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ted delayed fluorescence in
luminescent cationic copper(I) complexes

Christian Sandoval-Pauker, ab Mireya Santander-Nelli cd and Paulina Dreyse *b

In this work, the photophysical characteristics of [Cu(N^N)2]
+ and [Cu(N^N)(P^P)]+ complexes were

described. The concept of thermally activated delayed fluorescence (TADF) and its development

throughout the years was also explained. The importance of DE(S1–T1) and spin-orbital coupling (SOC)

values on the TADF behavior of [Cu(N^N)2]
+ and [Cu(N^N)(P^P)]+ complexes is discussed. Examples of

DE(S1–T1) values reported in the literature were collected and some trends were proposed (e.g. the effect

of the substituents at the 2,9 positions of the phenanthroline ligand). Besides, the techniques (or

calculation methods) used for determining DE(S1–T1) values were described. The effect of SOC in TADF

was also discussed, and examples of the determination of SOC values by DFT and TD-DFT calculations

are provided. The last chapter covers the applications of [Cu(N^N)2]
+ and [Cu(N^N)(P^P)]+ TADF

complexes and the challenges that are still needed to be addressed to ensure the industrial applications

of these compounds.
1. Introduction

The photophysical and photochemical processes of transition
metal complexes have been thoroughly studied for almost
a century.1,2 This research has been triggered by the potential of
some organometallic and coordination compounds with
remarkable photophysical and photochemical properties,
which can be explored in several areas such as energy storage,3,4

dye-sensitized solar cells,5–7 light-emitting diodes,8,9 chemical
sensing,10,11 photodynamic therapy,12,13 organic synthesis,2,14,15

among others.
In this sense, the luminescent coordination complexes

based on precious metals such as Ru(II), Ir(III) and Pt(II) (see
examples in Fig. 1) have been the center of numerous studies,
due to their outstanding properties such as long-lived excited
states, absorption in the visible region, strong luminescence,
reversible electrochemical behavior, facile preparation, among
others.16,17 Besides, their photophysical and photochemical
properties can be judiciously tuned by ligand or substituent
modication.1 Nevertheless, the scarcity and cost of these
precious metals greatly limit their commercial use (the abun-
dances of Ru, Ir and Pt in the earth crust are 0.1, 0.05 and 0.4
ppb, respectively).18,19 In this context, cheaper and more
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abundant rst-row transition metal complexes (i.e. Cu, Co, Zn
and Cr) have come into the limelight as viable alternatives to Pt,
Ir and Ru complexes.20,21 In particular, Cu(I) complexes show
suitable photophysical and photochemical properties for
various applications such as light-emitting devices,16,19,22 dye-
sensitized solar cells,23,24 water splitting,25,26 photoredox catal-
ysis,27–29 polymerization,30,31 among others.

Although there is a plethora of luminescent Cu(I) complexes
(i.e., di/tri/tetracoordinated complexes and multinuclear
complexes),32 this work will focus primarily on cationic tetra-
coordinate homoleptic Cu(I) complexes represented as
[Cu(N^N)2]

+ (e.g. [Cu(dmp)2]
+; dmp ¼ 2,9-dimethyl-1,10-

phenanthroline) and the heteroleptic Cu(I) complexes repre-
sented as [Cu(N^N)(P^P)]+ (e.g. [Cu(dmp)(POP)]+; POP ¼ bis[2-
(diphenylphosphino)phenyl]ether) where N^N is a diimine
ligand and P^P a diphosphine ligand.

During the 1970s, McMillin and co-workers showed the rst
studies about the photophysics of homoleptic Cu(I) complexes
derived from bis(phenanthroline), using for example:
[Cu(dmp)2]

+, [Cu(dpp)2]
+ (dpp ¼ 2,9-diphenyl-1,10-

phenanthroline), [Cu(dap)2]
+ (dap ¼ 2,9-bis(4-methoxyphenyl)-

1,10-phenanthroline), among others (see Fig. 1).33–35 There,
they studied the relationship between the geometry and
substitution patterns; in particular, the effect of the different
substituents at the 2,9 positions of the phenanthroline on the
photophysical properties of these complexes. These complexes
are still the subject of research in current reports in order to
rationalize their absorption and emission properties and to
overcome certain drawbacks associated with the structural
relaxation and exciplex quenching in the excited state (see
below).36
RSC Adv., 2022, 12, 10653–10674 | 10653
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Fig. 1 Selected examples of luminescent transition metal complexes.
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In the ground state, Cu(I) complexes have a d10 electronic
conguration with a favored pseudo tetrahedral geometry. This
closed-shell arrangement prevents the population of the d–
d metal-centered states, which particularly makes these
complexes promising alternatives to traditional luminescent
complexes.21 Commonly, [Cu(N^N)2]

+ and [Cu(N^N)(P^P)]+

complexes display ligand centered (LC) transitions in the UV
region together with metal-to-ligand charge transfer (MLCT)
absorptions in the visible regin.21,36 Due to the MLCT involves
the electron transition from metal-centered orbitals to a p*

ligand-centered orbital, this process could be described as the
oxidation of the metal (Cu+/ Cu2+) and reduction of the ligand
(N^N / N^N�).16 In this electronic distribution, the asym-
metric population of electrons in the excited state coupled with
the preference of Cu(II) ions to espouse a square planar geom-
etry leads to a pseudo Jahn–Teller geometric distortion (see
Section 2). This distortion of the geometry (namely attening
distortion) opens the gate for non-radiative processes which
subsequently decreases the overall luminescent quantum
yield.37 It is likely that due to these limitations Pt, Ru and Ir
complexes are still the most popular in various photophysical
applications.37

Some strategies have been developed to prevent the excited
state attening distortion such as the functionalization of N^N
moieties including bulky alkyl or aromatic groups (i.e.
[Cu(dmp)2]

+, [Cu(dpp)2]
+, etc).19 Another strategy is the intro-

duction of diphosphine ligands yielding a new class of Cu(I)
complexes of the type [Cu(N^N)(P^P)]+ (i.e. [Cu(dmp)(POP)]+;
Fig. 1) with improved photophysical properties.38 The chelating
phosphines (e.g. POP) are able to stabilize the pseudo tetrahe-
dral and destabilize the pseudo square planar environment
around the copper center, thus preventing the attening
distortion.36

In the last years, several studies have pinpointed lumines-
cent Cu(I) complexes as promising emitting materials for light-
10654 | RSC Adv., 2022, 12, 10653–10674
emitting devices.19,22,32,39,40 Back in the 1970s and 1980s,
McMillin and coworkers noted that the emission maxima of
[Cu(N^N)2]

+ complexes was redshied and the emission inten-
sities lowered when the temperature was decreased.41 This
unusual temperature dependence was attributed to lumines-
cence from two thermally equilibrated excited states with
a separation of 1800 cm�1. The lower one was ascribed to
a 3MLCT (radiative constant (kr) ¼ 103 s�1) while the upper one
to a 1MLCT. The population of the latter requires thermal
energy, and it has a high kr (10

7 s�1). Interestingly, this effect
was also observed for [Cu(N^N)(PPh3)2]

+ complexes.41 Nowa-
days, this phenomenon is known as thermally activated delayed
uorescence (TADF). This concept is known since 1912 when
Perrin proposed it as the thermal activation of a “dark” state to
a singlet excited state. In the 1940s, this “dark” state was
reasoned to be a triplet excited state.42

TADF emitters constitute interesting alternatives to tradi-
tional phosphorescent emitters (or triplet emitters) generally
based on precious and expensive metals (Pd, Ru, Ir, etc).40

Phosphorescent emitters exhibit strong spin–orbit coupling
(SOC) which leads to a fast intersystem crossing (ISC) from the
lowest singlet excited state to the triplet state, thus being able to
harvest both singlet and triplet excitons in an electrolumines-
cent device.22,43 TADF emitters (also denoted as singlet har-
vesting materials), in contrast, display reverse ISC from the
triplet state to the singlet state activated by thermal energy
(temperature) showing a delayed uorescence (generally room
temperature is enough) with signicantly shorter radiative
emission decay than their respective phosphorescence from the
triplet excited state (since S1/ S0 transition is spin-allowed). In
this way, both singlet and triplet excitons can be harvested.22,39,44

TADF has been observed for various types of compounds
such as eosin dyes, fullerenes, porphyrins, organometallic
complexes, polymers, among others.32 In particular, several
reports of Cu(I) TADF emitters are available in the literature
© 2022 The Author(s). Published by the Royal Society of Chemistry
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showcasing their versatility in various applications.19,29,45–47 This
work aims to specically review the TADF properties of cationic
tetracoordinate mononuclear Cu(I) complexes. Their photo-
physical properties will be explained in detail. Moreover, the
parameters that determine their TADF properties will be
depicted. Finally, the principal applications of these complexes
and the challenges that are still needed to overcome for their
research and industrial application are mentioned.
2. Photophysics of luminescent Cu(I)
complexes

To understand the photophysical aspects of Cu(I) complexes, it
is worth mentioning rst the photophysical characteristics of
classical phosphorescent emitters briey such as [Ru(bpy)3]

2+

(bpy ¼ 2,20-bipyridine) or [Ir(ppy)2(bpy)]
+ (ppy ¼ 2-phenyl-

pyridine) and their differences with Cu(I) complexes. Fig. 2
shows a comparison of the relevant photophysical processes
that occur aer photon absorption for luminescent octahedral
Ru(II) (4d6) or Ir(III) (5d6) complexes (Fig. 2a) and for [Cu(N^N)2]

+

complexes (Fig. 2b). In the case of traditional complexes (i.e.
[Ru(bpy)3]

2+), the excitation of one electron of the metal-
centered t2g set of orbitals to a high-lying ligand-centered p*

orbital (MLCT), induced by light, populates a singlet 1MLCT (Sn)
state which rapidly undergoes internal conversion (IC) and
intersystem crossing (ISC), thus populating a low-lying triplet
3MLCT state, with a lifetime in the nanosecond to microsecond
range.48,49 This 3MLCT can deactivate in several ways (as
detailed in Section 3) including the radiative decay (phospho-
rescence). Indeed, these phosphorescent compounds are also
called triplet emitters.50

For Cu(I) complexes a similar picture aer the light absorp-
tion and the promotion of an electron from the metal-centered
t2 set of orbitals to the ligand-centered p* orbital (population of
a high-lying 1MLCT state) could be expected, however,
a completely different scenario arises due to a pseudo-Jahn–
Teller distortion (namely attening distortion, FD).37 The
Fig. 2 Jablonski diagram of (a) traditional luminescent complexes
[Cu(dmp)2]

+). Relevant photophysical processes and electronic distributi

© 2022 The Author(s). Published by the Royal Society of Chemistry
1MLCT state can be formally described as an oxidized Cu(II)
metal center and a reduced ligand. The fact that a d9 electronic
conguration prefers a square planar structure induces the
geometric distortion to a more attened structure and activates
other non-radiative decay pathways (e.g. formation of exciplexes
with solvent molecules) which dramatically reduces the lumi-
nescence quantum yields.16 As a result of this geometric change,
two competing decay pathways occur. In the rst path, the
1MLCT (Sn) state undergoes IC (of the order of 10�12 s)19 to the
lowest energy 1MLCT state (S1). Flattening distortion of the S1
state leads to a transient 1MLCTattened which subsequently
could undergo ISC to the lowest 3MLCTattened state (approxi-
mately between 3 and 30 ps depending on the ligand environ-
ment).19 The distortion of the geometry in the 1MLCTattened

state coupled with the fact that the 1MLCTattened species is
stabilized in energy with respect to the lowest 1MLCT state
increase the probability of non-radiative decay pathways. In
addition, the geometry distortion induces a lower SOC, thus the
1MLCTattened / 3MLCTattened transition becomes slower.21,36

In the other pathway, the absence of geometric distortion in the
1MLCT (Sn) state allows larger SOC improving the ISC to
a 3MLCT state. The 3MLCT state would then undergo attening
distortion to the 3MLCTattened species.36,51 Besides, as
mentioned before, the attened structure of the MLCT states
leaves the copper center accessible for the coordination of
nucleophiles such as the solvent molecules or the counterions
to form exciplexes which are non-luminescent.21

The introduction of bulky substituents in the diimine
ligands, for instance, in the 2 and 9 positions of the phenan-
throline (phen) have shown remarkable results in preventing
the structural relaxation in the excited state.21 Fig. 3 shows some
benchmark [Cu(N^N)2]

+ complexes together with their photo-
physical properties. [Cu(phen)2]

+ exhibits a similar maximum
absorption band to its congeners. Nevertheless, this complex is
not luminescent in solution, even at low temperatures (77 K).
The absence of luminescence in this complex has been attrib-
uted to an efficient non-radiative decay promoted by the
(e.g.[Ru(bpy)3]
2+) and (b) homoleptic [Cu(N^N)2]

+ complexes (i.e.
on of the species involved are detailed.

RSC Adv., 2022, 12, 10653–10674 | 10655
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Fig. 3 Effect of the functionalization of the phenanthrolinemoiety with bulky groups on the photophysical properties of [Cu(N^N)2]
+ complexes.

Data was measured in dichloromethane (DCM) at 298 K. Photophysical data was extracted from ref. 33, 41 and 52.
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attening distortion in the excited state.33 The replacement of
the protons of 2,9 position of the phen ligand with methyl
groups ([Cu(dmp)2]

+) leads to a dramatic improvement in the
photophysical properties of the complex in comparison with the
former. Indeed, a short-lived luminescence is observed (90 ns)
with a photoluminescence quantum yield (PLQY) of 0.021%.41 A
further improvement is observed when bulky phenyl groups are
introduced instead of the protons, such as the case of
[Cu(dpp)2]

+ with a luminescence lifetime of 250 ns and a PLQY
of 0.107%.52

The functionalization of the other positions of the phen (4,7
positions) seems to not signicantly improve the photophysical
properties of [Cu(N^N)2]

+ complexes. This is the case of the
complex [Cu(bcp)2]

+ whose photophysical properties are
comparable to the properties of [Cu(dmp)2]

+.41,52

Another important factor is the rigidity of the backbone of
the diimine ligand. As shown in Fig. 3, the complex
[Cu(tmbp)2]

+ (tmbp ¼ 4,40,6,60-tetramethyl-2,20-bipyridine)
presents lower quantum efficiency (0.005%) and luminescent
lifetime (18 ns) than the phenanthroline based Cu(I) complexes
(i.e. [Cu(dmp)2]

+, s ¼ 90 ns, PLQY(%) ¼ 0.021). In this case, the
excited-state distortion seems to be more pronounced due to
the exibility of the bipyridine moiety.41

During the 70 s, McMillin and coworkers reported that Cu(I)
complexes that featured diimine ligands (e.g. di-substituted
phenanthrolines and bipyridines) and triphenylphosphine
ligands (PPh3) such as [Cu(dmp)(PPh3)2]

+ exhibited MLCT (d/

p*) transitions around 360 nm. However, these complexes
10656 | RSC Adv., 2022, 12, 10653–10674
suffered from a ligand dissociation behavior that limited their
applications (vide infra).53,54 It was not until 2002, that McMillin
and Walton reported one of the rsts examples of highly
luminescent and stable heteroleptic [Cu(N^N)(P^P)]+ complexes
with diimine ligands and chelating diphosphine ligands. For
instance, the [Cu(dmp)(POP)]+ complex showed a higher PLQY
(15%) than the homoleptic [Cu(dmp)2]

+ complex (PLQY ¼
0.021%) in DCM. Also, the luminescent lifetime was enhanced
(14.3 ms in DCM at 298 K).38 This work led to the development of
various other diphosphine chelating ligands such as Xantphos
(or Xant, 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene),
BINAP (2,20-bis(diphenylphosphino)-1,10-binaphthyl), Phane-
phos (4,12-bis(diphenylphosphino)-[2.2]paracyclophane),
among others.55–57

The improved emissive properties were attributed to the fact
that chelating diphosphine ligands exert a steric effect that can
stabilize the tetrahedral geometry and destabilize the square
planar geometry thanks to their wide natural bite angles and the
three-dimensional orientation of the aryl substituents bonded
to the phosphorous atoms.36 Moreover, their MLCT states are
higher in energy in comparison to diimine homoleptic Cu(I)
complexes, thus decreasing the probability of non-radiative
decay.58

In the ground state, [Cu(N^N)(P^P)]+ complexes exhibit
a pseudo-tetrahedral geometry. They display intense absorption
bands in the UV region ascribed to p / p* transitions of the
N^N and P^P ligands. Besides, charge transfer (CT) absorption
bands appear in the (near) visible region.36 According to time-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photophysical data of selected heteroleptic [Cu(N^N)(P^P)]+ complexes. Data was measured in DCM at 298 K. Photophysical data
extracted from ref. 38.
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dependent density functional theory (TD-DFT) calculations,
these complexes commonly have a HOMO and HOMO-1 which
have a strong d orbital character, centered at the Cu center, and
the lone pair of the phosphorous atoms of the P^P ligand.
Conversely, the LUMO and LUMO+1 are p* ligand-centered
orbitals at the N^N ligand.59–61 As a result, the CT bands are
mainly ascribed to MLCT transitions Cu / N^N.36

The presence of the bulky diphosphine ligand helps to
minimize the structural distortion in the excited state, thus
preventing non-radiative decay and the exciplex quenching. For
instance, the complex [Cu(phen)(POP)]+ (see Fig. 4) shows
a luminescent lifetime of 0.19 ms and a PLQY(%) of 0.18% while
the analogous homoleptic complex [Cu(phen)2]

+ is non-
emissive. As shown in Fig. 4, for [Cu(N^N)(P^P)]+ complexes,
the introduction of bulky substituents in the N^N moiety has
also a strong impact over their photophysical properties.38 For
example, the complex [Cu(phen)(POP)]+ has a lower PLQY(%)
(0.18) and luminescent lifetime (0.19 ms) than the complexes
[Cu(dmp)(POP)]+ (PLQY(%) ¼ 15; s ¼ 14.3 ms) and [Cu(dbp)(-
POP)]+ (PLQY(%) ¼ 16; s ¼ 16.1 ms).

As mentioned before, a dynamic ligand exchange equilib-
rium has been identied for heteroleptic [Cu(N^N)(P^P)]+

complexes (see eqn (1)). In other words, in solution, the heter-
oleptic species [Cu(N^N)(P^P)]+ is in equilibrium with the
homoleptic [Cu(N^N)2]

+ and [Cu(P^P)2]
+ species.62 This ligand

exchange equilibrium is not benecial for practical applications
especially when prolonged periods under visible light are
required.63 For instance, Karnahl and coworkers tested complex
[Cu(dmp)(Xant)]+ as a photosensitizer in the photocatalytic
reduction of protons.64 The complex exhibited a relatively high
production of H2 until 15 hours of operation. Aer this time,
a strong decrease in its activity was observed. It was suggested
that the drop of the catalytic activity was associated with either
the decomposition of the iron-based water reduction catalyst
and/or the dissociation of the heteroleptic species following the
equilibrium shown in eqn (1).

2[Cu(N^N)(P^P)]+ % [Cu(N^N)2]
+ + [Cu(P^P)2]

+ (1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
This dynamic exchange equilibrium is commonly observed
when small-sized labile phosphines are employed (i.e. dppm ¼
1,1-bis(diphenylphosphino)methane). In the case of diphos-
phine ligands with wide bite angles such as POP, Xant, etc, the
steric factors help to destabilize the homoleptic [Cu(P^P)2]

+

species since the Cu(I) metal center is not big enough to coor-
dinate the two bulky (P^P) ligand in a tetrahedral arrangement.
Accordingly, minor dissociation is observed.62

Another interesting aspect of the photophysics of both
[Cu(N^N)2]

+ and [Cu(N^N)(P^P)]+ Cu(I) complexes is their
capability of showing thermally activated delayed uorescence
(TADF).19 Back in the 1970s and 1980s, McMillin and coworkers
attributed the emission properties dependence with the
temperature to luminescence from two thermally equilibrated
excited states ascribed to a 3MLCT and 1MLCT excited states.41

Nowadays, the photoluminescence from the 1MLCT has been
conrmed to require thermal energy, thus being more appro-
priately described as thermally activated delayed uorescence.36

This thermally activated delayed uorescence property of
luminescent Cu(I) complexes has positioned them as promising
emitting materials for light-emitting devices.19,22,32,39,40 The
following chapters will be dedicated to deeply describing the
TADF behavior of Cu(I) complexes focusing mainly (but not
limited to) on [Cu(N^N)2]

+ and [Cu(N^N)(P^P)]+ complexes.
Examples will be provided to describe the TADF phenomenon
and to illustrate how certain parameters inuence TADF
performance such as the energy difference between the lowest
singlet and triplet excited states, spin orbit-coupling, tempera-
ture, solvent, among others.

3. Thermally activated delayed
fluorescence (TADF)
3.1. Exciton harvest mechanisms for emitting materials

For several years, a lot of effort has been devoted to increasing
the PLQY of luminescent compounds.65 As already introduced,
TADF emitters are considered nowadays promising materials
for areas such as organic light-emitting diodes (OLEDs),
RSC Adv., 2022, 12, 10653–10674 | 10657
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imaging, sensing, photoinduced polymerization reactions,
among others.66,67 In particular in the eld of OLEDs, TADF
molecules (without the necessity of precious metals such as Ir or
Pt), allow the efficient harvesting of both triplet and singlet
excitons generated during charge recombination in electrolu-
minescent devices.32,42

To understand the TADF phenomenon, some basic princi-
ples of the electro-luminescent processes of OLED devices
should be addressed. Fig. 5a shows the typical arrangement of
an OLED device. A transparent substrate of glass or plastic
supports the anode which is generally indium tin oxide (ITO;
(In2O3)0,9(SnO2)0,1). Next to this layer, a hole injection material
(HIL) and/or a hole transporting layer (HTL) is deposited fol-
lowed by the emissive layer (EML) where the electrolumines-
cence takes place (i.e. an organic host material doped with
a luminescent compound). An electron transport layer (ETL)
and/or an electron injection layer (EIL) come next. Finally, a low
work function metal cathode (e.g., Ca, Al, Ba, among others) is
evaporated at the top.68–71

When an external voltage is applied to the device, opposite
charge (electron(e�) and hole(h+)) carriers are injected from the
cathode and anode, respectively.69,70 These charges migrate into
the device by their coulombic force to nally recombine in the
EML to form an exciton (a singlet or triplet excited state
species).68,70 This exciton relaxes from the excited state to the
ground state by a luminescent pathway.70 Given the electrical
nature of this process, statistically, 25% singlet (S ¼ 0) and 75%
triplet (S ¼ 1) excitons are formed.72
Fig. 5 (a) Typical composition of an OLED device; (b) first, the second, an
(c) exciton harvesting mechanism for fluorescent, phosphorescent and

10658 | RSC Adv., 2022, 12, 10653–10674
The capability of an emitter to harvest singlet and triplet
excitons denes the efficiency of the OLED device.69 As a result,
different “generations” of emitters have been developed
through the years (Fig. 5b). The rst generation of emitters
consisted of uorescent emitters such as 8-hydroxyquinoline
aluminum (Alq3, see Fig. 5b). These dyes display notable
prompt uorescence rates but negligible phosphorescent rates
due to a slow ISC (Fig. 5c).43 Therefore, the maximum theoret-
ical internal quantum efficiencies (IQE) of OLEDs comprising
this type of emitters is limited to 25%.42 The IQE is dened as
the relationship between the number of photons emitted from
the EML per second and the number of electrons injected into
the device per second.73

The incorporation of phosphorescent materials which
exhibit strong SOC (i.e. organometallic or coordinated
complexes of Ir(III), Pt(II), etc) constitutes the second generation
of emitters (Fig. 5b).43 The strong SOC leads to a fast (z100 fs)
and efficient ISC from the lowest singlet excited state (S1) to the
lowest triplet excited state (T1). Hence, phosphorescence is
observed leading to an increase of the maximum theoretical IQE
of the luminescent device since both singlet and triplet excitons
are harvested (see Fig. 5c).22 Nevertheless, this second genera-
tion of “triplet harvesting or phosphorescent emitters” presents
some drawbacks primarily associated with costs and availability
of precious metals. Moreover, the long radiative lifetimes of
their excited states (1–100 ms)74 could reduce the stability of the
devices (i.e. by quenching processes due to the formation of
non-emissive exciplexes).70
d the third generation of emitters together with benchmark examples;
TADF emitters.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Energy diagram of fluorescein in boric acid proposed by Lewis,
76
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TADF compounds constitute the third generation of emitters
(see example in Fig. 5b).43 As shown in Fig. 5c, in this class of
emitters, a relatively fast reverse intersystem crossing (RISC)
occurs from the lowest triplet excited state (T1) to the lowest
singlet excited state (S1) with the aid of thermal energy (kBT)
leading to a delayed uorescence (DF) in addition to prompt
uorescence (PF).65 For RISC to happen, a relatively small
singlet-triplet energy gap DE(S1–T1) (preferable, not larger than
1000 cm�1 z 120 meV) is required, therefore, room tempera-
ture is enough to thermally populate the S1 excited state.22 In
this case, both singlet and triplet excitons are also harvested.
Since all excitons are harvested via the singlet state, these
compounds are also called “singlet harvesting emitters” in the
literature.72
Lipkin and Magel in 1941. “Reprinted with permission from J. Am.
Chem. Soc. 1941, 63, 11, 3005–3018. Copyright 1941 American
Chemical Society”.
3.2. A brief history of TADF emitters

Thermally activated delayed uorescence is a phenomenon that
was discovered around 90 years ago. In 1929, Jean Perrin
proposed that in some cases an “activated metastable state”
formed aer light absorption can not return to the ground state
by spontaneous emission of light (uorescence). In these cases,
these species can only return to the ground state through the
interaction with other molecules and/or by activating a higher
energy state (“uorescence of long duration”).75

At that time, the nature of this “metastable state” was
unknown and subject of debate.66 It was recognized that some
dyes showed two “phosphorescent bands” (a and b). The rst
band (a-phosphorescence) was very similar to the uorescent
band, and the decay rate of this process increased rapidly with
the temperature. The second band (b-phosphorescence) had
lower energy, and when the temperature was low enough only
a beta band was observed.76 Opposed to the idea that both of
these bands were “phosphorescent bands”, Perrin dened the
rst band as a “uorescence of long duration” while the second
one was named “true phosphorescence”.77 Moreover, Jablon-
ski78 introduced the idea that the same excited “metastable
state” was responsible for both of these processes. Also, he
proposed that the b-phosphorescence process was spontaneous
and the a-phosphorescence process required thermal energy.

In 1941, Lewis, Lipkin andMagel corroborated some of these
ideas by studying the photophysical properties of uorescein
dissolved in boric acid at different temperatures.76 They
proposed the energy diagram depicted in Fig. 6 where N
represents the “normal state” (ground state), and F and P
represent “uorescent” and “phosphorescent” states,
respectively.

According to them, the absorption of light could promote the
transition of molecules from the N state to the F state. The
molecules in the F state can return to the N state showing
a uorescent band. On the other hand, some of themolecules in
F could also reach a P state (“phosphorescent state” or “meta-
stable state”). At low temperatures, these molecules can return
from P to the N state only by the b-phosphorescence process
(“true phosphorescence”). However, when the temperature
increases, a great portion of thesemolecules in P could return to
the state F by thermal activation. Then, the return from the F
© 2022 The Author(s). Published by the Royal Society of Chemistry
state to the N state will show the emission of the a-phospho-
rescence band which is identical to the uorescence band.76

They were also able to determine a 9 kcal mol�1 (3100 cm�1 ¼
390 meV) energy difference between the levels F and P which
can be considered as the rst determination of the DE(S1–T1)

value for an organic compound. TheDE(S1–T1) value is considered
an important parameter that should be minimized in order to
improve the TADF process.40

The “metastable state” was later reasoned to be the lowest
triplet state thanks to the efforts of Terenin in 1943 and Lewis
and Kasha in 1944.79–81 This led to the development of a series of
studies attempting to understand the TADF phenomenon. For
instance, in 1960, Rosemberg and Shombert were able to
quantify the ratios of intensities of a-to b-phosphorescence
bands at different temperatures. Moreover, they determine
a DE(S1–T1) value of 8 kcal mol�1 (2800 cm�1 ¼ 350 meV) for
acriavine adsorbed on silica gel.82

A year later, Parker and Hatchard studied the photophysics
of eosin in glycerol and ethanol.83 For both solvents, a long-lived
luminescence was observed and two emission bands were
identied one in the visible region (its intensity was dependent
on the temperature) and the other in the far red (its intensity
was not dependent on the temperature). The two bands were
determined to be originated from the lowest energy triplet
excited state. The far-red band (called the phosphorescent
band) was attributed to a direct transition from the triplet
excited state to the ground state. The higher-energy band was
termed delayed uorescence and was assigned to the pop-
ulation of the upper singlet excited state by thermal energy
followed by the radiative transition from the singlet excited
state to the ground state (uorescence). They also dened that
the activation energy of the later process should correspond to
the energy difference between the lowest energy singlet excited
state and the lowest energy triplet excited state (DE(S1–T1)). For
eosin, DE(S1–T1) was measured to be around 10 kcal mol�1

(3500 cm�1 ¼ 434 meV).83 The same authors also presented the
rst designation of TADF as E-type delayed uorescence (E from
eosin).84
RSC Adv., 2022, 12, 10653–10674 | 10659
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Fig. 7 Timeline of the developments of TADF compounds.
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The terminology used nowadays (thermally activated delayed
uorescence “TADF”) was rst proposed by Wilkinson and
Horrocks in 1968.85 Since then various molecules were found to
emit via TADF including benzophenones,86,87 metal porphy-
rins,88 aromatic thiones,89 thioketones,90 anthraquinones,91

fullerenes,32 copper complexes (vide infra),41 among others.
Fig. 7 shows a timeline of some of the breakthroughs in the

development of TADF emitters and their potential applications
starting from the rst reports of TADF compounds such as eosin
and Cu(I) complexes (vide supra). In 1979, Garland and Morre
used eosin as a luminescent probe for the measurement of the
rotational mobility of membrane proteins.92 Moreover, Acridine
yellow was used as an optical thermometer by Harris et al. in
1995.93 One year later Berberan-Santos and Garćıa reported the
rst studies about the TADF of fullerene derivatives.94

Remarkably, subsequent studies on the properties of TADF
fullerene derivatives led to the development of high-sensitive
oxygen and temperature dual sensors.95–100

In 2008, Yersin and Monkowius patented various polynuclear
metal complexes of Ir, Pd, Pt, Rh and Ag featuring small DE(S1–T1)
(which is ideal for a TADF emitter, see below) for OLEDs (50–
2000 cm�1).101 One year later, a Sn(IV)-porphyrin complex was
employed as a TADF emitter for the same application.102 More-
over, shortly aerwards, a highly emissive dinuclear Cu(I) complex
{Cu(PNP-tBu)}2 (see Fig. 7) was employed as an emitter in OLED
devices.103 This bis(phosphine)diarylimido Cu(I) complex showed
a relatively short DE(S1–T1) of 786 cm�1 (97 meV) and a PLQY of
57%. The OLED device based on this TADF complex showed an
external quantum efficiency (EQE, ratio of emitted photons over
the injected charges)73 of 16.1%which is greater than the expected
EQE of devices based on uorescent emitters (around 5%).104

Remarkably, in 2012, Adachi and co-workers reported a new
series of organic TADF complexes based on carbazolyl dicya-
nobenzenes (CDCB) where the carbazole moiety is the donor
10660 | RSC Adv., 2022, 12, 10653–10674
and the dicyanobenzene acts as the acceptor.105 These emitters
are based on donor-bridge-acceptor structures in which the
carbazole moieties are in a relatively high twisted conformation
with respect to the cyanobenzene. This arrangement reduces
the overlap between the HOMO (centered at the carbazole
moieties) and LUMO (centered on the dicyanobenzene).104 The
magnitude of DE(S1–T1) value depends strongly on the exchange
interaction of the unpaired electrons (both S1 and T1 states have
open-shell congurations). A reduction in the overlap between
the density distributions of the orbitals involved in the transi-
tion (such is the case of CT excitations) reduces the quantum
mechanical exchange interaction and, as a consequence, the
DE(S1–T1) value.43 For instance, the compound 2,4,5,6-
tetra(carbazol-9-yl)-1,3-dicyanobenzene (4CzIPN; Fig. 7) pres-
ents a high PLQY (%) of approximately 94%. The TADF lifetime
of 4CzIPN is 5.1 ms, and the DE(S1–T1) was predicted to be around
83 meV (670 cm�1). The EQE of the OLED devices based on
these emitters was between 8–19.3%.

These discoveries led to the fast and thriving development of
TADF emitters. Up to 2017 more than 400 publications about
TADF emitters were reported.104 This hot topic has been also the
focus of various recent reviews.32,44,65,66,68–70,72,74,106–109
3.3. Cu(I) TADF complexes

As mentioned before, the photophysical and photochemical
properties of Cu(I) complexes have been exploited in several
applications due to their interesting photophysical and photo-
chemical characteristics.2–15,21 Moreover, they generally have
small DE(S1–T1) values (0.05–0.18 eV).32 As a result, various Cu(I)
complexes display TADF at room temperatures.22 The relatively
high abundance of copper in the earth crust also make these
complexes interesting alternatives to precious metal complexes
(Ru, Ir, Pt, etc) from a cost perspective.18,19
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Selected examples of the different classes of Cu(I) TADF complexes. Examples are reported in ref. 41, 57, 103 and 125–128.
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Since McMillin reported the TADF properties of homoleptic
copper complexes, based in bis-phenanthroline (e.g.
[Cu(dmp)2]

+), several other Cu(I) complexes have been reported
to exhibit TADF.39,110 The (re)discovery of the TADF properties of
these complexes in the last years has helped to revive their
application in light-emitting devices, in which Cu(I) complexes
were for a long time considered inadequate.19,46 Recent reports
have also pinpointed that TADF Cu(I) complexes exhibit better
performances than none-TADF Cu(I) complexes in the free
photoinduced radical polymerization of methacrylates.67

Cu(I) TADF emitters can be grouped into two main classes:
mononuclear and multinuclear complexes (see Fig. 8).22,46,47

Mononuclear Cu(I) TADF complexes include predominantly
cationic and neutral tetracoordinate compounds (vide supra).
Moreover, some three-coordinate compounds have been also
reported in the literature (see examples provided in Fig. 8).47 As
stated before, this work is predominantly focused on describing
the TADF properties of cationic tetracoordinate Cu(I) complexes
of the type [Cu(N^N)2]

+ and [Cu(N^N)(P^P)]+. A handful of
reviews and recent reports that cover the photophysical and
photochemical properties of the other types of Cu(I) TADF
complexes are available in the literature.19,22,47,110–124

Several examples of [Cu(N^N)2]
+ and [Cu(N^N)(P^P)]+

complexes that exhibit TADF have been reported in the litera-
ture.57,129–140 The photophysical properties of some of these
complexes are reported in Table 1. The next section will be
devoted to describing the parameters that are used to charac-
terize the TADF phenomenon of Cu(I) TADF compounds.
3.4. Evaluation of the TADF behavior of Cu(I) complexes

The TADF behavior of a compound depends strongly on certain
properties such as the energy gap between the lowest energy
singlet and triplet excited states (DE(S1–T1)), the spin–orbit
© 2022 The Author(s). Published by the Royal Society of Chemistry
coupling (SOC), the decay times of uorescence (s(S1)) and
phosphorescence (s(T1)), among others.19,22,50

The luminescent decay time dependence (s) with the
temperature is generally employed for the determination of the
emission properties of TADF compounds.19 The data obtained is
tted to a Boltzmann-like relation (see eqn (2)) assuming that
the molecule has two thermally equilibrated excited states (S1
and T1) and the ground state (S0).40

sðTÞ ¼ 3 þ exp½ � DEðS1 � T1Þ=ðkBTÞ�
3=sðT1Þ þ ½1=sðS1Þ�exp½DEðS1 � T1Þ=ðkBTÞ� (2)

In eqn (2), s(T) represents the overall decay time. s(T1) and
s(S1) correspond to the phosphorescence and uorescence
decay times, and DE(S1–T1) is the energy gap between the lowest
energy singlet and triplet excited states. According to this rela-
tion, the exponential terms disappear at low temperatures. As
a result, the measured decay time s(T) is equal to the phos-
phorescence decay time s(T1) at such temperatures. In contrast,
when the temperature increases, the solution of the equation
leads to the TADF decay time (s(TADF)) since the term con-
taining s(T1) vanishes.40 The total decay time of the compounds
according to this model depends strongly on s(T1), s(S1) and
DE(S1–T1) parameters. These parameters at the same time depend
on the nature of the emitter and its environment.19 Moreover,
s(T1), s(S1) and DE(S1–T1) values can be determined aer tting
the experimental luminescent lifetimes measured at different
temperatures (i.e. 77–300 K).134 The knowledge of s(T1), s(S1) and
DE(S1–T1) values is of primary importance for the proposal of
rational design rules for Cu(I) TADF complexes.50 In particular,
the DE(S1–T1) gap has been recognized to greatly impact the
emission behavior of TADF compounds.40,43 It has ideally been
proposed that the DE(S1–T1) gap should not exceed 1000 cm�1 z
RSC Adv., 2022, 12, 10653–10674 | 10661
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Table 1 Examples of Cu(I) TADF complexes together with their photophysical properties

CH2Cl2 Solid CH2Cl2 Solid CH2Cl2 Solid CH2Cl2 Solid

lem-300K 670 nm — 715 nm — 700 nm — 700 nm —
lem-77K — — — — — — — —
PLQY300K 0.021% — 0.024% — 0.081% — 0.088% —
PLQY77K — — — — — — — —
s-300K 90 ns — 62.70 ns — 105.70 ns — 109.60 ns —
s-77K — — — — — — — —
s(T1) — — — — — — — —
s(TADF) — — — — — — — —
DE(S1–T1) 1800 cm�1 2137–2734 cm�1 1331–2686 cm�1 1218–2145 cm�1

Ref. 41 141 141 141

CH2Cl2 Solid CH2Cl2 Solid CH2Cl2 Solid CH2Cl2 Solid

lem-300K 710 nm — 679 nm — — 698 —
lem-77K — — — — — — — —
PLQY300K 0.107% — 0.40% — 6% — 0.10% —
PLQY77K — — — — — — — —
s-300K 250 ns — 365 ns — 3.2 ms — 216 ns —
s-77K — — — — — — — —
s(T1) — — — — — — — —
s(TADF) — — — — — — — —
DE(S1–T1) 2670–2847 cm�1 2678–2710 cm�1 790 cm�1 2694–2855 cm�1

Ref. 52 and 142 142 143 142

CH2Cl2 Solid CH2Cl2 Solid CH2Cl2 Solid CH2Cl2 Solid

lem-300K 678 nm — 550 nm — 549 nm — 567 nm —
lem-77K — — — — — — — —
PLQY300K 0.08% — 71% 14% 40% 11% 60% 35%
PLQY77K — — — — — — — —
s-300K 92 ns — — — — — — —
s-77K — — — — — — — —
s(T1) — — — — — — — —
s(TADF) — — — — — — — —
DE(S1–T1) 2016–2734 cm�1 1855 cm�1 1774–2178 cm�1 1693–2097 cm�1

Ref. 142 129 129 129

10662 | RSC Adv., 2022, 12, 10653–10674 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

CH2Cl2 Solid CH2Cl2 Solid CH2Cl2 Solid CH2Cl2 Solid

lem-300K 543 nm — 541 nm — 431 nm — 547 nm —
lem-77K — — — — — — — —
PLQY300K 1% 18% 98% 17% <1% <1% < 1% 1%
PLQY77K — — — — — — — —
s-300K — — — — — — — —
s-77K — — — — — — — —
s(T1) — — — — — — — —
s(TADF) — — — — — — — —
DE(S1–T1) 1290–1936 cm�1 2016 cm�1 5888–8872 cm�1 1774–2258 cm�1

Ref. 129 129 129 129

CH2Cl2 Solid CH2Cl2 Solid CH2Cl2 Solid aCH2Cl2/
bMe-THF Solid

lem-300K 558 nm 530 nm — 600 nm 690 nm 566 nm a629 nm 558 nm
lem-77K 548 nm 562 nm 615 nm — 587 nm — b555 nm —
PLQY300K 40% 80% — 5.1% 0.10% 36.6% a6.0% 27.5%
PLQY77K 60% 70% — — — — — —
s-300K 10 ms 14 ms — 4.30 ms 200 ms 12.75 ms a2401 ns 8.7 ms
s-77K 130 ms 240 ms 160.5 ms — 132.1 ms — b27 ms —
s(T1) — 240 ms — 94 ms — 134 ms — —
s(TADF) — 14 ms — 158 ms — 164 ms — —
DE(S1–T1) — 1000 cm�1 — 661 cm�1 — 758 cm�1 — —
Ref. 57 130 130 131

aCH2Cl2/
bMe-THF Solid CH2Cl2 Solid aCH2Cl2/

bMe-THF Solid aCH2Cl2/
bMe-THF Solid

lem-300K
a626 nm 550 nm — 577 nm a649 nm 580 nm a650 nm 587 nm

lem-77K
b557 nm — — 602 nm b610 nm — b613 nm —

PLQY300K
a9.6% 9.8% — 1.30% a0.5% 3.0% a0.5% 1.7%

PLQY77K — — — — — — — —
s-300K

a4987 ns 10.2 ms — 4.2 ms a46 ns 1.5 ms a104 ns 1.3 ms
s-77K

b14 ms — — — b16 ms — b11 ms —
s(T1) — — — — — — — —
s(TADF) — — — — — — — —
DE(S1–T1) — — — 968 cm�1 1452 cm�1 1452 cm�1

Ref. 131 132 131 and 133 131 and 133

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 10653–10674 | 10663
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Table 1 (Contd. )

aCH2Cl2/
bMe-THF Solid aCH2Cl2/

bMe-THF Solid aCH2Cl2/
bMe-THF Solid aCH2Cl2/

bMe-THF Solid

lem-300K
a646 nm 575 nm a647 nm 581 nm — 648 nm — 647 nm

lem-77K
b610 nm — b595 nm — b656 nm — b646 nm —

PLQY300K
a0.7% 6.2% a0.6% 11.1% — 0.5% — 0.5%

PLQY77K — — — — — — — —
s-300K

a119 ns 2.9 ms a99 ns 2.9 ms — 0.18 ms — 0.25 ms
s-77K

b45 ms — b31 ms — — — — —
s(T1) — — — — — — — —
s(TADF) — — — — — — — —
DE(S1–T1) — — — — — — — —
Ref. 133 133 133 133

aCH2Cl2/
bMe-THF Solid aCH2Cl2/

bMe-THF Solid aCH2Cl2/
bMe-THF Solid aCH2Cl2/

bMe-THF Solid

lem-300K
a697 nm 664 nm a705 nm 632 nm a637 nm 517 nm a635 nm 539 nm

lem-77K
b650 nm — b652 nm — b604 nm — b551 nm —

PLQY300K — 0.5% — 0.9% a0.5 50.3% a10 37.3%
PLQY77K — — — — — — — —
s-300K — 0.10 ms — 0.58 ms a39 ns 12 ms a3406 ns 11.4 ms
s-77K

b3 ms — b5 ms — b42 ms — b88 ms —
s(T1) — — — — — — — —
s(TADF) — — — — — — — —
DE(S1–T1) 1533 cm�1 — 1613 cm�1 — 887 cm�1 — — —
Ref. 133 133 133 133

aCH2Cl2/
bMe-THF Solid aCH2Cl2/

bMe-THF Solid aCH2Cl2/
bMe-THF Solid aCH2Cl2/

bMe-THF Solid

lem-300K
a642 nm 571 nm a648 nm 602 nm a632 nm 556 nm a643 nm 585 nm

lem-77K
b594 nm — b588 nm — b578 nm — b591 nm —

PLQY300K
a0.9% 6.3% a0.5% 1.1% a0.5% 9.6% a0.7% 2.7%

PLQY77K — — — — — — — —
s-300K

a338 ns 5.1 ms a45 ns 0.4 ms a93 ns 3.3 ms a108 ns 2.3 ms
s-77K

b44 ms — b14 ms — b25 ms — b63 ms —
s(T1) — — — — — — — —
s(TADF) — — — — — — — —
DE(S1–T1) — — — — — — — —
Ref. 131 131 131 131

10664 | RSC Adv., 2022, 12, 10653–10674 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

CH2Cl2 Solid CH2Cl2 Solid aCH2Cl2/
bMe-THF Solid aCH2Cl2/ Solid

lem-300K 639 nm 567 nm 635 nm 547 nm a630 nm 518 nm a627 nm 529 nm
lem-77K — — — — b566 nm — b559 nm —
PLQY300K 1.2% 9.5% 1.8% 33.8% a1.5% 42.7% a3.3% 58.8%
PLQY77K — — — — — — — —
s-300K 172 ns 2.6 ms 784 ns 9.7 ms a730 ns 9.3 ms a1595 ns 9.8 ms
s-77K — — — — b81 ms — b75 ms —
s(T1) — — — — — — — —
s(TADF) — — — — — — — —
DE(S1–T1) — — — — — — — —
Ref. 131 131 131 131

EtOH Solid EtOH Solid CH2Cl2 Solid CH2Cl2 Solid

lem-300K 575 nm 555 nm 655 nm 575 nm — 490 nm 540 495 nm
lem-77K 535 nm 575 nm 605 nm 595 nm — 508 nm — 507
PLQY300K 6% 55% <1% 9% — 89.87% — 45%
PLQY77K — 47% — — — — — 71%
s-300K 2.5 ms 11 ms <1 ms — — 23.6 ms — 134 ms
s-77K 73 ms 87 ms 16 ms — — 269 ms — 671 ms
s(T1) — 84 ms — — — — — 660 ms
s(TADF) — 11 ms — — — — — 134 ms
DE(S1–T1) — 720 cm�1 — — — 726 cm�1 — 1452 cm�1

Ref. 134 134 135 136

CH2Cl2 DPEPO lm CH2Cl2 DPEPO lm CH2Cl2 DPEPO lm CH2Cl2 DPEPO lm

lem-300K 514 nm 534 nm 518 nm 533 nm 534 nm 565 nm 537 nm 564 nm
lem-77K — 544 nm — 545 nm — 582 nm — 575 nm
PLQY300K 6.0% 62% 9.5% 71% 5.0% 48% 4.2% 42%
PLQY77K — — — — — — — —
s-300K — 21.4 ms — 24.1 ms — 5.8 ms — 4.3 ms
s-77K — — — — — — — —
s(T1) — — — — 228 ms
s(TADF) — — — — 1.9 ms
DE(S1–T1) — 887 cm�1 — 645 cm�1 — 564 cm�1 — 403 cm�1

Ref. 137 137 137 137

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 10653–10674 | 10665
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Table 1 (Contd. )

CH2Cl2 Solid CH2Cl2 Solid CH2Cl2 Pristine lm CH2Cl2 Pristine lm

lem-300K 616 nm 550 nm 616 nm 556 nm — 572 nm — 533 nm
lem-77K 543 nm 568 nm 546 nm 564 nm — — — —
PLQY300K — 22.4% — 20.0% — 2.9% — 15.5%
PLQY77K — 19.3% — 19.4% — — — —
s-300K — 5.7 ms — 5.7 ms — 0.95 ms — 0.90 ms
s-77K — 343 ms — 363 ms — — — —
s(T1) — 334 ms — 356 ms — — — —
s(TADF) — 5.7 ms — 5.7 ms — — — —
DE(S1–T1) — 726 cm�1 — 726 cm�1 — 1766 cm�1 — 1347 cm�1

Ref. 139 139 138 138
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120 meV to maximize the TADF luminescence.22 DE(S1–T1) values
of various [Cu(N^N)2]

+ and [Cu(N^N)(P^P)]+ complexes have
been reported in the literature, which are summarized in
Fig. 9.41,57,129,130,132–139,141–143

As previously explained DE(S1–T1) values can be determined by
tting the emission decay times at different temperatures to the
Boltzmann-like relation shown in eqn (2). This approach has
been used for calculating the TADF parameters in the case of
complexes 9, 17–19, 27 and 34–35 (using the luminescent data
in the solid state).57,130,134,136,137,139,143 Another method for the
determination of DE(S1–T1) is based on the estimation of the S1
and T1 energies by considering the onsets of the uorescence
(298 K) and phosphorescence (77 K) emission spectra
(commonly in the solid state).132,135,137–139 Using the latter
approach, the DE(S1–T1) values of complexes 26, 28–35 have been
estimated. For complexes 34 and 35, the difference between the
DE(S1–T1) values obtained by tting the luminescent data at
different temperatures to eqn (2) and the estimation based on
the onsets of the uorescence (298 K) and phosphorescence (77
K) emission spectra was 0.01 eV (80 cm�1) and 0.05 eV
(400 cm�1), respectively. Moreover, for 32, the difference
between the DE(S1–T1) values calculated using both approaches
was around 0.01 eV (80 cm�1).

Density functional theory (DFT) and time-dependent DFT
(TD-DFT) quantum mechanical calculations have been also
employed for the determination of DE(S1–T1) values (e.g. in
complexes 1, 2, 4–7, 10–16, 20–24, 26, 28).129,133,138,141,142 DFT and
TD-DFT techniques are nowadays widely used for the simula-
tion of chemical systems and their properties.144 Although, in
general, these techniques are robust and efficient at a reason-
able computational cost, they also have some weaknesses.145–152

Modeling the excited state properties of homoleptic and
heteroleptic Cu(I) complexes is challenging especially for
capturing the effects of attening distortion in the excited states
10666 | RSC Adv., 2022, 12, 10653–10674
upon light excitation.129 DFT and TD-DFT calculations of DE(S1–
T1) can be carried out starting from different geometries such as
the ground state geometry (more common) and/or the excited
singlet or triplet state geometries.129,133,138,142 Besides, symmetry
restrictions can be imposed and different conformers can be
considered both in the ground state and excited state
geometries.141,142

Rebilly, Gourlaouen, Pellegrin and coworkers studied the
excited-state properties of complexes 1, 2, 3 and 5 by experi-
ments and TD-DFT calculations.142 For the calculations
different conformers were considered both in the ground and
the excited states. For instance, in complex 1 ([Cu(dpp)2]

+) two
conformers were tested in the ground state, one of D2 symmetry
(more stable) and another one of S4 symmetry. In the excited
state two scenarios were evaluated to capture the attening
distortion of the molecule. First, the delocalization of the elec-
tron in the excited state over the two phenanthroline moieties to
lead a D2 symmetry, and the second possibility was to consider
the localization of the electron on one of the ligands results in
a C2 geometry. The results of theDE(S1–T1) considering the D2 and
C2 geometries (generated from the D2 ground state) were
0.331 eV (2670 cm�1) and 0.353 eV (2847 cm�1), respectively,
proposing 1 as TADF emitter.

A similar analysis was performed by Zysman-Colman for
[Cu(N^N)(P^P)]+ complexes (10–16).129 In their calculations of
DE(S1–T1) they considered the geometries of the ground state and
the excited states to account for the effect of the attening
distortion. According to their results, the differences between
DE(S1–T1) values calculated using the ground state and the triplet
excited state geometries were similar. For example, for
complexes 12 and 14 the DE(S1–T1) values calculated using the
ground state geometries were 0.27 eV (2178 cm�1) and 0.23 eV
(1855 cm�1), respectively. While, the calculated DE(S1–T1) of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Selected [Cu(N^N)2]
+ and [Cu(N^N)(P^P)]+ complexes together with their DE(S1–T1) values. Data taken from ref. 41, 57, 129, 130, 133–139

and 141–143.
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complexes, considering the triplet excited state geometry, were
0.22 eV (1774 cm�1) and 0.23 eV (1855 cm�1), respectively.

Zhu, Dias, Bryce and coworkers reported the calculation of
DE(S1–T1) values of complexes 26 and 28 by an estimation based
on the onsets of the uorescence (298 K) and phosphorescence
(77 K) emission spectra and by employing DFT and TD-DFT
techniques.138 The values based on the estimation from the
emission spectra were 0.219 eV (1766 cm�1) and 0.167 eV
(1347 cm�1) for complexes 26 and 28, respectively; while values
predicted from TD-DFT calculations were 0.177 eV (1428 cm�1)
and 0.136 eV (1097 cm�1) for 26 and 28, respectively, performed
on the optimized ground state geometries. These values agree
with the tendency obtained based on the estimation from the
emission spectra.

Although there are some differences in the DE(S1–T1) values
reported using the different techniques described above, the
examples provided in Fig. 9 could give some trends. For
example, avoiding the attening distortion by the use of bulky
© 2022 The Author(s). Published by the Royal Society of Chemistry
substituents in the 2,9 positions of the phenanthroline is
minimizing DE(S1–T1) as can be identied comparing methyl
substituents on the phenanthroline based complexes 8 (DE(S1–T1)

¼ 1800 cm�1) respect to tert-butyl substituents in 9 (DE(S1–T1) ¼
790 cm�1). It is important to clarify that although the phenyl
substituents are bulkiest than tert-butyl (comparison between
complexes 1,2 and 3 vs. 9), the attening restriction is avoided
in 9 due to the limited possibility of p–p interactions, a situa-
tion that occurs in 1,2 and 3 between phenyl pendant substit-
uents and the neighbor phenanthroline ligand.142 On the other
hand, the substitution with –CF3 groups in the 4,40 positions of
the bipyridine ligand has an impact on the increase of the DE(S1–
T1) value. For example, the inclusion of –CF3 at 20 or 21 produces
higher DE(S1–T1) values (1613 and 1533 cm�1) than its bipyridine
analogs 22 and 23 (1452 cm�1). Similar is the case when
comparing 24 with 25.133 Conclusions regarding the different
diphosphine ligands seem to be difficult to be drawn due to the
variability of the DE(S1–T1) values (most of them were obtained by
RSC Adv., 2022, 12, 10653–10674 | 10667
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DFT and TD-DFT calculations, vide supra). However, it seems
that the variation of the diphosphine ligand also plays an
important role in minimizing DE(S1–T1). It is worth mentioning
that the complex featuring dmp and phanephos (4,12-
bis(diphenylphosphino)-[2.2]paracyclophane) ligands (17)
displays a notable PLQY of 80% with a DE(S1–T1) value of
1000 cm�1. These characteristics made this complex an inter-
esting candidate (or starting point) for electroluminescent
applications.57

Minimizing the DE(S1–T1) value does not guarantee that
a compound will show an efficient TADF.43 As explained before,
the TADF phenomenon is originated from a relatively fast RISC
from the lowest triplet excited state (T1) to the lowest singlet
excited state (S1) facilitated by thermal energy.65 The two excited
states involved in this non-radiative transition have a different
multiplicity hence the electronic SOC dominates the
interaction.43

Cu(I) complexes generally present weaker SOC in compar-
ison with precious transition metal complexes with Ir or Pt.32,65

In terms of TADF, the weaker SOC of Cu(I) complexes is
balanced with the small values of DE(S1–T1).

44 The SOC is
a determining factor in the TADF behavior, eventually, even
complexes with high values of DE(S1–T1) (>1000 cm�1) are able to
show TADF if the SOC is relatively high.32 For instance, the SOC
of complexes 1, 2, 3 and 5 were calculated by DFT and TD-DFT
techniques.142 The reported values of SOC for complex 1
([Cu(dpp)2]

+) were 15.3 cm�1 for a D2 symmetry (excited electron
delocalized in the two phenanthroline ligands) and 49.5 cm�1

for a C2 symmetry (excited electron delocalized in one of the
phenanthroline ligands). Similar values were obtained for the
other complexes 2 (17.7–52.5 cm�1), 3 (18.2–56.8 cm�1) and 5
(32.9–63.4 cm�1). TheDE(S1–T1) (see Fig. 9) and SOC values of 1, 2,
Table 2 Performance of some electroluminescent devices bases on TA

Complex Device Von (V) Javg (A m�2) ton (min)

[Cu(czpzpy)(POP)]+ OLED 5.6 — —
[Cu(ECAF)(POP)]+ OLED 5.2 — —
[Cu(PCAF)(POP)]+ OLED 5.3 — —
[Cu(6-CF3bpy)(POP)]

+ LEC — 100 22
[Cu(6-CF3bpy)(Xant)]

+ LEC — 100 137
[Cu(6,60-Me2-4,40–(CF3)2–
bpy)(Xant)]+

LEC — 100 8

[Cu(4,5,6-Me3bpy)(POP)]
+ LEC — 100 18

[Cu(4,5,6-Me3bpy)(Xant)]
+ LEC — 100 13

[Cu(2-Etphen)(POP)]+ LEC — 100 25
[Cu (2-Etphen)(Xant)]+ LEC — 100 122
[Cu(dmp)(POP)]+ LEC — 100 26

OLED — — —
[Cu(dmp)(Xant)]+ LEC — 100 44

OLED — — —
[Cu(dmp)(homoxantphos)]+ LEC — 100 0

OLED — — —
[Cu(dmp)(thixantphos)]+ LEC — 100 18

OLED — — —

a Von ¼ turn-on voltage recorded at a luminance of 1 cd m�2; Javg ¼ averag
initial luminance; Lummax ¼maximum luminance; t1/2¼ device lifetime; E

10668 | RSC Adv., 2022, 12, 10653–10674
3 and 5 allow an efficient RISC, and thus, a good TADF behavior
although DE(S1–T1) is larger than 1000 cm�1

.

4. Applications, challenges and
summary

Cu(I) complexes that exhibit TADF properties have been found
attractive in the last years for their application in electrolumi-
nescent devices such as OLEDs or light-emitting electro-
chemical cells (LECs).22,46,47 Although these complexes present
some drawbacks primarily associated with the attening
distortion of their geometry in the excited state opening non-
radiative decay pathways, a series of synthetic strategies have
been proposed to mitigate this effect via the introduction of
bulky substituents in the backbone of the N^N and P^P
ligands.21,36,51,153

In this section, some Cu(I) complexes that have been
successfully employed in electroluminescent devices are
described.129,131–133,135,136,139 Themain performance parameters of
the devices built based on these complexes are depicted in
Table 2. Besides, the structures and photophysical properties of
the complexes are provided in Table 1. It is also worth
mentioning that other kinds of Cu(I) complexes that are out of
the scope of this review, have been also applied in electrolu-
minescent devices.103,125,126,154–165

Examples of [Cu(N^N)(P^P)]+ complexes that have been
employed in electroluminescent devices feature diphosphine
ligands (P^P) such as POP and Xant derivatives in combination
with diimine ligands (N^N) including phenanthroline, bipyr-
idine, 4,5-diazauorene, among others. For instance, in 2015,
Lu and coworkers reported the synthesis and characterization
of the luminescent complex [Cu(czpzpy)(POP)]+ (czpzpy ¼ 2-
DF Cu(I) complexesa

Lum0

(cd m�2)
Lummax

(cd m�2) t1/2 (h) EQE (%)
CEmax

(cd A�1)
lmax

(nm) Ref.

— 2939 — 6.34 17.34 514 136
— 11 010 — 14.81 47.03 544 139
— 5242 — 6.67 21.33 544 139
39 65 8.5 0.40 0.20 595 133
5 109 31.0 0.50 0.40 589 133
59 131 2.0 0.60 0.40 593 133

64 111 0.7 0.40 1.10 571 131
0 462 3.1 1.70 4.60 570 131
273 451 5.7 1.80 4.50 582 131
0 153 34 0.60 1.50 580 131
— 169 0.2 0.65 1.70 — 129
— 1860 — 3.60 11.1 — 129
— 223 4.3 0.84 2.20 — 129
— 101 — 0.20 0.7 — 129
— 452 16.5 1.85 4.50 — 129
— 937 — 4.40 13.9 — 129
— 108 0.1 0.45 1.10 — 129
— 575 — 2.50 7.1 — 129

e current density; ton ¼ time to reach the maximum luminance; Lum0 ¼
QE¼ external quantum efficiency; CEmax¼maximum current efficiency.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(9H-carbazolyl)-6-(1H-pyrazolyl)pyridine).136,166 This complex
was employed in an OLED device built on ITO-coated support
followed by a hole injection layer made of PEDOT:PSS (poly(3,4-
ethylene dioxythiophene):polystyrene sulfonate) (40 nm). The
active layer made of 20 wt% [Cu(czpzpy)(POP)]+ and the free
diimine ligand czpzpy (30 nm) was deposited by spin coating
technique. Thermally deposited DPEPO (bis[2-(diphenylphos-
phino)phenyl]ether oxide) (10 nm) and TPBI (2,20,200-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (50 nm) were
used as the hole-blocking and electron-transporting layer,
respectively. On top of this arrangement, a layer of LiF (0.8 nm)
and Al (100 nm) was deposited as the cathode. The device
showed a strong green emission (lmax ¼ 514 nm) with 2939 cd
m�2 and 6.34% of Lummax and EQE, respectively. The current
maximum efficiency was 17.37 cd A�1.

Chen, Lu, Zhai and coworkers reported the application of the
complexes [Cu(ECAF)(POP)]+ (ECAF ¼ 9,9-bis(9-ethylcarbazol-3-
yl)-4,5-diazauorene) and [Cu(PCAF)(POP)]+ (PCAF ¼ 9,9-bis(9-
phenylcarbazaol-3-yl)-4,5-diazauorene) in OLEDs with the
follow conguration: ITO/PEDOT:PSS (40 nm)/TCTA (4,40,400-
tris(carbazol-9-yl)-triphenylamine) (15 nm)/[Cu(N^N)(P^P)]+

complex (10 wt%): mCP (1,3-bis(9-carbazolyl)benzene) (30 nm)/
TmPyPB (1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene) (50 nm)/LiF
(0.5 nm)/Al (100 nm). The devices built showed a yellowish –

green emission (lmax ¼ 544 nm).139 When the complex [Cu(E-
CAF)(POP)]+ was employed, a Lummax of 11 010 cd m�2 was
achieved. The EQE for this device was 14.81%. Conversely, the
Lummax (5242) and EQE (6.67) decreased for the devices built
using [Cu(PCAF)(POP)]+.

In 2018, Housecro, Ort́ı and coworkers employed
[Cu(N^N)(P^P)]+ complexes featuring POP (or Xant) and CF3
substituted bipyridine ligands in LECs.133 The devices were built
on ITO-coated glass and then PEDOT:PSS was employed as the
hole injection layer. The active layer was a thin lm of the
luminescent Cu(I) complexes mixed with an ionic liquid
([Emim][PF6], 1-ethyl-3-methylimidazolium hexa-
uorophosphate) in a [Cu(N^N)(P^P)]+: [Emim][PF6] ratio of
4 : 1. Above this setup, a cathode made of an aluminum lm
was deposited. The LECs based on [Cu(6-CF3bpy)(POP)]

+, [Cu(6-
CF3bpy)(Xant)]

+ and [Cu(6,60-Me2-4,40-(CF3)2bpy)(Xant)]
+ were

tested. The three devices emitted in the orange region (lmax ¼
589–595 nm). The LEC based on [Cu(6-CF3bpy)(POP)]

+ showed
an initial luminance (Lum0) of 39 cd m�2. The time to reach the
maximum luminance (Lummax ¼ 65 cd m�2) was ton ¼ 22 min.
The device lifetime (t1/2) dened as the time to decay half of
Lummax was 8.5 h. The modication of the diphosphine ligand
in [Cu(6-CF3bpy)(Xant)]

+ increased the Lummax and t1/2 to 109 cd
m�2 and 31 h, respectively. However, the ton was slower (137
min). On the other hand, the devices where [Cu(6,60-Me2-4,40-
(CF3)2bpy)(Xant)]

+ was used as the active layer, showed a further
increase of the Lum0 (59 cd m�2) reaching a maximum lumi-
nance of 131 cd m�2 aer a ton of 8 min. The device lifetime was
nonetheless lower (t1/2 ¼ 2.0 h).

The same group also reported the application of another set
of [Cu(N^N)(P^P)]+ complexes in LECs.131 The diphosphine
ligands included POP and Xant moieties whereas the diimine
ligands included substituted phenanthroline and bipyridine
© 2022 The Author(s). Published by the Royal Society of Chemistry
ligands. The devices were built in a similar way than their
previous report ITO/PEDOT: PSS/[Cu(P^P)(N^N)][PF6]: [Emim]
[PF6] 4 : 1 molar ratio/Al. For instance, the LECs based on
[Cu(4,5,6-Me3bpy)(POP)]

+ reached a maximum luminance of
111 cd m�2 aer a ton of 18 min. The device lifetime (t1/2) was
around 0.7 h and the EQE around 0.4%. Upon the change of the
diphosphine ligand in [Cu(4,5,6-Me3bpy)(Xant)]

+ the Lummax

increased to 462 cd m�2 and a decrease of the ton to 13 min was
observed. The EQE of this device was 1.7% and the t1/2 around 3
hours. Regarding the complexes with substituted phenanthro-
line moieties, the devices where [Cu(2-Etphen)(POP)]+ was used
as the active layer showed a higher initial luminance (Lum0 ¼
273 cdm�2). The ton of the device was 25min reaching a Lummax

of 451 cd m�2. The device lifetime (t1/2 ¼ 5.7 h) and the EQE
(1.8%) were also increased. Conversely, the Xant analogue
([Cu(2-Etphen)(Xant)] +) showed a slower turn on (t1/2 ¼ 122
min) reaching a Lummax of 153 cd m�2 and a EQE of 0.6%.
Nevertheless, the device lifetime was longer (t1/2 ¼ 34 h) which
could be interpreted as a better stability of the device during
operation.131

More recently, Zysman-Colman and coworkers reported the
application of [Cu(dmp)(P^P)]+ complexes in both LECs and
OLEDs. Interestingly, different P^P ligands were tested.129 LEC
devices were prepared using an ITO glass substrate coated with
PEDOT:PSS (40 nm) hole injection layer. Abode this arrange-
ment, the emissive layer composed of a mixture of the lumi-
nescent [Cu(dmp)(P^P)]+ complex and LiBF4 in a 9 : 1 molar
ratio was spin-coated. A layer of an Al cathode was then vacuum
deposited on the top. The OLED devices, alternatively, were
constructed on glass ITO substrates coated with PEDOT:PSS.
Then, a VNPB (N4,N40-dinaphthalen-1-yl-N4,N40-bis(4-vinyl-
phenyl)biphenyl-4,40-diamine) hole transporting layer was spin-
coated and thermally treated to allow the xation of the emis-
sive layer. The emissive layer was constituted by a mixture of
[Cu(dmp)(P^P)]+ complex (5 wt%), TCTA and OXD-7 (1,3-bis[2-
(4-tert-butylphenyl)-1,3,4-oxadiazo-5- yl]benzene). On top of this
arrangement, a layer of the electron-transporting material
BmPyPhB (1,3-bis[3,5-di(pyridin-3-yl)phenyl]benzene) followed
by a Ba (5 nm)/Ag (100 nm) bilayer cathode was placed. The
Lummax of the devices were in the 108–450 cd m�2 range.
Moreover, the lifetimes of the devices (t1/2) were between 0.1 h
for [Cu(dmp)(thixantphos)]+ (4,6-Bis-[bis-(4-methoxy-phenyl)-
phosphanyl]-2,8-dimethyl-phenoxathiin) to 16.5 h for [Cu(dm-
p)(homoxantphos)]+ (4,6-Bis(diphenylphosphino)-10,11-
dihydrodibenz[b,f]oxepin). The best EQE (1.85%) was ob-
tained for [Cu(dmp)(homoxantphos)]+. Regarding OLEDs, the
Lummax depended greatly on the diphosphine ligand used. For
instance, a Lummax of 101 cd m�2 was reached for [Cu(dmp)(-
Xant)]+ whereas the Lummax of the device based on
[Cu(POP)(dmp)]+ was 1860 cd m�2. The EQE of the OLED
devices (0.20–4.40%) were in general higher than those reported
for the LECs (0.45–1.85%). The device with the highest EQE
(4.40%) was based on [Cu(dmp)(homoxantphos)]+.

Although, as mentioned before, Cu(I) TADF complexes have
come into the limelight as potential emitters in electrolumi-
nescent devices, their TADF properties have been recently
started to be exploited in other areas such as synthetic
RSC Adv., 2022, 12, 10653–10674 | 10669
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chemistry. Noteworthy, Dumur, Lalevée and coworkers
successfully employed the TADF complex [(Cu(tmbpy)(POP)]+ as
a photosensitizer in the photoinduced free radical polymeriza-
tion (FRP) of methacrylates and the cationic polymerization
(CP) of diepoxides.67 Besides, a comparison of the activity of the
TADF complex [(Cu(tmbpy)(POP)]+ and the non-TADF complex
[Cu(dmbpy)(POP)]+ was carried out. Regarding the FRP of
methacrylates a conversion of 60% was achieved using
[(Cu(tmbpy)(POP)]+ whereas the conversion was only 30% when
the non-TADF [Cu(dmbpy)(POP)]+ was employed. The same
trend was observed for the CP of di-epoxides with conversions of
30% and 12% for [(Cu(tmbpy)(POP)]+ and [Cu(dmbpy)(POP)]+,
respectively. The enhancement in the conversions of the reac-
tions studied was mainly attributed to the TADF character of
[(Cu(tmbpy)(POP)]+.
5. Conclusions

Needless to say TADF [Cu(N^N)2]
+ and [Cu(N^N)(P^P)]+

complexes have been come into the limelight in recent years as
interesting alternatives for luminescent complexes based on
precious metals such as Ru, Ir and Pt thanks to their capacity to
harvest both triplet and singlet excitons via RISC, and also
considering the abundance of copper in the earth crust.18,32,42

As has been commented, [Cu(N^N)2]
+ and [Cu(N^N)(P^P)]+

TADF complexes have been employed as active layers in various
OLEDs and LECs devices. Although the performance of these
devices is still far from a commercial application, there is still
plenty of room for improvement and several efforts should be
performed to address the main drawbacks associated with the
usage of these complexes.

[Cu(N^N)2]
+ and [Cu(N^N)(P^P)]+ commonly undergo at-

tening distortion in the excited state which overall decreases the
luminescent quantum yield (vide supra).37 Some strategies have
been implemented to impede the distortion of the geometry in
the excited state such as the functionalization of N^N moieties
including bulky alkyl or aromatic groups and the introduction
of voluminous chelating diphosphine ligands.19,38

Although [Cu(N^N)(P^P)]+ complexes mostly address the
attening distortion issue, they oen undergo a ligand
exchange equilibrium reaction between [Cu(N^N)(P^P)]+

complex and the respective homoleptic [Cu(N^N)2]
+ and

[Cu(P^P)]+ species.62 This ligand exchange equilibrium could
affect the operational performance of [Cu(N^N)(P^P)]+

complexes.
The TADF phenomenon is greatly inuenced by the DE(S1–T1)

and SOC values. As a result, efforts must be done to minimize
the DE(S1–T1) value and improve the SOC (and thus the RISC).32

LECs and OLECs generally require short luminescent lifetimes
(s) to avoid non-radiative quenching processes that could
reduce the stability of the device.70 Therefore, more research
must be done to minimize the decay times of uorescence
(s(S1)) and phosphorescence (s(T1)) in [Cu(N^N)2]

+ and
[Cu(N^N)(P^P)]+ complexes, especially since lower s(S1) values,
are associated with higher DE(S1–T1) values (not benecial for
TADF).19
10670 | RSC Adv., 2022, 12, 10653–10674
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N. acknowledges FONDECYT project No. 3170663, P. D.
acknowledges FONDECYT project No. 1201173 and
PI_M_2020_31 USM project.

References

1 J. Twilton, C. Le, P. Zhang, M. H. Shaw, R. W. Evans and
D. W. C. MacMillan, Nat. Rev. Chem., 2017, 1, 0052.

2 T. E. Bitterwolf, J. Organomet. Chem., 2004, 689, 3939–3952.
3 M. Graetzel, Acc. Chem. Res., 1981, 14, 376–384.
4 T. J. Meyer, Acc. Chem. Res., 1989, 22, 163–170.
5 K. Kalyanasundaram and M. Grätzel, Coord. Chem. Rev.,
1998, 177, 347–414.

6 C. Kreitner, A. K. C. Mengel, T. K. Lee, W. Cho, K. Char,
Y. S. Kang and K. Heinze, Chem.– Eur. J., 2016, 22, 8915–
8928.

7 V. A. Grinberg, A. V. Medved’ko, V. V. Emets, S. A. Kurzeev,
S. A. Kozyukhin, A. E. Baranchikov, V. K. Ivanov,
V. N. Andreev and E. A. Nizhnikovskii, Russ. J.
Electrochem., 2014, 50, 503–509.

8 H. Yersin, A. F. Rausch, R. Czerwieniec, T. Hoeck and
T. Fischer, Coord. Chem. Rev., 2011, 255, 2622–2652.

9 H. Xu, R. Chen, Q. Sun, W. Lai, Q. Su, W. Huang and X. Liu,
Chem. Soc. Rev., 2014, 43, 3259–3302.

10 W. Wu, S. Ji, W. Wu, H. Guo, X. Wang, J. Zhao and Z. Wang,
Sens. Actuators, B, 2010, 149, 395–406.

11 Z.-B. Zheng, Z.-M. Duan, Y.-Y. Ma and K.-Z. Wang, Inorg.
Chem., 2013, 52, 2306–2316.

12 S. A. Archer, A. Raza, F. Dröge, C. Robertson, A. J. Auty,
D. Chekulaev, J. A. Weinstein, T. Keane,
A. J. H. M. Meijer, J. W. Haycock, S. MacNeil and
J. A. Thomas, Chem. Sci., 2019, 10, 3502–3513.

13 T. J. Whittemore, T. A. White and C. Turro, J. Am. Chem.
Soc., 2018, 140, 229–234.

14 M. H. Shaw, J. Twilton and D. W. C. MacMillan, J. Org.
Chem., 2016, 81, 6898–6926.

15 W. Deng, W. Feng, Y. Li and H. Bao, Org. Lett., 2018, 20,
4245–4249.

16 N. Armaroli, Chem. Soc. Rev., 2001, 30, 113–124.
17 B. M. Hockin, C. Li, N. Robertson and E. Zysman-Colman,

Catal. Sci. Technol., 2019, 9, 889–915.
18 K. Hans Wedepohl, Geochim. Cosmochim. Acta, 1995, 59,

1217–1232.
19 R. Czerwieniec, M. J. Leitl, H. H. H. Homeier and H. Yersin,

Coord. Chem. Rev., 2016, 325, 2–28.
20 O. S. Wenger, J. Am. Chem. Soc., 2018, 140, 13522–13533.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08082b


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

9:
06

:0
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
21 C. Förster and K. Heinze, Chem. Soc. Rev., 2020, 49, 1057–
1070.

22 M. J. Leitl, D. M. Zink, A. Schinabeck, T. Baumann, D. Volz
and H. Yersin, Top. Curr. Chem., 2016, 374, 25.

23 A. Lennert and D. M. Guldi, ChemPhotoChem, 2019,
201900104.
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A. B. Muñoz-Garćıa, S. M. Zakeeruddin, N. Vlachopoulos,
M. Pavone, G. Boschloo, L. Kavan, J.-E. Moser, M. Grätzel,
A. Hagfeldt and M. Freitag, J. Am. Chem. Soc., 2016, 138,
15087–15096.

25 B. van den Bosch, H.-C. Chen, J. I. van der Vlugt,
A. M. Brouwer and J. N. H. Reek, ChemSusChem, 2013, 6,
790–793.

26 R. S. Khnayzer, C. E. McCusker, B. S. Olaiya and
F. N. Castellano, J. Am. Chem. Soc., 2013, 135, 14068–14070.

27 C. Sandoval-Pauker, G. Molina-Aguirre and B. Pinter,
Polyhedron, 2021, 199, 115105.

28 C. B. Larsen and O. S. Wenger, Chem.– Eur. J., 2018, 24,
2039–2058.

29 A. Hossain, A. Bhattacharyya and O. Reiser, Science, 2019,
364, eaav9713.

30 P. Xiao, J. Zhang, D. Campolo, F. Dumur, D. Gigmes,
J. P. Fouassier and J. Lalevée, J. Polym. Sci. A: Polym.
Chem., 2015, 53, 2673–2684.

31 P. Xiao, F. Dumur, J. Zhang, J. P. Fouassier, D. Gigmes and
J. Lalevée, Macromolecules, 2014, 47, 3837–3844.

32 L. Bergmann, D. M. Zink, S. Bräse, T. Baumann and D. Volz,
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