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1. Introduction
1. Introduction
Emitting materials for organic light-emitting diodes (OLEDs) have been a significant focus of
academic
and materials
industrialfor
research
inlight-emitting
recent years [1–6].
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activated focus
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Emitting
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and(TADF)
industrial
research
in recent years
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this respect,
thermally
activated
delayed
(Figure 1) [7–12].
fluorescence
(TADF) represents a promising concept for harvesting both singlet and triplet excitons
(Figure 1) [7–12].

Figure 1. Schematic representation of thermally activated delayed fluorescence (TADF) process.
Figure 1. Schematic representation of thermally activated delayed fluorescence (TADF) process.
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As displayed in Figure 1, TADF ensures that both singlet and triplet excitons can be used for
As displayed in Figure 1, TADF ensures that both singlet and triplet excitons can be used for the
the generation of light due to intersystem crossing and small energy separation between singlet and
generation of light due to intersystem crossing and small energy separation between singlet and
triplet states, ∆EST . Thermal energy allows the up-conversion from the triplet T1 back to singlet state
triplet states, ΔEST. Thermal energy allows the up-conversion from the triplet T1 back to singlet state
S1 at room temperature, giving rise to TADF [7]. This process enables the use of both singlet and
S1 at room temperature, giving rise to TADF [7]. This process enables the use of both singlet and
triplet excitons, thus exceeding the external quantum efficiency (EQE) limit of OLEDs with fluorescent
triplet excitons, thus exceeding the external quantum efficiency (EQE) limit of OLEDs with
materials by a factor of 4 (the spin statistic giving 25% singlet and 75% triplet excitons). In efficient
fluorescent materials by a factor of 4 (the spin statistic giving 25% singlet and 75% triplet excitons).
TADF emitters, a small energy separation ∆EST between the lowest excited singlet and triplet states
In efficient TADF emitters, a small energy separation ΔEST between the lowest excited singlet and
and a sufficient intersystem crossing (or reverse intersystem crossing, respectively) between these
triplet states and a sufficient intersystem crossing (or reverse intersystem crossing, respectively)
states enable the delayed emission.
between these states enable the delayed emission.
Excellent device performance based on TADF—instead of phosphorescence—with devices
Excellent device performance based on TADF—instead of phosphorescence—with devices
exhibiting more than 20% external quantum efficiency (EQE) [11,13] has been demonstrated with
exhibiting more than 20% external quantum efficiency (EQE) [11,13] has been demonstrated with
metal-free materials or with copper complexes [14,15]. In fact, the first metal-containing TADF material
metal-free materials or with copper complexes [14,15]. In fact, the first metal-containing TADF
was observed in a Cu(I)-complex by Blasse and co-workers in 1980 [16]. In the late 1990s, efficient
material was observed in a Cu(I)-complex by Blasse and co-workers in 1980 [16]. In the late 1990s,
delayed fluorescence was further verified in fullerenes by Berberan-Santos and co-workers, and was
efficient delayed fluorescence was further verified in fullerenes by Berberan-Santos and co-workers,
firstly used in the detection of oxygen and temperature [17]. Later on, the attempt to apply TADF
and was firstly used in the detection of oxygen and temperature [17]. Later on, the attempt to apply
porphyrin complexes in OLEDs emerged in 2009 by Adachi and co-workers [18]. Research on TADF
TADF porphyrin complexes in OLEDs emerged in 2009 by Adachi and co-workers [18]. Research on
OLEDs culminated in 2012, being strongly developed by the same authors [19,20].
TADF OLEDs culminated in 2012, being strongly developed by the same authors [19,20].
Organometallic TADF complexes are a representative kind of TADF emitters, and they have
Organometallic TADF complexes are a representative kind of TADF emitters, and they have
attracted significant experimental attention. Photoemission via the TADF mechanism has been found
attracted significant experimental attention. Photoemission via the TADF mechanism has been found
in many Cu(I) complexes and a few Pd(II), Ag(I), Sn(IV), and Au(I) complexes but are rarely reported
in many Cu(I) complexes and a few Pd(II), Ag(I), Sn(IV), and Au(I) complexes but are rarely reported
for Au(III) complexes [21]. This could be because the low-energy metal centered states (MC states) can
for Au(III) complexes [21]. This could be because the low-energy metal centered states (MC states)
effectively quench luminescence excited states via thermal equilibration or energy transfer, thereby
can effectively quench luminescence excited states via thermal equilibration or energy transfer,
leading to low luminescence yields (Figure 2).
thereby leading to low luminescence yields (Figure 2).

Figure 2. Schematic representation of the quenching introduced by the presence of low lying metal
centred
states. representation of the quenching introduced by the presence of low lying metal
Figure(MC)
2. Schematic

centred (MC) states.

Nevertheless, in the past few years, by incorporating strong σ-donating ligands into Au(III)
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Au(III) center strong
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In order to ensure our focus on molecular-based gold TADF materials, we have not considered

nanoclustered structures, nor nanoparticle-derived complexes or heterometallic systems.
2. Au(I) Complexes
2. Au(I)
Complexes
The Au(I)
compounds found in the literature that exhibit TADF have been organized in this review
into two different groups, depending on whether one of their ligands is a diphosphine (Figure 3) or a
The Au(I) compounds found in the literature that exhibit TADF have been organized in this
carbene (Figure 6). The limited number of this type of complex displaying delayed fluorescence, DF,
review into two different groups, depending on whether one of their ligands is a diphosphine (Figure
is due to the well-known aurophilicity (Au(I)···Au(I) interactions). This particular property modulates
3) or a carbene (Figure 6). The limited number of this type of complex displaying delayed
fluorescence, DF, is due to the well-known aurophilicity (Au(I)···Au(I) interactions). This particular
property modulates the energy of excited states while retaining the coordination sphere and is
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the energy of excited states while retaining the coordination sphere and is capable of considerably
affecting the photophysical properties of the di- or polymetallic molecules [23]. In this way, polynuclear
aurophilic complexes present a stronger spin-orbit coupling (SOC) effect, resulting in triplet state
population and phosphorescence emission. For this reason, a priori, it is not expected that Au(I)
compounds present TADF properties. However, there are other reasons that affect this process and
in 2013 it was reported by Osawa and collaborators what it was considered to be the first Au(I)
complex displaying TADF (compound 1, Figure 3) [24], the compound Au(PP)(PS) complex (PP =
1,2-bis(diphenylphosphino)benzene and PS = 2-diphenylphosphinobenzenethiolate) on the basis of
emission characteristics measured at 298 and 77 K. It possesses tetrahedral geometry and exhibits
orange emission in solution around 600 nm, ca. 100 nm red-shifted with respect to the analogous
copper(I) and silver(I) complexes. The thiolate ligand with electron-donating character (PS− ) reduced
the contribution of metal orbitals to the HOMOs of the complexes, decreasing the metal to ligand
charge transfer, MLCT, character of their excited states. As a result, the origin of the TADF was a
ligand-ligand charge transfer LLCT transition. Although it has been considered the first example
of Au(I) TADF complexes reported in the literature [25], it should be noted that three years earlier,
the same author reported the anomalous long-lived emission from complex 2 at room temperature and
it was assumed to be E-type delayed fluorescence (TADF) [26]. Additionally, it was observed that the
counter anion governs the photophysical properties of the cationic complex 2 through intermolecular
interactions in a crystalline state, with a red-shift of ca. 70 nm from chloride to B(C6 H4 F-4)4 with the
following trend: λem Cl− < Br− < I− < NO3 − < BF4 − < PF6 − < B(C6 H4 F-4)4 , as an effect of the volume
of the anion and location in the crystalline packing, to a greater or lesser extent, affecting the geometry
of the cationic [Au(L)2 ]+ (L = diphosphine) counterpart. According to DFT calculations, a distortion
of the perfect tetrahedron corresponding to the cationic complex is associated with an increase of
the energy difference ∆ED , between the HOMO and HOMO-1 (which are degenerated in a perfect
tetrahedral symmetry) and thus, to a decrease of the HOMO-LUMO energy gap [26]. In this way,
∆ED may be considered as an index for the evaluation of the distortion from tetrahedral symmetry.
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The bulkiness of the diphosphine ligands present in compounds 3–5 are responsible for the
The bulkiness of the diphosphine ligands present in compounds 3–5 are responsible for the
coordination number of 3 in these complexes, since analogous synthesis performed with less bulky
coordination number of 3 in these complexes, since analogous synthesis performed with less bulky
diphosphine gives rise to the formation of the dinuclear (diphos)(AuCl)2 compounds [27]. Theoretical
diphosphine gives rise to the formation of the dinuclear (diphos)(AuCl)2 compounds [27]. Theoretical
calculations, in agreement with experimental data, show that the recorded absorption bands are mainly
calculations, in agreement with experimental data, show that the recorded absorption bands are
dominated by the HOMO–LUMO transitions, where the HOMO is mainly based on the phosphine
mainly dominated by the HOMO–LUMO transitions, where the HOMO is mainly based on the
ligands, with very low contributions of the halogen atoms. Emission maxima and luminescence
phosphine ligands, with very low contributions of the halogen atoms. Emission maxima and
lifetimes recorded for 3 and 4 are observed to depend on the temperature in agreement with the TADF
luminescence lifetimes recorded for 3 and 4 are observed to depend on the temperature in agreement
behavior (Figure 4).
with the TADF behavior (Figure 4).
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Figure 5. (Left) Recrystallization procedure with THF and alkanes: (A) image of the solutions just after
Figure 5. (Left) Recrystallization procedure with THF and alkanes: (A) image of the solutions just after
alkane
addition; (B) image of the solutions after 12 h; and (C) emission images; λ = 365
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nm. (Right)
nm. (Right)
alkane addition; (B) image of the solutions after 12 h; and (C) emission images; λexcexc
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Carbene gold(I)-L (L = N-donor ligand such as amine or carbazole) complexes that display
Carbene gold(I)-L (L = N-donor ligand such as amine or carbazole) complexes that display
luminescence have been studied for a range of applications, but mainly in terms of OLEDs. Interesting
luminescence have been studied for a range of applications, but mainly in terms of OLEDs.
results in this field were reported by D. Di and co-workers, with compounds 8–10 (Figure 6) [30].
Interesting results in this field were reported by D. Di and co-workers, with compounds 8–10 (Figure
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Figure 6. Chemical structure of carbine-Au(I) derivatives that display TADF properties. Coordinating
Figure 6. Chemical structure of carbine-Au(I) derivatives that display TADF properties. Coordinating
atoms are marked in red.
atoms are marked in red.
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3. Au(III) Complexes
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Manfred Bochmann and co-workers were the first group that reported Au(III) complexes as
TADF emitters [32]. They synthesized pyrazine-based Au(III) pincer complexes (compounds 13–20,
Figure 7) via a new synthesis route with mercuration of the pro-ligand, transmetallation with KAuCl4
and different substitutions of the chloride afterwards. The resulting cyclometallated gold(III) pincer
complexes provide a new family of photoluminescent compounds which allow for facile modulation
of the emission characteristics by protonation, alkylation, Lewis acids or metal ions, without the need
for modifying the pincer ligand framework (Figure 8). The modulation arises from the coexistence of
3
high
energy
(CˆNpz ˆC)/3 LLCT (X→CˆNpz ˆC) transitions.
Inorganics
2019, TADF
7, x FORand
PEERIL
REVIEW
9 of 13

Figure 7. Chemical structure of Au(III) complexes that display TADF properties. Coordinating atoms
are
are marked
marked in
in red.
red.
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Figure 8. (A) Prompt luminescence, PL, of chloride precursor of 19 (CH2 Cl2 , 1 × 10−4 M) in the
absence and presence of two equivalents of [H(OEt2 )2 ][H2 N{B(C6 F5 )3 }2 ] (HNB2 ) at 298 and 77 K. (B) PL
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years later, C.-M. Che and co-workers reported a series of Au(III) cyclometallated complexes
2015
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HOMO-1 (ΔED) and thus, to a decrease of the HOMO-LUMO energy gap.
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This effect was verified by recording emission spectra and lifetimes at different temperatures.
Interestingly, the compounds were successfully used in the fabrication of OLEDs showing record-high
maximum EQE and luminance of up to 23.8% and 57,340 cd·m−2 , as well as EQEs of up to 16.5% at
1000 cd·m−2 , clearly establishing the practical usefulness of Au(III)-TADF emitters in OLED technology.
4. Conclusions and Outlook
TADF-Au(I) based compounds are strongly influenced by the presence of aurophilic contacts, since
this particular property modulates the energy of the excited states while retaining the coordination
sphere, and is capable of considerably affecting the photophysical properties. Other parameters such
as counterion also affect this process. In fact, according to DFT calculations, it seems that the observed
TADF-dependence is correlated with the difference between the HOMO and HOMO-1 (∆ED ) and thus,
to a decrease of the HOMO-LUMO energy gap.
Au(I) TADF materials reported in the literature contain phosphine or carbene ligands.
Fewer examples are reported for Au(III)-based molecules with respect to Au(I) and the majority are
cyclometalled compounds. The successful fabrication of OLEDs showing record-high maximum EQE
and luminance clearly establish the practical usefulness of Au(III)-TADF emitters in OLED technology.
All in all, this review shows that gold luminescent complexes are still not extensively used as TADF
emitters. Nevertheless, their very well-established synthetic methods, together with their interesting
luminescent properties, make the authors confident to start increasing their research interest in this
field. Although the major number of examples contain Au(I) ions in their structure, the very promising
results recorded for cyclometallated Au(III) complexes included in OLEDs fabrication, shows the
potential of square-planar complexes as TADF emissive materials.
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