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1.1 Introduction

Basic research of photophysical and chemical properties of organo-transition
metal compounds was strongly activated by their potential commercial use. �is
became particularly apparent for classes of compounds that may be applied as
emitters in organic light-emitting diodes (OLEDs) [1�19] or in light emitting
electrochemical cells (LEEC) [7, 20�28]. �ese scienti�c investigations led
to a much deeper understanding of the photophysical principles and of the
compound�s properties resulting in the development of an enormous num-
ber of new materials in part with drastically improved properties for OLED
applications [4, 9, 29�52]. Improvements were also stimulated in the �elds of
related functional materials based on metal complexes for sensing of oxygen or
temperature [53�59] or for photocatalysis [60�66].
For luminescent materials to be applied in OLEDs, it is essential that all exci-

tons generated in the emission layer are harvested and converted into photons.
Since the statistic ratio of the formed excitons is 1 singlet to 3 triplets [67, 68],
specialmechanisms that allow to harvest all of them are required, as the two types
of excitons show di�erent relaxation properties [67]. Already about 20 years ago,
it was discovered that third-row transition metal complexes, especially those
with Ir(III), Pt(II), or Os(II) metal centers, are well suited for such harvesting
processes, since themetal centers can induce e�cient spin�orbit coupling (SOC)
[69�77] between the lowest triplet state T1 and higher-lying singlet states Sn (with
n > 1) [1, 9, 11, 12, 67, 69�89]. As a consequence, fast intersystem crossing (ISC)
to the lowest triplet state of several tens of femtosecond [88, 90] can occur, and
relatively high radiative phosphorescent rates from the T1 state to the electronic
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ground state S0 are induced. �ese latter rates can become as high as ≈106 s−1

[70, 89, 91].�erefore, these phosphorescent compounds are frequently denoted
as triplet emitters. As a consequence, when applied in OLEDs, these materials
can harvest all singlet and triplet excitons in the lowest excited triplet state.
Accordingly, the correspondingmechanism is denoted as triplet harvesting e�ect
[69, 78]. Indeed, using, for example, Ir(ppy)3 (with ppy= 2-phenylpyridinate),
OLEDswith almost 100% internal quantume�ciency could be produced [11, 81].
However, these triplet emitter complexes require high-cost rare metals, and

this may become a limiting factor, when OLED lighting goes into mass produc-
tion [70, 92, 93]. �erefore, an alternative harvesting mechanism that may work
with low-cost materials has been proposed more than one decade ago [94]. �is
mechanism is based on the molecular e�ect of thermally activated delayed �uo-
rescence (TADF), according to which also all excitons generated in the emission
layer may be harvested. In this situation, however, the emission does not stem
from the lowest excited triplet state, but from the thermally activated singlet state
S1. Hence, this mechanism has been denoted as singlet harvesting mechanism
[9, 30, 31, 37, 40, 56, 70, 92, 94�97]. Accordingly, the luminescent materials do
not need to contain high SOC-inducingmetal centers (high-costmaterials), since
the (thermally activated) singlet state usually carries su�cient allowedness with
respect to the transition to the singlet ground state (spin-allowed transition).
�erefore, an e�cient path for photon generation becomes available.
Obviously, thermal activation, from the lowest triplet state T1 to the higher-

lying singlet state S1, requires a relatively small energy separation ΔE(S1�T1)
between these states. For example, at ambient temperature (T = 300K), a ther-
mal energy of kBT ≈ 210 cm−1 (26meV) is available (kB =Boltzmann constant).
Hence, as a rule of thumb, e�cient thermal activation with fast up-ISC or reverse
intersystem crossing (rISC) is not expected to occur for ΔE(S1�T1) distinctly
above 103 cm−1 (≈130meV). Indeed, such energy separations can be realized
with environmentally friendly and low-cost Cu(I) [4, 9, 27, 30�35, 37�56, 70, 92,
93, 95�105] and Ag(I) [104, 106�109] complexes as well as with purely organic
molecules [110�113].
In this review, we focus on Cu(I) and Ag(I) complexes. For these materials, we

have to address three crucial photophysical requirements:

1) �e emitter compounds should exhibit high photoluminescence quantum
yields 𝜙PL. After an electronic excitation, however, Cu(I) and Ag(I) complexes
experience distinct �attening distortions with respect to the ground state
geometries [114�123]. Usually, such geometry changes are related to an
increase of nonradiative deactivation or even result in total quenching of the
luminescence by vibrational relaxation.�is is induced by a strong increase of
the Franck�Condon factors of the low-lying vibrational modes of the excited
electronic state and highly excited vibrational modes of the electronic ground
state [124�126]. However, these shortcomings may be suppressed to a large
extent by rigidifying the molecular structure either by sterically demanding
ligands or by a rigid environment. �is behavior has already been discussed
frequently in the literature [9, 30, 31, 35, 92, 95, 96, 108, 109, 114, 119, 127].
We will address these properties in Sections 1.3 and 1.6. Interestingly,
design of a material, a silver complex, with ΦPL of 100% becomes possible
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by following this strategy of rigidifying the molecular structure (see Refs
[108, 109] and Section 1.6).

2) Well-designed TADF materials should exhibit relatively small energy
separations ΔE(S1�T1). For organo-transition metal compounds, this is
related to the occurrence of metal-to-ligand charge-transfer (MLCT) (and
ligand-to-ligand charge-transfer (LL�CT)) states having frontier orbitals,
highest occupied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO), which are spatially largely separated. �is leads to a
small exchange interaction [128�130] between the involved electrons and,
hence, to the required small splitting between the singlet S1 and triplet T1
state. In particular, a relatively small ΔE(S1�T1) value is a necessary condition
to obtain a short radiative TADF decay time, which is important to maximize
the photoluminescence quantum yield ΦPL. Moreover, for use in OLEDs,
short decay times are important to minimize roll-o� e�ects (for example,
induced by saturation or triplet-polaron quenching) and to reduce device
stability problems as well as undesired energy transfer processes from the
emitter dopant to the host. In Sections 1.3 and 1.4, discussing case studies,
we will present Cu(I) compounds and the dependence of photophysical
properties on the ΔE(S1�T1) gap.

3) �e TADF properties crucially depend on the allowedness of the S1 → S0 �u-
orescence that is thermally activated from the lower-lying triplet state. �e
reason is that the corresponding radiative rate kr(S1 → S0) also governs the
TADF decay time. kr(S1 → S0) should be as large as possible to obtain a short
TADF decay time. However, basic quantum chemical considerations show
that these rates kr(S1 → S0) andΔE(S1�T1) correlate.We address this behavior
in Section 1.5.

�us, designing of TADF compounds with short TADF decay time and high
emission quantum yield is a challenge. For example, radiative TADF decay times
of Cu(I) complexes of less than 3�5 μs have not been reported so far [30, 31, 96].
We will discuss this challenge in several sections of this investigation. In partic-
ular, in Section 1.6, where we focus on designing new Ag(I) complexes, we will
show how to develop a breakthrough TADF material [108, 109] with a radiative
TADF decay time of only 1.4 μs (at 𝜙PL = 100%), which is signi�cantly shorter
than so far reported.
�is chapter is organized as follows: In Section 1.2, we introduce di�erent

parameters that have to be addressed for designing e�cient TADF materials
based on Cu(I) and Ag(I) complexes, and we present the materials studied in
this chapter together with selected photophysical data. Sections 1.3 and 1.4
display case studies of Cu(I) complexes with large and small ΔE(S1�T1) energy
separation, respectively. Furthermore, we discuss e�ects of SOC with respect
to properties of the lowest triplet state, such as phosphorescence allowedness
and zero-�eld splitting (ZFS). In Section 1.5, we show on a very simple quantum
mechanical basis that the size of the energy gap ΔE(S1�T1) and the allowedness
of the singlet S1 → singlet S0 transition are correlated. �is result is clearly sup-
ported by experimental data. In Section 1.6, we present photophysical properties
of a new TADF class of Ag(I) complexes, and we show how an extraordinarily
e�cient TADF material can be designed. Finally, in a conclusion, we will give a
short summary and point to future perspectives.
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1.2 TADF, Molecular Parameters, and Diversity
of Materials

�e molecular TADF e�ect was already reported more than �ve decades ago
[131, 132]. It can be described by the use of Figure 1.1. By an optical excitation,
one usually excites a singlet state, for example, higher-lying vibrational levels
of the S1 state. Subsequently, fast vibrational relaxation of the order of 10−12 s
[124] proceeds to lower lying vibrational levels. �en, depending on the class of
molecules, prompt �uorescence and/or down-ISC (as well as nonradiative relax-
ation to the electronic ground state) can occur. For Cu(I) and Ag(I) complexes,
being in the focus of this contribution, ISC from S1 to the T1 state is very e�ective,
since fast ISC occurring in the time range of 3�30 ps has been observed [118, 121,
122, 133, 134]. �e individual value does not only depend on molecular proper-
ties, for example, on the extent of SOCof higher-lying singlets to the lowest triplet
state, but also on the local environment, such as a �uid or a rigid matrix [134]. In
general, a signi�cant prompt �uorescence (S1 → S0) is not detected, instead a very
bright long-lived phosphorescence (T1 → S0) is frequently observed at low tem-
perature [30, 31, 33�35, 70, 92, 95�97, 135, 136]. At a higher temperature and in
a situation of a fast thermal equilibration, population of the higher-lying singlet
state is governed by the Boltzmann distribution. In this context, �fast� means that
the down- and up-ISC processes are much faster than the T1 → S0 and S1 → S0
emission decay processes. As a consequence, the emission decays with a single
decay time being a weighted average (Eq. (1.1)) of the T1 → S0 and S1 → S0 decay
processes. Usually, this is ful�lled for Cu(I) and Ag(I) complexes with low-lying
MLCT states. At lower temperatures population of the S1 state due to the Boltz-
mann thermal distribution is frozen out. For completeness, it is remarked that
below T ≈ 15K, e�ects of spin�lattice relaxation (SLR) between the triplet sub-
statesmight strongly slowdown relaxation processes [31, 33, 34, 88, 95, 137�139].
Consequently, frequently a multiexponential decay (from the di�erent T1 sub-
states to the ground state S0) is observed at very low temperature.
At higher temperatures, up-ISC processes e�ciently depopulate the triplet T1

state, i.e. the three triplet substates, and populate the singlet S1 state. In particular,
if the emission decay time of the T1 state is long, for example, longer than several
100 μs, the phosphorescence is largely �quenched� and almost only the S1 → S0
�uorescence is observed. Because the population of the S1 state is fed from the
long-living triplet state (triplet reservoir), this type of �uorescence is also long
living comparedwith the prompt �uorescence that does not involve a triplet state.
Hence, the emission is denoted as TADF.
For completeness, it is mentioned that for several Cu(I) complexes, SOC with

respect to the T1 state is signi�cant. In this situation, the TADF process will not
fully deplete the T1 state during its much shorter population time, and a com-
bined TADF/phosphorescence is observed. �is property is not in the focus of
the present contribution, but is discussed in detail in the literature [31, 33, 34, 97].
In the emission layer of an OLED device, the electron-hole recombination pro-

duces excitons of di�erent spin multiplicity, that is, 75% are of triplet and 25% of
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singlet character [67, 68, 78, 79] (Figure 1.1). �ese excitons can be trapped in
the emitter molecule. Such mechanisms are discussed in Ref. [67]. Subsequently,
fast internal conversions, i.e. one singlet path and three triplet paths, populate the
S1 and the T1 state, respectively [67]. �en similarly to the behavior after optical
excitation, thermal activation takes place. In particular, in a situation of a forbid-
den T1 → S0 transition and a relatively small ΔE(S1�T1) value, �nally almost all
excitations are transferred to the lowest excited singlet state, which then exhibits
delayed S1 → S0 �uorescence. According to this process, the molecular TADF
e�ect as exploited in an OLED device has been denoted as singlet harvesting
mechanism [9, 30, 31, 70, 94�96].
As already stressed, the TADF decay time 𝜏(TADF) should be as short as pos-

sible (obviously, at a high emission quantum yield), if the emitter is applied in an
OLED. To achieve this goal, valuable guidelines can be deduced. Especially, a dis-
cussion of the temperature dependence of the emission decay time is helpful.�is
is easily explained by the use of a model discussion of a simpli�ed molecule with
two excited states, a singlet S1 and a triplet T1, being in fast thermal equilibrium,
and the electronic ground state S0 (compare Figure 1.1). In this situation, the

Spins and electron-hole recombination

Three
triplet paths 75%

Singlet
path 25%

kBT ΔE(S1–T1)

Up-/down-
ISC

S1

S0

T1

τ(T1) τ(TADF)k(S1)

–
–

–
+

+
+

–
+

Figure 1.1 Illustration of the molecular TADF effect and its use in OLEDs (singlet harvesting).
𝜏(T1) and 𝜏(TADF) are the phosphorescence decay time and the TADF decay time, respectively.
k(S1) = kr(S1 → S0) is the radiative rate of the S1 → S0 transition (prompt fluorescence). Up-ISC is
also often denoted as reverse intersystem crossing (rISC).
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decay time 𝜏(T) of the luminescent molecule is described by a Boltzmann-type
relation [30] (compare also [140�143]):

𝜏(T) =
3 + exp

(
−

ΔE(S1 − T1)
kBT

)

3k(T1) + k(S1) exp
(

−
ΔE(S1 − T1)

kBT

) (1.1)

k(T1)= 1/𝜏(T1) and k(S1)= 1/𝜏(S1) are the decay rates with the decay times 𝜏(T1)
and 𝜏(S1) of the triplet and singlet excited state, respectively, andΔE(S1�T1) is the
energy separation between the S1 andT1 state. 𝜏(T) represents the experimentally
accessible emission decay time at a given temperature. For the subsequent dis-
cussion, it is assumed that the molecular parameters 𝜏(T1), 𝜏(S1), and ΔE(S1�T1)
are temperature independent and that the splitting of the triplet state into three
substates (ZFS) is small, i.e. much smaller than kBT .
�us, application of Eq. (1.1) to the measured decay times at di�erent tem-

peratures opens access to the molecular parameters given above. In particular, it
becomes possible to determine very small energy separations being much below
the attainable spectral resolution. For example, using a slightly modi�ed Eq. (1.1)
energy separations of only a few cm−1 can be resolved despite the fact that the
MLCT emission bands are frequently as broad as several thousand cm−1 (com-
pare [9, 31, 95, 97, 140]).
At very low temperature, the exponential terms in Eq. (1.1) are negligible,

and the measured decay time 𝜏(T) displays the phosphorescence decay time
𝜏(T1), while at high temperature (and long 𝜏(T1)), the term containing 𝜏(T1) can
be neglected, and one obtains essentially the decay time 𝜏(TADF). In Sections
1.3, 1.4, and 1.6, several case studies, discussing the 𝜏(T) temperature behavior,
are presented.
Eq. (1.1) shows that three parameters crucially determine the emission decay

time. �ese parameters can be deduced from �tting Eq. (1.1) to the measured
emission decay times for a suitable temperature range. If this is carried out for
a number of Cu(I) and/or Ag(I) complexes, valuable guidelines for molecular
design rules can be extracted. �erefore, a more detailed discussion of the three
parameters is illustrative.
Figure 1.2 schematically visualizes the photophysical background of the param-

eters that govern Eq. (1.1). For all three cases, subsequently discussed in detail, it
is assumed that the respective molecule shows TADF.

1.2.1 TADF and Phosphorescence

Figure 1.2a displays an energy level diagram of a compound that exhibits
signi�cant SOC of the triplet state T1 to a singlet state. Quantum mechanical
considerations show that SOC between the triplet state T1 and the singlet state S1
both stemming from the same orbital con�guration vanishes [9, 30, 31, 69�77].
However, mixing in of di�erent, higher-lying singlets Sn (with n> 1) can be
signi�cant. If so, the triplet state of Cu(I) complexes, for example, exhibits a dis-
tinct ZFS of several cm−1 (a few 0.1meV), and the T1 → S0 transition rate for the
phosphorescence can become as large as 5× 104 s−1 (20 μs) [30, 34, 97, 135, 136].
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kBT kBT kBT

TADF TADF TADF

S1 S1 S1

S0 S0S0

(a) (b) (c)
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High SOC Small exchange
integral

Modification
of S1

k(T1→ S0) large

Phos
k(T1)

k(S1)

k(S1↔S0) large
ΔE small

Figure 1.2 Different strategies for minimizing the emission decay time of TADF compounds
for OLED applications. The zero-field splitting of the T1 state into three substates is not shown
in this diagram.

Accordingly, a second, e�ective radiative decay channel is opened in addition
to the TADF decay path. �ese combined radiative decay paths can distinctly
shorten the ambient temperature emission decay time. In this contribution,
we do not focus further on this e�ect, but compare the literature reports
[30, 31, 34, 97, 144].

1.2.2 Minimizing 𝚫E(S1�T1)

As already addressed, the energy separation ΔE(S1�T1) between the lowest
singlet S1 and triplet state T1 should be relatively small (Figure 1.2b). �is can
be well achieved with Cu(I) and Ag(I) complexes, if the lowest lying excited
states are largely of 1,3MLCT character. In this situation, a distinct charge
separation between the unpaired electrons can occur. As a consequence, the
quantum mechanical exchange interaction [128�130] and, hence, also the
singlet�triplet splitting becomes small (Section 1.5). Because ΔE(S1�T1) enters
in an exponential term in Eq. (1.1), ΔE(S1�T1) reduction has a dominating
e�ect on the TADF decay time, 𝜏(TADF). However, this seems to be limited,
when ΔE(S1�T1) becomes lower than 200�300 cm−1 (25 to ≈40meV), since at
smaller splitting, decrease of the S1�S0 transition rate kr(S1 → S0) might induce
an opposite trend and lead to an increase of 𝜏(TADF). (In Section 1.5 it will be
shown that ΔE(S1�T1) and kr(S1 → S0) are related to each other.) �e variation
of ΔE(S1�T1) can be achieved by a suitable molecular design as discussed below
in this section and in the case studies presented in the next two sections.

1.2.3 Importance of kr(S1�S0)

�e allowedness of the S1 ↔ S0 transition can be expressed, for example, by the
radiative �uorescence rate kr(S1 → S0) (Figure 1.2c). According to Eq. (1.1), this
rate also plays an important role at determining theTADFdecay time. Frequently,
this property is not adequately addressed. �e rate should be as high as possible
to obtain short TADF decay time. For this requirement also ΔE(S1�T1) should
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be as small as possible. However, the two photophysical parameters are corre-
lated. Small splitting ΔE(S1�T1) requires a small exchange interaction between
the unpaired electrons, at least when both T1 and S1 states are well described
by a HOMO�LUMO excitation. For a small exchange interaction, small overlap
of HOMO and LUMO is advantageous. At the same time, small HOMO�LUMO
overlap leads to a small oscillator strength (small allowedness) of the S1 → S0 tran-
sition and, thus, to a small kr(S1 → S0) value and, hence, to a long �uorescence
decay time. Indeed, experimental studies on Cu(I) complexes exhibiting TADF
reveal that such a correlation exists for a large number of compounds (compare
also Section 1.5) [31].
However, it is indicated that a close correlation between these two photophys-

ical properties might not always be so strict. In particular, the S1 state might
be modi�ed by a suitable molecular design. For example, quantum mechanical
con�guration interaction (CI) can be helpful in this respect. �is means that a
di�erent, higher-lying singlet state, which is energetically proximate and carries
high allowedness (high oscillator strength) with respect to the transition to the
electronic ground state, can mix with the S1 state and induce a higher S1 → S0
allowedness. Presumably, this mechanism is important for the Ag(I) complexes
discussed in Section 1.6.
Experimental access to the photophysical parameters as discussed above and

in Figure 1.2 becomes possible by the use of a �tting procedure of Eq. (1.1) to
the measured values of 𝜏(T) over a large temperature range. �e required range
depends on the size of ΔE(S1�T1). For example, if ΔE(S1�T1) values are larger
than about 700 cm−1 (87meV), a temperature range of 77K≤T ≤ 300K might
usually be su�cient. However, for smaller splittings, the range has to be extended,
for example, to T = 30K to be able to characterize a compound with a splitting of
only ΔE(S1�T1)= 370 cm−1 (compound 2, see Section 1.4) [31, 96]. Moreover, if
the splitting of the T1 state into substates of a few cm−1 (a few 0.1meV) and the
corresponding photophysical properties should be addressed, extension of the
temperature range to about T = 1.3 K (and application of a slightly modi�ed Eq.
(1.1)) is required [58, 70, 88, 89, 97, 138, 145].
In Sections 1.3, 1.4, and 1.6, we will present case studies. In these we will

show how to develop a deeper understanding of representative compounds. In
Table 1.1, for a broader overview, we summarize a selection of photophysical
data for a large number of complexes that are addressed in this contribution.
�e compounds studied were investigated as powder materials. In this respect,
it should be remarked that very frequently, the decay behavior measured of
powder materials is modi�ed, for example, by processes of energy transfer
or triplet�triplet annihilation. However, if the low-lying charge-transfer (CT)
states of the complexes exhibit geometry distortions also in the relatively rigid
crystalline environment, localization (self-trapping) can occur and prevent
energy transfer e�ects. �us, the emission of the powder material can display
molecular properties. Accordingly, concentration quenching does not occur,
and the decay behavior does not show any distinctive feature (such as shortening
of decay times) with concentration increase [30, 31, 58, 95].
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Table 1.1 Photophysical data based on luminescence measurements of powder materials
arranged according to increasing ΔE(S1–T1).

Compound Photophysical data References

PCu Cu

N P

2

P
I

I
33

Cu2I2(MePyrPHOS)(Pph2)2 1

ΔE(S1�T1)= 270 cm−1

𝜆max(300K)= 511 nm
ΦPL(300K)= 97%
𝜏(300K)= 5 μs
𝜏(T1 → S0)= 23 μs
𝜏(S1 → S0)= 570 ns

[31, 38]

P
2

P
Cu

N
N

B
N
N

2

Cu(dppb)(pz2Bph2) 2

ΔE(S1�T1)= 370 cm−1

𝜆max(300K)= 535 nm
ΦPL(300K)= 70%
𝜏(300K)= 3.3 μs
𝜏(T1 → S0)= 1200 μs
𝜏(S1 → S0)= 180 ns

[43, 96, 146]

Me2N

Me2N

PPh2

PPh2

Cu
Cl Cl

Cu

[Cu(μ-Cl)(PNMe2)]2 3

ΔE(S1�T1)= 460 cm−1

𝜆max(300K)= 506 nm
ΦPL(300K)= 45%
𝜏(300K)= 6.6 μs
𝜏(T1 → S0)= 250 μs
𝜏(S1 → S0)= 210 ns

[33]

Me2N

Me2N PPh2

PPh2
Cu

Br Br
Cu

[Cu(μ-Br)(PNMe2)]2 4

ΔE(S1�T1)= 510 cm−1

𝜆max(300K)= 490 nm
ΦPL(300K)= 65%
𝜏(300K)= 4.1 μs
𝜏(T1 → S0)= 1200 μs
𝜏(S1 → S0)= 110 ns

[33]

(Continued)
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Table 1.1 (Continued)

Compound Photophysical data References

Me2N PPh2

Me2N PPh2

Cu

Cu
I I

[Cu(μ-I)(PNMe2)]2 5

ΔE(S1�T1)= 570 cm−1

𝜆max(300K)= 464 nm
ΦPL(300K)= 65%
𝜏(300K)= 4.6 μs
𝜏(T1 → S0)= 290 μs
𝜏(S1 → S0)= 90 ns

[33]

2 2

2 2

P

P
Cu

Cl

Cl
Cu

P

P

Cu2Cl2(dppb)2 6

ΔE(S1�T1)= 600 cm−1

𝜆max(300K)= 545 nm
ΦPL(300K)= 35%
𝜏(300K)= 3 μs
𝜏(T1 → S0)= 2200 μs
𝜏(S1 → S0)= 70 ns

[100, 107]

N PPh2
Cu

I I
Cu

N PPh2

[Cu(μ-I)(PNpy)]2 7

ΔE(S1�T1)= 630 cm−1

𝜆max(300K)= 465 nm
ΦPL(300K)= 65%
𝜏(300K)= 5.6 μs
𝜏(T1 → S0)= 250 μs
𝜏(S1 → S0)= 100 ns

[33]

O

P P
2 Cu

N N
N N

B

2

Cu(pop)(pz2Bph2) 8

ΔE(S1�T1)= 650 cm−1

𝜆max(300K)= 464 nm
ΦPL(300K)= 90%
𝜏(300K)= 13 μs
𝜏(T1 → S0)= 500 μs
𝜏(S1 → S0)= 170 ns

[9, 95, 147, 148]
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Table 1.1 (Continued)

Compound Photophysical data References

N N

Ag
P

PhPh

Ph Ph

B

CC
P

Ag(phen)(P2-nCB) 9

ΔE(S1�T1)−a

𝜆max(300K)= 575 nm
ΦPL(300K)= 36%
𝜏(300K)= 2 μs
𝜏(77K)= 270 μs
𝜏(S1 → S0) −

[109] Table 1.7

N N

PhPh
PhPh C

B

C
P

Ag
P

Ag(mbp)(P2-nCB) 10

ΔE(S1�T1)= 640 cm−1

𝜆max(300K)= 535 nm
ΦPL(300K)= 70%
𝜏(300K)= 2 μs
𝜏(T1 → S0)= 1600 μs
𝜏(S1 → S0)= 32 ns

[109] Table 1.7

N N

Ph

Ph
P P

Ag Ph

Ph

B

CC

Ag(dmp)(P2-nCB) 11

ΔE(S1�T1)= 650 cm−1

𝜆max(300K)= 537 nm
ΦPL(300K)= 78%
𝜏(300K)= 2.8 μs
𝜏(T1 → S0)= 890 μs
𝜏(S1 → S0)= 36 ns

[109] Table 1.6

N N

Ag
Ph

Ph

B

Ph

Ph
P

C C
P

Ag(idmp)(P2-nCB) 12

ΔE(S1�T1)
a

𝜆max(300K)= 562 nm
ΦPL(300K)= 45%
𝜏(300K)= 1.7 μs
𝜏(T1 → S0)= 475 μs

[109]

(Continued)
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Table 1.1 (Continued)

Compound Photophysical data References

N N

Ph

Ph
P

Ag Ph

Ph

B

P
CC

Ag(dbp)(P2-nCB) 13

ΔE(S1�T1)= 650 cm−1

𝜆max(300K)= 526 nm
ΦPL(300K)= 100%
𝜏(300K)= 1.4 μs
𝜏(T1 → S0)= 1570 μs
𝜏(S1 → S0)= 18 ns

[108, 109]

O

+

P
Cu

N N

P
2 2

Cu(tmbpy)(pop)+ 14b

ΔE(S1�T1)= 720 cm−1

𝜆max(300K)= 555 nm
ΦPL(300K)= 55%
𝜏(300K)= 11 μs
𝜏(T1 → S0)= 84 μs
𝜏(S1 → S0)= 160 ns

[35]

N N

N N
BCu

CH3

CH3

(IPr)Cu(py2-BMe2) 15

ΔE(S1�T1)= 740 cm−1

𝜆max(300K)= 475 nm
ΦPL(300K)= 76%
𝜏(300K)= 11 μs
𝜏(T1 → S0)= 34 μs
𝜏(S1 → S0)= 160 ns

[34, 149]

(i-C4H9)2

P

N N

P

P P

Cu

Cu

(i-C4H9)2

(i-C4H9)2 (i-C4H9)2

t-C4H9
t-C4H9

t-C4H9 t-C4H9

[Cu(PNPtBu)]2 16

ΔE(S1�T1)= 786 cm−1

𝜆max(300K)= 512 nm
ΦPL(300K)= 57%
𝜏(300K)= 11 μs
𝜏(T1 → S0)= 343 μs
𝜏(S1 → S0)= 79 ns

[46]
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Table 1.1 (Continued)

Compound Photophysical data References

O

P
2 Cu

P
2

N N
NN

B
HH

Cu(pop)(pz2BH2) 25

ΔE(S1�T1)= 1300 cm−1

𝜆max(300K)= 436 nm
ΦPL(300K)= 45%
𝜏(300K)= 20 μs
𝜏(T1 → S0)= 610 μs
𝜏(S1 → S0)= 10 ns

[70, 95, 148]

ΔE(S1�T1) and 𝜏(S1 → S0) values result from �tting procedures. A prompt �uorescence of the S1
state has not been observed directly.
a) Similar ΔE(S1�T1) values are expected to occur for all Ag(phen-substituted)(P2-nCB)

complexes displayed in this table.
b) Investigated as [Cu(tmbpy)(pop)](BF4) powder.
c) Investigated as [Cu(dmp)(phanephos)](PF6) powder.
Source: Ref. [31]. Reproduced with permission of Elsevier.

1.3 Case Study: TADF of a Cu(I) Complex with Large
𝚫E(S1�T1)

�e luminescence properties of TADF compounds depend strongly on the
energy separation between the lowest excited singlet and triplet state. In this
case study, we discuss properties of Cu(dmp)(phanephos)+ 21 (with dmp= 2,9-
dimethyl-1,10-phenanthroline and phanephos= 4,12-bis(diphenylphosphino)-
[2.2]-paracyclophane) (Figure 1.3).

+

N N
Cu

HOMO LUMO

P P
2 2

Figure 1.3 Chemical formula and frontier orbitals of Cu(dmp)(phanephos)+ 21 obtained for
the DFT-optimized triplet state (T1) geometry. The calculations were performed at the
B3LYP/def2-SVP level of theory [152, 153]. Hydrogen atoms are omitted for clarity. HOMO and
LUMO exhibit distinctly different spatial distributions. The HOMO is mainly composed of the
copper 3d and phosphorus sp3 atomic orbitals, while the LUMO represents essentially a 𝜋*
orbital of the dmp ligand.
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1.3.1 DFT and TD-DFT Calculations

Quantum mechanical density functional theory (DFT) computations reveal that
for this compound, the lowest excited states result dominantly from HOMO to
LUMO transitions from metal and phosphorus orbitals to dmp ligand orbitals
[92] (Figure 1.3). Accordingly, the excited states have signi�cant admixtures
of 1,3MLCT character. �is assignment is also supported by the photophysical
investigations as discussed below. Time-dependent density functional theory
(TD-DFT) calculations, carried out in the T1 state geometry, allow us to
estimate an energy separation between the singlet and triplet MLCT states
of ΔE(S1�T1)≈ 0.22 eV. Since TD-DFT computations give energies of vertical
transitions between Franck�Condon states, the calculated ΔE(S1�T1) value
is overestimated as demonstrated experimentally (see below) but allows us to
expect an occurrence of TADF at ambient temperature.

1.3.2 Flattening Distortions and Nonradiative Decay

An MLCT transition in Cu(I) complexes often leads to �attening distortions
of the molecule in the excited state relative to the ground state geometry
[114, 116�122, 154, 155]. Such distortions are usually connected with an
increase of non-radiative deactivations or even quenching of the emission due
to a strong increase of the Franck�Condon factors of the low-lying vibrational
modes of the excited state and the highly excited vibrational modes of the elec-
tronic ground state [124�126].�us, engineering of a highly emissive compound
requires that such geometry changes are minimized. �is can be achieved by
using matrix materials characterized by cages of rigid microenvironments. In
a di�erent approach, the excited state distortions can also be reduced or even
largely suppressed at the molecular level.
Cu(dmp)(phanephos)+ 21 represents an example of a Cu(I) complex in which

the excited state distortions are hindered owing to a rational molecular design.
In particular, the diphosphine phanephos with a wide P�Cu�P bite angle of 116∘
[92] forms a rigid �semicage� for the metal ion coordinated by the second lig-
and (Figure 1.4). Methyl groups in the 2- and 9-positions of dmp exert steric
demands that further hinder �attening distortions. �us, mutual steric interac-
tions of the chelating ligands strongly reduce �attening distortions and as a con-
sequence radiationless relaxations.
Indeed, Cu(dmp)(phanephos)+ 21 displays intense green-yellow lumines-

cence at ambient temperature even in solution (Figure 1.5). For instance, in
dichloromethane (DCM) the quantum yield ΦPL is 40% (Table 1.2).With thisΦPL
value and the measured decay time of 𝜏(CH2Cl2, 300K)= 10 μs, the nonradiative
rate knr can be estimated, using the relation

knr = (1 − ΦPL)∕𝜏 (1.2)

�e resulting rate of knr = 6.0× 104 s−1 represents one of the smallest knr values
found for Cu(I) complexes in liquid solution so far [31].�is proves the validity of
the molecular design strategy applied to Cu(dmp)(phanephos)+ 21. �e excited
state distortions and, thus, the extent of nonradiative relaxation can further be
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Figure 1.12 Radiative decay rate kr(S1–S0) plotted versus ΔE(S1–T1) for different Cu(I)
complexes that show TADF at ambient temperature (data from Table 1.5). The fit curve
represents an exponential function as guide for the eye. Source: Ref. [31]. Reproduced with
permission of Elsevier.

S1 → S0 transition decreases by a factor of about 26. In a simple consideration,
using Eq. (1.1), it can be seen that the TADF decay time will not become shorter,
when ΔE(S1�T1) reaches 300 to 200 cm−1 (≈40 or 25meV). Such a minimum
decay time lies in the range of several microsecond [168], at least for the type of
Cu(I) compounds discussed here.

1.5.2 QuantumMechanical Considerations

In this section, we want to illustrate on a simple quantum mechanical basis, fol-
lowing [31], why a small energy separation ΔE(S1�T1) between the lowest singlet
S1 and triplet T1 state is related to a fast radiative rate of the S1 → S0 transition,
i.e. a small kr(S1 → S0) value. Let us assume that S1 and T1 can be described by a
one-electron transition from HOMO 𝜑H to LUMO 𝜑L. In this situation, simple
expressions can be given for the radiative rate kr(S1�S0) (= kr(S1 → S0)) and the
energy splitting ΔE(S1�T1).
�e radiative rate may be obtained from the transition dipole moment

𝜇(S1 − S0), which is approximately given by

𝜇H,L = e∫ 𝜑H(r⃗)r⃗𝜑L(r⃗)d
3r = e∫ 𝜑H(r⃗)𝜑L(r⃗)r⃗ d3r (1.10)

r⃗ is the dipole vector and e is the electron charge.
�us, the radiative rate can be expressed by (see Ref. [169], p. 159), [31]:

kr(S1 − S0) = 2C𝜈3n3|𝜇HL|
2 (1.11)

kr(S1 − S0) = 2e2C𝜈3n3
||||∫

𝜑H(r⃗)𝜑L(r⃗)r⃗ d3r
||||

2

(1.12)
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Figure 1.16 Schematic visualization of the geometry change between the electronic ground
state S0 and the triplet state T1. Only the coordination core around the Ag ion is shown. The
angles refer to the inclination between the P–Ag–P (orange) and the N–Ag–N (blue) planes.
The charge transfer excitation induces a flattening distortion characterized by a model
parameter of Δ𝜑 ≈ 35∘. The calculations were carried out on the M06/def2-SVP level of theory
for the gas phase conditions. Source: Ref. [109]. Reproduced with permission of Elsevier.

also Section 1.3.) We will discuss this procedure in the next section, applying it
to Ag(R-phen)(P2-nCB), with R representing a substitution.

1.6.3 Sterical Hindrance. Tuning of the Emission Quantum Yield
up to 100%

Several Ag(I) complexes comprising the P2-nCB ligand in combination with a
phenanthroline ligand, in each case di�erently substituted at the positions 2 and
9, are displayed in Table 1.6. �e photophysical investigations show that with
more bulky substituents on the phenanthroline ligand, the nonradiative decay
rate decreases, and, hence, the photoluminescence quantum yield increases.
For example, an increase from ΦPL = 36% found for Ag(phen)(P2-nCB) 9 with
an unsubstituted phen ligand to ΦPL = 100% for Ag(dbp)(P2-nCB) 13 with the
2,9-di-n-butyl phenanthroline ligand is observed [108, 109]. �e calculated
model parameter Δ𝜑, describing coarsely the �attening angle, correlates with
this photophysical behavior, as was expected.Without sterical hindrance, the Δ𝜑
parameter amounts to ≈35∘, while for the compounds with sterical hindrance,
the angle change is about three times smaller. For Ag(dbp)(P2-nCB) 13, for
example, the Δ𝜑 parameter amounts only to ≈12∘. (Compare Figures 1.16 and
1.17.) According to the signi�cantly lower geometry change upon CT excitation,
the emission quantum yield increases drastically (Table 1.6).
�e TD-DFT calculations (M062X/def2-SVP) carried out for the optimized

T1 state geometry reveal another important variation in the series of complexes
shown in Table 1.6. �e oscillator strength f (S0 → S1) of the S1 → S0 electronic
transition increases from f = 0.0258 for Ag(phen)(P2-nCB) 9 to f = 0.0536 for
Ag(dbp)(P2-nCB) 13, i.e. by a factor of more than two [109]. At the �rst sight,
the reason for this increase is not obvious. However, in a computational model,
as presented in Ref. [109], it can be shown that TD-DFT calculations carried
out for Ag(phen)(P2-nCB) 9, �xed to the T1 state geometry of Ag(dbp)(P2-nCB)
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Figure 1.17 Schematic visualization of the geometry change between the electronic ground
state S0 and the triplet state T1. Only the coordination core around Ag is shown. The angles
refer to the inclination between the P–Ag–P (orange) and the N–Ag–N (blue) planes. The
charge-transfer excitation induces a flattening distortion characterized by a model parameter
Δ𝜑 ≈ 12∘. The geometry optimizations were carried out for gas phase conditions at the
M06/def2-SVP level of theory. (Compare Figure 1.16.) Source: Ref. [109]. Adapted with
permission of Elsevier.

13, gives the S0 → S1 oscillator strength of f = 0.0687. �is value is even higher
than the value, calculated for compound Ag(dbp)(P2-nCB) 13 itself. Obviously,
the e�ect of the complex geometry on the S1 → S0 oscillator strength is supe-
rior to the electronic in�uence of the substituents on positions 2 and 9 of the
1,10-phenanthroline ligand [109].
�e increase of the calculated oscillator strength of the series of Ag(I) com-

plexes should also be displayed in the experimentally determined radiative
rate (that is, proportional to the oscillator strength). Indeed, the radiative rates
kr(S1 → S0) (Table 1.6) show a similar increase as is seen, for example, when
Ag(mbp)(P2-nCB) with kr(S1�S0)= 2.2× 107 s−1 is compared with Ag(dbp)
(P2-nCB) with kr(S1�S0)= 5.6× 107 s−1.
In summary, the drastic increase of the emission quantum yield in the series

of Ag(I) complexes arranged in Table 1.6 is induced by two di�erent e�ects:
(i) Increasing sterical hindrance strongly reduces nonradiative relaxation. (ii) In
parallel, the 2,9-substitutions stabilize a complex geometry that leads to a high
radiative rate. Both e�ects are responsible in a very favorite way for attaining the
high emission quantum yield of ΦPL = 100% for Ag(dpb)(P2-nCB).
For completeness, we also calculated the S0 → S1 oscillator strengths for

Cu(I) complexes with the same ligands. For example, TD-DFT calculation
(M062X/def2-SVP) carried out for compound Cu(dbp)(P2-nCB) in gas phase
for the T1 state geometry (M06/def2-SVP) gives an oscillator strength value
of f = 0.0660, while the value for the corresponding Ag(dbp)(P2-nCB) com-
plex amounts to f = 0.0536. Obviously, the change of allowedness a�ected by
replacement of Ag(I) through Cu(I) is not very distinct.4
Guided by this result, it seems to be justi�ed to relate properties based on

oscillator strengths of the S1 ↔ S0 transitions of Ag(I) complexes to trends that

4 �e emission quantum yield of Cu(dbp)(P2-nCB) powder is relatively low (ΦPL = 16%). �erefore,
this material is not suitable for OLED applications.
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