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ABSTRACT: Photophysical properties of two highly emissive
three-coordinate Cu(I) complexes, (IPr)Cu(py,-BMe,) (1)
and (Bzl-3,5Me)Cu(py,-BMe,) (2), with two different N-
heterocyclic (NHC) ligands were investigated in detail (IPr =
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene; Bzl-3,5Me =
1,3-bis(3,5-dimethylphenyl)-1H-benzo[d]imidazol-2-ylidene;
py»-BMe, = di(2-pyridyl)dimethylborate). The compounds
exhibit remarkably high emission quantum yields of more than
70% in the powder phase. Despite similar chemical structures
of both complexes, only compound 1 exhibits thermally
activated delayed blue fluorescence (TADF), whereas
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compound 2 shows a pure, yellow phosphorescence. This behavior is related to the torsion angles between the two ligands.
Changing this angle has a huge impact on the energy splitting between the first excited singlet state S; and triplet state T, and
therefore on the TADF properties. In addition, it was found that, in both compounds, spin—orbit coupling (SOC) is particularly
effective compared to other Cu(I) complexes. This is reflected in short emission decay times of the triplet states of only 34 us (1)
and 21 s (2), respectively, as well as in the zero-field splittings of the triplet states amounting to 4 cm™"' (0.5 meV) for 1 and §
cm™" (0.6 meV) for 2. Accordingly, at ambient temperature, compound 1 exhibits two radiative decay paths which are thermally
equilibrated: one via the S, state as TADF path (62%) and one via the T, state as phosphorescence path (38%). Thus, if this
material is applied in an organic light-emitting diode, the generated excitons are harvested mainly in the singlet state, but to a
significant portion also in the triplet state. This novel mechanism based on two separate radiative decay paths reduces the overall

emission decay time distinctly.

1. INTRODUCTION

In the past years, phosphorescent transition metal compounds
have experienced significant research attention as they can be
used as highly efficient emitter materials for organic light-
emitting diodes (OLEDs)."” Especially, complexes based on
third row transition metal ions, such as Ir(III) and Pt(II), are
well suited as the heavy metal center can induce significant
spin—orbit coupling (SOC). This results in fast intersystem
crossings,” > in short emission decay times for the otherwise
spin-forbidden transitions from the first excited triplet state to
the ground state (T; — So),"° " and to distinct zero-field
splittings (ZFS) of the triplet states.”>”'" In addition, when
applied in an electroluminescent device, these phosphorescent
materials show the triplet harvesting effect which allows utilizing
all excitons, singlets and triplets, for the generation of light.l'z’10
As a result, emitters that show the triplet harvesting effect can
exhibit four times higher exciton to photon conversion
efficiencies than conventional purely fluorescent emitters.
However, due to the high cost of iridium and platinum
metals, more abundant central metal ions such as Cu(I) are
highly attractive and have stepped into the focus of

A -4 ACS Publications  © 2014 American Chemical Society

16032

research.'"'*™* Such compounds might at first sight not
seem to be good candidates for use in OLEDs as SOC is
significantly less effective in these compounds than in Pt(II) or
Ir(1II) based complexes due to the smaller SOC constant of
copper.*' As a consequence, phosphorescence decay times of
the order of several hundred microseconds can result. This
would lead to pronounced saturation effects, if these materials
were applied as emitters in OLEDs.** On the other hand, the
energy separation between the first excited singlet S, and triplet
T, state AE(S; — T;) can be relatively small in Cu(I)
compounds due to a small exchange integral resulting from a
pronounced metal-to-ligand charge transfer (MLCT) charac-
ter,' V16T1830344043795 T 1f this energy separation is small
enough, a thermal population of the singlet state from the
triplet state becomes efficient at ambient temperature. Thus, a
thermally activated delayed fluorescence (TADF) from S, to S,
occurs. As the S, — S, transition is spin-allowed, it shows a
significantly shorter emission decay time than the correspond-
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ing triplet state. For this reason, that is, the involvement of the
S, state emission, the overall decay time of such compounds is
drastically reduced and can become as short as only several
microseconds at ambient temperature,'!!67183034404345
OLEDs using TADF emitters, the emission largely originates
from the singlet state S;. Therefore, this mechanism has been
called singlet harvesting'"'*™'*%° in contrast to the triplet
harvesting effect.

A crucial parameter that determines the effectiveness of the
thermally activated delayed fluorescence is the energy
separation AE(S; — T,). If it is larger than about 3 X 10°
cm™" (0.37 eV), a thermal population of the singlet state S is
not effective. Therefore, it is important to understand how
AE(S; — T,) can be controlled by properly engineering the
chemical structure of an emitter complex. For this, we
investigated the two previously published, structurally related
Cu(I) complexes (IPr)Cu(py,-BMe,) (1) and (Bzl-3,5Me)Cu-
(py»-BMe,) (2) (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-
2-ylidene; Bzl-3,5Me = 1,3-bis(3,5-dimethylphenyl)-1H-benzo-
[d]imidazol-2-ylidene; py,-BMe, = di(2-pyridyl)-
dimethylborate).”” The chemical structures are displayed in
Table 1. Interestingly, compound 1 shows a highly effective

Table 1. Structures and Emission Properties of the
Compounds (IPr)Cu(py,-BMe,) (1) and (Bzl-
3,5Me)Cu(py,-BMe,) (2) as Powders”

7/% ¢y \Q/ 7
N N=__cH N Q
E,?—C‘(N_ CH, [ —e< Bl
3O AT
1 2
Temp. K] 300 77 300 77
Ams [nm] 475 490 575 585
D [%] 76 91 73 80
T [ps] 11 34 18 21
ke [10%s!] 6.9 2.7 4.1 3.8
ka [10%s1] 22 0.3 1.5 1.0

“The decay time is monoexponential in the entire temperature range
above ~25 K. The radiative k, and nonradiative k, rates were
calculated according to k, = ®pr! and k, = (1 — §p)r),
respectively.

TADF (with AE(S, — T,) = 740 cm™ (92 meV)), whereas for
compound 2 only phosphorescence but no TADF is observed
at ambient temperature. In this contribution, we present
detailed photophysical characterizations and discuss why
despite similar chemical structures the photophysical properties
of both compounds differ drastically, especially in regard of the
value found for AE(S, — T,).

2. AMBIENT TEMPERATURE PHOSPHORESCENCE
VERSUS TADF

Under excitation with UV light, the powders of the studied
complexes display intense blue (1) and yellow (2)
luminescence at ambient temperature with short emission
decay times of 11 us (1) and 18 ps (2) and remarkably high

emission quantum yields of 76% (1) and 73% (2), respectively.
In Figure 1, the corresponding emission spectra are displayed.
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Figure 1. Normalized emission spectra of compound 1 and 2 as
powders at ambient temperature and at 77 K. The samples were
excited at A = 350 nm.

The spectra are broad and featureless with maxima at 475 nm
(1) and 575 nm (2) at T = 300 K. The shapes of the spectra
indicate that the emission originates from a charge transfer
transition which, in this case, has significant metal-to-ligand
charge transfer (MLCT) character. This assumption is in
agreement with literature assignments of other Cu(I)
compounds' 1672027 73L43746 40 s further substantiated by
results of density functional theory (DFT) and time-dependent
density functional theory (TDDFT) calculations presented in
ref 27 and below. The emission of 2 is found at significantly
lower energy than that of compound 1. This can be rationalized
by the expansion of the z-system of the IPr ligand (compound
2) which leads to a lower lying LUMO energy than that of the
Bzl-3,5Me ligand, whereas HOMOs of both compounds are
composed of metal and py,-BMe, orbitals, giving HOMO
energies that are nearly unchanged. As a result, the HOMO—
LUMO gap and therefore the emission energy are lower for 2
than for 1.

When cooling from ambient temperature to 77 K, a red-shift
of the emission from 475 to 490 nm (~650 cm™) is observed
for compound 1. In addition, the emission decay time increases
by a factor of about 3 from 11 to 34 us, whereas the radiative
rate k, = ®p; 77! decreases by about the same factor from 6.9 X
10* to 2.7 X 10* s7'. The significantly longer emission decay
time at 77 K of 34 us (compared to 11 ps at 300 K) suggests
that the emitting state at T = 77 K is the triplet state T).
Further proof for this assignment is given in subsection 2.2.
However, it is remarked that a triplet decay time of 34 us is
extraordinarily short compared to other Cu(I) com-
pounds.' 16718222543 This indicates that SOC is particularly
effective in compound 1. A more detailed discussion of this
aspect is given in subsections 2.1 and 2.2. The observed
changes of the emission decay time or the radiative rate and the
spectral shift of the emission peaks upon temperature change
can be explained by the occurrence of a TADF at T = 300 K
and are discussed in more detail in subsection 2.2.

In contrast, the emission decay time of compound 2 changes
only slightly from 21 to 18 us when heating from T = 77 K to
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ambient temperature. Almost no change is found for the
radiative rate amounting to k(77 K) = 3.8 X 10*s™! and k,(300
K) = 41 X 10* s7', respectively. This indicates that for
compound 2 TADF is not effective and that the observed
emission even at ambient temperature is phosphorescence
stemming from T|. The slight red-shift of the high energy flank
observed on cooling may be explained (especially for this triplet
emitter) by freezing out energetically higher lying emissions
from an inhomogeneously broadened distribution in the
powder sample (compare ref 46) and is therefore not a result
of the freezing out of the singlet emission. This is in contrast to
compound 1 for which the entire spectrum is shifted. (Figure
1) Further support for this rationalization is given by the
investigation of the emission spectra in a PMMA (poly(methyl
methacrylate)) matrix at 300 and 77 K. In this situation, no
such spectral change on temperature variation is observed,
besides a slight narrowing on cooling.

2.1. Compound 2: Typical Triplet Emitter. In this
subsection, we want to focus on compound 2 by investigating
the emission decay time in the temperature range between 1.3
and 300 K (Figure 2) which is particularly instructive.
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Figure 2. Thermalized emission decay time of compound 2 (powder)
versus temperature. The sample was excited at 4., = 355 nm, and the
signal was detected at A4, = 600 nm. The red line represents a fit of
the experimental data according to eq 1. Insets: Decay curves at T =
1.3, 77, and 300 K.

From Figure 2, it can be seen that the (thermalized) decay
time for compound 2 is almost constant in the temperature
range between ~10 and 300 K and amounts to about 20 us.
Also, the radiative rate is essentially constant (compare Table
1) which allows us to assign the emission as phosphorescence
stemming from the T state in the entire temperature range. An
emission via the TADF mechanism (compare subsection 2.2) is
not occurring in this case. Thus, it can be concluded that the
energy splitting AE(S, — T,) between the first excited singlet
and triplet state is larger than 3000 cm™" (~0.4 eV), as for such
a large value no significant thermal activation is expected at T =
300 K.

Interestingly, when the temperature is decreased to below
~10 K a steep increase of the decay time from about 20 ys to 1
ms at T = 1.3 K is observed. A similar behavior is well-known
from other transition metal compounds, such as Ir(IlI) and
Pt(1I) compounds,® *""*** and can be related to the energy
splitting of the triplet state into three substates. This so-called
ZFS is a consequence of SOC. Apart from the fast component
with a decay time of 2 us found at T = 1.3 K, the emission
decay time at low temperature is governed by a Boltzmann
distribution of the three substates I, II, and III. According to the
monoexponential decay, these states are in a thermal
equilibrium (after several us). At low temperature, mainly

emission from the energetically lowest substates I (and II) is
observed. With increasing temperature, the higher lying
substate III is thermally populated. Since frequently the
radiative rates corresponding to the transitions from the
energetically higher lying substates to the S, ground state are
larger than the rates corresponding to the lowest substate(s),
the averaged emission decay time decreases with increasing
temperature.s_g’l1’45’47’48 Accordingly, the data given in Figure
2 can be fitted with a modified Boltzmann function (eq 1) in
order to determine the ZFS values and the decay time
constants of the individual triplet substates (compare refs 7, 45,
and 49).

 AE(1I-1) AE(III-T)
(T)=[1+e ®T +e kT

 AE(1I-1) _Agu-p T
X ‘L’I_l + TH_I e kT 4+ ‘L'IH_I e KT W
1

In this equation, 7(T) refers to the emission decay time at a
given temperature T, 7j, 7y, and 7y to the individual decay
times of triplet substates (I, II, and IIT), AE(III-1) and AE(II—
I) to the energy splittings between the triplet substates III/I
and II/], respectively, and kg to the Boltzmann constant.

As a result of the fitting procedure, a value of AE(III-I) =
AE(ZFS) = 5 cm™ (0.6 meV) was found. To the best of our
knowledge, such a large ZFS has not been reported before for a
Cu(I) complex. However, by this procedure, it could not be
determined where substate II is energetically located with
respect to substates I and IIL If it is assumed that substates I
and II are energetically close (AE(II-I) ~ 0 cm™'; compare
refs 11, 17, and 18), the emission decay times of the three
triplet substates can be obtained. They amount to 7y & 7j; = 1.5
ms and 7y = 7 ps. The results found for compound 2, especially
the value of ZFS = S cm™" and the average emission decay time
match well with an empirical ordering scheme that correlates
AE(ZFS) with the phosphorescence decay time."'" From this
perspective, it is not surprising that a ZFS of 5 cm™" is found for
a compound with a triplet decay time of about 20 us.

The short emission decay component of 2 ys at T = 1.3 K
becomes shorter and diminishes rapidly with increasing
temperature and cannot be observed at temperatures higher
than 25 K. Such a behavior strongly indicates the occurrence
of a relatively slow spin—lattice relaxation (SLR) from the
higher lying triplet substate III to the substates I and II
according to the direct effect of SLR.>** Moreover, in a very
rough estimate, one can use the measured value of 7(SLR) = 2
us to determine the energy separation between the involved
states, that is, the value of AE(ZFS). With the relation of
AE(ZFS)* ~ 7(SLR)™! for the direct process of SLR and the
corresponding values known from a number of other organo-
transition metal compounds,”*® one obtains a value of about 4
cm™" which nicely confirms the splitting values as determined
from the fitting procedure as discussed above.

2.2. Compound 1: Thermally Activated Delayed
Fluorescence. In Figure 3, the emission decay time of
compound 1 is displayed versus temperature. Similar as for
compound 2, two decay components are observed in the
temperature range between 1.3 and ~25 K (not displayed in
Figure 3). The short component can again be assigned to SLR
processes, whereas the long component corresponds to the
thermalized emission of the three triplet substates (compare
previous subsection). As for compound 2, a significant
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Figure 3. Emission decay time of compound 1 (powder) versus
temperature. The sample was excited at A, = 378 nm, and the signal
was detected at Ag = 490 nm. The red line represents a fit of the
experimental data according to eq 2. Inset: Decay curves at T = 77 and
300 K.

reduction of the decay time between T = 1.3 and 10 K from
110 to 40 us is observed. Again, this can be assigned to the
thermal population of higher lying triplet substates from the
lowest one(s), leading to an average value of about 34 s for all
three triplet substates between ~10 and ~100 K (“plateau”).

However, in contrast to the behavior of compound 2, the
emission decay time of compound 1 is not constant up to T =
300 K. It decreases from about 34 to 11 us at ambient
temperature. This effect can be rationalized by the following
considerations. At low temperature, only the triplet state T is
contributing to the emission. With increasing temperature, a
thermal population of the energetically higher lying S, state
becomes possible. As the S, state exhibits a significantly shorter
emission decay time than that of the T, state, an overall
reduction of the emission decay time is observed with
increasing temperature. Additionally, a blue-shift of the
emission occurs as the S, state lies energetically higher than
the T, state. This emission mechanism corresponds to a
thermally activated delayed fluorescence.

The measured data, as displayed in Figure 3, can be fitted
with eq 2 which represents an expansion of eq 1 by two
additional terms (marked in red), which take the thermal
population of the singlet state S, into account.

T(T) =
_ABUI-D) _ABUII-I)  _ AE(S;=Ty)
=11 + ¢ kpT +e kpT + ¢ kpT X
. | —AEUI-D | —ABUII_D | _AEG =T -1
=1 =1 =757 B Y B *pT
I +/1-1( B +1”1( B +’.‘~'|( B (2)

From the fitting procedure, the decay times of the three triplet
substates of 7; & 7y = 116 ps and 7y;; = 13 ps and a value of
AE(ZFS) = 4 cm™ (0.5 meV) was found. The latter one is only
slightly smaller than found for compound 2. Similar as for
compound 2, the energy of triplet substate II with respect to
substates I and III could not be determined. For the fitting
procedure, AE(II-I) ~ 0 cm™' was assumed. The energy
splitting between the excited triplet T and singlet state S, is
determined to AE(S; — T;) = 740 cm™" (90 meV). This value
is in good agreement with the blue-shift of the emission
spectrum when heating from 77 to 300 K amounting to 650
cm™", The corresponding emission decay time of the singlet
state S, is found to be 7(S1) = 160 ns. Such a short decay time
empbhasizes the singlet nature of this state. It is remarked that in
contrast to the delayed fluorescence, a prompt fluorescence is

not observed for this compound as intersystem crossing (ISC)
from the S, to the T, state, probably being of the order of 10
ps,”° is much faster than the prompt S, — S, emission.

Interestingly, the increase of the radiative rate and the related
decrease of the emission decay time with increasing temper-
ature is for compound 1 significantly less pronounced than that
for other Cu(I) complexes. For example, the copper complexes
presented in ref 18 show an increase of the radiative rates by
the TADF process by a factor of 40—150, whereas compound 1
exhibits only an increase by a factor of 3. An explanation for this
behavior can be given when the emission decay path from the
triplet state to the singlet ground state is also taken into
account. For the compounds in ref 18, the triplet state decay
times are long, lying between 250 and 1200 us, whereas
compound 1 exhibits a decay time of only 34 us. Therefore, a
reduction of the decay time by involving the TADF process at
higher temperatures is much less effective.

3. CONTROLLING TADF BY LIGAND ORIENTATION

As discussed in section 2, at ambient temperature, compound 1
displays an effective TADF, whereas for compound 2 thermal
population of the singlet state is not observed due to the
activation energy being greater than 3000 cm™". Obviously, this
effect is connected to differences in the chemical structures of
the NHC ligands on the molecules. From Table 2, it can be

Table 2. Chemical Structures of Compounds 1 and 2 as well
as of the Modified Versions 1a and 2a“

B a oA
N _ANZL_CH; @:N AN CH,

[ 9—cl B d—cu B

N SN CH; N N=¢ CH3
\_4 \_/

1 la
710 cm™ (740 cm™) 600 cm™!

7\ 7\
N N; N N=
©I el Big:: [r—cul St

58 5T

2 2a
5800 cm™ (> 3000 cm™) 4200 cm™

“The values for AE(S; — T,) obtained from TDDFT calculations and
from experimental investigations (in brackets) are also displayed.

seen that the compounds differ in two aspects. (i) The #-
system of the imidazole ring in compound 1 is expanded by
benzannulation in compound 2. (ii) The isopropyl groups at
the 2,6-positions on the pendant phenyl rings of the NHC
ligand in 1 are replaced by methyl groups at the 3,5-positions
giving compound 2.

For a better understanding of the effects of these
modifications on the energy gap AE(S; — T;) between the
first excited singlet and triplet state, we have performed DFT
and TDDEFT calculations for compounds 1 and 2 as well as for
two further model compounds 1a and 2a as displayed in Table
2. Compound 1a represents a modified version of compound 1
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in which the imidazole ring is 7-extended to benzimidazole, but
the isopropyl groups on the phenyl rings are retained.
Compound 2a represents a modification of compound 2
where the 7-system of the benzimidazole moiety is trimmed to
imidazole, but the methyl groups are left unchanged. For all
four structures displayed in Table 2, a DFT geometry
optimization for the electronic ground state was performed.
As starting geometry for compounds 1 and 2, the crystal
structures were used as described and provided in ref 27. The
starting geometries for compounds 1a and 2a were created by
expanding and contracting the 7-system, respectively, of the
NHC ligand in the structures of compounds 1 and 2. TDDFT
calculations were performed on the structures obtained after
geometry optimization.

It was found that compounds 1 and la exhibit very similar
(and small) singlet—triplet gaps of 710 and 600 cm™,
respectively. This is in good agreement with the experimental
value found for compound 1 amounting to AE(S, — T,) = 740
cm™" (compare subsection 2.2). For compounds 2 and 2a, large
values of 5800 and 4200 cm ™}, respectively, were found (Table
2). These results indicate that expanding the z-system of the
NHC ligand does not have a strong impact on the singlet—
triplet splitting. Therefore, these modifications cannot explain
the experimentally found differences with values of AE(S; —
T,) = 740 cm™ for 1 and of AE(S, — T,) > 3000 cm™ for 2.

Interestingly, the insensitivity of the exchange energy to
benzannulation of the imidazole ring indicates that the methyl
and isopropyl groups present at the IPr and Bzl-3,5Me ligands
play an important role for the AE(S, — T,) value and the
occurrence of TADF. However, it seems unlikely that these
groups impart a direct electronic impact on the singlet—triplet
splitting. Instead, the alkyl groups can exert steric control over
the orientation of the two ligands toward each other and
change the electronic behavior of the compounds in this
manner. In support, the X-ray structures (compare ref 27) show
that, for compound 1, the IPr and py,-BMe, ligands are nearly
coplanar, whereas for compound 2 the Bzl-3,5Me and py,-
BMe, ligands are almost perpendicular to each other (Figure

Figure 4. Perspective drawings of the optimized geometries of
compounds 1 and 2 as well as of the model compound 1b. Hydrogen
atoms were omitted for clarity.

Thus, we examined how the relative orientations of the
ligands toward each other influence the singlet—triplet splitting
using a model compound 1b (Figure 4). In this model
compound, the isopropyl groups were removed from the
phenyl rings of the NHC ligand. This change allows for
variation of the N—C—Cu—N torsion angle (marked green in
Figure 6) without encountering steric hindrance from the
adjacent py,-BMe, ligand. The N—C—Cu—N torsion angle of
1b was then fixed at values between 0° and 100° in steps of 10°
for a DFT geometry optimization of the singlet ground state.

Interestingly, these calculations show that the spatial distribu-
tion of the HOMO changes with variation of the torsion angle.
In particular, for an angle of 0°, the HOMO is localized on the
copper center and py,-BMe, ligand, whereas it is extended onto
the imidazole ring when the angle is 90° (compare Figure S). In

¢ 4
®

Figure 5. HOMOs and LUMOs of model compound 1b displayed for
a torsion angles of 0° and 90°, respectively.

LUMO

HOMO

contrast, the LUMO remains localized on the z*-orbitals of the
NHC ligand for all torsion angles. The difference in the
HOMO is due to the angular relation between the metal d and
imidazole m-orbitals. When the ligands are coplanar, the two
sets of orbitals are orthogonal and thus do not electronically
couple to each other. However, in the perpendicular
orientation, the orbitals have the appropriate symmetry to
conjugate and delocalize their electronic distribution onto both
ligands. Consequently, overlap between the HOMO and
LUMO is small when the torsion angle is 0° (hence a small
exchange energy results), whereas a significant overlap exists
between the frontier orbitals with a 90° torsion thereby
increasing the exchange energy. Since the lowest excited singlet
and triplet states are largely comprised from transitions
between these frontier orbitals (>94% for the S, and >82%
for the T, state; see Table S1 in the Supporting Information),
variation in the degree of overlap will strongly alter the value of
AE(S, — T)).

A more accurate estimate of the dependence of the singlet—
triplet splitting on the torsion angle can be made when TDDFT
calculations are performed on the (torsion constrained)
optimized geometries. As compound 1b exhibits a symmetry
element at all rotations (either a mirror plane or a S, axis), the
values of AE(S; — T,) are identical at positive and negative
torsion angles. The data, displayed in Figure 6, show that the
singlet—triplet splitting in 1b is lowest (540 cm™") when the
N-C—Cu—N torsion angle between the two ligands is 0°. This
result is in agreement with the experimental data found for
compound 1 with a torsion angle of 5° and a singlet—triplet
splitting of only 740 cm™". In contrast, when the torsion angle
is 70° (as realized for compound 2), a splitting of 3700 cm™" is
obtained from the calculations. For such a large AE(S, — T))
energy separation, no TADF would occur. These model
calculations strongly support the experimental results of a lower
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Figure 6. Singlet—triplet splitting AE(S; — T,) in dependence of the
torsion angle N—C—Cu—N (marked by the green line) as obtained
from DFT and TDDEFT calculations on the B3LYP/def2-SVP level of
theory.

AE(S, — T,) limit of 3000 cm™ (0.37 eV) as predicted for
compound 2.

4. CONCLUSION

Materials that are applied as emitters in organic light-emitting
diodes should be able to utilize all injected excitons for the
generation of light. At the moment, these requirements can be
met by materials that exhibit the triplet harvesting effect,
typically based on high-cost Pt(II) or Ir(III) complexes, or the
singlet harvesting effect, typically based on low-cost Cu(I)
complexes or specific purely organic materials. Emitters
showing the triplet harvesting effect hereby stand out through
very effective spin—orbit coupling, whereas emitters exhibiting
the singlet harvesting effect excel through a small energy
splitting between the first excited triplet and singlet state
resulting in a thermally activated delayed fluorescence (TADEF).

Both mechanisms lead to an effective reduction of the
emission decay time and enable both singlet and triplet excitons
to be used for the generation of light in an OLED. One of the
compounds presented in this contribution (compound 1)
combines the advantages of both the triplet and the singlet
harvesting effect. (i) It exhibits relatively strong spin—orbit
coupling which results in a (compared to other Cu(I)
compounds known so far) very short triplet emission decay
time of only 34 us. (ii) The energy splitting between the first
excited singlet and triplet state amounts to only 740 cm™.
Therefore, the compound exhibits an effective TADF. The
contribution of each of the two effects to the emission can be
quantified according to the calculations presented in ref 18. It is
found that at ambient temperature 38% of the emission
intensity stems from the triplet state and 62% from the singlet
state. Accordingly, the deactivation via both radiative decay
paths induces a greater overall radiative decay rate. Thus, due to
the combination of phosphorescence and delayed fluorescence,
an effective decay time of 7 = 11 s can be achieved which is
shorter than the decay times of the individual processes
(7rapr(300 K) = 16 pus, 7p, = 34 us) (Figure 7).

Another important issue that has been revealed in this
investigation is the connection between the orientation of the
ligands toward each other and the value of the activation energy
for a TADF process. The ligand orientation is crucial for the
difference between a good OLED emitter with relatively short
decay time and an emitter with too long emission decay time

Compound 1 Compound 2
torsion angle small torsion angle large

sn n
—_high SoC
high SOC s, T
AE(S,-T))
'kBT
T1

> 3000 cm’
phosphor-{| only
escence || TADF

AE(S-T)
740 cm’ keT

34 us 16 ps
I I only
phosphorescence phosphorescence
and TADF 21 ps

11 ps l
S, y S,

Figure 7. Energy level diagrams of compounds 1 and 2. At ambient
temperature, compound 2 shows only emission from the triplet state,
while compound 1 additionally exhibits a TADF. The combination of
TADF and triplet emission (phosphorescence) results in a distinct
reduction of the emission decay time. The triplet states exhibit zero-
field splittings of 4 and 5 cm™" for compounds 1 and 2, respectively.
The TADF decay time 7(TADF) at T = 300 K was calculated
according to 7(phosphorescence and TADF)™' =
7(phosphorescence) ™ + 7(TADF)™". Note that the given phosphor-
escence decay times are the T = 77 K values.

for good OLED performance. Therefore, the results presented
here for the first time give valuable guidelines for the
development of new TADF emitter materials.

5. EXPERIMENTAL SECTION

Compounds 1 and 2 were synthesized, purified by vacaum sublimation
at 220 °C, and characterized according to the procedures described in
ref 27. Absolute measurements of the photoluminescence quantum
yields at ambient temperature and at 77 K were performed with a
C9920-02 (Hamamatsu Photonics) system. Emission spectra were
measured with a Fluorolog 3-22 (Horiba Jobin Yvon) spectrometer
which was equipped with a cooled photomultiplier (RCA C7164R).
For the measurement of the emission decay times, the same
photomultiplier was used in combination with a FAST multichannel
scaler PCI card (Comtec). As excitation source for the decay time
measurements, a pulsed diode laser (Picobrite PB-37SL,) with an
excitation wavelength of 378 nm and a pulse width < 100 ps or a
pulsed Nd:YAG laser (IB Laser Inc. DINY pQ 02) with an excitation
wavelength of 355 nm and a pulse width < 7 ns was used. For
adjusting the temperature, the samples were placed into a helium
cryostat (Cryovac Konti Cryostat IT) in which the helium gas flow
and heating were controlled. DFT and TDDFT calculations were
carried out using NWChem 6.3 on a high performance computing
cluster.>" The calculations were performed on the B3LYP/def2-SVP
level of theory,”* which has been shown to give good results for
other Cu(I) compounds.®*
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