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Recent Advances in Solid-State Lighting Devices Using
Transition Metal Complexes Exhibiting Thermally Activated
Delayed Fluorescent Emission Mechanism

Gilbert Umuhire Mahoro, Julio Fernandez-Cestau, Jean-Luc Renaud, Pedro B. Coto,

Rubén D. Costa,* and Sylvain Gaillard*

This review focuses on the state-of-the-art of solid-state lighting devices
(SSLDs)—that is, organic light-emitting diodes (OLEDs) and light-emitting
electrochemical cells (LECs)—prepared with transition metal complexes
featuring thermally activated delayed fluorescence (TADF) mechanism. First,
the TADF mechanism is briefly introduced, as well as the experimental and
theoretical methods applied to study TADF in transition metal complexes.
Second, the review presents an exhaustive overview of OLED and LEC
devices incorporating organometallic TADF emitters. For each type of device,
the description of TADF is organized by respective elements focusing on
each emission color, that is, blue, green/yellow, orange/red and, if existing,
white. Finally, insights and future potential development of organometallic
TADF emitters for lighting devices are comprehensively discussed. Overall,
this review complements recent ones focused on TADF small molecules

ground state by emitting a photon. This
radiative process is named fluorescence.
However, the singlet excited state can also
decay via intersystem crossing (ISC) to
triplet excited states, from which radiative
relaxation can also occur—that is, phos-
phorescence (Figure 1).

Hence, fluorescence and phosphores-
cence processes are the most encoun-
tered radiative pathways for luminescent
materials. However, if the triplet excited
state lives long enough as well as the
energy gap between the singlet and triplet
excited states is small enough, a reverse
intersystem crossing (RISC) is accessible
at room temperature (RT). Here, the sin-

applied to the SSLD field.

1. Brief Introduction to TADF and Its Use in
Thin-Film Lighting

1.1. Concepts, History, and Emitters

In the luminescent process, a molecule that has been promoted
to an electronically singlet excited state decays into its electronic
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glet excited state is repopulated from
the triplet excited state and the so-called
thermally activated delayed fluorescence
(TADF) is observed (Figure 1).

While the search and implementation of TADF molecules
for lighting applications is an apparently novel topic, the con-
cept of TADF is a well-known emissive process. Indeed, the
pioneering works proposing RISC as the base of a delayed fluo-
rescence (DF) mechanism date back to 1929 by Delorme and
Perrin,[l 1941 by Lewis and co-workers,?! and 1961 by Parker
and Hatchard.’! At that time, this process was just a mere
curious behavior. However, Adachi and co-workers demon-
strated in 2009 that the TADF mechanism will be key toward
a new generation of highly efficient solid-state lighting devices
(SSLDs), including organic light-emitting diodes (OLEDs)*!
and light-emitting electrochemical cells (LECs).”!

The differences with respect to mechanism, photophysical
features, and molecular design between TADF and conventional
fluorescence/phosphorescence emitters applied to SSLDs were
recently discussed by Huang et al. in 2014P°! and Yersin et al.
in 2017, while the outstanding theoretical and computational
advances were discussed by Penfold et al. in 2018.°] In short,
several reasons explain the high interest of TADF-emitters for
SSLD technologies. The most important is a potential 100%
internal quantum efficiency (IQE) that can be reached for electro-
luminescence (EL)—that is, conversion into light of all excitons
generated by electron-hole recombination.' Indeed, electro-
luminescence in SSLD is obtained from excitons generated by
charge recombination leading to a 3:1 ratio population of triplet
and singlet excitons.'!l In the case of phosphorescent molecules,
the 75% of triplet excitons can be directly converted into light
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Figure 1. Simplified Jablonski diagram describing either the fluorescence
and the phosphorescence processes (left) or the TADF pathway (right)
after electron—hole recombination.

by the phosphorescence mechanism due to the high spin—orbit
coupling (SOC). The latter also favors the ISC of the formed 25%
singlet excitons into triplet excitons, which then deactivates via
phosphorescence. TADF mechanism differs from phosphores-
cence as the emissive deactivation is obtained from the singlet
excited state as explained above.'2l Thus, the 25% of singlet exci-
tons can generate a prompt fluorescence (PF), while the 75% of
triplet excitons repopulate the singlet energy level via an endo-
thermic RISC before deactivation via DF (Figure 1). Thus, as
TADF mechanism involves more steps than PF, the observed
emission decay time (7) of TADF emitters is longer than those of
PF emitters but still shorter than phosphorescent molecules.’!
As mentioned above, the RISC process requires some condi-
tions, such as i) a small singlet-triplet energy splitting (AEsy <
0.37 eV)M—that is, the difference between the energy level of
the lowest singlet (S;) and triplet (T)); ii) a high rate for the RISC
process (kgsc) that should be much higher than the rates of the
ISC (kisc) and the phosphorescence (kp); and iii) a long-lived T
state. The combination of both high kg;sc and long-living T; states
leads to the efficient repopulation of the S, state that radiatively
deactivates to the ground state (GS) by DF. There are two major
advantages of TADF emitters. On one hand, S; energy level is
higher than T, rendering easier the access to efficient blue-emit-
ting devices that still represent a milestone for both, OLEDs and
LECs. On the other hand, several research groups have provided
excellent guidelines on structure/property relationships for the
design of more efficient TADF emitters by both experimental and
theoretical approaches.>®°! These rationalizations have resulted
in interesting breakthroughs in high-energy emitting OLEDs.
For instance, low AEgy values require that the highest occupied
molecular orbital (HOMO) and lower unoccupied molecular
orbital (LUMO) are spatially separated.>'®l In general, for TADF
organic emitters, this is achieved by using either a spiro connec-
tion or a twisted molecular structure between donor and acceptor
moieties in order to reduce the overlap between HOMO and
LUMO (Figure 2a). Nevertheless, the simple vision of intercon-
versions between the singlet and the triplet excited state does not
explain how spin-flip can occur in organic compounds featuring
a weak SOC. In the past few years, experimental and theoretical
studies have shown that a more complicated second order process
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a) Organic TADF molecules b) Metal-based TADF molecules

LUMO
LUMO
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Sterically hindered Metal: Cu(l), Ag(1)
BRIDGE structures: Twist, Au(l), Au(ll), Sn(1v),
bulky, spiro, ... HOMO
DONOR
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Figure 2. Simplified representation of the general design of a TADF
emitter a) based on organic molecules (D-A) disposition and b) metal-
based molecules with MLCT emissive transitions.

explains the spin-flip.] Indeed, Penfold and co-workers in agree-
ment with previous works!®"] have shown that vibronic coupling
between charge transfer (*CT) and localized (*LE) triplet states
are required for efficient RISC and TADF.2*2! This new insight
into the TADF mechanism led Adachi and co-workers to enlarge
the design of TADF materials by combining multiple donors and
acceptors, leading to a new family of very efficient TADF organic
emitters.?223 Nevertheless, such spiro derivatives or twisted
structures are sometimes difficult to prepare and may have some
limitations to introduce electron donor or withdrawing groups at
various positions.

By contrast, transition metal complexes offer a larger number
of combinations involving d-block metal ions and ligands fol-
lowing simple and low-cost synthesis procedures. In other words,
more pieces can easily be envisaged to the puzzle for the devel-
opment of emissive compounds. Nevertheless, this may renders
the rationalization of the emission pathway more complicated,
as metal character orbitals are involved including an interplay
between a myriad of excited states (i.e., metal-centered, metal-to-
ligand charge transfer, ligand-centered, ligand-to-ligand charge
transfer) caused by the easy structural arrangements of the coor-
dination sphere of the metal ion core and the SOC values allowing
or not spin changes. Considering the ease of syntheses, most of
the coordination reactions are highly selective, giving very good
to excellent isolated yields. In addition, the type of binding motif
to the ion metal core determines the type of neutral or charged
nature of the complexes, allowing their use in both OLEDs (neu-
tral complexes) and LEC (ionic complexes)—Section 2.

Indeed, if the LEC technology is considered, ionic transition
metal complexes are much more accessible than ionic TADF
organic emitters. Finally, the versatile design of ionic transition
metal complexes offers large choice of options to reach emission
colors covering the whole visible range. Here, the HOMO features
a strong d-metal character, while the LUMO is typically ruled by
the ancillary organic ligand (Figure 2b). Thus, spatial separation
of the HOMO and LUMO is full-filled. Indeed, as metal-to-ligand
charge transfer (MLCT)—that is, d—>7* electronic transition— is
usually responsible for the emission of transition metal com-
plexes, this prerogative is easily accessible. However, the interplay
of excited states with ligand-centered and ligand-to-ligand charge
transfer natures is crucial to ensure an efficient TADF emission
mechanism. Of note, emissive excited states with MLCT nature
are highly favored in the case of d'° transition metal complexes
as all d orbitals are occupied, suppressing the potential non-radi-
ative d—d* electronic transition—that is, metal-centered elec-
tronic transition (MC). This particular electronic configuration
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of d° metal center explains the important efforts devoted to
Cu(I), Ag(l), Au(I), and Zn(II) complexes for SSLDs. As low
values of SOC diminish the possibility of a T;—S, deactivation,
copper(I) complexes are the most representative TADF-type orga-
nometallic compounds. For reference purposes, SOC values of
870 cm™ ({cuyy value for free metal ion) strongly contrast with
those of iridium and ruthenium complexes with SOC values of
4814 and 1201 cm™ (the given values for {4, and g3, are for the
free metal ions), respectively./**

Another crucial property is the geometry of the excited state
that must be similar to that of the GS.[) In the first approach, to
generate TADF emission, molecules were designed in a fashion
to render them the most rigid as possible to diminish non-radi-
ative decays.[?”! Nevertheless, Penfold and Monkman reported
that high molecular rigidity can lead to negative effects on the
spin-vibronic coupling that negatively impacts the kgjsc and
consequently the TADF process.[?’]

1.2. Experimental and Theoretical Determination of the
TADF Process

The most comprehensive study to determine TADF existence
is the temperature-dependence of the 7 values going from 77 K
(sometimes 1.6 K to determine the lifetime of the three triplet
sub-states) to 298 K.1?%l Indeed, lowering the temperature blocks
the TADF process, allowing only the observation of the phos-
phorescent emission. The 7 values taken at different tempera-
tures lead to an empirical curve. After an extrapolation from an
Arrhenius plot, several parameters can be obtained from these
experimental measurements, such as i) decay time of the prompt
fluorescence (7sy), ii) decay time of phosphorescence (7ry), and
ili) AEg. The mathematical fitting includes a three-state model

system (Equation (1)) in which kg is the Boltzmann constant.®%’]
AE
3+exp| — (5T)
keT
©(T)= 1)
3 1 ( AE sy )
T(Tl) 7(51) kBT

Other experimental or theoretical methods have also been
used for the estimation of AEs. For example, the difference
between the onsets of the fluorescence and phosphorescence
spectra (phosphorescence spectra is recorded at 77 K to observe
only the phosphorescence emission and block the TADF pro-
cess, Figure 3).23-31 However, this estimation method, which
can only be possible when both S; and T; result from the same
molecular orbitals, also should be used with more precautions
as the shift of the emission spectra can be sometimes masked
or covered by temperature-induced broadening effects.l!

In this respect, theory and simulation can play an impor-
tant role in the characterization of the TADF process and in the
design of new TADF-active materials for optoelectronic applica-
tions.32331 On one hand, they can assist the interpretation of the
experimental results contributing to their rationalization.®34 On
the other hand, they can provide design and mechanistic infor-
mation that cannot be straightforwardly obtained from the exper-
iments.*>3% However, and despite the considerable advances
carried out in the field over the years, the theoretical description
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Figure 3. Left: Plot of decay lifetime versus temperature in a TADF emis-
sive complex showing the phosphorescence region at low temperature
and the TADF region at higher temperatures. Right: Onset emission
spectra at RT of 298 K (black) and 77 K (red), a blue-shift of the emission
upon heating often characteristic of TADF existence.

of TADF is still a challenging task.?? This is related to the very
nature of the process, which involves the participation of excited
electronic states of different nature*” 3! with small energy gaps
or near degeneracies between some of them,’*#) and inter-
acting through relatively small spin—orbit (and/or vibronic spin—
orbit)*V#*] and hyperfinel®! interactions whose accurate evalu-
ation is instrumental to characterize the ISC process that triggers
TADF.[*l Furthermore, the characterization of the TADF pro-
cess also requires the accurate description of several competing
quenching mechanisms such as phosphorescence® or non-
radiative deactivation processes,¥ and has to account for dynam-
ical aspects that may have an important impact on TADF pro-
cesses such as thermal fluctuations or mode-specific vibrational
effects.?>*! In addition, the prototypical systems used in techno-
logical applications are of medium to large size, can incorporate
heavy atoms in their structure, and may arrange in amorphous
structures with a surrounding environment that can have a sig-
nificant impact on the photophysics of TADF.[0:50-53] Altogether,
these issues impose practical limitations on the atomistic simula-
tion methods that can be employed in the description of TADF,
calling for the use of those that can provide a reasonable balance
between the necessary accuracy and the computational cost. In
this respect, and among the different state-of-the-art electronic
structure methods for the description of excited electronic states
available,**% linear response time-dependent density functional
theory (TD-DFT) approachesP” are the most widely used.[00-62
The reasons are that these approaches can provide a reasonably
good description of the electronic excited states involved in the
process; their energies and their interactions such as spin—orbit
contributions, can be used for the simulation of the dynamics
of the process and can be employed in the simulation of large
systems incorporating environmental effects with a good bal-
ance between accuracy and computational cost.3? However, and
despite the success obtained with these methods, it should be
stressed that their use requires a careful assessment. This is due
to the well-known limitations of DFT, linear response TD-DFT,
and some of the conventionally used exchange-correlation func-
tionals in the characterization of some types of electronic states
(such as multiconfigurational electronic states, doubly excited or
charge transfer states) and molecular funnel (conical intersec-
tion) regions, which can play a key role in TADF processes."¢3l
More details on these and other topics in the theoretical descrip-
tion and simulation of TADF processes can be found in refs.
32,33].
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Figure 4. Architecture (left) and working principle (right) of an OLED device.

1.3. Thin-Film Lighting Device: Design and Working Mechanism

Besides the considerations about the chemistry and the photo-
physics of TADF organometallic compounds, efficient lighting
devices require to take into account how the device design and
working mechanism can affect the TADF process. Thus, the
OLEDs and LECs working principles are described in the following:

A typical OLED consists of a transparent substrate (glass or
plastic) that supports a multilayer architecture: i) transparent
anode made of indium tin oxide (ITO), ii) a hole injection mate-
rial (HIL), iii) a hole transport layer (HTL), iv) the active or emis-
sive layer (EML), v) the electron transport layer, vi) the electron
injection layer (EIL), and vii) the cathode, that closes the circuit
(Figure 4). When a driving voltage is applied, electrons and holes
are injected to the EIL and HIL from the cathode and anode elec-
trodes, respectively. Both carriers are transported through the bulk
to the EML. Here, electrons and holes recombine, forming excitons
that radiatively relax. Typically, the EML consists of a mixture of a
host—for example, mCP (N,N*4,4'-dicarbazole-3,5-benzene), PYD2
(2,6-dicarbazolo-1,5-pyridine)—and a guest that acts as an emitter.
Therefore, the TADF emitter in OLEDs can be either charged or
neutral as it is not involved in the injection and transport processes,
while the externally applied electric field is screened out. All-in-all,
OLED optimization using TADF emitters has also led to guidelines
with respect to the host design,[* resulting in record EQE values
of 37% and 30% for blue/green®®>¢l and 29.2% orange/red®
OLEDs (see Section 1.4 for more details).

Then, Pei and co-workers demonstrated a new device con-
cept called LEC that consists of i) a transparent anode, ii) an
active layer, in which the emitter is blended with an ionic elec-
trolyte, and iii) an air-stable cathode (Figure 5). While in OLEDs

| Cathode |

Active layer

‘ Anode |

Cathode

p-doped layer

n-doped layer i-layer

Figure 5. Architecture (left) and working scheme (right) of a LEC device.
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the emission layer is not involved in ionic mobility, in LECs,
the presence of mobile ions in the active layer assists charge
injection and electrochemical doping from the air-stable elec-
trodes.%® Thus, the emitter must feature a reversible electro-
chemistry as it experiences both p- and n-type doping. The ionic
electrolyte is responsible for the formation of electrical double
layers at the electrode interfaces which allow charge injection
at low applied voltages. Thus, the electric field decreases close
to the electrode interface and holds constant across the active
layer. In addition, the ionic electrolyte also controls the growth
of the doped regions, forming the so-called p-i-n junction, in
which the exciton formation is produced at the intrinsic (i) or
neutral region. %870

The host—guest approach can also be applied in LECs, but
the control of balanced charge transport and electron-hole
recombination is challenging. In addition, the devices experi-
ence strong and dynamic internal local electric fields. In con-
trast to OLEDs, the record efficiency achieved for LECs was
3.7 cd A7 without the use of the host-guest approach.”! This
value is, nevertheless, very low compared to OLEDs. This fact
could be related to several aspects, such as electric field across
the active layer, working temperature, and interactions between
the exciton and the doped species.

The host-guest approach commonly applied in OLEDs
and barely in LECs is also critical as the interaction between
the emitter and the host could play a role in the TADF mech-
anism. As an example, Monkman and co-workers have
observed that using hosts with different polarizability affects
the energy level of the CT state and consequently the RISC
rate of organic molecule.’>”? This solid-state solvation effect
(SSSE) was later supported by theoretical studies showing that
like in solution, the solvation of the emitter in thin-film clearly
impacts the TADF mechanism.

In order to help the reader to understand the figures-of-
merit of the SSLD, we provide a short description as follows:
In OLEDs and LECs, the emitted light is often described by
the colorimetric system of the Commission Internationale de
I'Eclairage (CIE)."®l The light is intensified into luminance or
brightness which represents the amount of light that is emitted
by the device per a unit of area (cd m2). The efficiency of the
devices can be expressed as EQE (%), which is a key parameter
that represents the ratio between the emitted photons and the
injected charges into the device. Alternatively, the efficiency
can be measured in terms of current efficiency (CE) or Eff (cd
A™Y and luminous power efficiency (PE) (Im W™!). The turn-on
voltage (V,,) is commonly considered as the voltage necessary
for the device to start emitting light, but in some cases espe-
cially in OLEDs, it is assumed as the voltage at a luminance of
1 cd m2 The turn-on time (t,,) represents the time required
for a device to reach its maximum luminance (L,,,), while
the lifetime or stability is defined as the amount of time that a
device lives before losing half of its L.

1.4. Relevance of the TADF for the Lighting Market
The SSLD industry offers highly bright and efficient lighting

sources and displays for portable devices, televisions, indoor
and outdoor lighting, lights of cars, etc. Efficiency and
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stability of OLEDs have led to a huge commercial success.
For example, IHS Markit estimates that OLED TV display
revenues will grow from $2.9 billion in 2019 to $75 billion
in 202574 while LG estimates a growth from $3.9 million
of panels in 2019 to over $10 million in 20211 Moreover,
the global sales of OLED displays are expected to reach over
40 billion USD in 2020.7%) Most of the commercial OLEDs are
based on iridium, a rare earth metal with a strong SOC that
allows iridium complexes to harvest both singlet and triplet
excitons via phosphorescence. Despite the huge success of
OLEDs, the main drawback named blue gap remains, as stable
and efficient deep blue phosphorescent emitters are still una-
vailable.*””l The current approach toward the production of
blue-emitting OLEDs consists of combining fluorescent blue
emitters and host matrices. In this context, the implementation
of TADF emitters is highly attractive to achieve highly efficient
SSLD, as they offer a wide range of color emissions with good
stabilities.’®! Thus, it is not surprising that TADF has gathered
a lot of attention in the academic and industrial environment.
Indeed, for the last 5 years, the number of publications related
to TADF and OLEDs has been consistently rising. According
to the data collected by the Web of Science (November 11th,
2019), 544 total articles including reviews discussing TADF and
OLEDs have been published since 2015, cumulating 12 658 total
citations.””! As record devices, they have reached performances
that are comparable to that of phosphorescent-based devices in
terms of stability with over 10 000 h at an initial luminance of
1000 cd m2,8% and efficiency with EQE values of 37%.1%%]

Finally, TADF mechanism is becoming key toward efficient
blue-emitting thin-film devices. In general, TADF emitters can
be divided into two groups: small molecules (SM) and organo-
metallics. While the former has exhaustively been investigated
reaching a mature knowledge with respect to molecular design,
emission features, and device optimizations,>126477.7881-85]
TADF organometallic compounds have been much less inves-
tigated to date.>123178689 Thig represents the focus of this
review, complementing other recent ones.>12318689 In short,
we have compiled all data published in the literature on SSLD
devices—that is, OLEDs and LECs—including transition metal
complexes showing TADF emission (Section 2). We have divided
this section with regards to the type of metal core, and for each
metal, the discussion is further focused on the emission color,—
that is, blue, green, red, and white colors—of the devices.

2. Organometallic TADF Compounds for Lighting

2.1. Complexes with d'° Electronic Configuration
2.1.1. Copper(l) Complexes

Among the transition metal complexes possessing TADF
emission, copper(I) derivatives are the most studied due to i)
the weak SOC and propensity to have small AEgp,?4 ii) the d'°
electronic configuration that precludes the non-radiative metal
centered electronic transition, iii) the high photoluminescence
quantum yields (PLQY), and iv) the low-cost copper due to its
higher crust Earth abundancy compared to platinum metals.
Herein, we have only focused on TADF copper(I) complexes
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that have been applied to lighting devices, such as OLEDs
and LECs. For detailed libraries of emissive Cu(I) complexes,
the reader is highly recommended to refer to these excellent
reviews and key articles.[812.14:274770,85-87,90-100]

Blue-Emitting OLEDs: In 2013, Lu and co-workers pub-
lished the first blue-emitting complexes [Cu(N~N)(POP)][BE,]

Table 1. Photophysical properties of Cu(l) complexes with TADF.

OPTICAL
MATERIALS

www.advopticalmat.de

Cul-Cu3 (POP = bis(2-(dipenylphosphino)phenyl)ether in
Cul-Cu3) (NAN = pypz = 1-(2-pyridyl)pyrazole in Cul, pympz
= 3-methyl-1-(2-pyridyl)pyrazole in Cu2, and pytfmpz = 3-trif-
luoromethyl-1-(2-pyridyl)pyrazole in Cu3) exhibiting TADF in
OLEDs (Table 1 and Scheme 1).13% The introduction of the elec-
tron-rich diimine pyridine-pyrazol ligands is the critical point

Complex?) Armax [nm]?) PLQY [%] Tog [ns]/ 71 [US]/ Trapr [Us] AEgr [eV] HOMO/LUMO [eV] CIE [x/y] Ref.
Cul 4909/508% 56 —/-/20.4 0.18 —5.41/-2.23 0.20/0.38 30]
Cu2 46594939 87¢8) -/-/12.2 0.17 -5.39/-2.16 0.16/0.21 [30]
Cu3 4929 /5119 75%8) —21/346/22.8 0.18 ~5.53/-2.49 0.19/0.36 30]
Cu4 49395019 60.9%8) 562/565/145 0.12 ~7.10/-4.1 - [1o1]
Cu5 4759 /5169) 40.7¢2) 153/476/51 0.12 —6.87/-4.05 - o1
Cué 4639 22¢%8) 670/45/13 0.35 - - [102,103]
Cu? 4799 642 —/-/30 0.35 - - [102]
Cug 4589 868 800/81/44 - - - [102]
Cu9 47394819 15¢8) 9.4/32/6 0.07 - - [103]
Cu10 474°)4829) 73%8) 141/38/14 - - - [103]
Cull 503¢)/5199) 86°8) 101/87/13 0.06 - - [103]
Cul2 5459 /5509 50%h) -/170/3.8 0.16) -5.13/-117 - [104]
Cul3 5349/5349) 63 —/400/3.6 0.20" -5.61/-1.60 - [104]
Cul4 5239/5149 68h) —/270/8.2 0.19) -5.87/-2.06 - [104]
Culs 5219/5349 529/73%2) —/847/1.73,0.33 0.04) - - [105]
Culé 517975079 389/56%2) ~/2500/4.6 0.08) -5.23/-2.23 - [106]
Cul7 5129/5009 559 /85:¢) —/360/8.0 0.10 -5.27/-2.24 - [106]
Cul8 473°) /4569 599/85%¢) ~/100/7.1 0.10) -5.22/-2.15 - [106]
Cul9 487914779 809/85%¢) -/520/6.5 0.07) ~5.18/-2.13 - [106]
Cu20 486°) /4879 95/95¢8) —/910/8.9 0.09) -5.20/-2.15 - [106]
Cu21 4959/5079) 459/7192) —/671/134 0.18 —5.51/-2.59 - [108]
Cu22 518975219 98°)/39%¢) —/521/23 0.13 - - [108]
Cu23 5309 /5319 76 /8240 —/1778/19 0.10 —4.89/-1.46 - 2]
Cu24 523/5319) 799 /834) —/1611/16 0.94 —4.86/-1.46 - 2]
Cu25 5219/5319) 839 /854 —/294/M1 - —4.78/-1.47 - 2]
Cu27 5379/580% 349/10.9%¢) -/8.7/569 0.23) - - M3
Cu28 5709/5919) 15.59/33.7%2) —/859/5.3 0.14) - - M3
Cu30 5529 /5984) 26.69/10.5%8) —/208/6.2 0.18) - - M3
Cu3l 49795149 38.99/62.14N —/1145.7/15.3 0.14) ~5.19/-2.46 - [114]
Cu32 588 /6009) 6.69/16%" —/473/5.5 0.20" -5.25/-2.69 - [114]
Cu33 6579 /6249 4.29/4.4%h) —/495.6/2.1 0.26" -5.22/-2.99 - [114]
Cu34 5199)/5589) 88°)/76%%) 190/110/34 0.10" -5.30/-2.60 - [31,115]
Cu3s 547°) 69°¢) - 0.10+0.5 - 0.36/0.47 m7)
Cu36 498 /5009 32¢8) —/103/2.5 0.12 -4.70/-0.87 - ms
Cu3? 511975179 28°¢) —/714/12.5 0.12 —4.50/-0.87 - (18]
Cu3s 527975329 29¢) —/818/4.8 0.14 —4.50/-0.98 - 18]
Cu39 5209 /5509 20°h) 5.1/52.7/1.05 0.12 - - 9]
Cu40 5259/5559) 5.8¢h) 3.5/109.6/0.61 0.23 - - [19]
Cu41 5509 /5689 22.49/19.349) 125/334/5.7 0.09 —6.13/-2.66 - [120]
Cu42 5499 /5609 18.59/16.2%2) 105/310/5.7 0.09 -6.12/-2.59 - [120]
Cu43 5569 /5649) 209/19.4%9) 132/356/5.7 0.09 —6.16/-2.61 - [120]
Cus4 509°)/523¢) 459 /67%¢) 73/158/5.5 0.09 -5.20/-2.33 - 121
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Table 1. Continued.

OPTICAL
MATERIALS

www.advopticalmat.de

Complex? Armax [nM]?) PLQY [%] Tor [ns]/ 77 [1s]/ Tranr [Us] AEst[eV] HOMO/LUMO [eV] CIE [x/y] Ref.
Cu4s 5199 /5469) 299 /544/) 75/356/16 0.12 -5.21/-2.32 - n21]
Cud6 5039 /5169 799 /8240 51/209/1.4 0.10 -5.22/-2.33 - 21
Cu47 5539) 32¢) 55/261/16.3 0.12 - - [125]
Cu43 5489 22¢ 66/122/14.9 0.1 - - [125]
Cu49 538 24°1) 100/167/17.1 0.1 - - [125]
Cu50 5279 28 58/169/27.5 0.13 - - [125]
Cu52 502°) 33¢8) -/-/3 0.14 -5.58/-2.59 - [130]
Cus3 5069 /5029 90°8) 70/44190/1.3 0.06 —4.98/-1.88 - [131]
Cu54 49095089 90<) —/269/23.6 0.09 -5.80/-2.85 - [133]
Cus5 512975209 27.8% —/210/13.0 0.04 ~5.70/-2.73 - [133]
Cu56 5539 48.8%2) 31.6/-/5.3 - - - [134]
Cu57 5379 77.9%8) 25.7/-/5.5 - - - [134]
Cu58 526°) 63.798) 30.3/-/5.3 - - - [134]
Cu59 4879 /5009 692) /8141 182/58.8/9.46 0.07 -5.12/-1.98 - [137]
Cu60 4839 /4949 862 /9641 299/126/7.62 0.04" -5.18/-2.15 - [137]
Cu6l 5219 200 —/-7 0.36 - - [102]
Cu62 5759 /6109 6.2¢h —/45/2.9 - -6.07/-2.53 - [138]
Cu63 5819/5954 1110 -/31/2.9 - —6.07/-2.36 - [138]
Cu64 5179 /6049 50.30 —/42/12 0.1 —6.17/-2.76 - [138]
Cu65 5849 /5739 14.88)/25.7%¢) -/82/2.7 0.15 ~5.99/-2.74 - [141]
Cu66 5879 /5609 17.192)/30.6%¢) -/119/3.3 - -6.07/-2.78 - [141]
Cu67 5829/613% 3.9%8)/3.8%¢) -/12/2.5 - —6.00/-2.61 - [141]
Cu68 569/593¢) 16.3%8) /18%) —/25/4.8 - —6.03/-2.65 - [141]
Cu69 5969 /5689 6.38)/27.5%¢) —/55/2.6 - —6.00/-2.83 - [141]
Cu70 5449 /5699 10.9%8)/40%¢) -/107/2.3 0.19 -6.09/-2.78 - 141]
Cu7l 5659/599% 17¢8) /59 -/21/3.3 0.23 ~5.87/-2.46 - [145]
Cu72 5709 /5969 9c8) /g4.) -/2.7/28 - -5.90/-2.47 - [145]
Cu73 5859/613% 5¢8) /3) ~/16/1.5 - -5.92/-2.55 - [145]
Cu74 5499 /5639 30°€)/10%) —/48/10.2 0.21 -5.94/-2.52 - [145]
Cu7s 564°)/598¢) 22¢8) [9%) -/31/6.5 - ~5.93/-2.52 - [145]
Cu76 5666009 20¢8) [7%¢) -/33/6.2 - -5.98/-2.55 - [145)
Cu77 566 /593¢) 19°8)/119¢) —/23/4.7 - -5.92/-2.53 - [145]
Cu78 566 /5949 22¢8)/15%¢) —/23/4.0 - -5.91/-2.52 - [145]
Cu79 572976109 1268)[119¢) -/13/2.7 - -5.93/-2.57 - [145]
Cu80 5579/588% 2148 /20%¢) —/38/6.0 0.21 -5.90/-2.53 - [145]
Cu8l 5529/5759) 32581209 -/38/6.5 - ~5.93/-2.55 - [145]
Cu82 5529 /5769 38¢8)/23%¢) —/44/9.1 - -5.92/-2.52 - [145]
Cus3 584 /5974 38) [7%) ~/27.6/1.95 - ~5.98/-2.54 - [146]
Cus4 5529 /5789 168 /259¢) —/56.3/6.32 - —5.96/-2.51 - [146]
Cu8s 5229/5559 59¢8) /46%¢) —/92/13.8 - ~5.98/-2.40 - [146]
Cu86 5899 /5949 1.998) /11¢) —/20/1.19 - —5.87/-2.45 - [146]
Cus7 5479 /5879 26%8)[19%¢) ~/19.7/6.62 - -5.89/-2.49 - [146]
Cuss 5759 200 —/-/1.22,0.33 - -5.8/-2.8 - [147]
Cus9 4939 200 - - - - [149]
Cu90 671 56 -/-/0.63 - -5.6/-3.5 - [150]

dSelected photophysical data in solid-state for Cu(l) complexes with TADF used in OLEDs and LECs or discussed in this review; ®Maximum emission wavelength;
9Measured at 298 K; 9Measured at 77 K. PLQY values in ®solution (glassy solution of Me-THF); powder; &film. Values converted from the ones reported by the authors in

Mem™; k) mol™.
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PPh,  PPh, PPh,  PPh,

POP=©/O\© xantphos = O O Q

wans

Cul: P'P=POP//R'=H,R*=H

Cu2: PP =POP //R' = Me, R?=H

Cu3: PP = POP //R' = CF3, R® =H

Cud: PP = POP // R' = Ph, R? = dmac
CuS: P*P = xantphos // R' = Ph, R? = dmac

Scheme 1. Description of copper(l) complexes Cul-5.

of access to high-energy emissions. In fact, the introduction of
the electron-donating methyl group on the NAN ligand in Cu2
(Amax = 465 nm, PLQY = 87%) shifts the emission of the copper
complex to higher energies compared to Cul (A, = 490 nm,
PLQY = 56%) and Cu3 (A = 492 nm, PLQY of 75%). These
complexes showed 7 values of 20.4, 12.2, and 22.8 us; the AEgy
were estimated at 0.18, 0.17, and 0.18 eV for Cul, Cu2, and Cu3,
respectively.

The three complexes Cul-Cu3 were used as emissive
materials for solution-processed OLEDs (Table 2). The con-

www.advopticalmat.de

20 wt%:host/DPEPO/LiF/Al Two different hosts were tested:
2,6-bis(N-carbazolyl)pyridine (26mCPy; HOMO -5.7 eV,
LUMO -22 eV) and bis(2-(diphenylphosphino)phenyl)
ether oxide (DPEPO; HOMO —6.0 eV, LUMO -2.0 eV).
First, 26mCPy was used; this device configuration (ITO/
PEDOT:PSS/complex in 20 wt%:26mCPy/DPEPO/LiF/Al) was
optimized for Cu3 leading to green-emitting devices (Ap., =
508 nm, x/y CIE color coordinates: 0.21/0.33) with an L, of
2033 ¢d m™? and EQE of 8.47%. In contrast, complexes Cul
and Cu2 feature LUMO levels relatively close to the level of
26mCPy. This resulted in a poor electron injection. As a con-
sequence, devices based on Cul and Cu2 showed emissions
from both the copper(l) complexes and the host, achieving
Liax of 1116 and 502 cd m™2 and maximum EQEs of 3.18%
and 1.59% for Cul and Cu2 devices, respectively. The authors
replaced the host 26mCPy by DPEPO having a higher LUMO
level and higher triplet level. Regardless of the emitter, devices
with pure emissions from the complexes were obtained but
only enhanced EQE values were noted for those with Cu2
(EQE = 3.72%). The performance of devices with Cul and Cu3
significantly decreased caused by the lack of the hole-blocking
barriers between the emitting and the electron transport layer.

The same authors published new complexes incorporating
the group 9,9-dimethylacridan (DMAC), with remarkable
steric bulkiness and well-known electron donor character, as a
substituent of the pyridine ring of the NAN ligand associated
with POP (Cud) and 4,5-bis(diphenylphosphino)-9,9-dimeth-
ylxanthene (xantphos) (Cu5) (Table 1 and Scheme 1).1°U They
aimed at i) increasing the PLQYs by restraining the flattening
distortion in the excited states, and ii) improving the hole-trans-
porting efficiency of the devices. The blue-emitting Cu(I) com-
plexes Cu4 and Cu5 featured a much smaller AEgy of 0.12 eV
and Trapr of 50-145 Us in comparison to complexes Cul-Cu3
(vide supra and Table 1).5% Solution-processed OLEDs doped
with complexes Cu4 and Cu5 20 wt% in mCP were fabricated
(Table 2). The device with Cu4 showed the most bluish emis-
sion (Apa = 490 nm, x/y CIE color coordinates: 0.17/0.37) and

figuration of the devices was ITO/PEDOT:PSS/complex in  the highest luminescence maximum of 6563 cd m™, while
Table 2. Figures of merit of OLED devices based on Cu(l) complexes with TADF.

Complex? Device architecture Von VI Amax[NM]  Lpax[cdm™?  EQE[%] CE[cdA] PE[ImWT] CIE[x/y] Ref.
Cul ITO/PEDOT:PSS/Cul 20wt%:DPEPO/DPEPO/LIiF /Al 8.7 500 309 1.98 5.15 - 0.20/0.29  [30]
cu2 ITO/PEDOT:PSS/Cu2 20wt%:DPEPO/DPEPO,/LiF /Al 93 434 194 3.72 837 - 017/0.21  [30]
Cu3 ITO/PEDOT:PSS/Cu3 20wt%:DPEPO/DPEPO/LIF /Al 1.5 496 139 142 3.53 - 0.18/0.25  [30]
Cu4 ITO/PEDOT:PSS/TAPC/Cu4 20wt%:mCP/3TPYMB/LiF/Al 53 490 6563 5.83 14.0 - 0.17/0.37  [107]
Cu5 ITO/PEDOT:PSS/TAPC/Cu5 20wt%:mCP/3TPYMB/LiF/Al 7.4 501 5579 7.42 20.2 - 0.21/0.43  [107]
Cul2 ITO/PEDOT:PSS/TAPC/Cul12 10wt%:mCP/3TPYMB/LiF/Al 3.4 552 - 11.9 34.6 - 0.40/0.53  [104]
Cul3 ITO/PEDOT:PSS/TAPC/Cul3 10wt%:mCP/3TPYMB/LiF/Al 3.2 545 - 16.0 46.7 - 0.37/0.54  [104]
Cul4 ITO/PEDOT:PSS/TAPC/Cul14 10wt%:mCP/3TPYMB/LiF /Al 2.6 528 - 17.7 541 - 0.34/0.54  [104]
Cul5 ITO/PEDOT:PSS/PVK/Cul5 10wt%:TAPC 5.0 - - 7.8 21.3 - 0.40/0.53  [105]

30wt9%:mCP/3TPYMB/LiF/Al

Culé ITO/PEDOT:PSS/TAPC/Cul16 10wt%:mCP/3TPYMB/LIF/Al 3.3 527 - 211 67.7 - 0.30/0.55  [106]
Cul7 ITO/PEDOT:PSS/TAPC/Cul7 10wt%:mCP/3TPYMB/LiF /Al 3.0 517 - 21.3 65.3 - 0.29/0.4  [106]
Cul8 ITO/PEDOT:PSS/TAPC/Cu18 10wt%:mCP/3TPYMB/LIF/Al 3.1 513 - 212 62.4 - 0.25/0.51  [106]
cu19 ITO/PEDOT:PSS/TAPC/Cu19 10wt%:mCP/3TPYMB/LIF/Al 3.3 529 - 22,5 69.4 - 0.32/0.54 [106]
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Table 2. Continued.

Complex?) Device architecture Von VI Amax[NM] Ly [cdm™?  EQE[%] CE[cdA] PE[ImWT] CIE[x/y] Ref.
Cu20 ITO/PEDOT:PSS/TAPC/Cu20 10wt%:mCP/3TPYMB/LiF /Al 33 515 - 18.6 55.6 - 0.26/0.51  [106]
Cu22 ITO/PEDOT:PSS/Cu22 A 20wtS%:czpzpy/DPEPO;LIF /Al 5.6 514 2939 6.34 17.34 - 0.26/0.49 [108]
Cu22 ITO/PEDOT:PSS/Cu22 BY 15wi%:czpzpy/DPEPO/LIF/Al 56 516 3251 6.36 17.44 - 0.25/0.49  [108]
Cu23 ITO/MoO;/TAPC/TCTA/Cu23 10Wt%:mCP/TPBI/LiF/Al 35 584 - 9.6 247 214 047/0.50 [112]
Cu24 ITO/MoO3/TAPC/TCTA/Cu24 10wt%:mCP/TPBI/LiF /Al 3.5 584 - 12.4 327 28.8 0.47/0.50  [112]
Cu25 ITO/MoO;/TAPC/TCTA/Cu25 10wt%:mCP/TPBI/LiF /Al 3.5 584 - 16.3 40.8 359 0.48/0.49 [112]
Cu27 ITO/PEDOT:PSS/Cu27 5wt%:PYD2/DPEPO/TPBI/LiF /Al - - 3480 16.6 49.8 254 0.44/0.53  [113]
Cu28 ITO/PEDOT:PSS/Cu28 5wt%:PYD2/DPEPO/TPBI/LiF /Al - - 5580 15.6 433 19.8 0.48/0.51  [113]
Cu30 ITO/PEDOT:PSS/Cu30 2.5wt%:PYD2/DPEPO/TPBI/LiF /Al - - 3030 5.10 14.8 5.10 0.44/0.53  [113]
Cu3l ITO/PEDOT:PSS/Cu31 12wt%:PYD2/DPEPO/TPBI/LiF /Al - 535 8650 18.5 58.5 23.0 0.37/0.56  [114]
Cu32 ITO/PEDOT:PSS/Cu32 12wt%:PYD2/DPEPO/TPBI/LiF /Al - 582 17600 14.3 35.3 10.0 0.51/0.48  [114]
Cu33 ITO/PEDOT:PSS/Cu33 4wt%:CBP/TPBi/LiF /Al - 631 4630 10.2 .3 4.10 0.61/0.38  [114]
Cu34 ITO/PEDOT:PSS/PLEXCORE UT-314/Cu34 2.6 - 10000 23 73 - - [31,115]
30wt9:PYD2/3TPYMB/AI
Cu35  ITO/PEDOT:PSS/Cu35 8 mg/ml:decalin/TSPO1/TPBi/LiF/Al 4 - 1000 13.9 45 - - m7
Cu36 ITO/MoO;/TAPC/TCTA/Cu36 10wt%:mCP/TmPyPb/LiF /Al 5.1 - 2339 10.1 329 19.9 0.31/0.54  [118]
Ccu3? ITO/MoOs/TAPC/TCTA/Cu37 10wt%:mCP/TmPyPb/LiF/Al 5.4 - 2399 7.3 20.4 1.2 0.31/0.50 [118]
Cu3s ITO/MoOs/TAPC/TCTA/Cu38 10wt%:mCP/TmPyPb/LiF /Al 3.9 - 3256 83 22.9 16.0 0.38/0.51 [118]
Cu39 ITO/HATCN/NPB/TCTA/Ir (bpiq)2acac 5wt%:TCTA/Cul 3.4 525 18186 17.6 53.8 483 - mo
6wt9%:CzBPDCb/TPBi/Lig/Al
Cud0 ITO/HATCN/NPB/TCTA/Ir (bpiq) 2acac 5wt9%:TCTA/Cul 36 525 4450 32 8.58 6.24 - mo]
6Wt%:CzBPCh/TPBI/Liq/Al
Cu41 ITO/PEDOT:PSS/TCTA/Cu41 10wt%:/TmPyPb/LiF /Al 5.2 544 11010 14.8 47.0 21.6 0.37/0.55 [120]
Cu42 ITO/PEDOT:PSS/TCTA/Cu42 10wt%:mCP/TmPyPb/LiF /Al 5.6 544 5152 n.2 35.6 14.5 0.38/0.55 [120]
Cu43 ITO/PEDOT:PSS/TCTA/Cu43 10wt%:mCP/TmPyPb/LiF /Al 5.3 544 5242 6.67 21.3 12.1 0.38/0.54  [120]
Cu44 ITO/PEDOT:PSS/Cu44 20 wt%:PYD2/3TPYMB/LiF /Al 8.5 523 2342 7.6 24.8 - 0.30/0.54  [127]
Cu45 ITO/PEDOT:PSS/Cu45 20wt%:PYD2/3TPYMB/LiF/Al 7.7 526 2012 6.2 20.4 - 0.30/0.54  [127]
Cu46 ITO/PEDOT:PSS/Cu46 20wt%:PYD2/3TPYMB/LiF /Al 7.3 522 2525 83 27.1 - 0.29/0.53  [121]
Cu49 ITO/PEDOT:PSS/Cu49 15wt%:BCPO/TPBi/LiF /Al 4.0 - 12800 10.5 - - 0.32/0.53  [125]
Cu50 ITO/PEDOT:PSS/Cu50 15wt%:BCPO/TPBi/LiF /Al 4.0 - 7740 9.5 - - 0.33/0.54  [125]
Cu51 ITO/PEDOT:PSS/TFB/Cu51 20wt%:PVK/BPhen/LiF /Al 34 - 7790 9.7 30.4 1.8 - [129]
Cu52 ITO/PEDOT:PSS/TFP/Cu52 20wt%:PVK/BPhen/LiF /Al 3.8 - 8100 5.6 - - 0.37/0.60  [130]
Cus3 ITO/HATCN/TAPC/Cu53 40vol%:mCP/TPBi/Liq/Al 2.5 543 54000 19.4 - - - 31
Cu54 ITO/PEDOT:PSS/Cu54 20wt%:TCTA/TPBi/LiF/Al 6.5 520 1437 - 1 - - [133]
Cu55 ITO/PEDOT:PSS/Cu55 20wt%:TCTA/TPBi/LiF /Al 6.0 539 1871 - 2.1 - - [133]
Cus6 ITO/PEDOT:PSS/CuCl Swit%:aza-SBF/TCTA/TPBi/Lig/Al 5 - 6799 9.5 243 12.9 - [134]
Cu57 ITO/PEDOT:PSS/CuBr 7wt%:aza-SBF/TCTA/TPBi/Liq/Al 4.4 - 13670 13.6 37.2 251 - [134]
Cu58 ITO/PEDOT:PSS/Cul 9wt%:aza-SBF /TCTA/TPBi/Liq/Al 4.0 - 7891 10.7 30.7 21.6 - [134]
Cus9 ITO/Mo03/MoO; 20wt%:mCP/mCP/Cu59 9wt%:mCP/ 44 515 1380 7.44 263 - - [137]
DPEPO,/TPB/LiF/Al
Cu60 ITO/MoO3/MoO; 20wt%:mCP/mCP/Cu60 10wt%:mCP/ 44 540 3665 14.5 322 - - [137]

DPEPO/TPBI/LiF/Al

Reported data were selected from the corresponding references, in favor of the highest EQE or highest CE when EQE was not given; " The dopant complex Cu22 was
prepared in situ using the starting materials.V,,: turn-on voltage; A, electroluminescence maximum emission; L., maximum luminance; EQE, maximum external
quantum efficiency; CE, maximum current efficiency; PE, maximum external power efficiency; CIE, Commission Internationale de I'Eclairage.
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Cu9: X=CH,

Cu10: X = CMe,

Cu11: X = PPh

Scheme 2. Description of copper(l) complexes Cu6-11.

devices with Cu5 reached the highest EQEs of 782%. The fact
that complexes Cu4 and Cu5 outperformed Cul-Cu3 in both,
photophysical and electroluminescence behaviors, encouraged
the authors to conclude that the DMAC moiety is critical for
achieving good performances using this type of complexes in
OLEDs.

Blue-Emitting LECs: While the first Cu(I)-based blue-emit-
ting OLEDs with TADF emission were published in 2013, it
was not until 2016 that the first Cu(I)-based blue-emitting
LECs were published by Gaillard and Costa groups.l'd The
authors reported a series of tricoordinated copper(I) complexes

www.advopticalmat.de

[Cu(NHC)(dpa)][PFs] based on N-heterocyclic carbene (NHC)
and dipyridylamine (dpa) derivatives as ligands (Scheme 2).
The influence of different substituents on both NHC and dpa
ligands were investigated to modulate the A, and PLQY
values of this family of complexes. A detailed understanding of
the design of these complexes allowed tuning of the emission
from blue (Aey, = 463 nm) to green (Ao, = 550 nm). Breaking
the geometry of the complexes by the plane angle, defined by
the authors, and/or H...F interactions between the dpa ligand
and the counter ion appeared to increase the PLQY (in powder)
of this family. In this series, Cu6, Cu7, and Cu8 (Scheme 2)
exhibited TADF with A,., centered at 463, 479, and 458 nm;
PLQYs of 22, 64, and 86%; t,,, of 13, 30, and 44 us; and AEgr
of 0.35 eV, respectively. They were selected to prepare the first
blue-emitting LECs with the architecture ITO/PEDOT:PSS/
copper(I) complex (100 nm)/Al (Table 3). Under current—
voltage-luminance (IVL) assays, devices with Cu6 and Cu8
showed the highest L, of 56 and 310 cd m™2, respectively. In
general, the devices possessed low stability as a drop of lumi-
nance was observed along with a red-shift of the A,,, over
repetitive IVL assays. This degradation was assigned to a poor
redox reversibility of the complexes. Nevertheless, these devices
were driven at pulsed current densities; the bluest emission at
Amax Of 493 nm was measured for devices with Cu7 (x/y CIE
color coordinates: 0.23/0.29), achieving the lowest performance
including L., of 10 cd m™2, efficiencies of 0.006 cd A7, and
lifetimes (t;;) of 1.3 min. Devices with Cu8 showed A, cen-
tered at 497 nm (x/y CIE color coordinates: 0.23/0.28) and the
highest performance in terms of Ly,,,, efficiencies, and t;;, with
values of 50 cd m2, 0.29 cd A7}, and 2.7 min, respectively.

The following year, the same authors studied the role of the
bridging atom in the bis-pyridyl ligand in a series of copper(I)
complexes [Cu(NHC)(NAN)][PFs. Using as reference the
nitrogen-based complex Cu6 (X = NH, Scheme 2),0% three
more bridging groups of the bis-pyridyl NAN ligand were

Table 3. Figures of merit of LEC devices based on Cu(l) complexes with TADF.

Complex? Device architecture Operating Amaxc [NM] - Lnac[cd m™2] 2o, [h] tiafh] EQE[%] CE[cdA] PE[mWT CIE[x/y] Ref
conditions

Cu6 ITO/PEDOT:PSS/Cu6/Al 166.4 mA cm=2) 495 59 <ls 1.3 min - 0.004 3.23 0.24/0.29  [102]

Cu7 ITO/PEDOT:PSS/Cu7/Al 166.5 mA cm~29) 493 10 <ls 1.2 min - 0.006 3.04 0.23/0.29  [102]

Cu8 ITO/PEDOT:PSS/Cu8/Al - 497 170 - - - 1.30 - 0.23/0.28 [102,109]

Cu9 ITO/PEDOT:PSS/Cu9/Al 5 mA9 - 2.2 - 36s - 0.001 - 0.30/0.42  [103]

Cul0 ITO/PEDOT:PSS/Cul0/Al 0.5 mA9 - 6.2 - 240 s - 0.19 - 0.23/0.39 [103]

Cull ITO/PEDOT:PSS/Cul1/Al 0.5 mA9 - 13 - 42s - 0.39 - - [103]

Cu61 ITO/PEDOT:PSS/Cu61/Al IVL 555 2.7 - - - - - [102]

Ccu62 ITO/PEDOT:PSS/Cu62 4/1 100 A m29) 595 65 0.37 8.5 04 0.70 0.20 - [138]
[EMIM][PFg]/Al

Cu63 ITO/PEDOT:PSS/Cu63 4/1 100 A m=29) 589 109 2.28 31 0.5 1.10 0.40 - [138]
[EMIM][PF¢]/AI

Cué4 ITO/PEDOT:PSS/Cu64 4/1 100 A m2) 593 131 0.13 2 06 130 0.40 - [138]
[EMIM][PFg]/Al

Cu65 ITO/PEDOT:PSS/Cu65 4/1 100 A m=29) 586 121 <S5s 0.28 0.5 1.20 0.30 - [147]
[EMIM][PF¢]/AI

Cu66 ITO/PEDOT:PSS/Cu66 4/1 100 A m=29 587 259 12s 0.08 1.2 2.70 0.60 - [147]
[EMIM][PFg]/Al
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Complex?) Device architecture Operating Amac [NM] Lac[cd m™2] 2o [h] tia[] EQE[%] CE[cdA] PE[mWT CIE[x/y] Ref
conditions

Cu71 ITO/PEDOT:PSS/Cu71 4/1 50 A m2b) 585 17 15.9 200 - 0.30 - - [145]
[EMIM][PF¢]/Al

cuz2 ITO/PEDOT:PSS/Cu72 4/1 50 A m2b) 585 63 1.00 102 - 130 - - [145]
[EMIM][PFg]/Al

Cu73 ITO/PEDOT:PSS/Cu73 4/1 50 A m2) 585 37 3.40 104 - 0.70 - - [145]
[EMIM][PF4]/Al

Cu74 ITO/PEDOT:PSS/Cu74 4/1 50 A m=2b) 585 32 0.40 14 — 0.60 - — [145]
[EMIM][PF¢]/Al

Cu7s ITO/PEDOT:PSS/Cu75 4/1 50 A m2) 585 14 0.30 6 - 0.20 - - [145]
[EMIM][PFg]/Al

Cu76 ITO/PEDOT:PSS/Cu76 4/1 50 A m2b) 585 22 3.90 60 - 0.40 - — [145]
[EMIM][PF¢]/Al

cu77 ITO/PEDOT:PSS/Cu77 4/1 50 A m2b) 585 45 420 48 - 0.90 - - [145]
[EMIM][PFg]/Al

cu7s ITO/PEDOT:PSS/Cu78 4/1 50 A m2) 585 79 0.50 54 - 1.60 - - [145]
[EMIM][PF4]/Al

Cu79 ITO/PEDOT:PSS/Cu79 4/1 50 A m=2b) 585 80 1.80 47 - 1.60 - - [145]
[EMIM][PFg]/Al

Cu80 ITO/PEDOT:PSS/Cu80 4/1 50 A m2b 585 44 0.90 20 - 0.90 - - [145]
[EMIM][PF4]/Al

Cu8l ITO/PEDOT:PSS/Cu81 4/1 50 A m=2b) 585 39 0.70 14 - 0.80 - — [145]
[EMIM][PF¢]/Al

Cu82 ITO/PEDOT:PSS/Cu82 4/1 50 A m2b) 585 56 3.10 30 - 110 - - [145]
[EMIM][PFg]/Al

Cus3 ITO/PEDOT:PSS/Cu83 4/1 100 A m~2) 584 20 002 008 - 0.20 - - [146]
[EMIM][PF4]/Al

Cu84 ITO/PEDOT:PSS/Cu84 4/1 100 A m=2b) 575 230 0.08 0.90 - 2.30 - - [146]
[EMIM][PFg]/Al

Cuss ITO/PEDOT:PSS/Cu85 4/1 100 A m20) 557 370 0.02 0.82 - 3.70 - - [146]
[EMIM][PF4]/Al

Cu86 ITO/PEDOT:PSS/Cu86 4/1 100 A m=2b) 582 50 0.01 0.58 - 0.50 - - [146]
[EMIM][PF¢]/Al

cuss ITO/PEDOT:PSS/CBP/Cu88/Al 7.5 mAb) 573 32.9 16 10.8 - 030 - 0.46/0.52  [147]

Cu90 ITO/PEDOT:PSS/Cu90/Al 15 mA 675 97.99 - 20.9 - - 023 0.66/0.32 [150]

Cu90 ITO/PEDOT:PSS/Cu90 15/85 - - 4 - - - - - 031032 [150]

CBP/AI®)

AReported data were selected from the corresponding references, in favor of the highest EQE or highest CE when EQE was not given; ®Pulse mode; 9Complex Cu90 was
used in a red-emitting LEC device; 9Luminance given in irradiance [uW cm=?; ®Complex Cu90 was used in a white-emitting LEC device. Ay, maximum emission; L.,
maximum luminance; t,n, time to reach the maximum luminance; t,, time to reach half of the maximum luminance; EQE, maximum external quantum efficiency; CE,
maximum current efficiency; PE, maximum external power efficiency; CIE, Commission Internationale de I'Eclairage.

studied with X = CH, for Cu9, X = C(CH3;), for Cul0, and X =
PPh for Cull (Table 1 and Scheme 2).1% The authors estab-
lished clear relationships between the structural changes of
the complexes in both the ground and excited states induced
by the bridging group and both the PLQY and the device per-
formance. Interestingly, the TADF mechanism was noted for
each complex, showing AEgr values of 0.07 eV for Cu9 and
0.06 eV for Cull and zrapr values of 6, 14, and 13 us for Cu9,
Cul0, and Cull, respectively. As an example, Cu9 and Cul0
showed the same emission centered at 475 and 483 nm at RT
and 77 K, respectively. However, the planar-like complex Cu9
exhibited low PLQY of 15%, while the boat-like Cul0 exhib-

Adv. Optical Mater. 2020, 8, 2000260

2000260 (11 of 36)

ited a PLQY of 73%. This was related to the presence of two
methyl groups, which brings a more pronounced symmetry
breaking, therefore, leading to a pyramidal geometry of the
bridging group. In addition, the authors also noted that the dif-
ferent molecular structures strongly impact the ionic mobility
in thin films ranging from 4 x 107 to 8 x 10 S m™ for Cu9
and Cul0, respectively. This is of particular interest to select the
appropriate current to ensure enough charge injection at the
lower current possible, avoiding stability issues due to over oxi-
dation/reduction processes. For instance, devices driven at low
applied currents of 5 mA showed a greenish-blue emission (x/y
CIE color coordinates: 0.30/0.42) with Ly, of 21 cd m~2 and by
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Figure 6. Graphical summary of the benchmark copper(l)-based blue-emitting OLEDs and LECs devices; devices with highest efficiencies are

represented on the left.

of 324 s for Cul0, while those with Cu9 showed a more blue-
shifted emission (x/y CIE color coordinates: 0.23/0.28) with
Linay 0f 2.2 cd m™ and a t, of 36 s (Table 3).

A detailed representation in the CIE color space of the blue-
emitting devices (OLEDs and LECs) based on Cu(I) complexes
is given in Figure 6, with a highlight on the best performing
devices in each category.

Green and Yellow-Emitting OLEDs: A large family of com-
plexes based on bidentate diphenylphosphinobenzene (dppbz)
derivatives with TADF emission has been developed by Osawa
and co-workers.1%1971 Tn 2013, a series of tetra-coordinate
Cu(l) complexes Cul2-14 with diphenyl-bis(pyrazol-1-yl)
borate (pz,Bph,”) and three dppbz derivatives were reported
(Table 1 and Scheme 3).1% The authors investigated the

405

influence of the fluorine (Cul3) and CF; (Cul4) substitu-
ents at the dppbz ligand on the photophysical properties
and device performances. Cul2 without any substituent was
used as a reference. Fluorinated substituents had a limited
effect but not negligible on the photophysical properties,
for instance; in thin films at 298 K: A, (nm){¢(%)} z(us)] =
545{50}(3.8] for Cul2, 534{63}[3.6] for Cul3, 523{68}[8.2] for
Cul4. Although complexes Cul3 and Cul4 exhibited emission
Amax at 77 K similar to those at 298 K with exception of Cul2
(Amax = 550 nm), all complexes showed a general red-shift of
the beginning edges of emission spectra. Additionally, the 7, ¢
were increased to 170, 400, and 270 us, which suggested the
existence of TADF. This was confirmed by small AEgy values
of 3.70, 4.64, and 4.32 kcal mol™. However, these fluorinated

Ph,  Ph,

P, P R
N

/ \N N~ Ph Bh/ s P R

/ 2
R ()
R
L R
R

Cu16: R=Me// X =CI
Cul12:R=H Cu17: R=Me// X =Br
Cut3:R=F [cuts] Cu18: R = Me // X = |
Cul4: R = CF, Cu19: R = Et// X = Br

Scheme 3. Description of copper(l) complexes Cu12-20.
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substituents showed huge impact on the oxidation poten-
tials values: E,, (vs Fc/Fc*) = +0.36 V (Cul2), +0.86 (Cul3),
and +1.20 V (Cul4). The electrochemical analysis, combined
with DFT calculations, showed that these substituents stabi-
lize both the HOMO and the LUMO, leading to small changes
in the HOMO-LUMO gap, explaining the weak influence on
the emissions shifts. The introduction of fluorinated substitu-
ents increased the thermal stability and sublimability of the
complexes; this allowed the preparation of sublimated OLEDs
using mCP as a host. These OLEDs feature a similar green
emission at low turn-on voltages (V,,) of 3.4, 3.2, and 2.6 V
for devices with Cul2, Cul3, and Cul4, respectively. The
maximum EQEs of 11.9%, 16.0%, and 177% were achieved
for devices with Cul2, Cul3, and Cul4, respectively, (Table 2).
Both the PLQYs and the EQEs suggest that increasing the
number of fluorine atoms is beneficial to the photolumines-
cence of the complexes and the electroluminescence of the
devices.

The same year, the authors reported a comparative study
between copper(I), silver(I), and gold(I) complexes Cul5, Agl,
and Aul, in which pz,Bph,” was replaced by the strong elec-
tron donor 2-diphenylphosphinobenzenethiolate (dppbzS)
(Table 1 and Scheme 3).%! This led to very little contribu-
tion of the metal orbital to the HOMOs. As a consequence,
the MLCT character is only 2% in this series, in contrast to
30-38% in complexes Cul2-14."1 Nevertheless, complexes
Cul5, Agl, and Aul featured TADF emissions centered at
521, 505 and 630 nm, owing to small AEsy of 309, 199, and
405 cm™, respectively. Unfortunately, Agl showed a low solu-
bility, whereas Aul featured a quick degradation in solution.
For these reasons, Cul5 was the only one implemented in
OLEDs, achieving green luminescence (x/y CIE color coordi-
nates: 0.40/0.53) with an EQE of 7.8% (Table 2). This value is
much smaller than those of their counterparts Cul2-14, indi-
cating that the dppbzS ligand is not suitable for the design of
organometallic TADF emitters.

In 2015, three coordinate Cu(I) complexes (Cul6-Cu20; Table 1
and Scheme 3) bearing bidentate dppbz ligands (1,2-bis[bis(2-
methylphenyl)phosphino]benzene, 1,2-bis[bis(2-ethylphenyl)
phosphinolbenzene, and 1,2-bis[bis(2-isopropylphenyl)phos-
phino]benzene]) and halides Cl, Br, and I were reported by Osawa
et al. Complexes showed a TADF behavior and were employed
for OLED devices.'% These complexes featured blue to green
TADF emission in powder, with PLQYs ranging between 38%
and 95%, and the AEgr was less than 830 cm™. In this family
of complexes, the origin of the emission is the (o(Cu)+X)—7m*
transition. Bulkier diphosphine ligands lead to increased PLQY
values. Noteworthy, Cu20 reached a PLQY value of almost 100%
which is in good agreement with the general statement that steric
hindrance around the coordination sphere of Cu(I) increases the
PLQY of the TADF emission. It is important to mention that the
influence of the halide is noticed through the 7 analysis at 77 K.
In fact, the k, values follow the trend (Cl < Br < I) suggesting
that the SOC of the halides affects the emissions. All the OLEDs
exhibited TADF green luminescence (513-529 nm; x/y CIE color
coordinates: 0.25/0.51-0.32/0.54) with high EQE values (18.6—
22.5%) (see Table 2).

Two years after publishing the family of TADF blue-emit-
ting copper(I) complexes Cul-Cu3,’” Lu and co-workers
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synthesized two new green-emitting complexes [Cu(czpzpy)
(PPhs),][BF,] Cu2l and [Cu(czpzpy)(POP)|[BF,] Cu22, in
which czpzpy is a diimine ligand functionalized with a carba-
zole (Cz) group (Table 1 and Scheme 4).1%8] Both complexes
showed a TADF emission (AEgr = 0.18 and 0.13 eV, 7, = 134
and 23 us), achieving a PLQY of 98% for Cu22. Complex Cu22,
showing the best thermal stability with the highest decompo-
sition temperature (Ty) of 349 °C, was applied to OLEDs fol-
lowing two approaches. First, the complex was used in 20 wt%
as dopant and the ligand czpzpy as host, that is, the ITO/
PEDOT:PSS/Cu22, 20wt%:czpzpy/DPEPO/LiF/Al device A.
Second, the authors prepared device B by spin-coating a mix-
ture of the ligand and the starting material [Cu(CH;CN),(POP)]
[BF,]. The working hypothesis aimed to achieve the same device
architecture while synthesizing complex Cu22 during the depo-
sition process and using the excess of czpzpy as a host to inhibit
dissociation of the NAN ligand, which is a typical decomposi-
tion pathway for this type of copper(I) complexes.l-111 Both
devices showed green emissions (A, = 514 nm, x/y CIE color
coordinates: 0.26/0.49; and A,,,, = 516 nm, x/y CIE color coor-
dinates: 0.25/0.49) for devices A and B, respectively. Interest-
ingly, both devices achieved similar performances with L, of
~3000 cd m~2 and EQE value of 6.34% (Table 2).

Copper(I) complexes Cu23-Cu25 (Table 1 and Scheme 5)
displaying dual TADF and phosphorescence emissions were
reported by Xu and co-workers in 201712 These neutral
complexes have a general formula of [CuX(TTPP)], in which
TPPP is the tridentate phosphine 2,2’-(phenylphosphinedyl)
bis(2,1-phenylene)bis(diphenylphosphine) and X a halide atom
(X = Cl Cu23, X = Br Cu24, and X = I Cu25). The triphos-
phine ligand offers a rigid and stable tetrahedral geometry to
the complexes as well as a strong thermal stability, while the
halide groups modify the SOC of the complexes. As a conse-
quence, the contribution of each emission process (TADF and
phosphorescence) can be modulated. For instance, Cu23 shows

(s

\/N \ Cz| -

N\/N/ BF,
C

Cu

Cu21: PAP = (PPh),
Cu22: PAP = POP

Scheme 4. Description of copper(l) complexes Cu21 and Cu22.
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PPh;
Ph—P—Cu—X

PPh;

Cu23: X =ClI
Cu24: X =Br
Cu25: X =|

Scheme 5. Description of copper(l) complexes Cu23-25.

almost pure TADF emission (94%) at RT, while Cu25 displays
34% of phosphorescence. This is also reflected in its high PLQY
(83%) due to a large AEgy and strong SOC. All compounds dis-
play similar yellow color (A,.x = 584 nm, x/y CIE color coor-
dinates: 0.47/0.49) in OLED devices with the architecture ITO/
MoO;3/TAPC/Cu23-25 10wt%:mCP/2,2,2”-(1,3,5-benzinetriyl)-
tris(1- phenyl-1-H-benzimidazole) (TPBi)/LiF/Al, Table 2. All
compounds showed comparable electron-only conductivity. The
hole-only transport is, however, higher for devices with Cu23
and Cu25 due to the strong electronegativity of the chlorine
atom and the large polarizability of the iodine atom. All devices
featured a V,,, of 3.5 V and reached 1000 cd m~2 at low voltages
(6=7 V). Devices with Cu25 exhibited remarkable EQE values of
16.3%. With an electron-hole recombination of 98%, the device
reaches a complete singlet-triplet harvesting and achieves very
low EQE roll-offs of 6% at 1000 cd m™2.

Che and co-workers proposed a family of heteroleptic
TADF copper(I) complexes based on phenanthrolines (phen),
bipy, and neocuproine ligands associated in concert with
7,8-bis(diphenylphosphino)-7,8-dicarbanido-unido-undecaborate
(dppnc) (Table 1 and Scheme 6).1*1 In 2015, the first series
of copper(I) complexes Cu26-Cu29 highlighted the influence
of substituents of the diimine ancillary ligand on the PLQY of

R2 R1 +
Ph,
N\ .\\Pll,,‘ B\
Cu B
B
Ph, BAY LB
R? l R! N

www.advopticalmat.de

these TADF emitters.'®l In detail, complexes Cu27 and Cu28
with neocuproine moiety exhibited emissions with PLQY around
5% in dichloromethane solution, whereas those with phen
(Cu26 and Cu29) were not emissive. Thus, poor device perfor-
mances were noted for these complexes. The authors pointed
out that the presence of methyl groups brings steric hindrance,
preventing the flattening distortions of the complexes in the
excited states. This assumption was corroborated by DFT calcu-
lations showing that the P2-N2-N1-P2 dihedral angle presented
considerable changes in Cu26 and Cu29 for both excited states
compared to ground state A(Sy—S;) = 20.2° and 19.8°% A(S,—T))
= 12.8° and 12.7°, respectively. In contrast, these geometries are
more rigid in the case of Cu27 and Cu28 with A(Sy_S;) = 3.4°
and 3.3° and A(S,_Ty) = 2.6° and 1.1°, respectively. To support
this theoretical study, the authors synthesized the copper(l)
complex Cu30, replacing the neocuproine by 6,6™-dimethyl-2,2’-
bipyridine, which showed performances similar to Cu27 and
Cu28. The emission mechanism in complexes Cu27, Cu28, and
Cu30 involved TADF. Solution-processed OLEDs consisting of
ITO/PEDOT:PSS/Cu(I) complex 2.5-5 wit%:PYD2/DPEPO/
TPBi/LiF/Al were fabricated and these devices reached EQE
values of 16.6%, 15.6%, and 5.10% for Cu27, Cu28, and Cu30,
respectively (Table 2). The low performance of the device incor-
porating complex Cu30 was explained by the lack of energy
transfer between the complex and the host PYD2.

After showing that substitutions in position 2 of the phen
strongly influences the emission mechanism, the authors eval-
uated the impact of substitutions in position 4 on the emission
features of the neocuproine derivatives.'™ Three complexes
were synthesized with different substituents in the position 4
of neocuproine: (2-ethylhexyl)oxy Cu31, 9,9-dihexyl-9H-fluoren-
2-yl Cu32, and (4-(9H-carbazol-9-yl)phenyl)ethynyl Cu33 (Table 1
and Scheme 6). Compounds Cu31-Cu33 showed TADF emis-
sions in the blue region A, = 497 nm (Cu31), yellow A, =
588 nm, and red region A,,,, = 657 nm (Cu33). The solution-pro-
cessed OLEDs were prepared using PYD2 as host and the emit-
ters Cu31-Cu33 as guest with the following architecture: ITO/
PEDOT:PSS/copper(I) complex 4-20wt%:PYD2/DPEPO/TPBi/
LiF/Al. The optimum performances were achieved at 12 wt%
of Cu31 or Cu32. In this configuration, the green-emitting

=
N P2 g
X
\Cu"‘“\PI /\gP
= 7N ||3 Wi ||3

Cu26:R'=H //R?=H
Cu27:R'=Me //R%=H

Cu28: R'= Me //R%=Ph

Cu29:R'=H //R?=Ph

Cu31: R' = Me // R? = (2-ethylhexyl)oxy

Cu32: R' = Me // R? = 9,9-dihexyl-9H-fluoren-2-yl
Cu33: R' = Me // R? = (4-(9H-carbazol-9-yl)phenyl)ethynyl

Scheme 6. Description of copper(l) complexes Cu26-33.
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device (Amax = 535 nm, x/y CIE color coordinates: 0.37/0.56)
incorporating Cu31 exhibited a L,, of 8650 cd m™2 with an
EQE of 18.5%. The devices prepared with Cu32 showed a
yellow emission (A, = 582 nm, x/y CIE color coordinates:
0.51/0.48) with a Ly, of 17 600 cd m~ and an EQE of 14.3%.
Devices using Cu33 featured a red mission (A, = 631 nm, x/y
CIE color coordinates: 0.61/0.38) with a L, of 4630 cd m~2 and
EQE of 10.2% (Table 2). More details are provided in the next
section corresponding to the red-emitting devices.

Bauman and co-workers synthesized a binuclear het-
eroleptic complex Cu,l,(MePyrPHOS)(dpph) Cu34 (MePyr-
PHOS = 2-diphenylphosphino-4-methylpyridin, dpph = 1,6-
bis diphenylphosphinohexan), in which the NHet-PHOS and
the dpph are supported by a {Cu,l,} central core (Table 1 and
Scheme 7). Unlike in mononuclear copper(I) complexes,
binuclear copper(I) complexes feature the HOMO entirely
delocalized on the {Cu,l,} core, limiting the flattening-dis-
tortions during oxidation processes.''>°] The two bidentate
ligands dpph and NHet-PHOS render the complex more rigid,
something which is most problematic in mono- and multi-
nuclear copper(l) complexes.’l As a consequence, complex
Cu34 is stable under ambient atmosphere; additionally, it is
both electrochemically and thermally stable with no degrada-
tion detected under 290 °C. Cu34 exhibits green emissions
with A, = 519 nm and PLQYs of 88% in powder and 92%
in PYD2 doped thin films. Temperature-dependent 7 analysis
revealed that their emission mechanism involves both TADF
and phosphorescence with respective 7 of 31 and 110 us for both

thP\ ol /PF'hz (mToI)3P\ '\\II'C ,P(mTo|)3
T ™
N_ _PPh, N__PPhy
Z | - | mTol =
x x
CrHis

CzBPDCb (X =N, Y = H)
CzBPCb (X=H,Y=N)

Cu36: PAP =dppx /I X =1
Cu37: PAP = dppx Il X =Br
Cu38: PAP =dppx /| X =ClI

Cu39: R = CzBPDCb
Cu40: R = CzBPCb

Scheme 7. Description of copper(l) complexes Cu34-40
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processes and AFEgr of 830 cm™.. Complex Cu34 was used as a
dopant in a solution-processed OLED device with the configura-
tion ITO/PEDOT:PSS/PLEXCORE UT-314/Cu34 30wt%:PYD2/
tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)borane ~ (3TPYMB)/
Al (Table 2). The resulting green-yellowish emitting device
(Amax = 550 nm) showed very good performances with L,
of 10000 cd m~2 at 10 V and EQE of 23%. Importantly, this is
the highest value reported to date in solution processed TADF
OLEDs with copper(I) complexes.

Following this achievement, in 2016 Baumann, Volz, and
co-workers developed another TADF green-emitting OLED by
inkjet-printing technique using another NHet-PHOS Cu(I)
binuclear complex Cu35 (Table 1 and Scheme 7).'"71 The
authors designed a highly soluble compound by introducing
non-symmetrical substituted phosphine and pyridine with alkyl
groups. This structural modification resulted in a very good sol-
ubility in both polar and nonpolar solvents, which is crucial for
inkjet-printing. With an estimated AEst of 100 = 50 meV, Cu35
features TADF emissions with A,,,, = 547 nm, x/y CIE color
coordinates: 0.36/0.47, and a PLQY of 69% in powder. Addition-
ally, the PLQY increases in thin films reaching values as high
as 92% in films with either PMMA or PYD2 hosts. The OLEDs
were prepared by printing Cu35 using an ink based on decalin
that is fully compatible with PEDOT:PSS. The device showed
a low V,, of 4 V and reaches around 1000 cd m~2 of L., with
EQE of 13.9% Table 2.

In 2016, Lo and co-workers synthesized a series of neutral
dinuclear copper(I) complexes of general formula [Cu(u-X)
(dppbz)], (Table 1 and Scheme 7), in which X was I (Cu36),
Br (Cu37), and Cl (Cu38)."8 At RT, complexes Cu36-38 dis-
play blue to green TADF emissions (A, ranging from 498 to
527 nm) originated from the (o+X)—7z* transition with mod-
erate PLQYs (28-32%) and 7 between 2.5 and 12.5 us. Vac-
uum-processed OLEDs were prepared with the architecture
ITO/MoO;/TAPC/TCTA/Cu36-38 10wt%:mCP/TmPyPb/LiF/Al
(Table 2). All devices reach L, of over 2000 cd m=2. The
highest EQEs of 10.1% was measured for devices with Cu36.
Overall, the efficiencies of the devices are in good agreement
with the PLQY, i.e., Cu38 > Cu36 > Cu37.

Another example of binuclear Cu(I) complexes exhib-
iting TADF emission and their application in OLEDs was
reported in 2017 by Wei et al.™ The ligands 5-(3’-(9H-carbazol-
9-yl)-[1,1"-biphenyl]-3-yl)-5H-pyrido[3,2-b]indole (CzBPDCD)
and  9-(3’-(9H-carbazol-9-yl)-[1,1"-biphenyl]-3-yl)-9H-pyrido[2,3
-blindole (CzBPCb) were co-deposited in the presence of
Cul to serve as both the ligand and the host, following
the same strategy used by Lu in 2015.3% The in situ
generation of copper(I) complexes leads to the formation of
[Cul,(CzBPDCb),] Cu39 and [Cul,(CzBPCb),] Cu40, respec-
tively (Table 1 and Scheme 7). While neat films of CzBPDCb
and CzBPCb showed fluorescence emission centered at
382 nm with lifetimes of 4 and 6 ns for ligands CzBPDCb and
CzBPCD, respectively, the emission of the co-deposited films
with 4 or 8 wt% of Cul, featured green emissions centered
around 520 nm for both compounds with lifetimes of 1.05 and
0.61 us for Cu39 and Cu40, respectively. This emission was
confirmed to involve TADF as a 30 nm red-shift of the A,
observed upon freezing the films at 77 K along with a con-
siderable increase of the lifetimes up to 52.7 and 109.6 ps for
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Cu39 and Cu40, respectively. The corresponding AEgr were
estimated at 0.12 and 0.23 eV. Noteworthy, at 8 wt%, Cu40
featured the emission band at 382 nm corresponding to the
free ligand, which suggested poor coordinating ability. Thus,
both photoluminescence and device analyses showed that
CzBPCb is a better ligand and host than its isomer. Con-
cerning the best performance of OLED devices prepared as
such (ITO/HATCN/NPB/TCTA/Ir(bpiq)2acac 5wt%:TCTA/
Cul 6wt%:CzBPDCb or CzBPCb/TPBi/Liq/Al), a maximum
EQE of 175% was noted for devices with Cu39, while those
prepared with Cu40 reached 3.24% (Table 2).

Zhai and co-workers prepared three new copper(I) com-
plexes Cu41-Cu43 bearing N-substituted-carbazol-3-yl)-4,5-di-
azafluorene derivative as ligand associated with POP having
a general formula of [Cu(POP)(NAN)][PFs] (NAN = 9,9-bis(9-
ethylcarbazol-3-yl)-4,5-diazafluorene for Cu41, 9,9-bis(9-ethyl-
hexylcarbazol-3-yl)-4,5-diazafluorene for Cu42, 9,9-bis(9-phenyl-
carbazol-3-yl)-4,5-diazafluorene for Cu43) (Scheme 1).12% Com-
plexes Cu41-Cu43 showed a TADF emission mechanism with a
fitted AEgt 0of 0.09 eV, as well as a fitted zrppr of 5.7 us (Table 1).
These complexes feature good thermal stabilities with Tj values
of 382, 375, and 384 °C for Cu4l, Cu42, and Cu43, respectively.
Additionally, these complexes feature high glass transition
temperatures (T;) of 123 and 185 °C for Cu42 and Cu43, while
Cu41 does not exhibit a T, but a melting point (T;,) of 249 °C.
Corresponding OLED devices were prepared by vacuum depo-
sition with the following structure: ITO/PEDOT:PSS/TCTA/
complex 10 wt%:mCP/TmPyPb/LiF/Al. All the devices exhib-
ited a yellowish-green electroluminescence emission centered
at around A, = 544 nm, x/y CIE color coordinates: 0.37/0.55
and L., of 1100 cd m™2 and EQE of 14.8% for the device with
Cu41 (Table 2). The good PL and EL efficiencies were justified
by the authors indicating: i) the bulkiness of the ligand sub-
stituents weakens the lattice energies and electrostatic interac-
tions which render the complexes easily sublimable, and ii) a
good carrier balance related to the hole-transporting properties
of the carbazole and the electron-transporting properties of the
diazafluorene which improves the OLEDs efficiency.

The copper(I) dinuclear complexes Cu44—Cu46 prepared
in 2017 have a central tetraimine ligand, a 3,5-dipyridyl-1,2,4-
triazole derivative, coordinating two {Cu(POP)}* fragments
by two nitrogen atoms on each metal center. The three com-
plexes differ on the substituents introduced in the tetraimine
(pytzph = 6,6’-(1-phenyl-1,2,4-triazole-3,5-diyl)bis(2-methylpyri-
dine) Cu44, pytzphcf = 6,6’-(1-(4-(trifluoromethyl)phenyl)-1,2,4-
triazole-3,5-diyl)bis(2-methylpyridine) Cu45, and pytzphcz =
9-(4-(3,5-bis(6-methylpyridin-2-yl)-1,2,4-triazol-1-yl)phenyl)-
carbazole Cu46.1? At RT, the photoluminescence of these
complexes consists of a green emission centered at around
503-519 nm with dominant TADF contribution (89-97%) and a
remaining phosphorescence contribution (3-11%). Additionally,
Cu46 with the highest PLQY of 79% exhibits the highest TADF
contribution of 97%, while Cu45 with the lowest PLQY of 29%
exhibited the highest phosphorescence contribution of 11%
(Table 1 and Scheme 8). Of note, these complexes are thermally
stable until 325 °C. Solution-processed OLEDs with the archi-
tecture ITO/PEDOT:PSS/Cu44—Cu46 20wt%:PYD2/3TPYMB/
LiF/Al displayed similar green emissions (A, = 522-526 nm)
with L. of more than 2000 cd m™2. Complex Cu46 with the
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Scheme 8. Description of copper(l) complexes Cu41—46.

aforementioned highest PLQY displayed the best performances
in devices, reaching the highest brightness peak (2525 c¢d m™)
and the highest EQE (8.3%) at 7.3 V (Table 2). The authors
attributed these results to the good hole-transporting properties
of the carbazole moiety.

Interestingly, Sauvage, Nierengarten, Armaroli, and co-
workers synthesized heteroleptic copper(I) pseudorotaxanes
based on macrocyclic phenanthroline and biphosphines
ligands, 2212l By comparison with more conventional acy-
clic phenanthroline ligands, the authors demonstrated that
the macrocyclic ligand brings more chemical stability to the
copper(I) complexes, as decoordination of ligands is unfavored
as the diphosphosphine copper(l) framework is surrounded
by the macrocycle.’?2124 Encouraged by these preliminary
results, the first applications in OLEDs were reported in
2018.02°] The three complexes Cu47-Cu49 of general formula
[Cu(NAN)(POP)|[BF,] (NAN is a macrocyclic ligand incorpo-
rating 2,9-phenanthroline moiety and is depicted in Scheme 9)
were synthesized. For comparative motives, the authors included
[Cu(dmp)(POP)|[BF,] Cu50 that is one of the widely studied
copper(l) complexes (Table 1 and Scheme 9).1126-128] Contrary
to other copper(I) complexes,'” these copper rotaxane com-
plexes exhibited rather good stability at RT in solution. Overall,
the electrochemical study proved that increasing the size of the
macrocycle improved the stability by preventing the flattening
of the Cu(I) complexes during the oxidation process. The
photoluminescence analysis at different temperatures revealed
the existence of TADF for all compounds. Additionally, a strong
relationship between the excited states and the pseudorotax-
anes structure was evidenced. Indeed, longer triplet lifetimes
were found in the small macrocycle Cu47, while Cu49 with
the largest macrocycle showed the longest singlet lifetime. The
complex Cu49, which showed excellent electrochemical stabili-
ties was selected as the reference Cu50 for OLED devices (ITO/
PEDOT:PSS/complex 15wt%:BCPO/TPBi/LiF/Al) (Figure 7 and
Table 2). Both devices provided a similar bright green electrolu-
minescence (x/y CIE color coordinates: 0.32/0.55 for Cu49 and
0.33/0.55 for Cu55). However, devices with Cu49 reached much
higher L, of 12800 cd m~2 and EQE 10.5% than devices with
Cu50—that is, 7740 cd m~2 and 9.5%.

The copper(I) complexes Cu51 and Cu52 based on carbene-
metal-amide (CMA) structure with TADF were introduced into
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Scheme 9. Description of copper(l) complexes Cu47-50.

OLEDs by Bochmann, Credgington, and co-workers (Table 1
and Scheme 10).2%33% Calculations carried out using TD-DFT
showed a low AEgy below 0.15 eV, confirming the TADF mecha-
nism. Complex Cu52 exhibited a weak charge transfer nature
that leads to poor photoluminescence features.*® Their
thermal gravimetric analysis (TGA) in powder showed high sta-
bilities, that is, Ty above 340 °C for Cu51 and 360 °C for the ster-
ically hindered Cu52. Subsequently, Cu51 achieved a maximum
EQE of 9.7% in solution-processed OLEDs (ITO/PEDOT:PSS/
poly(9,9-dioctylfluorene-co-N-(4-butylphenyl)diphenylamine)
(TFB)/Cu51/20wt%:PVK/bathophenanthroline (BPhen)/LiF/Al)
(Table 2).

www.advopticalmat.de
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Scheme 10. Description of copper(l) complexes Cu51-53.

Thompson reported in 2019 a series of two-coordinate
CMA copper(I) complexes based on NHC ligands.['3%132 The
complexes exhibited TADF emission and covered the visible
spectrum from violet (432 nm) to deep red (704 nm) with high
PLQYs up to 100% (Table 1 and Scheme 10). The k, values were
ranging between 10° and 10° s7%, which are comparable to those
of iridium(IIl) and platinum(lI) complexes.3! As shown in
Figure 8, a thorough temperature-dependent analysis was con-
ducted for complex Cu53. The analysis of 7 revealed a steady
monoexponential increase upon decreasing the temperature
from 320 to 130 K and then, featured a biexponential behavior
between 120 and 5 K. The compound was found to have a small
AEgr of 500 cm™ (62 meV) and a large zero-field splitting (ZFS)
or AE(T}-I'T/'T)) of 85 £ 20 cm™. The 7 values are 70 ns; 1.4,
44, and 190 s for 7g; Tpapp, @1y, and 7 'Ty/'Ty, respectively.
The vapor-deposited OLEDs were designed using Cu53 either

2.2 eV
24eV -
2.7eV LiF/Al
29eV
30eV. ‘ :
3 z
- PEDOT: 2
= PSS g
B 3 o
= (e} § TPBi
49eV 1
S.leV
T T T T T T T T 1
350 400 450 S00 550 600 650 700 750 800
[S8eV | Wavele
........... ngth / nm
58eV |coey
4
10 7 (334 -
...-;:::':""“ 104 sag e sseite,
lol H ...:-..- " .-’-.lll‘ll....-. .
. - . -
4 o'.:"- $ . . . 'l-. .'o
& 10 *la® £ 87 . e
E o%e® » e
- oat" * 8 ., e,
~ 10 o%s® . 64 .’
- -
- e g . L
g 10 i é . R
. 44 L)
.
E . w e
3 10 9 . = | l. .
o o ot e
-y -1
10 '-'
|0| ¥ T T T T T o ™ T T ™ ™ T
4 6 8 10 12 14 10 7 |0° 10 3 '04 ‘0,; 10,2 107.

Applied Voltage / V

Current Density / A/c m

Figure 7. Architecture and properties of OLEDs based on Cu49 (blue) and Cu50 (black). Reproduced with permission.'?% Copyright 2018, American

Chemical Society.
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Figure 8. a,b) TD-emission decay times of compound Cu53 and corre-
sponding fitted data according to Equation (1). c—e) Architecture and EL
properties of the OLED devices using compound Cu53 in 10 wt% (blue),
40 wt% (red), and 100 wt% (black). Reproduced with permission.l*!
Copyright 2019, American Chemical Society.

as a dopant at 10 and 40 vol% into the guest mCPB or as neat
(Figure 8). All devices reached over 16% of EQE with the device
with 40% of the dopant displaying the highest EQE of 19.4%
with an L, of 54 000 cd m~2 (Table 2).

A family of copper(I) complexes based on 2-(3-phenyl-1H-
1,2,4-triazol-5-yl)pyridine (pptz) was prepared by Xu and co-
workers.[33] At RT, the [Cu(PPhs),(pptz)][BF,] Cu54 (Scheme 11)
exhibited a blue emission centered at 490 nm with 89.9% of
PLQY, while [Cu(POP)(pptz)][BF,] Cu55 (Scheme 11) showed
a green emission at 512 nm with a moderate PLQY of 278%
(Table 1). At 77 K, the emission maxima of both complexes were
red-shifted up to 508 and 520 nm for Cu54 and Cu55, respec-
tively. The 7 became much longer from 23.6 to 269.0 us for
Cu54 and from 13.0 to 210.1 us for Cu55 (Table 1). Contrary
to the photoluminescence performances, devices with Cu55
outperformed those with Cu54 using the device configuration
ITO/PEDOT:PSS/complex 20wt%:TCTA/TPBi/LiF/AlL Indeed,
devices prepared with Cu55 exhibited a lower V., of 6 V, a
higher L, of 1871 c¢d m2, and efficiency of 2.1 cd A™' com-
pared to the device fabricated with Cu54 with V,,, L., and
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Scheme 11. Description of copper(l) complexes Cu54 and 55.

efficiency of 6.5V, 1437 cd m™2, and 1 cd A7, respectively. The
authors assigned the enhanced performance to the better con-
jugated molecular structure and a smaller AEgy of 0.04 eV com-
pared to that of Cu52 (0.09 eV) (Table 2).

Zhang and co-workers investigated the photo- and electro-
luminescence characteristics of the binuclear copper(I) com-
plexes prepared by co-deposition using aza-9,9"-spirobifluorene
(aza-SBF) as ligand and CuX salts (X = Cl, Br, and I giving Cu56,
Cu57, and Cu58, respectively) (Table 1 and Scheme 12).34 In
thin films, the complexes exhibited yellow emissions with A,
centered at 553 nm for Cu56, 537 nm for Cu57, and 526 nm
for Cu58; rranged between 25.7 and 31.6 ns for PF and around
5.3 us for DF tvalues. These findings were attributed to a TADF
mechanism.M12L135136] The authors used different doping con-
centrations of CuX and found that molar ratios of 7% for CuCl
and CuBr and 9% for Cul led to enhanced PLQY and EQE
values. Co-deposited copper(I) complexes during OLED elabo-
ration often suffer from lack of stability.'*! Thus, the thermal
and moisture stability of the co-deposited thin films showed
decomposition upon heat treatment and also were moisture
sensitive. The electroluminescence of the complexes in solu-
tion-processed OLEDs are red-shifted compared to the pho-
toluminescence (=20 nm); the devices achieved maxima EQE
values of 9.1%, 13.6%, and 10.7% for Cu56, Cu57, and Cu58,
respectively. Meanwhile, a blue-shift of 4 nm was detected upon
voltage increase and attributed to an irreversible electric field-
induced exciton dissociation of the complexes (Table 2). These
findings compiled with the thin films’ thermal and air degra-
dations suggested that an irreversible dissociation takes place
during operation.

R X, R P. W, P
NS N
e, ol C e el )
R™ ™7 'R PN P

Ph,P. Ph,P.
= A\
aza-SBF = dppt1 = I)S dppt2 = p
= s

PhyP PhyP

Cu56: R = aza-SBF // X = Cl
Cu57: R = aza-SBF // X = B
Cu58: R = aza-SBF // X = |

Cu59: PAP = dppt1
Cu60: P P = dppt2

Scheme 12. Description of copper(l) complexes Cu56—60.
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Lu and co-workers prepared two new binuclear copper(I)
complexes, in which the {Cu,I,} core was chelated with two thio-
phene-based diphosphine ligands: 3,4-bis(diphenylphosphino)
thiophene (dpptl) Cu59 and 2,3-bis(diphenylphosphino)thio-
phene (dppt2) Cu60 (Table 1 and Scheme 12).%) Compared
to Cul5 and Cu36-38, which are based on dppbz derivatives,
these new complexes bearing a thiophene ring instead of the
benzene ring in the dppbz ligand feature blue-shifted emis-
sions. Moreover, the position of the sulfur atom in the thio-
phene was found to have a strong influence on both photo-
and electro-luminescent properties of the complexes. The
importance of the electronic properties of the thiophene was
confirmed by DFT calculations, which revealed that, while the
HOMO is dispersed across the metal core, the LUMO is solely
located at the sulfur heterocycle. The theoretical study also
showed that Cu60 exhibited a smaller HOMO-LUMO energy
gap than Cu59. Additionally, Cu60 featured a AEgy of 362 cm™
versus 586 cm™! for C59. Consequently, Cu60 exhibited a 96%
TADF blue emission (4., = 483 nm) with a PLQY of 86%, and
Tops Of 7.62 s, while Cu59 showed a 84% of TADF blue emis-
sion (Apay = 487 nm) with a PLQY of 69% and 7, of 9.46 us
(Table 1). All complexes featured very good thermal stability
with Ty over 400 °C. Vapor-processed OLEDs (ITO/MoO3;/Mo0O;
20wt%:mCP/mCP/complex 9Iwt%:mCP/DPEPO/TPBi/LiF/Al)
based on Cu59 and Cu60 showed green emissions at 515 and
540 nm, respectively. In line with the photoluminescence fea-
tures, devices with Cu60 exhibited higher EQE (14.5%) and L.,
(3665 cd m™2), while Cu59 reached 744% and 1380 cd m~ for
EQE and L, respectively (Table 2).

Green and Yellow-Emitting LECs: Gaillard and Costa groups
reported a green-emitting NHC-Cu(I)-based complex Cu61 fea-
turing a green emission at RT with A, of 521 nm and PLQY
of 20% (powder) with 7,,, of 7 us (Table 1 and Scheme 13).10%
Upon freezing at 77 K, a red-shifted emission up to 150 cm™
was detected. The AEgr of 0.35 eV was calculated using TD-DFT.
Complex Cu61 was used in LECs with the configuration ITO/
PEDOT:PSS/Cu61/Al, showing a Ly, of 27 ¢d m™ and an
electroluminescence spectrum red-shifted to A, of 555 nm
(Table 3). In addition, the authors noticed a further 9 nm red-
shift over repetitive IVL, probably due to the same issue during
the oxidation process observed for complex Cu8.1%! Further-
more, studying the role of the bridging group on dipyridyl ligand
in [Cu(NHC)(NAN)][PF¢] complexes, % the authors reported that
replacing the NH framework of the 2,2-dipyridylamine ligand
by PPh group, Cull exhibits green emission with A, centered
at 503 nm and PLQY of 86%. Performances of LEC devices

— — - 0+

Lo\ P

iPr
JPENWUN -
Cipy Y o | PFe
Cu
|\N/ \N N
|
MeO /H ZCF,

Scheme 13. Description of copper(l) complex Cu61.
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prepared with complex Cull were studied at different currents
(5 and 0.5 mA) and the latter reached the best values of L, of
32 cd m™? at 5 mA and an Effof 0.39 cd A at 0.5 mA (Table 3).

Housecroft, Orti, Constable, and co-workers prepared LECs
containing TADF emitting [Cu(PAP)(NAN)][PFs] complexes
Cu62-64 (Scheme 14). In 2018, the authors presented the effects
of trifluoromethyl group (CFs) substitution in positions 6, 5,
and 4 on the bipyridine (bpy) ligand of [Cu(P"P)(bpy)][PFs] com-
plexes.38] Electrochemistry study revealed that the introduction
of the CF; pushes the Cu*/Cu®* oxidation to higher potential
values (+0.85 to +0.96 V), while theoretical studies showed that
the HOMO-LUMO gap is influenced by the electronic richness
of the NAN ligand. Indeed, adding an electron-withdrawing
group (EWG) stabilizes both the HOMO and the LUMO while
an electron-donating group (EDG) has the opposite effect. In
solution, compounds showed a broad absorption band between
350 and 480 nm assigned to the MLCT, with a very weak emis-
sion ranged from 606 to 705 nm. In powder at 298 K, all com-
pounds exhibited an emission in the range of 517-664 nm and
with 7 between 2.9-12 us. From all compounds, [Cu(xantphos)
((6,6"-Me,-4,4"-CF;),bpy)][PFs] Cu64 showed the highest PLQY
of 50.3% at Ay, of 517 nm and the longest emission 7, of 12
us. As in frozen Me-THF, the A,., of Cu64 was red-shifted to
604 nm and showed longer excited-state lifetimes up to 88 us;
the participation of a TADF process was suggested and then
confirmed by TD-DFT calculations, as AEgr was found at
0.11 eV (Table 2). Compounds [Cu(POP)(6-CF;bpy)][PF¢]
Cu62, [Cu(xantphos)(6-CF;bpy)]|[PFs] Cu63, and [Cu(xantphos)
((6,6’-Me;,)(4,4-CF;),bpy)][PFs] Cu64 were incorporated in
LECs (Table 3). To improve the performances of the devices by
decreasing the turn-on time (t,,),***9 the authors added an
ionic liquid (IL), 1-ethyl-3-methylimidazolium hexafluorophos-
phate [EMIM][PFg], to the active layer in a 4/1 molar ratio of
Cu(I)/IL. All devices showed a yellow emission with device
Cu64, displaying the fastest t,, of 8 min and the highest L.,
of 131 cd m™2 with EQE of 0.6%. Complex Cu 63 exhibited the
longest lifetime t;; of 31 h with an Ly, of 109 cd m~ and an
EQE of 0.5% (Table 3).

After proving that [Cu(POP)(bpy)|[PF¢] and [Cu(xantphos)
(bpy)][PFg] complexes with CF3 group in the bpy ligand exhibit
TADF emissions,3¥ the substitution with halides in posi-
tion 3,3’ namely chlorine: [Cu(POP)(6,6’-CL,bpy)][PFs] Cu65
and [Cu(xantphos)(6,6’-CL,bpy)][PFs] Cu66 and bromine:
[Cu(POP)(6-Brbpy)][PFs] Cu67, [Cu(xantphos)(6-Brbpy)][PFq]
Cu68, [Cu(POP)(6,6™-Br,bpy)][PFs] Cu69, and [Cu(xantphos)
(6,6"-Br,bpy)][PFs] Cu70 were also investigated (Scheme 14).0141
The complexes exhibit yellow emissions in powder from 544 nm
(Cu70) to 584 nm (Cu65) with moderate PLQY values 3.9-17.1%.
The AEgr was estimated in a range 0.15 eV (Cu65) to 0.19 eV
(Cu70), which is small enough to allow TADF mechanism and
confirmed upon freezing the samples at 77 K, as the decay life-
times increased considerably from 2.3-4.8 us at RT to 112-119 us
at 77 K (Table 1),*# 138 although Cu65-70 showed two emis-
sion maxima in solution, which could explain the coexistence
of both TADF and phosphorescence.”*>] LECs based on
Cu65-70 with the following architecture ITO/PEDOT:PSS/
complex:[EMIM][PF¢] (1:4)/Al were developed (Table 3). Devices
with complexes Cu67-Cu70 having bromine substitutions did
not display any electroluminescence. The authors stated that this
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Scheme 14. Description of copper(l) complexes Cu62-90.

type of behavior had already been reported in other copper(I)!*!

and iridium(I111)4 complexes. Devices based on Cu65 and Cu66
with chlorine substitutions displayed both quite similar yellow
electroluminescence with peaks at A, of 586 and 587 nm,
respectively. Overall, devices based on Cu66 with xantphos led
to the best performances with an L, of 259 cd m~2, an EQE
of 1.2% corresponding to at least 50% higher performances than
the device based on Cu65 with POP (L, EQE, CE, and PE of
121 cd m, 0.6%, 1.2 cd A7, and 0.3 Im W, respectively). Nev-
ertheless, the latter exhibits longer stabilities and fast turn-on
times (Table 3).

The same authors also studied the influence of alkoxy,
alkylthio, phenyloxy, and phenylthiol groups on the bpy moiety
in [Cu(PAP)(bpy)][PF¢:! i) PAP is POP and NAN: 6-MeObpy
(Cu71), 6-EthObpy (Cu72), 6-PhObpy (Cu73), 6-MeSbpy
(Cu74), 6-EthSbpy (Cu75), and 6-PhSbpy (Cu76); ii) PAP is
xantphos and NAN is: 6-MeObpy (Cu77), 6-EthObpy (Cu78),
6-PhObpy (Cu79), 6-MeSbpy (Cu80), 6-EthSbpy (Cu8l), and
6-PhSbpy (Cu82) (Table 1 and Scheme 14). The electrochemical
studies suggested that substitutions in 6-position stabilized the
tetrahedral geometry of the complexes, which results in high
oxidation values in the range of +0.75 to +0.86 V. These values
are higher than those of the unsubstituted parent complexes
[Cu(POP)(bpy)]|[PFs] (+0.72 V) and [Cu(xantphos)(bpy)][PFg]
(+0.76 V).1138)

In terms of photophysical properties, Cu67-Cu78 exhib-
ited photoluminescence at A,,,, between 549 and 585 nm. The
PLQY analysis showed higher values for the xantphos com-
plexes series compared to POP complexes, attributed to the
higher rigidity of the xantphos ligand. The thioether substituent
led to higher PLQYs for these copper(I) complexes than ether
substituent, and these values tend to increase with the size of
the hydro carbonated group.

Adv. Optical Mater. 2020, 8, 2000260
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At 298 K, the 7 were measured at 1 to 10 ps magnitude in
powder, while in frozen Me-THF at 77 K, these values were at
least four times higher. Then, red-shift of the emission by a 14
to 34 nm was also observed, suggesting again the presence of
the TADF process. Studying the complexes Cu71-Cu82 using
TD-DFT, AEgr were calculated in the range of 0.21 and 0.25 eV,
allowing participation of TADF emission mechanism. All the com-
pounds were incorporated in LECs using the same configuration
previously reported (ITO/PEDOT:PSS/complex:[EMIM][PFy] (4:1)/
Al) (Table 3).13811 The devices were pulsed at a 50 A m™2 current
average, 50% duty cycle, 1 kHz. Following the same trend observed
for the PLQY, devices with xantphos-type complexes were more
efficient as their efficiencies were measured in a range between
0.8 and 1.6 cd A™!, compared to 0.2-1.3 cd A~ for the POP series.

Importantly, devices prepared with complexes having RObpy
as ligands (Cu71-73) have longer device lifetime than the ones
fabricated with complexes having RSbpy substituent (Cu74-76)
when the POP series is considered. Nevertheless, this trend
is reversed when the xantphos series (Cu77-82) is taken into
account. Overall, the bulkier the substituents, the higher the
Lax and the better the efficiencies, which is in agreement with
the electrochemical analysis, pointing out that an increased
hindrance leads to a stabilization of the geometry.

As the next step, the authors studied the structural and elec-
tronic effects of bulkier groups in the xantphos ligand: 2,7-bis(tert-
butyl)-4,5-bis(diphenylphosphino)-9,9-dimethylxanthene  (tBu,x-
antphos) and chiral 4,5-bis(mesityl-phenylphosphino)-9,9-di-
methylxanthene (xantphosMes,).% As NAN ligands, 6-methyl-
2,2"-bipyridine  (6-Mebpy) and  6,6’-dimethyl-2,2"-bipyridine
(6,6-Me,bpy) were selected.*l In comparison to their xantphos
homologues, tBu,xantphos complexes Cu83—-Cu85 (Table 1
and Scheme 14) showed blue-shifted emissions: A, = 522 nm
for Cu85 versus Ay, = 539 nm for the same complex with
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Figure 9. Figures of merit of copper(l) complexes Cu83-86. a) Voltage

and b) luminance versus time at an average current density of 100 A m=2.

c) Electroluminescence spectra for the same device series with (inset)
the corresponding CIE 1931 color coordinates. Reproduced with permis-
sion.l Copyright 2019, Royal Society of Chemistry.

xantphos,*8 whereas xantphosMes, complexes Cu86-Cu87 exhi-
bited less altered emissions: A, of 589 and 547 nm, respectively,
versus A, of 587 and 547 nm for the corresponding xantphos
complexes.®¥ TADF mechanism was again confirmed in all com-
plexes with a AEgy in the range of 0.17-0.25 eV. The corresponding
LECs (ITO/PEDOT:PSS/complex:[EMIM]|[PF;] (4:1)/Al) (Table 3)
showed all electroluminescence except for complex Cu86 with
the lowest PLQY in powder (1.9%). The electroluminescence and
the PLQY followed the same trend. In detail, tBu,xantphos-based
devices showed better properties than xantphosMes, analogues.
Devices with Cu85 were the best performing with the highest Eff
and Ly, of 3.7 cd A™' and 370 cd m™2, respectively (Figure 9).
Another contribution to this TADF copper(I) complex family of
[Cu(bpy)(PAP)]" was carried out by Costa and co-workers in 2018.141
The authors reported the influence of ortho-substitution of the
methoxy group to the bipyridine ligand; complex Cu88 with NAN =
6,6-dimethoxy-2,2-bipyridine and POP ligands with yellow emis-
sions centered at 575 nm with PLQY of 20% and 7, of 1.22 and
0.13 us (Table 1 and Scheme 14). Noteworthy, the authors mentioned
that Cu88 exhibited better thermo- and photostability, as well as
photoluminescence and ionic conductivity, compared to those of the
unsubstituted [Cu(bpy)(POP)]* complex.33#148] These enhance-
ments were also observed in LECs built in a bilayer architecture:
ITO/PEDOT:PSS/4,4"-bis(carbazol-9-yl)biphenyl (CBP)/Cu88/Al
when driven at 75 mA. The device showed yellow emission with
Amax = 573 nm, x/y CIE color coordinates: 0.46/0.52 at a low V,,, of
3.4V and t,, of 1.6 h. This device reached an L, of 32.9 cd m~2,
efficacies of 0.3 cd A™, and ¢, , of 10.8 h (Table 2 and Figure 10).

Table 4. Photophysical properties of Ag(l) complexes with TADF.
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Figure 10. Figures of merit of LECs designed with Cu88. Reproduced with
permission.¥] Copyright 2018, American Chemical Society.

In 2019, Cano et al. released a comparative detailed study
between copper(I) complex [Cu(4,4"-dimethoxy-2,2"-bipy)(xant-
phos)] (Cu89) (Table 1 and Scheme 14), and silver(I) complex
[Ag(4,4"-dimethoxy-2,2"-bipy) (xantphos)] (Ag6) (Table 4 and
Scheme 15).91 Complex Cu89 features sky-blue emissions
centered at 493 nm with PLQY of 571% in powder, whereas
its silver(I) homologue Ag6 shows more red-shifted emissions
at 545 nm and lower PLQY of 18.9%. Theoretical calculations
suggested that TADF is less notable in Cu89 than in Ag6. The
authors provided valuable guidelines regarding the emission
mechanism and how to enhance the PL and EL of d' com-
plexes emitters for LEC applications (see Section 2.1.2).

Figure 11 gathers all green and yellow-emitting OLED
devices using their CIE color coordinates as reported by the
authors. The best preforming devices are also given. However,
LEC devices are not represented as the authors did not report
the CIE color coordinates.

Orange and Red-Emitting OLEDs: As mentioned in the sec-
tion dedicated to green-emitting devices, Che and co-workers
prepared three TADF copper(I) complexes based on neocu-
proine and dppnc emitting in green (Cu31), yellow (Cu32),
and red (Cu33), (Table 1 and Scheme 6)." At RT, Cu33
showed red emission centered at A,,,, = 657 nm with a PLQY
of 4.2% in powder and a 7, of 2.1 us, while the emission
is blue-shifted to A,,,, = 624 nm with a dramatic increase of
Tops 10 495.6 s at 77 K. Theoretical calculations carried out at
the TD-PBEO/LanL2DZ;6-31G(d) theoretical level rendered a

Complex?) Amax [NM]) PLQY [%] Tp [nS]/ T [US]/ Trapr [Ms] AEgy [eV] HOMO/LUMO [eV] CIE [x/y] Ref.
Agl 5059 /5309 3258 /7240 —/547/2.22,0.56 0.02" - - [105]
Ag2 470 /4729 1002) -/11/0.5 0.02" - - [132]
Ag3 5127/5009 798) -/7.7/0.33 0.02" - - 132
Ag4 496°) /443,479,510°) 19¢8) -/10.8/0.38 0.08 —5.51/-2.86 - [162]
Ag5 5149 /457,486,516°) 45¢8) -/20.3/0.42 0.08 -5.29/-2.83 - [162]
Agb 545¢) 18.9<) - - - - [149]

Selected photophysical data in solid-state for Ag(l) complexes with TADF used in OLEDs discussed in this review; Y Maximum emission wavelength; Measured at 298 K;

IMeasured at 77 K; ?Measured at 50 K. PLQY values in powder; ®film. Values converted from the ones reported by the authors in
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Figure 11. Graphical summary of the benchmark copper(l)-based green and yellow-emitting OLEDs devices, devices with highest efficiencies are
represented on the left. LEC devices are not given as the authors did not report CIE color coordinates.
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AEgr value of 2073 cm™. The authors had previously reported
that the AEgr predicted with the aforementioned model is
often 1.5- to 2.5-fold higher than the experimental values,']
therefore, assuming a correction factor of 1.5; the experi-
mental values of AEg; were estimated to be 1382 cm™, sug-
gesting that Cu33 was, indeed, a TADF emitter. The photo-
luminescence was also investigated in thin films using dif-
ferent host materials (PMMA, PVK, and PYD2) and Cu33
in 10 wt%. The films prepared showed emissions of A, =
665 nm and PLQY of 4.6% for PMMA, A,., = 664 nm and
PLQY of 3.8% for PVK, and A, = 639 nm and PLQY of
21.7% for PYD2. This high PLQY encouraged the use of PYD2
as host to prepare solution-processed OLEDs using Cu33 as
guest in 4, 8, 12, and 20 wt%. The detailed configuration
was: ITO/PEDOT:PSS/Cu33 4-20wt%:PYD2/DPEPO/TPBi/
LiF/Al In addition to the electroluminescence from Cu33,
these devices showed an emission from PYD2, suggesting
an inefficient overlap between the host and the dopant. To
circumvent this issue, the PYD2 was replaced by CBP as
host. As well, DPEPO was removed to keep only TPBi. The
new device, using CBP as a host and 4 wt% of Cu33, was a
record-breaking red-emitting copper-based OLED with 4,,,, =
631 nm, x/y CIE color coordinates: 0.61/0.38, and maximum
EQE 0f 10.2% (Table 2).

Orange and Red-Emitting LECs: The only example of deep-red
emitting LECs based on Cu(I) TADF complexes was reported by
Costa et al. in 2019.°% In this study, three complexes with the
general formula [Cu(NAN)(PAP)](PFs) (NAN = 4,4’-diethylester-
2,2"-biquinoline (dcbq)) were reported, and among the diphos-
phines tested, complex Cu90 with PAP = xantphos (Scheme 14)
was selected for device preparation due to its superior stability,
deep-red emission in the solid-state, A, = 671 nm, and the
highest PLQY value of the series (56%) (Table 1). The device
made with Cu90 showed a promising electroluminescent
response, that is, stable deep-red emission centered at around
675 nm, x/y CIE color coordinates: 0.66/0.32 (Table 2), with an
irradiance of =100 uW cm™2, and stabilities of almost a day. The
authors also reported white-emitting LECs using Cu90 (see sec-
tion White-Emitting LECs).

White-Emitting OLEDs: White-emitting OLEDs were
successfully achieved by Che and co-workers using the
yellow emitting complex Cu28 (Table 1 and Scheme 6) and
blue-emitting dopant (Figure 12): i) iridium(III) complex
bis[(4,6-difluorophenyl)pyridinato-N,C2]-(picolinato)iridium
(FIrpic),™ and ii) Zn,O(AID) (AID = 7-azaindolate).'’]
First, a solution-processed Cu/Ir OLED (ITO/PEDOT:PSS/
Flrpic 10wt%: Cu28 1wt%: PYD2/DPEPO/TPBi/LiF/Al) was
investigated. This device reached a high EQE of 16.8% with
x/y CIE color coordinates: 0.37/0.48 and a color rendering
index (CRI) of 61. Changing the host and hole-blocking layer
(HBL) from PYD2 to poly(N-vinylcarbazole):((1,3-bis((4-tert-
butylphenyl)-1,3,4-oxadiazolyl)phenylene)) (PVK:0XD-7) and
DPEPO to 3TPYMB proved to be beneficial for the CRI as
the new white-emitting device showed higher CRI of 71 and
x/y CIE color coordinates: 0.37/0.45.

Next, the authors used this PVK:OXD-7/3TPYMB configura-
tion to make the Cu/Zn OLED (Figure 12). This device reached
the highest EQE of 6.88%, CRI of 80, L., of 22 cd m2, and
x/y CIE color coordinates of 0.44/0.44 at 7 V. The highest CRI

Adv. Optical Mater. 2020, 8, 2000260

2000260 (23 of 36)

www.advopticalmat.de

> 100

s [(@) —PYD2 host (b)

o L ~— PVK host 10

S F

Ef . /7&

ad ~

ol W e PYD2 host

& bl —« PVK host

g 01

£t

z - - - 001 . . ol ol .
400 500 = 600 700 T001 01 1 5 10 100

A/nm JImA cm

Sy 100

B [(c) Voltage (d)

[—4

£} [ —7V 5 10F s

s /,' —9V §

—12V 2 4

B I 15v e f

st / = -»- Power efficiency (im w,

E / 0.1 F —- External quantum efficiency (%)

2 L L L 0.01 assd aard, ad, sl
400 500 600 700 7001 0.1 1 210 100

Alnm cm

Figure 12. a) Normalized EL spectra and b) EQE-power efficiency—
current density characteristics of the white OLED with 10 wt% Flrpic and
1 wt% Cu28 using PYD2/DPEPO or PVK/3TPYMB device structure. c)
EL spectra at different driving voltages and d) EQE-power efficiency—
current density characteristics of the white OLED with 10 wt% Zn,O(AID),
and 1 wt% Cu28. Reproduced with permission."®l Copyright 2019, Royal
Society of Chemistry.

of 81 was reached upon increasing the voltage at 9 V, while the
highest luminance of 3150 cd m™ was reached at 15 V with x/y
CIE color coordinates: 0.35/0.44.

White-Emitting LECs: As mentioned in the red-emitting LECs
section, Costa and co-workers also reported the first proof-of-
concept for white-emitting LECs.®" The device was prepared
by mixing Cu90 with the HTM CBP in a host-guest approach.
The LEC (85:15 wt% for CBP:Cu90) featured x/y CIE color coor-
dinates of 0.31/0.32 and a high CRI of 92.

As mentioned before, copper(I) complexes are the most rep-
resentative TADF transition metal complexes emitters. This
large reported library is mainly due to the d'° electronic config-
uration avoiding the non-emissive MC transition. Then, if the
comparison is made from data reported in the literature, some
structural/photophysical relationships can be noticed.

As first example, complexes coordinated to electron-rich
pyrazole derivatives Cul-Cu5, Cu2l, and Cu22 (Schemes 1
and 4) feature high energetic emissions (blue-green region)
with very high PLQY. The introduction of functional moie-
ties on these ligands, such as DMAC and carbazole, appears
to enhance both the photoluminescence and electrolumi-
nescence of the resulting copper(I) complexes as the AEgr
is reduced, giving efficient TADF emitters. Using triazole
ligands (Cu-54 and Cu55, Scheme 11) is also beneficial for
the TADF efficiency (AEgr = 0.09 and 0.04 eV™)), but the
emissions are red-shifted.

Copper(I) complexes based on rigid dppbz derivatives
and pyrazole ligand derivatives containing a bridging boron
atom feature green TADF emissions (Cul2-Cul4). Of note,
functionalization of the dppbz ancillary with fluorine sub-
stituents increase the PLQY and the thermal stabilities of
the compounds, leading to OLEDs with higher performances
than those including complexes coordinated to unsubsti-
tuted dppbz.
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If neutral halogen—diphosphine complexes Cul6-Cu20
(Scheme 3) bearing various dppbz ligands are compared to
the halogen—triphosphine complexes Cu23—-Cu25 (Scheme 5),
emission mechanism becomes dual, and the presence of hal-
ogen ligand having high SOC enhances the phosphorescent
mechanism. As a consequence, complex Cu25 features a dual
phosphorescence and TADF emission at RT with 39% and 71%
contributions, respectively.

In the series of complexes bearing NHC ligands Cu6-Cull
and Cu61 (Schemes 2 and 13), variation on the TADF mecha-
nism was not noticed, but an increase of the PLQY can be
achieved in function of the o-donation of the NHC, whereas
color tuning can be obtained by varying the central atom or the
electronic nature of the substituent in the bis-pyridyl ligand.

When phenanthroline and bipyridine derivatives are coordi-
nated to the copper metal center copper(I) complexes Cu26-33
(Scheme 6) and Cu47-50 (Scheme 9), functionalization of the
ligands in the ortho position of the coordinating nitrogen atom
leads to stable complexes as geometrical distortions are bal-
anced by both the Jahn-Teller effect and the steric hindrance.
This also affects the TADF efficiency by minimizing the AEgy.
On the other hand, the maximum emission wavelength is con-
trolled by functionalization at the para position of the nitrogen
atoms. The use of rigid phosphane ligands has been widely
investigated; sterically bulky carborane ligands Cu26-Cu33
with unique electronic effects and thermal stability improve the
photoluminescence and physical properties of the complexes,
while the use of functionalized xantphos derivative tBu,xant-
phos Cu84 and Cu85 (Scheme 14) leads to high efficiency in
LEGCs.

Binuclear copper(I) complexes feature strong stability com-
pared to mononuclear ones; this is due to the fact that in these
complexes, the HOMO is localized on both copper atoms, and
the complexes having Cu,X, core show emission governed
by a MLCT/ligand-to-ligand charge transfer (LLCT) mixture.
The presence of heavy halogens—for example, iodine—with
a strong SOC effect, increases the phosphorescence participa-
tion in the emission for these complexes. The stability of these
copper(I) complexes has led to industry level processability of
OLEDs such as inkjet printing in the case of complex Cu35
(Scheme 7) or co-deposition of CuX salt and corresponding
ligands to in situ form complexes Cu39, Cu40 (Scheme 7), and
Cu56-58 (Scheme 12).

2.1.2. Silver(l) Complexes

Silver(I) complexes exhibiting TADF have recently emerged.
However, compared to copper(l) complexes, they are still
scarce, mostly because silver(I) complexes have a stronger
SOC effect compared to copper(I) complexes and, con-
sequently, often exhibit phosphorescence rather than
TADF.B8719] Silver(I) complexes suffer, however, from an
inherent sensitivity to light!"? and limited solubilities.[21051>2]
The 4d orbitals of silver(I) complexes are energetically lower
than ligand-centered orbitals and, in turn, the nature of the
emitting excited state shows a dominant LLCT character,
while copper(I) complexes are dominated by the MLCT
character.®1281 Thus, silver(I) complexes with TADF exhibit
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higher stabilities upon oxidation and higher energy emis-
sions. Besides, the PLQY is usually very high, up to 100%.
Additionally, their 7and AEgy are often smaller.[105:107:132,152-157]
In contrast to the above mentioned, silver(I) complexes have
scarcely been applied to lighting devices.[1>8-161]

OLEDs: TADF in silver(I) complexes was first discussed by
Osawa and co-workers in 2013.105 Ag1 (Table 4 and Scheme 15)
showed TADF emission centered at 505 nm arising from LLCT
transition with a PLQY of 32%. Unfortunately, its incorporation
into OLEDs was unsuccessful due to its low solubility. Thomp-
son’s group has recently reported silver(I) complexes Ag2 and
Ag3 with TADF emissions (AEgr = 150 and 180 cm™) with high
PLQY up to 100% for Ag2 (Table 4 and Scheme 15), but the
authors failed to prepare OLEDs based on these complexes due
to their lack of sublimability.[3?!

Bochmann and co-workers successively prepared OLEDs
based on TADF-emitting Ag(I) complexes Ag4 and Ag5
(Table 4 and Scheme 15).%2] The complexes are based on
the strong sigma donor character of NHC(Ad) carbene and
carbazole ligands in a linear donor-Ag-acceptor geometry.
Unlike other silver(I) complexes, these compounds are not
sensitive to light,®? and are stable in non-protic solvents.
The nature of the emitting excited state was determined
using DFT, featuring a LLCT transition originated from
the carbazole unit with only a 5% of contribution of the
Ag metal core to the LUMO entirely located at the carbene
ligand. In thin films, Ag4 and Ag5 exhibit TADF emissions
centered at 496 and 514 nm with respective lifetimes of 380
and 420 ns at RT. Ag5 featured the highest PLQY of 45%.
At 50 K, the emission becomes phosphorescence but this
appears blue-shifted and exhibits three peaks at 443, 479,
and 510 nm for Ag4 and 457, 486, and 516 nm for Ag5. The
AEgr was estimated at 0.08 eV for both complexes. Of note,
the TGA analysis shows Ty of 264.8 and 263.6 °C for Ag4
and Ag5, respectively. Vapor and solution-processed OLEDs
were developed (Table 5 and Figure 13). These devices reach
the highest EQE of 4.3% and 13.7% for vapor-processed,
while solution-processed devices achieve 3.8% and 11% for
Ag4 and Ag5, respectively. The latter exhibited a red-shifted
EL spectra with higher V,, and increased roll-off compared
to vapor-processed devices.

LECs: In their recent work, Cano et al. provided an in-depth
comparison on both Cu89 and Ag6, two d!° complex emitters
based on a bipy derivative and xantphos ligand (Schemes 14
and 15).%! With both photoluminescence and theoretical
studies, the authors concluded despite the fact that Cu89
and Ag6 feature similar molecular and electronic nature in
both ground and excited states; the phosphorescence is more
favored in Cu89 than Ag6. However, TADF was found to be
induced in both cases by ferromagnetic couplings taking place
between the metal and the bipy in the excited states. Note-
worthy, Cu89 exhibited emission-quenching Cu-O bonds in
the excited states, which are not found in Ag6, suggesting
that replacing oxygen in the xantphos by a non-coordinating
atom should be beneficial. The electroluminescence proper-
ties of Ag6 were investigated in LEC devices.'®l Despite a
Linay of 40 cd m™2 and Eff of 0.2 cd A~! under 6.5 V, the device
showed low stabilities with a t;,, 0.008 h. Changing the coun-
terion from BF,” to PFs led to higher L, of 131 cd m™2, Eff
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Table 5. Figures of merit of OLED devices based on Ag(l) complexes with TADF.

Complex?) Device architecture Von [V] Amax [NM] Linay [ed m™2] EQE [%] CE [cd A7) PE [Im W] CIE [x/y] Ref.

Agd ITO/PEDOT:PSS/TAPC/Ag4 43 502 - 43 - - 0.26/0.42 [62]
20wt9%:mCP/UGH2:TPBi/TPBI/LiF /Al

Ag5 ITO/PEDOT:PSS/TAPC/Ag5 43 509 21000 13.7 - - 0.28/0.46 [162]

20wt%:mCP/UGH2:TPBi/TPBi/LiF /Al

2Reported data were selected from the corresponding references, in favor of the highest EQE or highest CE when EQE was not given.V,, turn-on voltage; A, maximum
emission; L., maximum luminance; EQE, maximum external quantum efficiency; CE, maximum current efficiency; PE, maximum external power efficiency; CIE, Commis-

sion Internationale de I'Eclairage.

of 0.6 cd A7}, but at cost of the device stability (0.003 h). The
quick degradation of the devices was confirmed to be origi-
nated from the irreversible reduction of Ag(I) into Ag(0) upon
electron injection forming Ag(0) nanoclusters. Decoupling
electron injection and exciton formation by using 2-(4-tert-
butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD), an elec-
tron transporting material with reversible oxido-reduction
processes led to the optimization of the device by hampering
the direct reductions of the Ag(I). This approach led to a broad
whitish emission (x/y CIE color coordinates: 0.40/0.44 and
CRI of 85) with Ly, of 35 cd m™2, and most importantly, the
stability was improved up to 80 h.

2.1.3. Gold(l) Complexes

Gold has always been a very prolific element for the preparation
of emissive complexes. However, the number of gold complexes
with TADF emission is still scarce. Like silver(I) complexes,
gold(I)-based complexes have a strong SOC that facilitates the
ISC, the forbidden spin-triplet states then allow phosphorescent
emissions arising from MC and MLCT transitions.[12156.158.164]
Contrary to silver(I), emissions in gold(I) complexes are usually
red-shifted due to strong Au—Au interactions; however, these
interactions tend to quench the luminescence or to activate
cluster centered charge transfer (CCCT) transitions without
TADF component.[216]

In 2013, Osawa and co-workers reported the first gold(I)
complex Aul with TADF (Table 6 and Scheme 15).11°] At RT,
Aul features emissions centered at 610 nm with a PLQY
of 12% and a two-component decay of 1.66 and 0.47 us. At
77 K, the emissions are red-shifted to 630 nm, and the decay
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Figure 13. a) CIE color coordinates of vapor-processed and solution-pro-
cessed OLEDs based on complexes Ag4 and Ag5. b) EQE versus current
density of the same OLEDs. Reproduced with permission.'62l Copyright
2018, Wiley-VCH.
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increases considerably up to 52 us. The S; — T, energy gap
was calculated to be 405 cm™ and the origin of the emis-
sion was assigned to LLCT instead of MLCT, since it is
weakened by the electron-donating character of the thiolate
ligand. However, unlike its copper(I) homologue Cul5, the
complex Aul could not be used in either solution or vacuum-
processed OLED due to its instability in solutions and its low
vapor pressure. Likewise, there are other examples of gold(I)
complexes with TADF, but with no application in SSL. An
excellent summary of the state-of-the-art for TADF in gold
has been recently published during the preparation of this
review.®8]

A particular family of carbene-metal-amide (CMA) gold(I)
complexes with TADF emissions was implemented in OLEDs
with excellent results.[129130.132,166-168] Thege complexes are sol-
uble and stable in a range of organic solvents and present good
thermal stabilities, rendering them well-suited for both solu-
tion and vapor-processed OLEDs. The molecular configuration
of these molecules allows a rapid RISC from a near-zero AEsr,
leading to good PL and EL efficiencies. Additionally, the EL
is optimized by the presence of carbazole moieties from their
good hole-transporting properties. Credgington, Bochmann,
and co-workers reported the first OLEDs based on gold(I)-
CMA complexes with TADF emissions.'?’l Au2-Au4 feature
sub-microsecond lifetime TADF emissions due to a rapid
RISC (Table 6 and Scheme 15). A temperature-dependent
PL analysis of Au2 shows that the emission is 99% delayed
fluorescence at RT with 350 ns, while below 100 K, the emis-
sion is assigned to phosphorescence with lifetimes around
10 ps. Corresponding solution-processed OLEDs (Figure 14)
achieved outstanding performances up to EQE of 27.5% for
Au4. In comparison to its copper(I) homologue Cu51, devices
with Au2 outperformed it. Indeed, Au2 displays a low V,, of
2.6 V and high L, of 44 700 cd m™2 and EQE values of 26.3%
(Table 7). These performances were improved a year later, as
the authors developed vacuum-processed OLED based Au2
displaying up to 27% of EQE (Table 7).0¢] Noteworthy, the
authors reported a host-free TADF OLED with EQE higher
than 23% breaking the record previously held by Adachi and
co-workers.[16%]

In a follow-up work, the authors presented dendritic com-
plexes based on a CMA core (Table 6 and Scheme 15).13% Just
like Au2-Au4,””) Au5 and Au6 exhibit an emission that is
accounted for over 90% of TADF at RT with short 7< 1 us. The
gold series showed better CT between the donor (carbazole)
and the acceptor (carbene) compared to their copper homo-
logue Cu52. Suitable solution-processed OLEDs were fabri-
cated; all devices displayed over 10000 cd m™? of luminance
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Table 6. Photophysical properties of Au(l) and Au(lll) complexes with TADF.

Complex? Armax [nm]?) Dp [%] Tor [N/ 7p [US]/ Trapr [1s] AEsr [eV] HOMO/LUMO [eV] CIE [x/y] Ref.
Aul 6109/630% 12¢¢)/18%¢) ~/52/1.66, 0.47 0.058) - - [105]
Au2 5409/5109) - -/=10/0.35 - -5.60/-2.80 - [129,167]
Au5 5109/5249) 68<f) -/=1.97 0.1 -5.67/-2.62 - [130]
Au6 5089/513¢) 47.5%9) -/-/1.06 0.15 —5.68/-2.68 - [130]
Au? 472914729 100 25/45/1.14 0.078) —5.17/-5.01 - [132]
Au8 5129/506% 85¢f) 24/43/0.83 0.07¢) -5.12/-1.87 - [132]
Au9 5239 66" —/-.35 - ~4.60/-2.48 - [186]
Aul0 564) 42¢ —/-/0.74 0.058) - [186]
AuTl 517°) 84 56.9/23.5/0.72 0.048) —4.70/-2.42 - [186]
Aul2 5139 780 ~/-/0.85 - - - [186]
Aul3 5219 67 -/-/1.10 - - - [186]
Aul4 577 88<h) -/-/0.85 0.338M) - - [187]
Auls 546°) 290 —/-/3.78 - - - [187)
Aulé 560°) 670 —/-/1.43 - - - [187]
Aul7 5679 65f -/-/1.46 - - - n87]
Au18 568°) 80 —/-/1.19 - - - [187]
Au19 5959 560 —/-/0.77 - - - [187)
Au20 527,570,640°) 9 —/-/0.33 - - - [187)

3Selected photophysical data in solid-state for Au(l) and Au(lll) complexes with TADF used in OLEDs; Y Maximum emission wavelength; “Measured at 298 K; 9Measured

—1. h

at 77 K. PLQY values in ©)powder; film. Values converted from the ones reported by the authors in &cm™'; "Depending on the relative orientation of the D-A fragments.

with Au5 achieving 29 000 cd m~2 and the highest maximum
EQE of 10.6%.

In 2019, Thompson released a detailed study on CMA d°
coinage metal complexes.3? Gold(I) complexes Au7-Au8 with
high PLQY between 80% and 100% were included (Table 6
and Scheme 15). At RT, all complexes feature TADF emissions
with small 7 between 0.33 and 2.8 us, which is governed by
AEgr ranging between 150-590 cm™. Thorough temperature-
dependent photophysical analysis revealed 7 of 20-85 ns for
fluorescence and 50-200 ps for phosphorescence, respec-
tively. Complex Au8 was used to prepare OLEDs. They feature
green emissions and reach high EQE up to 18% and almost
10000 cd m™2 of brightness (Table 7). CIE color coordinates
of Ag(I)- and Au(l)-based devices were collected and are
represented in Figure 15, as the best performing devices in
each category.

Energy 2t
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(eV) 28
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_————
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Current density (mA cm?)

Figure 14. a) Energy level diagram of solution-processed OLEDs based
on Au2—-Au4 and Cu51. b) EQE versus current density of the same OLEDs
devices with the inset showing their EL spectra. Reproduced with permis-
sion.?l Copyright 2017, Science (AAAS).

Adv. Optical Mater. 2020, 8, 2000260

2000260 (26 of 36)

2.1.4. Tin(1V) Complexes

Tin(IV) complexes have also been used as emitters in
OLEDs,[#170-172] after the pioneering work of Adachi in 2009.
Here, six Tin(IV) complexes Sn1-Sn6 were described (Table 8
and Scheme 16). Their steady-state emissions feature strong
TADF emissions (569-579 nm) and weak phosphorescence
around 700 nm at RT. The photoluminescence analysis at dif-
ferent temperatures on Snl revealed PF, TADF, and phospho-
rescence processes. Beyond 250 K, the photoluminescence
is ruled by the TADF process. This indicates that the kgisc
is temperature-dependent, and in turn, TADF is allowed due
to a small AEgy estimated at 0.24 eV. An OLED device based
on Snl was prepared, the device showed poor performances
as it required up to 10 V for current injections and 29 V to
reach a current density of 100 mA cm™ (Table 9). The device
exhibits a temperature depending electroluminescence, fea-
turing both prompt and delayed fluorescence; the latter is
composed of TADF and phosphorescence. Based on these
findings, Adachi and co-workers provided crucial guidelines
on designing efficient TADF emitters, such as the molecule
rigidity, the use of heavy atoms or halogens, and most impor-
tantly a small AEgr.

2.1.5. Tungsten(VI) Complexes
Two years after reporting OLEDs with 4.79% of EQE using air-

stable phosphorescent tungsten(VI) complexes,”3l Cheng and
co-workers reported for the first time TADF in tungsten(VI)
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Table 7. Figures of merit of OLED devices based on Au(l) and Au(lll) complexes with TADF.

www.advopticalmat.de

Complex?) Device architecture Von [V] Ammax [nM] Linay [cd m™2] EQE [%] CE [cd A7) PE [Im W] CIE [x/y] Ref.
Au2 ITO/PEDOT:PSS/TFB/Au2 2.6 - 44700 26.3 76.3 62.7 0.24/0.42 [129,167]
20wt9%6:PVK/BPhen/LiF /Al
Au3 ITO/PEDOT:PSS/TFB/Au3 3.0 - 39540 17.9 45.2 336 0.24/0.42 [129]
20wt%:PVK/BPhen/LiF /Al
Au4 ITO/PEDOT:PSS/TFB/Au4 2.6 - 73100 27.5 87.1 75.1 0.24/0.42 [129]
20wt%:PVK/BPhen/LiF /Al
Aus ITO/PEDOT:PSS/TAPC/Au5 3.2 - 29000 10.6 - - 0.39/0.58 [130]
20wt96:TCP/BPhen/LiF /Al
Au6 ITO/PEDOT:PSS/TFP/Au6 3.6 - 10000 37 - - 0.37/0.60 [130]
20wt%:PVK/BPhen/LiF /Al
Aug ITO/TAPC/mCP/Au8 26 516 92401 18.0 - - - [132]
40wWt9%:mCBP/TPBI/LiF /Al
Aul10 ITO/PEDOT:PSS/Au10 - 509 57340 14.8 44.9 23.6 0.32/0.55 [186]
16wt%:PVK:OXD-7/TPBi/LiF /Al
Au12 ITO/PEDOT:PSS/AuT2 - 500 33740 238 70.4 473 0.27/0.51 [186]
16wt%:PVK:OXD-7/TPBi/LiF /Al
Aul4 ITO/HATCN /TAPC/TCTA/Au4 - - 37500 23] 76.0 99.4 0.35/0.56 [187]
8wt%:TCTA:TPBi/
/TPBi/TmPyPb/LiF/Al
Aul7 ITO/HATCN(5 nm)/TAPC/ - - 26300 19.7 57.5 86.9 0.41/0.55 [187]
TCTA/Au17 4wt%: TCTA:TPBi/
TPBi/TmPyPb/LiF/Al
Au18 ITO/HATCN(5 nm) /TAPC/ - - 70300 234 70.6 82.3 0.40/0.55 [187]

TCTA/Au18 4wt%:TCTA:TPBI/

TPBi/TmPyPb/LiF /Al

%Reported data were selected from the corresponding references, in favor of the highest EQE or highest CE when EQE was not givenV,,, turn-on voltage; A, maximum
emission; Lp,,,, maximum luminance; EQE, maximum external quantum efficiency; CE, maximum current efficiency; PE, maximum external power efficiency; CIE, Commis-
sion Internationale de I'Eclairage.

complexes in OLEDs (Table 9 and Scheme 17).74 The new
complex W1 chelated to a Schiff base exhibits high PLQY up
to 84% in steady-state and a AFEgp 1000 cm™ small enough to
allow TADF which was proved by emission red-shift and excited
states lifetimes at low temperature (Table 8). Importantly, TGA

o Ag(l)

ITO/PEDOT:PSS/TAPC/AGS 20 wt%:mCP/UGH2:TPBI/TPBI/LiF/Al <

Ly = 21000 cd m
EQE=13.7%

* Au(l)

bors:
Alg IPI\Q

lBu(Bu

ITO/PEDOT:PSS/TFB/Au(l) 20 wt%:PVK/Bphen/LiF/Al

* Au2

P
e
Al iPr

Ly = 44700 cd

EQE=263%

* Au4

iPr.

.|
Au iPr
|

lBulBu

Ly = 73100 cd m2
EQE =27.5%

CE=763cdd*

CE=871cd4*

analysis shows very good thermal stabilities with Ty values of

363 °C. Solution-processed OLEDs based on W1 reached out-
standing EQE of 15.6% and L., of 16 890 c¢d m= (Table 9).
These performances which are not far from the best reported
in TADF Cu, Ag, and Au,[">122162] show that W is a promising

08

Figure 15. Graphical summary of the benchmark OLEDs devices based on Ag(l) and Au(l) complexes; devices with highest efficiencies are represented

on the left.
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Table 8. Photophysical properties of Pd(ll), Sn(1V), W(VI) and Zn(Il) complexes with TADF.

Complex?) Ay [nm]°) @p, [%] Tor: [Ns]/ % [US]/ Traor [Ls] AEgr[eV] HOMO/LUMO [eV] CIE [x/y] Ref.
Pd1 5349 /5229 72¢¢) 142 0.26 - - [28]
Pd2 5189 765°) 205 - - - [28]
Snl 5719/701 9 - - 0.409 _ _ [4]
Sn2 5699/7019) - - 0.419) - - [4]
Sn3 5769/6989) - - 0.389) - - [4]
Sn4 5799 /708 - - 0.399) - - [4]
Sn5 5709/7039 - - 0.40¢8) - - [4]
Sné 5719/7019 - - 0.40¢8) - - [4]
w1 5559/563¢) 84¢¢) ~/358/2 0.120 - - [174]
Znl 5429 78.4%¢) 12.8/-/37.8 0.06 - - [29]
Zn2 5239 58.25¢) - 0.18 - - [29]

?Selected photophysical data in solid-state for Pd(I1), Sn(1V), W(VI) and Zn(Il) complexes with TADF used in OLEDs; Y Maximum emission wavelength; YMeasured at 298
K; 9Measured at 77 K; @PLQY value in film. Values converted from the ones reported by the authors in lcm™; 8kj mol-.

competitor to other earth-abundant TADF metals in lighting
applications.

2.1.6. Zinc(1l) Complexes

Zinc(Il) compounds are used in OLEDs as in various appli-
cations, such as emitters, host materials, and hole injection
layers.B%5] A number of OLEDs including WOLEDs using
Zinc(II) complexes as emitters have been reported by different
groups?>7-7); however, no TADF Zn(II) complex was reported
until 2015 when Adachi and co-workers published the first exam-
ples in green OLEDs (Table 9 and Scheme 18).2%) These new
TADF complexes showed very high PLQY of 78.4% and 58.4%
with ®papr = 66.1% and 48.1% for Znl and Zn2 respectively
(Table 8). All complexes showed an ILCT transition, the authors
observed a decrease of AEgy and increase of kgjsc by metalliza-
tion to zinc. The devices based on Znl and Zn2 showed very
high EQEs up to 19.6% for Zn1 and 10.4% for Zn2.

Bushuev and his team reported a Zn(II) complex (Zn3),
exhibiting an interplay Dbetween excitation-wavelength-
dependent emission and TADF in a proton-transfer system.[8]
Although Zn3 was not used in a lighting device, this was the

R? R?

R2 R!
R? R?

third zinc(II) complex reported with a TADF emission. Zn3
showed excitation depending luminescence; in fact, when
Zn3 was excited between 240-420 nm, a maximum emis-
sion was detected at 640 nm with a shoulder at 565 nm and
the PLQY of 0.02%. Excitation at 420-480 nm increased the
565 nm band with the highest PLQY up to 71%. The authors
attributed the 565 nm band to PF and TADF, while the
640 nm was attributed to phosphorescence. The authors con-
cluded that incorporating Zn(II) to their molecule facilitates
the S,—»T,—T; and S,—T, intersystem crossing. For Zn(II)
photochemistry, the reader can read these articlesP181-183 and
for Zn(II) complexes in OLEDs, the reader is advised to read
these reviews. 87184

2.2. Complexes with d? Electronic Configuration

2.2.1. Gold(Ill) Complexes

Besides gold(I) complexes, gold(IIl) complexes with TADF emis-
sions is a growing area with a lot of recent interest. The first

example of TADF in gold(IIl) complexes was reported by Fer-
nandez-Cestau et al. in 2015.'%] Two years later, Che et al. reported

R2 R!

R® R®
R* R*

Sn1:R'=R?2=FEt
Sn2: R' = Me, R? = Et
Sné: R = Me, R? = (CH,),-CO,Me

Sn3: R' = Me, R? = CH(OH)-CH3, R® = Me, R* = (CH,),CO,H
Sn4: R' = Me, R? = vinyl, R® = Me, R* = (CH,),CO,H
Sn5: R' = Me, R? = Et, R® = Me, R* = (CH,),CO,H

Scheme 16. Description of Sn(IV) complexes Sn1-6.
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Table 9. Figures of merit of OLED devices based on Pd(ll), Sn(IV), W(VI), and Zn(Il) complexes with TADF.

Complex?) Device architecture Von [V] Ammax [nM] Limax [cd m™2] EQE[%] CE[cdA™] PE[ImWT  CIE[x/y] Ref.

Pd1 ITO/HATCN/NPD/TAPC/Pd1 6Wt%:26mCPy/ - - - 20.9 - - 0.30/0.61 28]
DPPS/BmPyPB/LiF /Al

Pd2 ITO/HATCN/NPD/TAPC/Pd2 6wt%:26mCPy/ - - - 20.4 - - 0.30/0.62 28]
DPPS/BmPyPB/LiF/Al

Snl ITO (100 nm)/PEDOT:PSS/Sn1 2wt%:PVCz/ 10 - - - - - - 4]

MgAg/Ag
w1 ITO/PEDOT:PSS/W1 30wt%:PVK:OXD-7/TPBi/ - - 16890 15.6 34.0 29.1 0.49/0.49 [174]
LiF/Al
Znl ITO/0=NPD/Zn1 6wt%:mCBP/TPBI/LiF/Al - - - 19.6 - - - [29]
Zn2 ITO/0~NPD/Zn2 6wt%:mCBP/TPBi/LiF/Al - - 10.4 - - - [29]

Reported data were selected from the corresponding references, in favor of the highest EQE or highest CE when EQE was not given. V,,, turn-on voltage; A, maximum
emission; L., maximum luminance; EQE, maximum external quantum efficiency; CE, maximum current efficiency; PE, maximum external power efficiency; CIE, Commis-

sion Internationale de I'Eclairage.

the use of TADF Au(Ill) complex emitters to prepare OLEDs.[8¢)
The authors prepared a family of aryl bis cyclometallated Au(III)
complexes [(CANAC)Au(Ar)] Au9-Aul3 with different substituents
in the pincer and the aryl ancillary ligand (Table 6 and Scheme 19).
The study of the photophysical properties of these complexes
revealed that the introduction of the p-NX, {X = Me (Aul0), Ph
(Au9 and Aull), p-FC¢H, (Aul2), and p-tBuCgH, (Aul3)} substitu-
ents in the aryl ancillary ligand activate the TADF mechanism. In
particular, in complexes Aul0 and Aul2, the HOMO is located on
the p-NX, ligand and the LUMO is located on the CANAC. The
authors performed TD-DFT calculations, assuming Boltzmann
equilibrium of the S; and T excited states, and the average k, was
estimated to be 1.69 x 10° 5%, while the experimental was found
to be 72 x 10° s7! for Aul0. For Au12, they found a computed k, of
1.45 % 10° s™' and an experimental value of 1.11 x 10° s~%. The analysis
of Tat different temperatures agrees with the calculations leading to
the conclusion that complexes Au9—Aul3 are TADF emitters.
From this series, Au9 and Aull exhibiting TADF emissions
with high PLQY up to 84% were selected to be emissive dopants in
solution-processed OLEDs. Different dopant concentrations (4-16
wt%) were employed (Table 7). The authors reported sky-blue to
green-emitting OLEDs with a gradual red-shift upon increasing the
dopant concentration. The electroluminescence spectrum maxima
of the devices with 4 wt% was 509 (Au9) and 500 nm (Aull). The

Scheme 17. Description of W(IV) complex W1.
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emission color of the devices based on Au9 was sky-blue (x/y CIE
color coordinates: 0.27/0.51), whose high EQE of 23.8% was com-
parable with the best sky-blue OLEDs fabricated by solution pro-
cess technique. In addition, the emission energy of the devices
made with Aull could be tuned by using host materials with dif-
ferent band-gaps. For instance, replacing PVK:OXD-7 by PYD2 led
to a device emission centered at 486 nm with x/y CIE color coordi-
nates of 0.21/0.42 and a maximum EQE of 15.7% (Figure 16).

The same group studied the presence of TADF emissive
pathways in bis cyclometallated gold(II) complexes with
functionalized acetylide ligands in the ancillary position
[(CANAC)Au(C=CR)] Aul4—Au20 (Table 6 and Scheme 20).1'"]
Since Au(III)-Csp(acetylide) bond is stronger than Au(IIl)-
Csp2(aryl), the former is more stable than the latter. In addi-
tion, the photoluminescence is usually more intense since
the MC orbitals are higher in energy. The authors performed
theoretical calculations and demonstrated that the transition
that produces the emission is mainly a HOMO—LUMO, with
HOMO located on the triphenylamine motif and the LUMO
localized on the CANAC pincer. The rotation of the alkynyl
substituent with respect to the pincer generates a different
conformation. Thus, the average k, of the phosphorescence at
the different angles is estimated in the 10° s7' and the AEgy in
the optimized geometry is 18 cm™'. However, the authors also
admit the controversy that, at this geometry, the D-A dispo-
sition is perpendicular, and the oscillator strength is 0. How-
ever, they assign the emission in these systems to TADF. Vac-
uum-deposited OLEDs based on Aul4, Aul7, and Aul8 were
fabricated (Table 7 and Figure 17). The devices had a structure
of ITO/HATCN/TAPC/TCTA/TCTA:TPBi:Au(Ill) emitter/
TPBi/TmPyPb/LiF/Al, in which HATCN (1,4,5,8,9,11-hexaaza-
triphenylenehexacarbonitrile) was used as a hole-injecting
layer, TAPC (di-[4-(N,N-ditolyl-amino)-phenyl]cyclohexane)as
a hole-transporting layer, and TmPyPb (1,3,5-tri(m-pyrid-3-yl-
phenyl)benzene) as an electron-transporting layer. The EML
was constructed by using the co-host system consisting of
TCTA (4,4',4”-tris(carbazol-9-yl)-triphenylamine) and TPBi with
1:1 weight ratio. The dopant concentrations of Aul4, Aul7, or
Aul8 were 2, 4, and 8 wt%. Two 10-nm-thick layers of TCTA
and TPBi were inserted between EML and charge-transporting
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Scheme 18. Description of Zn(Il) complexes Zn1-3.

layers as exciton-blocking layers. High EQE values of =23%
were achieved, and in particular, the EQE values of devices fab-
ricated with Aul4 (4 and 8 wt%) and Aul8 (4 and 8 wt%) were
slightly higher than those of Au9 and Aul1 (Table 7).118¢

Thanks to a low V,, of 2.4 V, a high power efficiency of
99.4 Im W2 was achieved in the Aul4 device at the dopant
concentration of 8 wt%. The authors claimed that the device
performance and operational lifetime of OLEDs based on
Aul8 were evaluated by Samsung under industry standard
conditions. OLEDs with Aul8 (5 wt%) exhibited an EQE of
17% and a small efficiency roll-off of 6% was observed. Its
LT95 (an operational lifetime to 95% of initial luminance)
at an initial luminance of =8000 cd m~2 was measured to be
approximately 0.3 h. This corresponds to about 10 h at a prac-
tical luminance of 1000 cd m= and about 500 h at a lumi-
nance of 100 cd m™2, which is among the best achieved for
Au-based OLED devices.

R = H unless specified

Au9: R*=NPh,

Au10: R* = NMe,

Au11: R' = OEt, RZ=R3=F, R* = NPh,

Au12: R' = OEt, R = R® = F, R* = N(p-FCgH,),

Au13: R = 2,6-Me,-CgH3, R® = tBu, R* = N(p-tBuCgH4),

Scheme 19. Description of Au(lll) complexes Au9-13.
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2.2.2. Palladium (11) and Pt(ll) Complexes

Although palladium(II) and platinum(II) complexes are
usually phosphorescent emitters,12160181971 some of them
have also shown TADF behavior.2887193198-200] 1 2015, Li
reported vapor-processed OLEDs based on two palladium(II)
complexes Pd1 and Pd2 (Table 8 and Scheme 21), featuring
both phosphorescence and TADF emissions.?8! Pd1 and Pd2
exhibited temperature-dependent emission bands between
450 and 510 nm that are assigned to S;—S, transitions and
lower energy phosphorescence emissions arising from T;—$,
transition. OLEDs prepared using 26mCPy as a host mate-
rial achieved high EQEs of 20.9% and 20.4% for Pd1 and
Pd2, while device based on Pd1 in CBP reached outstanding
operational lifetimes LTq, of 170 h with an initial luminance
of 1697 cd m™2 at a constant current of 20 mA cm2 (Table 9).

(a) (b)
10} R10}
- -
w Concentration of Auld w Concentration of Aul?
8 —a 2W% 8 —a- 2wt%
—e- 4wWt% == AWi%
—a 8 W% —A= 8wt%
1L — — - - T b bl b
10 10 10 10 10 10 10° 10" 10° 10" 10
Luminance / cd m2 Luminance / cd m2
C! d — Auld
( )‘,-‘,;c.;:;;‘l = I @ — Aul?
= L_JU —— Aul8
®
S1o0f "-.. 3t
N
UOJ Concentration of Au18 = /
o —- 2Wt% A El /
—e— AWt% o
—- BWt% z |

1 N — N A
10" 10° 10" 10 10° 10° 10° 400 500 600 700
Luminance / cd m?2 Wavelength / nm

Figure 16. a—c) EQE—luminance characteristics of OLEDs based on Aul4,
Aul7, and Aul8 with dopant concentrations of 2, 4, and 8 wt%, and d)
normalized EL spectra of devices with dopant concentration of 4 wt%.
Reproduced with permission.['¥”l Copyright 2018, Wiley-VCH.
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Scheme 20. Description of Au(lll) complexes Au14-20.

This corresponds to an estimation of over 20 000 h at 100 cd
m~2. These devices are among the highest for Pd(Il) and com-
parable to Pt(II) and Ir(III)-based devices.®¥1%3] A graphical
summary of OLED devices based on d® Au(IlI) complexes is
given in Figure 18. Pd (II) complexes are not included as only
two devices were found in the literature, which makes them
difficult to compare.

3. Conclusions and Outlook

During the last years, the discovery of TADF emitting tran-
sition metal complexes has become a focus of interest for
both organometallic and the thin-film lighting communities.
Despite the number of good reviews about purely organic
TADF materials, [12647778818285 the number of reviews
focusing on transition metal TADF complexes is relatively
scarce. [>12317786-89] [n addition, the documents in the litera-
ture have mainly been focused on the photophysical prop-
erties of the complexes, while a comprehensive overview of
device performance has been eluded. There are sections dedi-
cated to TADF complexes in reviews about OLEDs and LECs,

1007 B A9 (16 wt%) "
@ v Aull(t6w) ® Aull (4 wi%)
v
.v v : vV rver - '//——\‘\\
104 L
3\2 """”M\.q‘ p
w i * i
g 5 w
w & (<
1 i w
H
5
01 al. il i wi
O Rongnrom 1 1 10 100 1000 10000
01 Luminance /cd m™

100 1000 10000

Luminance /cd m
Figure 17. a) EQE versus luminance of solution-processed OLEDs based
on Au9 and AuTl (16 wt%) using admixture of PVK and OXD-7 as host
with the inset showing their EL spectra. b) EQE versus luminance of
solution-processed OLEDs based on Aull (4 wt%) using PYD2 as host
with the inset showing a photo of the device viewed from the inside the
integrating sphere.l'®l Copyright 2018, Wiley-VCH.
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but in particular, transition metal TADF complexes are seen
as an exotic type of devices rather than a family by themselves.
In this context, this review presents the state-of-the-art of
using TADF transition metal complexes in SSLDs, differenti-
ating OLEDs and LECs.

As OLED devices based on small organic molecules are con-
quering the lighting market, once again it is worth to highlight
the promising results of organometallic TADF emitters. For
example, blue-emitting OLEDs with EQEs up to 275% were
designed by Credgington and co-workers using gold(I) com-
plexes,”?”l while green/yellow-emitting OLEDs have reached
over 23% of EQE using Cu(I)[115] and Au(I) complexes.!'®"]
Che et al. have successfully prepared red- and white-emitting
OLEDs with the highest EQEs of 10.2% and 16.8%, respec-
tively.'13114 Although these values are lower than those reported
for organic TADF emitters—that is, EQE values of 37% for
bluel®! and around 30% for green/yellow %% and orange/
red(® 2%l (Table 10), they are remarkable enough to encourage
new breakthroughs in the future.

As far as LECs are concerned, they still face a lack of
efficiency and stability, explaining why they are still under-
represented. However, they are gathering much attention of
the scientific community as these devices present several
advantages, such as manufacturing cost and environmental
impact. It is worth mentioning that progress has been made

Scheme 21. Description of Pd(ll) complexes Pd1 and Pd2.
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Figure 18. Graphical summary of the benchmark OLEDs devices based on Au(lll) complexes; devices with highest efficiencies are represented on

the left.

in this field in terms of color tuning and lifetimes, reaching
moderate performances using copper(I) complexes. For
instance, blue LECs have been reported with blue-emitting
copper(l) complexes showing CE of 1.3 c¢d A™! and L,
of 170 ¢cd m=20%1 Other similar performances have been
achieved in green/yellow-emitting LECs (CE of 3.7 ¢d A™!
and Ly, 370 cd m=%)% and red LECs (PE of 0.23 Im W~!
and irradiance of 979 uW cm™2).1% Noteworthy, prom-
ising results have been recently reported on white-emitting
LECs based on silver(I) complexes, in which the degrada-
tion mechanism involves the formation of silver nanoclus-
ters.['3] Using a new device architecture, the device stability
can be enhanced in several orders of magnitude in concert

with L., of 35 cd m™2 and CE of 0.2 cd A™.[1%% Thus, this
paves the way to possible breakthroughs taking into account
that other organometallic TADF emitters are still unexplored
in LECs. A comparative summary of best TADF LEC-based
organometallics and organic TADF-emitting in blue, green/
yellow, red, and white is also presented in Table 11 for the
interested reader.

All-in-all, we believe that this review would encourage
researchers in both organometallic and SSLD communities to
continue drawing a clear picture of the limits to be overcome.
TADF transition metal complexes will, for sure, play a funda-
mental role in the new generation of SSLDs that will be con-
solidated in the near future.

Table 10. Figures of merit of best OLED devices based on organic and inorganic TADF emitters.

TADF emitter Color Von [V] Aenax [NM] Linax [cd m™2] EQE [%] CE [cd A7) PE [Im W] CIE [x/y] Ref.
Organic Blue 2 - - 367 94 98.4 0.18/0.43 65]
Organic Green/Yellow - - - 29.6% - - - o]
Organic Red 2.7 615 - 27.5 47.6 53.1 0.58/0.41 [207]
Organic White 3.0 462, 572 18796 28.4/91 65.4 68.5 0.34/0.35 [202]
Inorganic Blue 2.6 - 73100 27.5 87.1 75.1 0.24/0.42 [129,167]
Inorganic Green/Yellow - - 70300 23.4 70.6 82.8 0.40/0.55 n&7]
Inorganic Red - 631 4630 10.2 1n.3 4.10 0.61/0.38 [174]
Inorganic White - - - 16.8 - 22.2 0.37/0.48 m3]
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Table 11. Figures of merit of best LEC devices based on organic and inorganic TADF emitters.

TADF emitter Color Operating conditions A, [nM]  Lyac[cdm™?  ton[h] tyy2 [h] EQE[%] CE[cdAT] PE[mWT  CIE[x/y] Ref.
Organic Blue IVL 495 700 30s - - 0.65 - - [203]
Organic Green|Yellow 7.4V 580 740 <255 - 7.0 16 - 0.46/0.50  [204]
Organic Red 7.4V 618 380 <25 - 4.67 8 - 0.54/0.44  [204]
Organic White 3V 513,630 1220 30 - - 18 - 039/0.37  [203]
Inorganic Blue - 497 170 - - - 13 - 0.23/0.28  [102,109]
Inorganic Green/Yellow 100 A m™ 557 370 0.02 0.82 3.70 - - - [146]
Inorganic Red 15 mA 675 97.99 - 20.9 - - 0.23 0.66/0.32 [150]
Inorganic White 15 mA 540 35 1.5 80 - 0.2 - 0.40/0.44 [163]

3 Luminance given in irradiance [UW cm™2].
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