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ABSTRACT: Luminescent materials showing thermally activated
delayed fluorescence (TADF) have gained high attractiveness as
emitters in organic light emitting diodes (OLEDs) and other
photonic applications. Nevertheless, even utilization of TADF can
be further improved, introducing a novel concept. This is
demonstrated by a new class of brightly luminescent low-cost
Cu(I) compounds, for which the emission stems from both the
lowest excited triplet T, and singlet S; state. At T = 300 K, these
materials exhibit quantum yields of more than ®p; = 90% at short
emission decay times. About 80% of the emission intensity stems
from the singlet due to TADF, but importantly, an additional 20%
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is contributed by the lower lying triplet state according to effective spin—orbit coupling (SOC). SOC induces also a relatively
large zero-field splitting of the triplet being unusual for Cu(I) complexes. Thus, the overall emission decay time is distinctly
reduced. Combined use of both decay paths opens novel photonic applications, in particular, for OLEDs.

1. INTRODUCTION

In the past decade, phosphorescent metal complexes of the
platinum group have been extensively investigated. This
research was motivated by a number of applications, especially
for organic light emitting diodes (OLEDs)."* Because of high
spin—orbit coupling (SOC) induced by the metal centers, these
compounds frequently exhibit fast intersystem crossings (ISC)
and high radiative triplet decay rates combined with high
emission quantum yields. If applied in OLEDs, these complexes
can exploit both the singlet and triplet excitons and, principally,
can transfer them into light with 100% internal quantum
yield,>* representing the triplet harvesting effect.' "> Never-
theless, the high costs, unclear toxicities, and problems with
respect to blue-light emission of these complexes may be
disadvantageous, and therefore, other and more abundant
emitter materials are required, for example, compounds based
on first-row transition metals. However, the triplet emission
(phosphorescence) decay times of these latter materials are
normally too long due to the relatively small effectivity of SOC.
Thus, application in OLEDs would, for example, result in
undesired saturation effects. However, selected Cu(I) com-
pounds may overcome this severe restriction and therefore,
have gained increasing attractiveness.>~>> This is due to the
extensive metal-to-ligand charge transfer (MLCT) character of
the lowest excited states found for many Cu(I) complexes. The
corresponding transitions induce distinct spatial separations of
the involved orbitals, in particular of HOMO and LUMO,
leading to relatively small exchange integrals and consequently
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to small energy gaps AE(S, — T,) between the lowest triplet
states T and the lowest excited singlet states S, (e.g,, < 1000
cm™ or 0.12 eV). As a consequence, these materials can show a
very efficient thermally activated delayed fluorescence
(TADF).B_17’22’24_26’28_33 Moreover, in Cu(I) complexes,
processes of ISC are of the order of 10 ps** and therefore,
result in a fast thermal equilibration between the T, and S,
states. A prompt fluorescence was not observed. Accordingly, a
Boltzmann distribution governs the population ratio of the
involved states. Thus, at sufficiently high temperature, the decay
of the excited singlet state S, to the electronic ground state S
dominates the emission decay time, if the corresponding
oscillator strength is high enough. In this situation, the decay
time at ambient temperature can become orders of magnitude
shorter than the triplet decay time. If so, the emission
represents a TADE,'>!15717297333536 [ deed, efficient OLEDs
with Cu(I) compounds and even organic molecules as emitters
have already been realized using this molecular-based TADF
mechanism'>2%2%31:33,37,38 it could be shown that
harvesting of singlet and triplet excitons is successful, though
not in the triplet state, but in the thermally activated singlet
state. Hence, this mechanism is called “singlet harvesting
mechanism”, 1316:17:232428-30,32,33,39

For many applications, the (radiative) TADF decay time
should be as short as possible to overcome saturation effects.

and
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This decay time is strongly governed by the activation energy
AE(S; — T,), which should be as small as possible. On the
other hand, a small AE(S;, — T,) value is usually related to a
small oscillator strength of the S, — S, fluorescent transition
and thus, leads to an undesired relatively long singlet state
decay time. This is due to the distinct charge-transfer (CT)
character required for obtaining small AE(S; — T,) values. The
CT character leads to a small spatial overlap of the wave
functions of the excited singlet state S; and the ground state S,
and hence, to a small transition dipole moment. Therefore, an
improvement of TADF properties with respect to an increase of
the radiative rate is a difficult optimization problem and is faced
with limits. Hence, the shortest (radiative) TADF decay times
hitherto known, lie in the range of the order of ten ys and thus,
do not yet reach the values found for Ir(III) complexes. For
example, the well-known Ir(ppy); triplet emitter exhibits a
(radiative) decay time of about 7 = 1.5 to 2 us. 0+

Obviously, alternative strategies for the development of new
Cu(I)-based emitters are required. A promising approach is
proposed here. An overall faster radiative decay can principally
be obtained by opening an additional radiative decay path from
an additional state, in particular, from the lowest triplet state.
But for most Cu(I) complexes known, this T, — S, path is
largely ineffective due to very weak spin—orbit couplings
(SOC) of the T, state to higher lying singlet states. As a
consequence, the phosphorescence decay time is of the order of
several hundred s and even up to ms."?™'7?%232%32% Op) the
other hand, development of complexes that exhibit high SOC
efficiency is not unrealistic as is discussed in this study. Here,
we present a new class of brightly luminescent dinuclear Cu(I)
compounds showing efficient TADF from the S, state and
direct phosphorescence from the T, state both being in a
thermal equilibrium. The phosphorescence contributes signifi-
cantly to the emission due to efficient SOC that induces a
relatively short radiative T| decay time.

2. THERMALLY ACTIVATED DELAYED
FLUORESCENCE

The chemical structures of the new Cu(I) compounds are
displayed in Figure 1. The Cu,X,(NP), complexes consist of
two Cu(I) ions with (NAP) = 2-(diphenylphosphino)-6-
methylpyridine and halide (X = ClI (1), Br (2), I (3)) ligands.

The photophysical investigations carried out in this study
reveal a number of previously unknown properties of copper
compounds. The materials were analyzed using powder
samples. It is remarked that usually solid state samples are
not well appropriate for detailed investigations of decay
properties because processes, such as triplet—triplet annihila-
tion or energy transfer, can strongly influence deactivation
mechanisms. However, for Cu(I) complexes that exhibit low-
lying "*MLCT states, these effects are not important due to
self-trapping mechanisms. They induce a localization of the
excitation (self-trapping) and thus, the emission displays largely
isolated molecular properties even of the compounds
embedded in a crystalline cage of the neat material.'>'®

The three complexes 1, 2, and 3 show intense luminescence
under excitation with UV light. The emission of all compounds
occurs in the blue-green spectral range with the emission
maxima between 485 and 501 nm and emission decay times
between 7.3 and 12.4 us at ambient temperature. The observed
emission quantum yields of the presented Cu(I) compounds
are close to unity at 77 K and over 50% at ambient temperature,
in particular, amounting to @p; = 92% for Cu,CL(NAP), (1) at
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Figure 1. Chemical structure of Cu,X,(N*P),, photoluminescence,
and frontier orbitals of Cu,CL(NAP), (1). (a) Chemical structural
formula of Cu,X,(NAP),. (b) Brightly blue-white emitting powder of
Cu,CL(N?P), (1) under UV excitation. (c,d) Frontier orbitals
HOMO and LUMO of Cu,CL(N*P), (1) according to a DFT
calculation (compare section S).

300 K. The emission spectra of compound 1, for example, are
shown in Figure 2. The corresponding transitions are assigned
to be of "*MLCT character as is supported by DFT calculations
(Figure 1c,d). Consistently, the spectra are broad and could not
be resolved even at T = 1.3 K. At this temperature, the emission
maximum lies at 510 nm and is found at almost the same
wavelength up to about T = 120 K. However, with further
temperature increase to T = 300 K, a blue shift of the maximum
by 25 nm (1000 cm™, 0.12 €V) is observed. In this temperature
range, the emission decay time decreases from 7(77 K) = 44 us
to 7(300 K) = 8.3 us, while the radiative rates increase by a

T(1.3K)=3.3ms
510 nm
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Figure 2. Emission spectra of Cu,CL(N*P), (compound 1) at
different temperatures. The inset shows the decay behavior at T =
1.3K, 77 K, and 300 K. The decay is monoexponential with decay
times of 7(1.3 K) = 3.3 ms, 7(77 K) = 44 us, and 7(300 K) = 8.3 us,
respectively. Further decay curves measured at different temperatures
are given in the Supporting Information (Figure S3).
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factor of about five from 2.2 X 10* s™! to 11 X 10* s™'. (Table
1) This behavior shows that an emission from a higher lying

Table 1. Photophysical Data of Powder Samples of
Cu,X,(NAP),

X Cl (1) Br (2) I(3)
Amax(300 K) [nm] 485 501 484
®,,; (300 K) [%]¢ 92 52 76
7(300 K) [us]” 8.3 12.4° 7.3¢
k(300 K) [s']4 11 x 10* 42 x 10* 10 x 10*
k(300 K) [s7!] 1.0 x 10* 3.9 x 10* 3.3 x 10*
Aae(77 K) [nm] 510 526 511
@, (77 K) [%]* 97 97 90
(77 K) [us]® 44 84° 51¢
k(77 K) [s7]¢ 22 x 10* 12 x 10* 1.8 x 10*
k(77 K) [s™']° 7 X 10* 4 x 10* 20 X 10*
AE®S, = T)) [em™} 1000 950 1100

“Excitation wavelength A = 400 nm, accuracy of ®p; at 77 K: + 10%
(rel. err.) and at 300 K: + 5% (rel. err.). bExcitation wavelength 4., =
372 nm. “The decay behavior is not strictly monoexponential; the
§iven value is an intensity weighted average from a biexponential fit.

Radiative decay rate k* = @y, /7. “Nonradiative decay rate k™ = 77! —
K. /Determined from the emission spectra at 77 K and ambient
temperature, respectively (compare also section 3 for a determination

of the activation energy).

state being populated at ambient temperature is activated and
that this transition carries a significantly larger allowedness than
the low-temperature phosphorescence. Combined with the
observed blue shift of the spectra upon temperature increase, an
occurrence of a TADF is indicated. Similar properties have
already been observed and rationalized equivalently for other
Cu(I) complexes,'>'37172324277333536 pyrther support for this
assignment will be presented below. The compounds 2 and 3

1+ exp(—AEiHT_ D) + exp(

display an analogous behavior. Photophysical data of the three
compounds at ambient temperature and 77 K are summarized
in Table 1.

3. SINGLET AND TRIPLET STATE EMISSION
MECHANISMS AND SPIN—ORBIT COUPLING

Subsequently, we want to focus on compound 1 as
representative example and investigate the emission decay
time over the extended temperature range of 1.3 K < T < 300
K. (Figure 3) The decay is monoexponential in the whole
range. At T = 1.3 K, the emission decays with an astonishingly
long time of 7 = 3.3 ms. With increasing temperature, the decay
time shortens drastically within several Kelvin and reaches a
plateau near T = 50 K with a decay time of about 44 ys and
then drops to ~8 ys at ambient temperature. As the emission
quantum yield is almost constant over the entire temperature
range above T = 4 K (Figure 3), the decrease of the decay time
is assigned to be induced by a successive population of different
energy states. In particular, in the low-temperature range below
T = 20 K, properties of the zero-field split triplet T, state are
displayed and at higher temperature, above T & 150 K, the
thermal activation of the short-lived singlet state S, giving the
TADF, is evidenced. For completeness it is remarked that
below T &~ 4 K, the emission decay time increases from about
200 ps to 3.3 ms. This is related to a strong decrease of the
radiative allowedness of the emitting state, representing the
lowest triplet substate (see below). Consequently, nonradiative
processes become competitive at very low temperature and a
slight decrease of the quantum yield results. (Compare*>*#*°)

In a situation of a fast thermalization between the excited
states (fast relative to the emission decay times), the overall
decay behavior 7(T) can be described by (in analogy to refs
46-48)

AE(III - 1) AE(S, - 1)
_T) * e"P(‘kT)

w(T) = 1 1

EORET)

AE(IL - 1) 1
exp(— kT ) + m

with I, II, III representing the T, substates and S, the singlet
state, respectively. Fitting of eq 1 to the experimental data of

the emission decay times (Figure 3) leads to a well matching fit

AA A A A A A AA?“A N * 100
_10004 . " J
T (77K =97% 80
[0]
E @, (300 K) =92 % 60
> -
& 1004 &
3 Lao ©
120
10 e observed
calculated
r 0

1 10 100

Temperature [K]

Figure 3. Temperature dependence of the emission decay time and
the quantum yield of Cu,CL(NAP), (compound 1). The decay
behavior was monoexponential in the investigated temperature range.
The calculated fit function is based on eq 1, see text.
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(1)

curve and reveals the individual emission decay times and
energy separations of the involved states (Figure 4). The
splittings of the triplet substates amount to AE(Il — I) = 7
ecm™ and AE(IIl — I) = AE(ZFS) = 15 cm™ with emission
decay times of the substates of 7; = 3.5 ms, 7y = 30 ps, and 7y =
26 ps. Such large splittings have not been observed so far for
copper compounds. The TADF is characterized by an
activation energy of AE(S; — I) ~ AE(S; — T;) = 930 cm™"
and a spontaneous decay time of the S; state of 7(S;) = 40 ns.
The S, decay was not observed directly, obviously, the ISC time
is much faster than 40 ns. Therefore, the fast ISC leads to a fast
population of the triplet state T, and the prompt fluorescence is
quenched. The time constant of 40 ns or more exactly the
related radiative decay rate represents the probability of the
transition between the excited singlet state S; and the electronic
ground state S,. The activation energy resulting from the fit
corresponds well to the energy separation between the
emission maxima at T = 77 and 300 K. (Figure 2)
Importantly, the results show that at ambient temperature
the emission properties of Cu,Cl,(N*P), (1) are determined
by both the lowest excited T and S, states. Roughly 80% of the
emission intensity stems from the S, state as TADF, while the
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Figure 4. Energy level scheme for Cu,CL,(NP), (1). (a) The energy separations of the excited states and time constants of the transitions between
the excited states and the ground state result from a fit procedure by use of eq 1. 7(T,) = 42 us represents the average decay time of the three
sublevels of the triplet state T,. ISC and up-ISC represent the intersystem crossing (in several ps)** and the thermally activated up-intersystem
crossing (= reverse ISC) processes, respectively. Because of the fast ISC in the order of 10 ps no prompt fluorescence S; — S, has been observed.
The time constant of 40 ns corresponds to the probability of the S; <> S transition. For completeness, it is remarked that use of a four excited state

model is required due to the high effectivity of SOC in compound 1, resulting in a remarkable zero-field splitting of the triplet state T, of 15 cm™

1

and in short emission decay times of the triplet substates II and IIL. (b) At a temperature of T = 300 K, the emission stems from the triplet T, (as
phosphorescence) and from the singlet S; due to TADF. The overall emission decay time amounts to 7(300 K) = 8.3 us, whereas the TADF path
contributes with a decay time constant of 11 us and the phosphorescence decay path with a time constant of 42 ps.

remaining 20% are contributed by the energetically lower lying
triplet state. (Figure Sa and Supporting Information) This is
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Figure 5. Simulation of the fractional emission intensities and
emission decay times. (a) Fractional emission intensities (simulation
results) stemming from TADF and direct phosphorescence in
dependence of temperature, respectively, calculated on the basis of
the experimental data from Figure 4. The points characterize the
properties of compound 1 at ambient temperature. (b) Simulation
results of the overall emission decay time 7(300 K) (TADF +
phosphorescence) versus the decay time of the triplet state 7(T). The
TADF-only decay time (for T = 300 K and z(T;) > 1000 s) amounts
to about 11 ps. With an additional decay channel via the triplet state
with a decay time of 7(T,) = 42 us the overall decay time is reduced to
8.3 us (experimental point). (Simulation background is provided in
the Supporting Information).

due to the relatively high T, — S, rate of k(T;) = 2.4 X 10*s™*
or the corresponding short decay time of 7(T,) = 42 ps. This
value is calculated as an average from the individual decay times
of the three T, substates according to eq S7 (see Supporting
Information). It is remarked that this calculated time constant
deviates only slightly from the experimentally measured value
of 7(77 K) = 44 us (compare Table 1), thus, supporting the
presented model. (Figure 4) The relatively large rate of the T,
— S, transition is a result of a significant efficiency of SOC,
which is distinctly more effective for the investigated complexes
than for other Cu(I) complexes hitherto stud-
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jed.!¥1571723324348  pccordingly, the additional radiative
decay path from the T, state leads to a distinct reduction of
the overall emission decay time by about 20% as compared to a
TADF-only process in the assumed case of a very long T,
decay. (Figure Sb)

SOC is also responsible for the large zero-field splitting of T,
of AE(ZFS) = 15 cm™’, representing the largest value found for
SMLCT states of Cu(I) complexes up to now. (Figure 4a) An
explanation for the high SOC efficiency in the present
compound can be traced back to the energy separations
between the populated d-orbitals in the HOMO range. As
discussed in detail by Yersin et al,'****® SOC between MLCT
states is effective between energy states that result from different
d-orbital character. For example, an emitting T, state of *d,z*
character can experience significant SOC by mixing with *d,z*
states but not with a state of the same configuration, i.e., not
with the 'd;z* state. Such quantum mechanical mixings provide
radiative rates to the T <> S, transition and lead to a large ZFS
of the lowest 3dz* (MLCT) state. Moreover, since the
strengths of state mixings are usually determined by energy
separations between these states according to perturbation
theory approaches and since the energies of the corresponding
states are very roughly given by the energies of the occupied
frontier orbitals of different d-orbital character (such as
HOMO, HOMO-1, ...), simple DFT calculations may allow
us to elucidate trends of the SOC efficiencies for different
Cu(I) complexes. Interestingly, a comparison between two
Cu(I) dimers, compound 1 and [Cu(u-Cl)(PNMe,)],
(compound 4) with PNMe, = Ph,P-(0-C4H,)-N(CH,),>
displays the discussed differences of the T, state properties
clearly. In particular, the radiative rates and zero-field splittings
of compound 4 are small with K¥(T;) = 0.4 x 10* s™! and
AE(ZES) < 1 to 2 cm™', respectively,®® while the
corresponding values for compound 1 are significantly larger
amounting to k(T;) = 2.4 X 10* s™" and AE(ZFS) = 15 cm™.
Indeed, this trend is related to the d-orbital splittings
(represented by the energy separations of HOMO and
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HOMO-1 with different d-orbital character according to DFT
calculations) amounting to ~1 eV for 4 but only to ~0.3 eV for
1. Obviously, the structure of compound 1 favors a small d-
orbital splitting and thus, opens the strong direct phosphor-
escent radiative path.

4. CONCLUSION

A detailed photophysical study of a series of new Cu(I) dimers
of a Cu,X,(NAP), structure (X = CI (1), Br (2), I (3)) reveals
insight into the emission behavior. In particular, the materials
are efficient TADF emitters giving relatively short TADF decay
times at ambient temperature and thus, represent good
candidates for OLED applications. Furthermore, focusing on
the bright Cu,ClL,(NP), emitter (®p = 92%), it is shown that
in this case, copper can also provide significant SOC resulting
in an efficient phosphorescence path in addition to the TADF
path. This is evidenced by the relatively high T; — S, rate of
k(T,) = 2.4 X 10* s and the large zero-field splitting of the T,
of AE(ZFS) = 15 cm™". Accordingly, the emission at ambient
temperature consists of two decay paths, ie., of 20% direct
phosphorescence and 80% TADF-only contribution. Interest-
ingly, the size of AE(ZFS) of Cu,CL(NAP), (1) is in the order
of that of typical platinum compounds with significant MLCT
(metal-to-ligand charge transfer) contribution (com-
pare'>*73%) This is rather unexpected for the light metal
ion Cu(I). The additional phosphorescence path opened by
efficient SOC reduces the overall emission decay time by about
20% as compared to the TADF-only emission. Obviously, the
combined use of two decay paths represents a very promising
new strategy for engineering novel and better low-cost OLED
emitter materials.

5. EXPERIMENTAL SECTION

Synthesis. The respective copper(I) halide (0.36 mmol: CuCl 24
mg, CuBr 52 mg, Cul 69 mg) and diphenylphosphanyl-6-methyl-
pyridine (0.36 mmol, 100 mg) are stirred in a 1:1 molar ratio in
dichloromethane (10 mL) under ambient conditions overnight. The
product is precipitated by addition of diethyl ether as yellow,
microcrystalline powder. Crystals suitable for X-ray diffraction are
obtained by slow gas phase diffusion of diethyl ether into the filtered
reaction mixture. Once the solid complexes are formed, they are only
slightly soluble thus hampering NMR spectroscopy. Yield (%): Cl
76%; Br 81%; I 83%. Elemental analysis caled (%) for
C3HyuN,P,Cu,Cl: C 57.45, H 429, N 3.72; found: C 57.44, H
430, N 3.63; caled (%) for CysHy,N,P,Cu,Br,: C 51.38, H 3.83, N
3.33; found: C 50.98, H 3.86, N 3.08; calcd (%) for CygHy,N,P,Cu,L:
C 4622, H 345, N 2.99; found: C 46.12, H 3.48, N 3.11. Further
information about the synthesis and the crystal structures are provided
in the Supporting Information.

Photophysical Characterization. The copper compounds were
investigated as powder. Emission spectra and decay curves were
measured by use of a Fluorolog 3 spectrometer (Horiba Jobin Yvon)
equipped with a cooled photomultiplier tube. The spectra were
corrected with respect to the wavelength dependence of the
spectrometer/detector. The decay behavior of the phosphorescence
was recorded using a multichannel scaler card (P7887, Fast ComTec)
with a time resolution of 250 ps. For excitation, a pulsed diode laser
(378 nm, pulse width <70 ps, PicoBrite, Horiba) was used. A cryostat
Konti IT (CryoVac) was applied for the variation of temperature
between 1.3 and 300 K. Quantum yield measurements at ambient
temperature and at 77 K were carried out with an integrating sphere
applying a C9920—02 system (Hamamatsu). For quantum yields at
other temperatures, the integrated emission intensity, being propor-
tional to the photoluminescence quantum yield ®p;, was measured.
Subsequently, these relative quantum yield data were calibrated by use
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of the absolute @ values measured at 300 and 77 K. All samples were
measured under inert gas (He, N,).

DFT Calculations. The frontier orbitals (HOMO, LUMO) and the
energy separations of HOMO and HOMO-1 were obtained by DET
calculations with the Gaussian 09 software™ using the B3LYP
functional and the m6-31G*** basis set for Cu and the 6-311G*
basis set for all other atoms. The calculations were performed in the T,
optimized geometry.

B ASSOCIATED CONTENT
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Synthesis and crystal structures. Decay behavior of
Cu,CL(N*P),. Equations for fractional emission intensities
and emission decay time at ambient temperature. This material
is available free of charge via the Internet at http://pubs.acs.org.
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