t,,=3000h, E, =73J) LECs with
luminance levels of 200 cdm 'l LECs made with the
reference complex [Ir(ppy).(bpy)][PFs] (2, Figure 3) lacking

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

H.J. Bolink, N. Armaroli et al.

PFe-

PFg-

Figure 25. Structural formula of intramolecularly caged Ir-iTMCs pro-
posed to increase the stability of LEC devices.

Table 2: Performance of LECs made with Ir-iTMCs exhibiting the
intramolecular caging effect, and that of the reference complex [Ir-

(ppy)2(bpy)][PFg] (2).

Value 2 31 32 34
tiy2 [h] 70 1290 1300 2000
Ei: )] 2 13.6 6.9 18.7

[a] Light-emitting layer composition is a mixture of Ir-iTMC:[BMIM]*-
[PF¢]™ at molar ratio 4:1, measurements at applied constant voltage of
3V.

the cage effect and having the same amount of IL [BMIM]*-
[PF¢]~ exhibit much poorer performance (Table2), high-
lighting the relevance of the “locked” structure for device
stability.”” %! Surprisingly, pristine LECs using 2 but without
ionic liquids also had good stability with ¢,, =670 h and E,, =
6.6 J at a luminance of 220 cdm 25"

Subsequently, the same authors!” demonstrated that, by
extending the intramolecular s—m interactions with a second
phenyl group to the 6'-position of the pbpy ligand (complex
32, Figure 25) does not strengthen the intramolecular caging
effect because the second m-interaction distorts the planarity
of the diimine ligand and enables the population of dissocia-
tive *MC states.”™™ Accordingly, 32 yields less-stable LECs
(Table 2).

A further step to combine both hydrophobicity and
intramolecular caging in one iTMC was accomplished by
Graber et al.l”® and Costa et al.'""” In the work by Graber
et al., a thiophene ring was attached to the 4-position of the
pbpy ligand; the related complex 33 (Figure 25) yields LECs
with high luminance levels (2700 cdm?) upon application of
5V for 1.5h, these levels substantially decreased at 3V
(230 cdm™2), with an estimated #,,, of 600 h.'7*! The work by
Costa et al is presented in detail in Section 4.4.3.1.

The intramolecular caging strategy has been recently
extended to a pyrazole-based Ir-iTMC (34, Figure 25),1!77:17]
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obtaining LECs with excellent performance (Table 2), thanks
to the additional presence of methyl groups above of the
octahedral faces that block the entrance of nucleophilic
molecules."””! In another study, the beneficial effect of
a phenyl group on the 1-position of the ancillary ligand (i.e.
phpzpy, Figure 12) was shown for a LEC with the green-
emitting complex 35 (Figure 26).1" Also phenyl substitution
on the 5,5 positions of bpy affords reduced intermolecular

Pst

Figure 26. Schematic structure of complex 35 with the related X-ray
structure, showing the result of the intramolecular m-stacking.

[179]

interactions and, in single-layer LECs, higher stability.
Other bulky groups on the 5 and 5 position of the bpy
ligand were also shown to increase the stability of the
LECs.'™ Recently Costa et al. reported an example in which
this strategy was extended to phenantroline-based Ir-
iTMCs."™] They show that, in this particular case, the
deactivation to *MC states is not relevant and thus the
enhancement of the device performance is ascribed to an
increase of the hydrophobic character.

Although most of the work on the stability issue has been
focused on improving the design of the complexes, a few early
works also investigated the addition of inactive polymers, the
effect of the cathode metal, and the device driving
method.""14*18 For both polymer- and iTMC-based LECs,
pulsed voltage driving was beneficial for the device stabil-
ity.1»181 Recently, Tordera et al. reported a LEC based on an
intrinsically stable iTMC that was driven by pulsed current
(square wave, 1000 Hz, and 30 % duty cycle). This approach
resulted in a f,,<1s and prevented the propagation of the
doped zones, leading to a ¢,,, of approximately 4000 h with an
initial luminance above 600 cdm27

4.4.3. Efficiency

There are three key factors for evaluating the efficiency in
LEC devices: 1) the external quantum efficiency (EQE),
2) the power efficiency (ImW™'), and 3) and the efficacy
(cd A7, sometimes also referred as current efficiency).

Initially, single-layer LECs based on Ru-iTMCs had EQE
values up to 1.8%.5331%l Liy et al.®*" discovered that
annealing the iTMC layer increased the EQE significantly to
values as high as 3.6 %. This enhancement is due to partial
crystallization of the amorphous film, which enhances the
PLQY. As the iTMCs in LECs are responsible not only for the
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emission but also for the charge transport, their concentration
in films must be high to decrease the inter-site distance.
However, high concentrations favor exciton hopping and
subsequently emission quenching. Rudmann et al.""!%! were
capable of increasing the PLQY by reducing the concen-
tration-quenching of excitons by blending the Ru-iTMC with
an inert polymer, such as PMMA or PC (polycarbonate). The
EQE values of these LECs reached a maximum value of
5.5% at a luminance level in a range of 10-50 cdm 2"l The
limitation of this strategy is the decrease of electron and hole
mobility that leads to higher driving voltages and a reduction
of the power efficiency. Ultimately, the device efficiency is
limited by the PLQY of the iTMC-based film,'">!% this is
why an alternative to Ru" complexes has been pursued. In
this sense, Ir'™" complexes have emerged as optimal materials
for LECs. Indeed, several strategies have been proposed to
increase the PLQY of these materials in film, which has led to
a significant improvement of the device performance. These
new approaches can be placed in two groups, the use of bulky
groups and the host—guest approach.

4.4.3.1. Using Bulky Groups

The first Ir<iTMCs that were used in LECs (4 in Figure 9
and 23 in Figure 20) had tert-butyl groups attached to the
N~N ligand and afforded LECs with EQE values of 5.0 % and
4.6 %, respectively."*!8! Sy et al. systematically showed the
importance of the bulky groups using ligand 4,5-diaza-9,9'-
spirobifluorene (sb, Figure 12) in two different Ir-iTMCs, 36
and 37 (Figure 27)."® They exhibit high PLQYs and long
excited-state lifetimes; for instance, the PLQY of a neat film
of 36 (31.6%) is ten-times higher than that of 2 (3%).*" This
situation suggests that sb prevents non-radiative pathways
associated with concentration quenching effects. Devices that
used single-layer neat films of 36 and 37 achieve high peak
external quantum efficiencies and power efficiencies of 7.1 %
and 22.6 ImW'at2.5V,and 7.1% and 262 ImW'at 2.8V,
respectively.

Following this strategy, complex 10, which contains the
4,4'-di-tert-butyl-2,2"-bipyridine ligand, and is also equipped
with a difluorophenylpyridine instead of the conventional ppy
cyclometallating ligand (Figure 19), was subsequently pro-
posed.['™! This compound shows a PLQY value of 72 % in thin
film, when diluted with the photophysically innocent ionic
liquid [BMIM]*[PF,]~ at a molar ratio 1:1 (Table 3). The same
film composition was used in the LEC device, where the high
amount of IL results in a lower turn-on time and higher
luminance values (power efficiency 38ImW™', EQE=
14.9%). This EQE is close to the value predicted by assuming
a light outcoupling efficiency of 20 %, suggesting that high
external efficiencies are only possible if almost quantitative
internal electron-to-photon conversion occurs. This result
corroborates the idea that the limiting factor for the efficiency
of this kind of LECs is the PLQY of the light-emitting layer.

A series of [Ir(ppy),(N*N)][PF,] complexes that presents
several bulky groups attached to the bpy and phen NN
ligands (e.g., ligand hf,-phen in Figure 12) were reported by
the groups of Bryce and Monkman (e.g., complex 38 in
Figure 27 and Table 3).1%>1%3] The addition of bulky groups
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Figure 27. Structural formula of complexes [Ir(ppy).(sb)][PFs] (36), [Ir(dfppy).(sb)][PFel (37), [Ir(ppy).(hf,-phen)][PF¢] (38), and [Ir(ppy).(Cioppbpy)]-

[PFe] (39) having bulky ancillary ligands.

Table 3: Photoluminescence and electroluminescence properties of
selected Ir-iTMCs with appended bulky groups.

Value 36 10 38 39
PLQY in film 31.6 %" 729" 36 % 349
EQE 71% (25V)  14.9% (3V) - 6.1% (3V)

[a] Neat films. [b] Film with a iTMC:[BMIM]"[PF¢]~ molar ratio of 1:1.
[c] Film with a iTMC:[BMIM]*[PF¢]~ molar ratio of 4:1.

has little effect on the intrinsic electronic properties of the
complex, which exhibited enhanced steric hindrance and
reduced self-quenching in thin films. This series of Ir-iTMCs
showed high PLQY values (34-44 %) and long excited-state
lifetimes (0.15-0.25 ps) in concentrated thin films. Accord-
ingly, the related LECs yielded efficacies as high as 7 cd A™!
and high luminances (1000 cdm at 3 V). Notably, there are
limits in the use of large substituents because driving voltages
tend to increase as a consequence of larger intermolecular
separation. In a related work, similar carbazole substituents
were used in combination with dimesitylboryl groups,!'s!
where high PLQY of the complexes (52 %, PMMA matrix)
was obtained, but the related LECs showed poor EQE values.

A new series of [Ir(ppy),(N*N)][PF,] complexes that use
phenolic ether groups to increase the inter-site distance and
the 6-phenyl group on the bpy ligand to allow for intra-
complex m—m interactions was recently described (e.g., com-
plex 39 in Figure 27 and Table 3).1? By increasing the size of
the bulky side groups, the PLQY in the light-emitting layer of
LECs (Ir-iTMC/[BMIM]*[PF,] ", 4:1) increases from 24 to
38%. The photophysical, electrochemical, and theoretical
studies showed that addition of the bulky groups does not
affect the emitting excited state, in agreement with other
reports.'82183] L ECs using these complexes exhibit a roughly
sixfold increase in the EQE when compared with the
archetype complex without phenyl and phenolic ether
groups. Additionally, other important device parameters,
such as turn-on time, luminance, and stability improved
upon increasing the size of the bulky groups. However, also in
this case it was demonstrated that there is a limit to the size of
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the bulky groups that can be used before the device driving
voltage starts to increase.!'"”

Control over distance between Ir-iTMCs was also
attempted using dinuclear complexes equipped with an
oligophenyleneethynylene spacer."” However, the spacer
introduced efficient non-radiative pathways through its low-
lying triplet level, as demonstrated by photophysical, electro-
chemical, and theoretical studies. The related EQE values (up
to 0.16%) were in line with what was expected taking into
account the low PLQYs, suggesting that the introduction of
a molecular spacer could be a useful strategy to minimize the
self-quenching in the operating device.

4.4.3.2. Diluting an iTMC into an lonic Matrix: The Host-Guest
Approach

To effectively confine excitons, an emitting iTMC can be
dispersed in an ionic matrix that has a wider band gap and
higher excited-state energy. This approach is analogous to
what is frequently carried out in OLEDs, in which iridium
complexes are dispersed in matrix materials. Herein, we will
not extensively comment on the numerous reports on ionic
iridium complexes dispersed in neutral matrix materials; we
will focus on ionic matrix materials and refer to a particular
paper by He et al.l'*! as well as to recent Reviews for the work
related to neutral matrix materials.”> 1%

In chronological order, Hosseini et al. were the first to
propose the doping of a thin film of [Ru(bpy);][PF], (3, host)
with small amounts of [Os(phen);][PF;] (40, guest),'>*
demonstrating that LECs containing 5wt% of the Os"
complex emit from the guest compound with a higher EQE
than the device using pure 40, thanks to the dilution of the Os-
iTMC that decreases self-quenching. They further demon-
strated that the electroluminescence spectrum can be tuned
by the concentration of the guest and that the doped devices
are more stable than those based on the host complex alone.

Subsequently, Su et al. applied this concept to Ir-iTMCs
and presented highly efficient LECs consisting of the green-
emitting 37 as host and the orange-emitting 36 as guest
(Figure 27).1" Photophysical studies in thin films showed
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that, at an optimized guest concentration of 25 wt %, high
PLQYs and long excited-state lifetimes were observed,
highlighting a relevant decrease of self-quenching. Notably,
the addition of the ionic liquid [BMIM]*[PFs]~ (19 wt %)
further increases the PLQY and the excited-state lifetime.
LECs based on this host-guest system exhibit the highest
EQEs (10.4 %) and power efficiencies (36.8 Im W™") observed
applying this concept. Soon after this result, the same authors
used this approach to prepare the first white LEC, which is
described in Section 4.4.4.5.1%1 Recently, they utilized com-
plex 37 (Figure 27) as the host for a fluorescent cationic dye
(Rhodamine 6G) achieving high EQE and power efficiency
values of 5.5% and 21.3 Im W' respectively, using a low dye
doping (0.10 wt %).1"

Recently, the same group investigated the electrolumi-
nescence properties of a cationic terfluorene derivative
(Figure 28), obtaining a deep-blue-emitting LEC."**! Even-
tually, they used the host—guest concept by dispersing a red
iTMC (41) in the same cationic derivative (Figure 28).*) The

Ly

Figure 28. Schematic structures of the host molecule, a cationic ter-
fluorene derivative (top), and the [Ir(ppy),(big)][PFe] guest (41,
bottom).

main advantage of this approach is the strong reduction in the
amount of iridium-based material used, that results in
a significant decrease of the material cost. By tuning the
concentration of the red Ir-iTMC, optimization of the carrier
mobilities was achieved leading to relatively high EQE
(3.6%) and power efficiency (7.36 ImW!). Considering the
rather low PLQY of the host-guest film (20%), an almost
perfect charge carrier balance is probably achieved.

In a different approach, Chen et al. prepared an Ir-iTMC
in which was integrated a charge-transporting molecule (the
neutral ligand bis(diphenylamino)-9,9'-spirobifluorene), with
the aim of having a three-in-one system. The LEC prepared
using this complex showed very low efficiency as a result of
the quenching of the charge-transporting neutral ligand
used.['*]
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4.4.4. Color

Most ruthenium-based LECs emit in the orange spectral
region.”®?] The strategies used to modify the emission color
of Ir-iTMCs have been discussed in Section 3. Herein, we
focus on LECs emitting across the whole visible spectrum,
including white. Their performance is compared with the LEC
based on [Ir(ppy).(bpy)][PFs] (2), the archetypal Ir-iTMC
used as reference (Figure 3),%”) that emits orange light (4, =
590 nm, CIE coordinates x = 0.5078; y = 0.4859).

4.4.4.1. Red LECs

Ancillary NAN ligands with low-energy LUMO levels
have been used to design red Ir-iTMCs. Tamayo et al.
proposed the use of various NAN and C/”N ligands,"®
presenting LECs with the red-emitting complex 42
(Figure 29; A,,,=635nm; CIE coordinates x=0.67; y=
0.32; EQE of 7.4%). Following this result, He et al.®!
prepared red LECs using complex 43 emitting at about
650 nm (CIE coordinates x =0.66; y=0.33; EQE of 2.6%);
complex 43 has also been used as dopant in the fabrication of
white LECs."™! Modification of the archetype complex 2 by
the attachment of electron-withdrawing groups to the 4,4'-
positions of the bpy ligand was also made. Complex 44
(Figure 29) affords LECs with the electroluminescence
peaked at 630 nm (CIE: x=0.710; y=0.283).'"3] The EL
spectrum is significantly red-shifted compared to the refer-
ence LEC with 2, which was attributed to the stabilization of
the LUMO by the introduction of the ester groups. Su et al.
used a fluorescent dye in an Ir-iTMC to generate efficient red
electroluminescence reaching 19 cd A™' and 21.3 Im W~!.01%7]
In a similar approach, Costa et al.""*l showed the beneficial
effect of anchoring a perylenediimide (PDI) red fluorescent
emitter to an ionic iridium(IIT) complex (45, Figure 29).1
The EL spectrum of the LEC incorporating 45 is attributable
to the PDI moiety (4,,,, = 634 nm, CIE coordinates x = 0.654;
y=0.344). They also showed in a separate study that triplet
radiationless pathways occur through the PDI moiety!"! but,
surprisingly, LECs using such an Ir-iTMC-PDI complex
showed external quantum efficiencies as high as 3.3 %. This
efficiency was attributed to the high fluorescence quantum
yield (55 %) of PDI and short lifetime (3 ns) of the generated
exciton, which decreases its diffusion. Thereby, the chance to
suffer deactivation by impurities or grain defects in the film is
reduced.

4.4.4.2. Near-Infrared-Emitting LECs

Near-infrared (NIR) light-emitting sources are typically
expensive and LECs could serve as low-cost alternatives in
areas were NIR luminescence is of key importance, such as
telecommunications and bioimaging.'”®! Few studies concern-
ing solid-state NIR LECs, that is, having the EL peak
wavelength longer than 700 nm, have been reported and
most of them concern ruthenium iTMCs. Typically they
exhibit EQE < 0.1 %1313 1381941951 mainly because of the
energy gap law that disfavors radiative transition at lower
emission energies,""® but also owing to self-quenching
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Figure 29. Structural formula of red-emitting Ir-iTMCs: [Ir(tb-ppz),(biq)][PFs] (42), [Ir(ppy)2(qIbi)][PFs] (43), [Ir(mppy).(e-bpy)][PF4] (44), and
[Ir(ppy),(phen-PDI)][PF] (45). Bottom-right: EL spectra of LECs based on 43 (solid line), 44 (dashed), and 45 (dotted).

induced by the high density of iTMC in the emitting layer.
Recently, Ho et al. reported a more efficient NIR iTMC-
based LEC reaching EQEs of 1.2 %,[! that used the orange-
emitting Ir-iTMC 36 (Figure27) as host and different
fluorescent ionic NIR laser dyes as guest. Maximum EQE
values (power efficiencies) of 0.8% (5.6 mWW™') and 1.2%
(7.8 mW W) were measured, respectively.

4.4.4.3. Yellow and Green LECs

As described in Section 3, the attachment of electron-
donating groups on the 4,4’-positions of the bpy ligand
increases the HOMO-LUMO gap. Slinker et al. used this
strategy for the first time®! showing that LECs with complex
4 (Figure 9) exhibit a slightly blue-shifted EL spectrum
(Amax =560 nm) at 3V, when compared to that obtained
with the reference compound 2 (4, =590 nm). A further
blue-shift at 1,,,, of 520 nm was observed for the LEC with
complex 9 (Figure 19), which contains two dimethylamino
groups.""!! The luminance level (200cdm™) and, more
importantly, the efficiency (EQE =0.2%) of this LEC was
significantly reduced compared to reference complexes 2 and
4.

Costa et al. recently reported a series of Ir™ complexes
and showed that addition of methyl groups in the 6,6-
positions of the bpy ligand progressively shifts the EL
spectrum to the greenish region compared to 2.7 For
example, LECs using complex 46 (Figure 30) showed EL
maxima at A=>555nm with CIE coordinates x =0.436; y =
0.549. In contrast, substitution of these positions by one or
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two phenyl groups as for example in complexes 31 and 32
(Figure 25) does not cause any spectral change.”1%

Green LECs were also achieved by using Ir-iTMCs with
electron-withdrawing groups attached to the phenyl ring of
the CN ligands, which stabilize the HOMO level of the
complex 1051181571601 glinker et al.'® made a LEC using
complex 47 (Figure 30) with a blue-shifted EL spectrum
(Amax =542 nm, CIE coordinates x=0.368; y=0.577) com-
pared to non-fluorinated 4 (1,,,,=560 nm). The pristine device
showed an EL spectrum that was independent of the bias
direction and electrodes used. However, addition of an ionic
liquid ([BMIM]*[PF]") to the light-emitting layer, which
improves the turn-on time as discussed in Section 4.4.1.2,
introduced a bias-dependent shift in the EL spectrum (4,,,, =
531 nm at +3V, 1,,,,=558 nm at —3 V). This shift was also
observed in LECs involving other Ir-iTMCs combined with
[BMIM]*[PF4]~.*! Following this result, Su et al. proposed
a similar strategy involving the use of N*N ligands with high-
energy LUMO levels.'™1 They proposed complex 37
(Figure 27), which afforded green LECs (A, =535 nm)
with a high EQE (7.1%). A similar emission color (4,,,=
525 nm; CIE coordinates x =0.299; y =0.451) was observed
for a LEC with complex 10 (Figure 19).1%!

Lowry etal® proposed complex 48, an Ir-iTMC
equipped with two multifluorinated cyclometalating ppy-
based ligands (Figure 30). This complex yielded LECs with
blue-green emission (4, =500nm; CIE coordinates x=
0.198; y=0.512). Interestingly, these devices also showed
a slight blue-shift in the EL peak from A,,=520nm to
500 nm in going from positive to negative voltages.

Angew. Chem. Int. Ed. 2012, 51, 8178 —8211


http://www.angewandte.org

Light-Emitting Electrochemical Cells

Figure 30. Structural formula of yellow- and green-emitting Ir-iTMCs:
[Ir(PPY)2(m2bpy)][PF4] (46), [Ir(fmppy).(dtb-bpy)][PFe] (47), [Ir{df-
(CF3)ppy},(dtb-bpy)][PFe] (48), and [Ir(busP-ppy);][PFd]; (49).

Tamayo et al.'*®! demonstrated that the use of Ir-iTMCs
with CAN ligands other than ppy, such as ppz, also blue shifts
the emission because of HOMO stabilization. They obtained
green LECs (A =542 nm; CIE coordinates x=0.37; y=
0.59) using complex 24 that show a remarkable EQE value
0f 6.9%.

To obtain blue-green emission, Bolink et al.'**! modified
aneutral Ir'™" complex with charged tributylphosphonium side
groups at the periphery of the cyclometalating ligands. Blue—
green LECs (4,,,=487 nm) were obtained by blending
complex 49 (Figure 30) with 20 % of PMMA, with a spectral
shift to A,,,, = 570 nm after 100 s of operation at 4 V. The blue-
shifted emission compared to 2 was attributed to the electron-
withdrawing nature of the tributylphosphonium group.

4.4.4.4. Blue LECs
The first blue LEC was obtained by attaching electron-
withdrawing groups to the Hppz ligand (Figure 11).'"" LECs

using complex 23 (Figure 20) exhibit electroluminescence at
Amax =492 nm (CIE coordinates x=0.20; y=0.41) and re-

PFe-

R=H 50 R=F 14 51
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markable EQE of 4.6 % at low voltage. Blue LECs have also
been obtained by using Ir™ complexes based on derivatives of
Hppy and devised NAN ligands. He et al.®? utilized NAN
ligands involving electron-donating nitrogen atoms and
prepared two blue-emitting Ir-iTMCs, 50 and 14 (Figure 31),
using the novel pzpy ligand to make blue LECs with 1, in
the range 450-475 nm, which is shifted by more than 100 nm
compared to the EL spectrum of the LEC with the reference
complex 2 (A =590 nm). Single-component LECs (i.e., the
active layer is based on only the Ir-iTMC) showed blue-green
emission: A,,,, =486 nm (50) and A,,,, =460 nm (14) with CIE
coordinates of x=0.27; y=0.50 and x=0.20; y=0.28,
respectively. The EQE values of both LECs are in the range
0.3-0.4 % . Addition of the [BMIM]*[PF,] ™ ionic liquid shifted
the EL spectrum of devices using 14 to the green region
(Amax =526 nm; CIE coordinates x =0.33; y =0.45); however,
it did not affect the EL spectrum of LECs made with 50. The
same group presented another example (54, Figure 32) with
the presence of bulky groups (4-tritylphenyl) to improve the
PLQY and, thereby the efficiency of the device. Indeed, LECs
based on this complex show remarkably efficient blue-green
electroluminescence with peak current efficiency, external
quantum efficiency, and power efficiency of 18.3cdA™,
7.6%, and 18.0 Im W', respectively.'””)

Mydlak et al."'! proposed the use of several derivatives of
the pyridine-1,2,3-triazol ligand together with the dfppyH
(Figure 11) cyclometalating ligand. LECs based on complex
15 (Figure 19) show blue EL spectra with two peaks (460 and
480 nm) similar to the results obtained in solution and in thin
films. These devices present short turn-on times of a few
minutes at 5V; however, luminance (10-20 cdm™?) and
stability (¢,, of a few minutes) were moderate. Following
this work, Chen et al. proposed a similar family of complexes
with triazole pyridine as the ancillary ligand (16, Figure 19)
which led to LECs with sky-blue (4,,,,~458 nm) and blue-
green (A, ~484 nm) emissions and moderate EQE values
(ca.3%). They also claimed that the addition of cyano groups
at the end of the alkyl substituents is responsible of the
enhancement of the efficiency.!'!”

A new approach, based on the use of carbene-type
ligands, was recently introduced by Yang etal.® They
demonstrated that the combination of methyl- or n-butyl-
substituted bisimidazolium carbene-type ligands together
with the dfppyH cyclometalating ligand yields blue LECs

PFg- PFg

52

Figure 31. Structural formula of blue-emitting Ir-iTMCs: [Ir(ppy).(pzpy)][PF¢] (50), [Ir(dfppy).(pzpy)][PFe] (14), [Ir(dfppy).(Me,phen)][PFq] (51), and
[Ir(dpmt),Mephen][PF¢] (52); dpmt =4,5-diphenyl-2-methylthiazolo and Mephen = 5-methyl-1,10-phenanthroline.
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Figure 32. Structural formula of blue-green-emitting Ir-iTMCs used for obtaining white-emitting LECs: [Ir(dfppz),(dedaf)][PFq] (53), [Ir(dfppy),-

(pyim)][PFq] (54) and [Ir(dfppz),(tp-pyim)][PF¢] (55).

with EL maxima in the region 450-490 nm. These devices
exhibit luminance and efficiency values lower than 25 cdm >
and 1 cdA™! at 5.5V. In the same direction, Kessler et al.
proposed a family of Ir-iTMCs using a neutral pyridine
carbene ancillary ligand (22, Figure 19) to cover the whole
visible spectrum.?!! For instance, devices with complex 22
and its fluorinated version (i.e., complex with fluoro groups in
the cyclometalating ligand) show blue—green emissions at 544
and 512 nm, respectively. However, high voltages (6 V) are
needed to obtain moderate luminance values (20 cdm™2).

Bolink et al.™® used 51 as a blue emitter (Figure 31),
which exhibits A,,, =476 nm in solution and in diluted film
but undergoes a substantial shift of 84 nm in EL, emitting
green light (1,,,,=560 nm; CIE coordinates x=0.417; y=
0.533). This large spectral shift in the LEC does not stem
from the different excitation mode or from the presence of
large concentrations of ions, but is related to the concen-
tration of the Ir-iTMC in the thin film. In fact, in concentrated
films, emission is due to deactivation of metal-to-ligand
charge transfer "MLCT) states, whereas in diluted samples
ligand-centered (*LC m—m*) emission occurs. Using quantum
chemical calculations, it was demonstrated that three low-
energy triplet states, with associated emission wavelengths
differing by as much as 60 nm from each other are present.
Notably, the occurrence of excimer formation was ruled out
because the excited-state lifetime in concentrated films was
found shorter than in diluted samples. In contrast to this
finding, Margapoti et al.*™ showed the formation of excimers
by photoluminescence excited-state lifetime measurements in
LECs based on complex 52 (Figure 31) at voltages larger than
7 V. Formation of excimers is induced by the applied electric
field and is responsible for the different emission maxima
observed in photoluminescence and electroluminescence
spectra.

Dumur etal. also observed a shift in the emission
wavelength over time for a green LEC, they attributed this
emission shift to degradation or a temperature-induced
modification of the molecular packing.'™

In astudy by Liao et al., it was shown that the efficiency of
a blue-emitting LEC was improved by adding a NIR dye, as
a carrier trapper, to the iTMC-emitter blend. This LEC
exhibited a 1.4-times higher efficiency than the pristine device
leading to an EQE of 12.75% and a power efficiency of
28.7 Im W01
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4.4.4.5. White LECs

Su et al.>1¥) reported the first white LEC based on the
host—guest strategy (see Section 3 and 4.4.3.2). They demon-
strated that white-light emission (CIE coordinates from x =
0.45/y =0.40 to x =0.35/y =0.39 at 2.9 and 3.3 V, respectively)
with EQE values in the range of 3-4 % are easily achieved by
mixing two Ir-iTMCs, namely the blue-green complex 53
(host, 80.5 wt %; Figure 32) and the red complex 41 (guest,
0.4 wt %; Figure 28) in a single-layer, along with the ionic
liquid [BMIM]*[PF]~ (19.1 wt % ). Although efficient LECs
were made, the luminance level reached was low (43 cdm 2 at
33V).

He et al.®" ! introduced a new series of Ir-iTMCs based
on imidazole-type N”N ligands with which nearly the whole
visible spectral region could be covered.®!! LECs using
complex 54 (Figure 32) showed blue emission (A=
497 nm; CIE coordinates x =0.25; y=0.46; EQE=3.4%);
by adding the red-emitting complex 43 (Figure 29), warm
white host—guest LECs were prepared (CIE coordinates x =
0.40; y=0.45). The composition of the light-emitting layer
was 54/[BMIM]'[PF;] /43 at a molar ratio of 1:0.35:0.002.
High EQE values of 4.4 % at a luminance value of 115 cdm?
were obtained at 4V, which are the best performances
reported to date for white LECs (Table 4). Recently, the same
group synthetized the blue-emitting complex 55 by attaching
a bulky tritylphenyl group to the pristine pyim ligand
(Figure 12).1 The related blue LEC has more than double

Table 4: The best performances reached in white LECs.

Devices Volt- Turn-on Luminance Lifetime EQE
age time [cdm™ [min] [%]
VM [min]

53/[BMIM]'[PF] /41 2.9 240 2.5 ca. 540 4.0

(80.5/19.1/0.4)

54/[BMIM]'[PF] /43 4 90 115 ca. 800 4.4

(1:0.35:0.002)®!

55/[BMIM[*[PF /43 32 225 7.9 ca.80 5.6

(1:1:0.008)11

23/41/36/[BMIM]*- 31 60 15 120 74

[PFe]”

(79.85:0.05:0.1:20)

[a] From Ref. [159], the numbers refer to the composition of the active
layer wt %). [b] From Ref. [81], the numbers refer to molar ratios. [c] From
Ref. [199], the numbers refers to molar ratios. [d] From Ref. [187]; the
numbers refers to wt%.
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the EQE value (7.6 %) of LECs with 54 (3.4 %). Again, using
the red complex 43 as dopant, they also prepared white LECs
(CIE coordinates x =0.37; y = 0.41), but the performance was
poorer than that reported in their first work: EQE was
slightly enhanced (5.6 %) but the luminance level was under
10 cdm 2 Best performances for a white LEC were reached
by Su etal., who doped the blue-emitting Ir-iTMC [Ir-
(dfppz),(dtb-bpy)][PF] (23), with a red, [Ir(ppy),(biq)][PF]
(41), and an orange, [Ir(ppy),(dasb)][PFs] (36), emitting
complex. In this way, an EQE of 7.4 % and a power efficiency
of 15 Im W' were obtained.!"s")

Recently, He et al. presented efficient and color-stable
white LECs which combine single-layered blue-emitting
LECs (complex 23) with a red-emitting color-conversion
layer on the bottom side of the glass substrate. Spectral
overlap between the absorption spectrum of the red emitter
and the emission spectrum of the blue-emitting material
results in efficient energy transfer and down-conversion at
low doping concentrations of the red fluorophore. Peak
external quantum efficiency and power efficiency of the white
LEC reach 5.93% and 15.34 Im W™, respectively.?*

4.5. LECs based on Metal Complexes other than Iridium(ll1)

As discussed in the previous Sections, the most widely
employed luminophores in LECs are cationic iridium(III)
complexes. This is attested by a large body of literature
compounds covering the whole

describing a variety Ir™
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visible spectral window and even showing white emission.”
However, the first examples of LEC devices with transition-
metal complexes as light-emitting materials were based on
ruthenium(IT) compounds and reported in 1996.7'%! Sub-
sequently, other ruthenium(II)-based complexes, which were
discussed in previous Reviews, have been investigated.?”
However, in recent years, other complexes mainly based on
Ru" and Cu' metals have been reported. Herein, we present
some selected examples.

4.5.1. Ruthenium(ll)-Based LECs

The mononuclear heteroleptic terpyridine-based Ru"
complex 56 (Figure 33) exhibits deep-red emission (A=
750 nm) and was used to make a LEC device with an external
quantum efficiency of about 0.005%.'*! Ru" complexes
involving bipyridine derivatives (complex 57, Figure 33)2%
have been also investigated and show enhanced luminescence
compared to the parent complex [Ru(bpy)s][PF], (3).""
Within this family, Zysman-Colman et al. found that the
addition of pendant triethylammonium groups on the bipyr-
idine units (58, Figure 33) leads to a device turn-on time as
short as 4 s to be compared with 1 min for 3.1"Y Dinuclear
Ru" complexes have been also tested as active materials in
devices. For instance, the device made with complex 59
(Figure 33), in the presence of a mixture of Li salt and crown
ether as a solid electrolyte, exhibits a particularly low
threshold operating voltage of 2.5 V.?%! Finally, Jia etal.
fabricated red electroluminescent devices based on polynuc-

Figure 33. Structural formula of some Ru'" complexes used as light-emitting materials in LECs.
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lear Ru" complexes (60, Figure 33) and involving pyridyl
benzimidazolyl derivatives as bridging ligands; they exhibit
red emission centered at around 650 nm and perform better
than devices based on standard 3.2

4.5.2. Copper(l)-Based LECs

The limited list of transition-metal ions used to make
complexes for LEC devices includes Cu'. The advantages of
using this metal are related to its abundance, low cost
compared to platinum-group elements, and low toxicity.[?*>""]
The photophysics of Cu' complexes has been extensively
reviewed and the luminescence properties of several classes
of Cu' compounds studied.”*?"! The most investigated ones
include the N~N-type (where N”N indicates a chelating
diimine ligand, typically 1,10-phenanthroline) and the P/P-
type (where PAP denotes a bisphosphine ligand) giving rise to
both homoleptic [Cu(N~N),]" and heteroleptic [Cu(N”N)-
(P*P)]" motifs.”! These tetrahedral cuprous complexes
always undergo a significant geometry change going from
the ground to excited state because of intra- and intermo-
lecular m-stacking interactions, which cause considerable
displacement from D,; symmetry and lead to an increase of
nonradiative pathways. Compared to the classical [Cu-
(N~N),]" systems, those involving bulky phosphines [Cu-
(N~N)(PAP)]" have improved emission properties because
the electron-withdrawing effect of the PP unit on the metal
center tends to disfavor the Cu'—=NAN electron donation,
leading to a blue-shift of the MLCT transitions. This,
according to the energy gap law,*” brings about a substantial
emission enhancement,” that has greatly increased the
interest toward this class of heteroleptic compounds.*!
Herein, we only report on copper(I) compounds used as
light-emitting materials in LEC devices.

The first LEC based on Cu' complexes involved the
heteroleptic system 61 (Figure 34)'*! that shows excellent
green emission at A,,,=550nm (PLQY 28% in CH,CI,
solution). The LEC performance was moderate (efficacy at
1 mA cm? between 0.5 and 1 cd A™'), but comparable to that
of devices involving green-emitting Ru" complexes at A,,,, =
540 nm.

In 2007, Moudam et al.'®" reported homo- and hetero-
leptic copper(I) complexes involving chelating phosphine
ligands (62 and 63, Figure 34), which were also used for the
preparation of LECs. The broad electroluminescence band,
centered at 580 nm, causes an almost white-light output, and
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the devices exhibited a turn-on voltage of 15 V and a bright-
ness up to 490 cdm? at 20 V. Zhang et al. reported LECs
made from the heteroleptic [Cu(N*N)(P"P)]* complex 64
(Figure 34),* which showed green-light emission peaked at
Amax =523 nm. It was shown that the turn-on time of the
devices was strongly affected by the driving voltage, the
counterions, and the thickness of the film. The replacement of
Al with Ca (a lower work-function metal) significantly
enhanced the brightness of the device.

The last example of Cu-iTMC-based LECs was recently
reported by Costa et al.' They compared the performance
in LECs based on two families of Cu' complexes with bpy and
phen as N~N ligands and pop and pdpb as P"P ligands
(Figure 35). They demonstrated that LECs fabricated with
those complexes and the ionic liquid [EMIM]*[PF,]~
(Figure 24, top) at a molar ratio of 1:1 show comparable
performances at low voltages (3—-5 V) to those obtained for
most LEC devices based on ruthenium(II) and iridium(III)
complexes, that is, luminance and efficacy values up to
60 cdm™ and 4.5 cd A™', respectively. This fact highlights the
prospect of Cu' complexes in LECs.

5. Conclusion and Outlook

In the last few years, some technologies have undergone
a radical change, particularly in the area of telecommunica-
tions, so that nowadays we can easily access a virtually
unlimited amount of information at amazingly affordable
prices. Similar astounding achievements have not occurred in
other sectors; in fact, there are some pervasive technologies
that are still far from being massively replaced, a notable
example being internal combustion engines for transporta-
tion.’) In between these extreme cases, some technological
sectors are experiencing a progressive transformation that
will lead to epochal transitions within the next ten years or so.
A notable example is artificial illumination in which, also
thanks to the phase-out of traditional filament lamps, the
innovative concept of cold lighting has opened the way to new
point light sources and flat light sources (LEDs, OLEDs)
which are increasingly relevant players in the lighting market,
particularly for screen backlighting.!"”

In the field of innovative flat light sources, OLEDs are
presently the most advanced in terms of efficiency, color
quality, and operation lifetime, but the still complex and
expensive manufacturing routes have stimulated the search
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Figure 34. Structural formula of some Cu' complexes used as light-emitting materials in LECs.
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Figure 35. Schematic structures of the most recent examples of Cu' complexes used in LECs. Complexes 65 and 67 have bis(2-(diphenylphosphi-
no)phenyl ether (pop) as the PAP ligand, complexes 66 and 68 have (1,2-bis(diphenylphosphino)benzene) (pdpb).

for alternative concepts, such as LECs. The basic advantages
of LECs over OLEDs are 1) the substantially wider avail-
ability of charged transition-metal complexes compared to
neutral ones, which widens the spectrum of exploitable
phosphorescent emitters and 2) the smaller number and
lower chemical reactivity of the layers and the electrodes to
assemble, which considerably facilitate the manufacturing of
the device.

We have provided herein an overview on the state-of-the
art of the performance of LECs, which have achieved
respectable efficiency across all the visible spectral region,
from blue to deep red, with white LECs having CRI values as
high as 80.1"1 This progress has been made possible by the
design and synthesis of an enormous number of transition-
metal complexes, most of them based on Ir'™. This massive
synthetic work was driven by a deeper understanding of the
factors than govern ground- and excited-state photophysical
properties, an understanding which was achieved through
a great deal of theoretical modeling and spectroscopic studies.
The “historic” drawbacks of LECs, long turn-on times and
moderate lifetimes,” have been substantially improved
through the use of ionic liquids and by modifying the driving
method. However, the best figures of merit of LECs have
been met in separate devices and much research will be
needed before combining high efficiency, white color, fast
turn-on, and long stability in a single device. This calls for
further efforts to 1)unravel the intrinsic mechanism of
operation of the device, 2) understand the processes of
chemical degradation of the luminophores under operating
conditions, 3) synthesize new robust electroluminescent
materials, 4) design alternative device architectures.

The encouraging progress made in recent years in the
improvement of performance,”” combined with the two
fundamental aforementioned advantages of LECs when
compared to OLEDs, makes them promising candidates for
low-cost, versatile, and energy-efficient flat light sources.
Given the increasing importance of life-cycle sustainability
and resource efficiency in the design and fabrication of new
products,*'% particularly those containing rare elements,?"!!
the simple structure of LECs may provide a relevant advant-
age in terms of disassembling and recycling, further enhancing
their prospects for successful market applications in the mid-
long term.
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