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ABSTRACT: A comparison of three copper(I) compounds [1, Cu(dppb)-
(pz2Bph2); 2, Cu(pop)(pz2Bph2); 3, Cu(dmp)(phanephos)+] that show pronounced
thermally activated delayed fluorescence (TADF) at ambient temperature
demonstrates a wide diversity of emission behavior. In this study, we focus on
compound 1. A computational density functional theory (DFT)/time-dependent
DFT approach allows us to predict detailed photophysical properties, while
experimental emission studies over a wide temperature range down to T = 1.5 K lead
to better insight into the electronic structures even with respect to spin−orbit
coupling efficiencies, radiative rates, and zero-field splitting of the triplet state. All
three compounds, with emission quantum yields higher than ϕPL = 70%, are
potentially well suited as emitters for organic light-emitting diodes (OLEDs) based
on the singlet-harvesting mechanism. Interestingly, compound 1 is by far the most
attractive one because of a very small energy separation between the lowest excited
singlet S1 and triplet T1 state of ΔE(S1−T1) = 370 cm−1 (46 meV). Such a small value has not been reported so far. It is
responsible for the very short decay time of τ(TADF, 300 K) = 3.3 μs. Hence, if focused on the requirements of a short TADF
decay time for reduction of the saturation effects in OLEDs, copper(I) complexes are well comparable or even slightly better than
the best purely organic TADF emitters.

1. INTRODUCTION

Recently, research in the field of thermally activated delayed
fluorescence (TADF) displayed by organo-transition-metal
complexes1−25 and organic molecules26−35 has gained enor-
mous interest because of the remarkable variability of the
emission properties. In particular, two emitting states, an
excited triplet state T1 and an energetically slightly higher-lying
singlet state S1, are involved in the emission processes.
Accordingly, the overall emission behavior depends on the
individual properties of these two states, their energy separation
ΔE(S1−T1), the related intersystem crossing (ISC) time, and
the individual population rates. As a consequence, a wide range
of property tuning in the sense of chemical engineering
becomes possible. Thus, with a detailed understanding of the
photophysical background, one may realize distinct improve-
ments of, for example, TADF-related applications. This is
particularly important for emitters used in organic light-
emitting diodes (OLEDs)12−18,20,24,28−31,33,35−37 or in light-
emitting electrochemical cells.19,38−40 In these devices, the
TADF mechanism allows for the harvesting of all generated
singlet and triplet excitons, whereby emission stems from the
singlet state, hence representing a singlet-harvesting mecha-
nism.1,2,8−10,15−17 This effect is based on an alternative process
different from the already well-established triplet-harvesting
mechanism, which requires efficient and short-lived triplet-state
emission.1,2,41−43 Accordingly, this latter mechanism is
essentially based on compounds with (high-cost) third-row
transition metals that may induce high spin−orbit coupling

(SOC), while the singlet-harvesting TADF-based mechanism
does not depend on this requirement.
In this contribution, we focus on a mononuclear copper(I)

complex, Cu(dppb)(pz2Bph2) (1), where dppb = 1,2-bis-
(diphenylphosphino)benzene and pz2Bph2 = diphenylbis-
(pyrazol-1-yl)borate (Figure 1), which shows outstanding

properties with respect to an astonishingly long emission
decay time at low temperature and, on the other hand, a very
short decay time at ambient temperature at a high emission
quantum yield of ϕPL = 70%. Moreover, this compound and its
derivatives have already been applied to realize very efficient
OLEDs using a vacuum deposition method.18 However, the
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Figure 1. Chemical structures of mononuclear copper(I) complexes.
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basics of the compound’s photophysical properties are not yet
well understood. Therefore, a more detailed investigation will
be carried out. Furthermore, the results will be briefly
compared to the properties of two other mononuclear
complexes, Cu(pop)(pz2Bph2) (2),9 where pop = (oxo-2,1-
phenylene)bis(diphenylphosphine), and Cu(dmp)-
(phanephos)+ (3),10 where dmp = 2 9-dimethyl-1,10-
p h e n a n t h r o l i n e a n d p h a n e p h o s = 4 , 1 2 - b i s -
(diphenylphosphino)[2.2]paracyclophane, which have already
been studied previously (Figure 1). This comparison will
demonstrate the pronounced diversity and chemical tunability
of TADF-related emission properties of copper(I) compounds

2. RESULTS AND DISCUSSION
2.1. Density Functional Theory (DFT)/Time-Depend-

ent DFT (TD-DFT) Approaches and Photophysical
Interpretations. A first insight into the electronic properties
of 1 can be obtained from DFT calculations by simple
inspection of the frontier orbitals and corresponding energy
separations. Figure 2 displays the HOMO−1, HOMO, and
LUMO contour distributions of 1. A study of these results
allows us already to deduce a number of rather detailed
conclusions:

(i) The HOMO is largely derived from a 3d atomic orbital of
the copper(I) center with significant contributions from the
coordinating phosphorus atoms, whereas the LUMO is mainly
distributed over the o-phenylene ring of the dppb ligand
(Figure 2). Thus, related transitions are assigned to be of metal-
to-ligand charge-transfer (MLCT) character. It can be shown
by TD-DFT calculations that the resulting singlet state S1 and
triplet state T1 are to more than 90% of HOMO−LUMO
character. Therefore, these states are assigned as 1MLCT and
3MLCT states, respectively.
(ii) The distinct spatial separation of HOMO and LUMO, as

displayed in Figure 2, allows us to predict a relatively small
exchange integral44 and, thus, a small singlet−triplet energy
separation ΔE(S1−T1). Indeed, TD-DFT calculations in the
triplet-state-optimized geometry give a small value of ΔE(S1−
T1) ≈ 560 cm−1 (Table S1 in the Supporting Information, SI).
(iii) According to the spatial separation of the involved

molecular orbitals, it can be predicted that the electric dipole
moment and, thus, the oscillator strength f of the transition
between the electronic ground state S0 and the lowest excited
singlet state S1 (1MLCT) is relatively small. Indeed, this is
supported by the TD-DFT calculations giving a value of f =
0.001 (Table S1 in the SI).
(iv) The pronounced electronic charge transfer occurring

with the corresponding MLCT transitions will result in
significant changes of the equilibrium positions of the atomic

coordinates. Such a behavior is well established for copper(I)
complexes having a pseudotetrahedral ground-state geometry
but a flattened excited-state geometry. (Compare refs 45−48.)
(v) The energy separation between HOMO and HOMO−1,

both involving different d orbitals, is very large (more than 1.4
eV ≈ 11300 cm−1; Figure 2). As a consequence, mixing of the
resulting singlet state of HOMO−1 → LUMO character to the
lowest triplet state T1 of HOMO → LUMO character by SOC
(which, by symmetry, is possible1,2,49) is expected to be very
weak. This will lead to a long emission decay time of the T1
state and to very small values of zero-field splitting (ZFS) of
this state.1,2,49 In this context, it should be remarked that SOC
between the singlet state S1 and triplet state T1 is forbidden
because both states involve the same configuration, i.e., the
same d orbital.49−51 In fact, the T1 decay time is as long as 1.2
ms, and the value of ZFS is less than 1 cm−1 (see section 2.2).
In contrast, for a different compound, Cu2Cl2(N^P)2 (with
(N^P) = 2-(diphenylphosphino)-6-methylpyridine), for which
the HOMO − HOMO−1 energy separation amounts only to
≈0.3 eV (2400 cm−1), SOC is very effective and, indeed, a very
short (radiative) emission decay time of only τ(T1) = 42 μs and
a large value of ΔE(ZFS) ≈ 15 cm−1 are found.23

Obviously, equivalent conclusions can be deduced from the
TD-DFT results, in particular, with respect to the energy
separation ΔE(S1−T1), the allowedness of the S0 ↔ S1
transition, and the energy separation between the T1 state
and the dominantly mixing state that can induce SOC, being
the S6 state (Table S1 in the SI). However, the predictions
based on theoretical calculations, as given above, require an
experimental verification. Indeed, this is possible and will be
shown in the next section.

2.2. Phosphorescence versus TADF of 1: Detailed
Characterization. 1 was synthesized according to a literature
procedure.18,52 We studied the luminescence properties in a
wide temperature range from T = 1.5 to 300 K. Figure 3
displays emission spectra and decay curves of a powder
sample53 of 1 at selected temperatures. The complex shows
intense green-yellow luminescence with a very high emission
quantum yield of ϕPL = 70% at ambient temperature and of
about 100% at T = 80 K. The spectra are broad and
unstructured even at T = 1.5 K (not shown). This correlates
with the predicted MLCT character of the corresponding
transitions. One does not observe any significant spectral
change apart from a blue shift of the emission maximum (with a
temperature increase) from 548 nm (1.5 to 30 K) to 535 nm
(80 to 300 K) of 13 nm (440 cm−1) (Figure 3A). This blue
shift is a consequence of thermal activation of the energetically
higher-lying S1 state (TADF) above T ≈ 50 K (see also below).
On the other hand, the emission decay time exhibits drastic

changes. At T = 1.5 K, one finds a strongly non-
monoexponential decay, which can be well fitted by two
decay components of 7.7 ms and 470 μs (Figure S1 in the SI).
These are assigned to the decay times of the three individual
emissions from the triplet T1 substates I−III with τI ≈ τII = 7.7
ms and τIII = 470 μs, respectively. The occurrence of two
almost equal decay times for two triplet substates is not unusual
for copper(I) complexes.5,54 At a low temperature of T = 1.5 K,
these states are not thermally equilibrated because of very slow
spin−lattice relaxation (SLR) processes.55−59 In this situation,
the individual emission decay times of the three substates are
much shorter than the SRL times. With a temperature increase
to T ≈ 20 K, however, these SLR processes become
significantly faster (presumably according to a Raman process

Figure 2. Frontier molecular orbitals of 1 resulting from DFT
calculations for the triplet state geometry. Computational details are
given in the SI.
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of SLR55−57) and a fast thermalization of the three substates
results, giving an average emission decay time of τav = 3(τI

−1+
τII

−1 + τIII
−1)−1.1,2,8,9,55,56,60 Inserting the T1 substate decay

times determined at T = 1.5 K, one obtains a value of τav =
1250 μs. Almost the same value is observed in the range of the
plateau below T ≈ 50 K (Figure 3C), thus supporting the
model discussed above. The slow processes of SLR can directly
be related to ZFS values of less than 1 cm−1.1,2,56−59 A
correspondingly small value is only possible if SOC-induced
mixing of higher-lying singlet or triplet MLCT states with the

lowest triplet substates is very weak. This result corresponds
perfectly to the predictions based on the very simple
considerations given in section 2.1. Furthermore, the emission
decay time of the triplet state T1 of τ(T1) = 1200 μs, as found
in the range of the plateau below T ≈ 50 K (Figure 3C), is
extremely long compared to other copper(I) complexes (see
below and refs 5, 7−10, 13−16, 19−24, and 34), and again this
is a consequence of the weak SOC with respect to this state.
With a temperature increase, the decay time decreases
drastically to τ(300 K) = 3.3 μs. Accordingly, the radiative
rate kr, determined by using kr = ϕPL/τ, rises from the low-
temperature value of kr(30 K) = 8.3 × 102 s−1 to kr(300 K) =
2.1 × 105 s−1, being a rate increase of more than a factor of 250
(compare Table 1).
This drastic radiative rate increase combined with the

observed blue shift with a temperature increase from T ≈ 30
to 300 K can only be explained by an involvement of a higher-
lying energy state that carries a high radiative rate, hence
demonstrating the occurrence of TADF. As depicted in Figure
3D, at low temperature only long-lived phosphorescence from
the T1 state to the singlet ground state S0 is observed. With
growing temperature from above T ≈ 50 K, a fast up-ISC to the
S1 state takes place in a time range of several pico-
seconds45,46,61−63 and opens the additional radiative process
as TADF via the singlet state S1. This process induces the
drastic increase of the radiative rate and leads to a blue shift of
the emission because the S1 state lies at higher energy than the
T1 state.
Because of the fast thermal equilibration between the T1 and

S1 states, i.e., the fast up- and down-ISC processes (above T ≈
20 K), the emission decay time τ can be expressed by a
Boltzmann-type equation:1,2,5,7−10,14,54

τ
τ τ

=
+ −Δ −

+ −Δ −
T

E k T
E k T

( )
3 exp[ (S T)/ ]

3/ (T) 1/ (S ) exp[ (S T)/ ]
1 1 B

1 1 1 1 B
(1)

wherein kB denotes the Boltzmann constant. τ(T1) and τ(S1)
represent the phosphorescence (T1 → S0) and prompt
fluorescence (T1 → S0) decay times without thermal activation.
ΔE(S1−T1) is the energy separation between these two states.
Applying this relationship to the measured emission decay

times (Figure 3B,C) and using the value of τ(T1) = 1.2 ms as
measured directly for T < 50 K, one obtains the fit parameters
for the activation energy of ΔE(S1−T1) = 370 cm−1 and for the
prompt fluorescence decay time of τ(S1) = 180 ns. It is
remarked that the prompt fluorescence could not be observed
directly according to the very fast down-ISC processes of only a

Figure 3. (A) Luminescence spectra of powder 1 recorded at 30, 80,
and 300 K. (B) Emission decay profiles of 1 at 30, 80, and 300 K
recorded upon pulsed excitation at λexc = 372 nm and detected at λdet =
540 nm. (C) Emission decay time τ of 1 (powder) versus temperature.
The solid line represents a fit of eq 1 to the experimental values.
Resulting fit parameters: τ(S1) = 180 ns and ΔE(S1−T1) = 370 cm−1.
(D) Energy level diagram of 1 resulting from the τ(T) analysis. Two
competing emission processes are marked: phosphorescence with a
decay time of τ(T1) = 1.2 ms dominating the photophysical behavior
at temperatures below 50 K and TADF determining the emission
properties at higher temperatures with a measured decay time of
τ(TADF, 300 K) = 3.3 μs.

Table 1. Emission Data for Powder Samples of Different Copper(I) Complexes Showing TADF

300 K 80 K 30 K fit

compound
λmax
[nm]

ϕPL
[%] τ [μs] kr [s−1]

λmax
[nm]

ϕPL
[%]

τ
[μs] kr [s−1]

λmax
[nm] τ [μs] kra [s−1]

τ(S1)
[ns]

ΔE(S1−
T1)

[cm−1] ref

Cu(dppb)
(pz2Bph2) (1)

535 70 3.3 21 × 104 535 ≈100 300 3.3 × 103 548 1200 0.83 × 103 180 370 this work

Cu(pop)
(pz2Bph2) (2)

464 90 13 6.9 × 104 474 ≈100 500 2.0 × 103 474 500 2.0 × 103 170 650 2, 9

Cu(dmp)
(phanephos)+

(3)

530 80 14 5.7 × 104 562 70 240 2.9 × 103 562 240 2.9 × 103 40 1000 10

aIt is assumed that the values of ϕPL at T = 30 K amount to 100%, as determined experimentally at T = 80 K.
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few picoseconds.45,46,61−63 The resulting energy level diagram
and relevant decay processes are summarized in Figure 3D.
Indeed, the experimental characterization of the lumines-

cence behavior of compound 1 fits well to the predictions
developed in section 2.1. According to the distinct spatial
separation of the HOMO and LUMO frontier orbitals involved
in the lowest excited states, the fluorescence decay time of τ(S1)
= 180 ns is relatively long for a spin-allowed transition.
Moreover, as expected, the energy separation between the
lowest singlet and triplet excited states is very small. The value
of ΔE(S1−T1) = 370 cm−1 represents the smallest splitting
value found so far. Accordingly, compound 1 shows the
shortest TADF decay time, τ(TADF) = 3.3 μs, that has been
reported for copper(I) complexes until now. Similarly, the very
weak efficiency of SOC, as concluded from simple consid-
erations of energy separations between the relevant frontier
orbitals, could be verified experimentally. For completeness, it
is remarked that a ΔE(S1−T1) value of 167 cm−1 was
previously reported for this complex blended in 1,3-bis(N-
carbazolyl)benzene. The value was determined from a
comparison of the emission maxima measured at 77 and 300
K, respectively18 However, taking into account the very small
singlet−triplet splitting and the occurrence of a strong TADF
component even at 77 K with an emission maximum at almost
the same energy as that found at ambient temperature, this
value is strongly underestimated (compare also the next
section).
2.3. Wide Range of TADF Properties of Different

Copper(I) Complexes. Analogous studies performed for
compounds 2 and 3 (Figure 4 and Table 1) reveal that the

emission at ambient temperature is also clearly of TADF
character though with distinctly larger energy separations
ΔE(S1−T1) of 650 cm−1 (2) and 1000 cm−1 (3) compared to
the value of only 370 cm−1 for compound 1 (Table 1).
Accordingly, with a temperature decrease, TADF is frozen out
at already relatively high temperatures. Thus, the phosphor-
escence plateau of compounds 3 and 2 is reached at T ≈ 150
and 100 K, respectively, while for compound 1, cooling to
below T ≈ 50 K is required. As a consequence, the emission of
compounds 2 and 3 at T = 80 K can clearly be classified as

phosphorescence stemming from the T1 state, while the
emission of compound 1 with a decay time of τ(80 K) = 300
μs cannot be assigned as phosphorescence but represents
mainly delayed fluorescence (TADF). By use of the equations
given in ref 8, the ratio of fluorescence to phosphorescence
intensity can be estimated at 3 to 1. Hence, assignments with
respect to the emission characteristics as phosphorescence or
fluorescence (TADF) might be problematic for copper(I)
compounds if investigations can only be carried out at 300 and
80 K, as was frequently reported. Similar arguments hold also
for the assignments of the spectral shifts between phosphor-
escence and TADF (Figure 3A).
Table 1 summarizes the photophysical data of the three

compounds. The most important differences are dictated by the
energy separation ΔE(S1−T1), which, in turn, is mainly given
by the spatial separation between HOMO and LUMO (section
2.1 and the SI). The very small value of ΔE(S1−T1, 1) = 370
cm−1 is responsible for the relatively high radiative rate at T =
300 K of kr(300 K, 1) = 2.1 × 105 s−1 being only by a factor of
about 3 smaller than the radiative rate found for the well-known
Ir(ppy)3 complex (with ppy = 2-phenylpyridine).1,2,64 More-
over, because of the largely forbidden nature of the T1 → S0
transition with a radiative rate of only kr(30 K, 1) = 8.3 × 102

s−1, the TADF effect induces a rate increase by more than a
factor of 250 with a temperature increase from T = 30 to 300 K.
The effect is much less pronounced for 2 and 3 with rate
increases of about 35 and 20 times, respectively. Obviously,
compound 1 of this series showing the smallest ΔE(S1−T1)
value can attain the highest TADF transition rate at ambient
temperature, although the decay time of its triplet state is by far
the longest one (smallest radiative decay rate).
The radiative rates of the triplet T1 states vary in this series

from 8.3 × 102 s−1 (1) to 2.0 × 103 s−1 (2) to 2.9 × 103 s−1 (3).
This tells us that the SOC efficiency increases distinctly, which
is related to the energy separation between HOMO−1 and
HOMO. This trend is well displayed by TD-DFT approaches.
Because the lowest triplet state T1 being of

3MLCT character is
largely of HOMO → LUMO origin, singlet states of HOMO−
1 → LUMO character that may induce oscillator strengths by
SOC because of the contribution of different d orbitals1,2,51,52

are the states S6 for compound 1, S2 for 2, and S3 for 3 with
energy separations of 1.54, 0.79, and 0.87 eV, respectively
(Tables S1−S3 in the SI). For completeness, it is remarked that
apparently the corresponding energy separations are still too
large to induce ZFS of more than 1 or 2 cm−1, in contrast to the
situation observed for Cu2Cl2(N^P)2.

23

The decay times of the prompt S1 → S0 fluorescence, as
determined by fitting procedures, amount to τ(S1) = 180 ns
(1), 170 ns (2), and 40 ns (3), respectively. Corresponding
calculated oscillator strengths resulting from TD-DFT
approaches display a similar trend (Tables S1−S3 in the SI).
These values show an opposite trend compared to the energy
separations ΔE(S1−T1) (Table 1). As discussed above, both
trends are related to the spatial overlap of HOMO and LUMO.
For completeness, it is remarked that for compound 3 it has
been shown that the radiative rate of kr(S1→S0) = 2 × 107 s−1

fits well to the related value as determined from the absorption
spectrum by use of the Strickler−Berg relation.10

3. CONCLUSIONS
The tetracoordinated copper(I) complexes studied in this
contribution represent a class of brightly emitting luminescent
materials with no concentration quenching and high emission

Figure 4. Luminescence decay times of 1 (green triangles), 2 (blue
circles), and 3 (black squares) versus temperature for powder samples.
The dominant emission mechanisms at 30, 80, and 300 K are
indicated.
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quantum yields of ϕPL ≥ 70%. The pronounced charge-transfer
character of the emitting states is associated with a relatively
small quantum-mechanical exchange interaction, thus giving
small energy separations ΔE(S1−T1) between the lowest
singlet S1 (1MLCT) and triplet T1 (3MLCT) states. As a
consequence, the higher-lying singlet state can be populated
significantly at ambient temperature, resulting in TADF.
According to this property, the (radiative) TADF decay time
is much shorter than the compound’s phosphorescence decay
time. Thus, such complexes have become highly attractive for
applications as OLED emitters because, making use of the
TADF effect, all singlet and triplet excitons can be exploited
and harvested in the singlet state, representing the singlet-
harvesting mechanism.
The compounds discussed in this contribution exhibit energy

separations ΔE(S1−T1) over the extensive range of 370−1000
cm−1. Accordingly, very different emission properties are
observed. These differences are particularly well-displayed in
the temperature dependence of the emission decay if studied
over a very large temperature range, that is at least from
ambient temperature down to T ≈ 30 K or even lower.
Especially, it is shown that the energy separation ΔE(S1−T1),
dominating the material’s photophysical properties, should be
as small as possible. Interestingly, 1 exhibits the smallest value
of ΔE(S1−T1) = 370 cm−1 reported so far. As a consequence, a
very short emission decay time at ambient temperature of only
τ(TADF) = 3.3 μs (corresponding to a radiative decay time of
τr(TADF) = 4.7 μs) results, although the phosphorescence
decay time of the T1 → S0 transition is as long as 1.2 ms. A
short decay time is highly advantageous if the compound is
applied as an emitter in an OLED because saturation or roll-off
effects are less important compared to long-lived emitters.43 In
this respect, the TADF compound 1 may be compared to one
of the most efficient organic TADF molecules. For example,
Adachi et al. proposed the use of (4S,6S)-2,4,5,6-tetra(9H-
carbazol-9-yl)isophthalonitrile. This emitter shows an ambient
temperature decay time of τ(TADF) = 5.1 μs at a ϕPL value of
94%,33 giving a radiative decay time of τr(TADF) = τ(TADF)/
ϕPL = 5.4 μs. Hence, if focused on short (radiative) TADF
decay times, it can be concluded that copper(I) complexes
showing TADF may be well comparable or even slightly better
than purely organic TADF molecules.
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