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Intersystem crossing in thermally activated delayed fluorescence (TADF) materials is an important process that
controls the rate at which singlet states convert to triplets; however, measuring this directly in TADF materials is dif-
ficult. TADF is a significant emerging technology that enables the harvesting of triplets as well as singlet excited states
for emission in organic light emitting diodes. We have observed the picosecond time-resolved photoluminescence of
a highly luminescent, neutral copper(l) complex in the solid state that shows TADF. The time constant of intersystem
crossing is measured to be 27 ps. Subsequent overall reverse intersystem crossing is slow, leading to population
equilibration and TADF with an average lifetime of 11.5 ps. These first measurements of intersystem crossing in the
solid state in this class of mononuclear copper(l) complexes give a better understanding of the excited-state processes

and mechanisms that ensure efficient TADF.

INTRODUCTION

Organic light-emitting diodes (OLEDs) (I, 2) have shown remarkable
progress from a laboratory-based technology to large-scale industrial
mass production. Key challenges remain in establishing low-cost
high-efficiency materials for the conversion of as much of the injected
charge into light as possible. The most promising strategy is the use of
thermally activated delayed fluorescence (TADF) (3, 4), whereby other-
wise lost dark triplet excitons are back-converted into emissive singlets,
with intersystem crossing (ISC) being the fundamental process that
governs the conversion of singlets to triplets and vice versa.

Initial OLEDs used singlet excitons formed in fluorescent materials,
giving an upper limit of 25% for device efficiency due to spin statistics.
In so-called “second-generation” OLEDs, namely, those that use metal
complexes such as iridium(III) compounds, strong spin-orbit coupling
from the heavy metal is used to enable fast ISC and triplet emission (5-9).
Such phosphorescent emitters enable 100% of generated excitons to be
harvested for the emission of light but require the use of heavy metals.
The concept of TADF has proven to be an alternative strategy for high
efficiencies based on more abundant starting materials with small spin-
orbit coupling, such as luminescent copper(I) complexes (3, 10-21) or care-
fully designed organic emitters (4, 22-26). These materials also enable
100% internal device efficiencies by using both singlet and triplet excitons.

Recently, various copper(I) complexes with different structural mo-
tifs, such as tetrahedral or trigonal coordinated mono-, di-, tri-, or tetra-
nuclear copper(I) complexes, have been studied (3, 10-21). In these
materials, the central copper(I) atom with a moderate spin-orbit cou-
pling (&c, = 857 cm™) (27) induces mixing of the excited singlet and
triplet states and a small energy splitting between them, which leads to
presumed fast intersystem crossing to the triplet and back. Repopulation of
the excited singlet excitons at ambient temperature gives rise to thermally
activated delayed fluorescence. This phenomenon was first proposed in the
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early 1980s by McMillin (28) for copper(I) bis(phenanthroline) complexes
and later used by several research groups to design highly efficient emitting
materials based on the plentiful metal copper. The use of singlet states
(3, 14) enables copper(I) complexes to emit fluorescence at shorter wave-
lengths (compared to phosphorescence) because the excited singlet is
naturally higher in energy than the triplet and has a short emission decay
time, which are crucial for the efficiency of an OLED at high currents.

Particular organic materials designed to have a narrowed energy gap
between the excited singlet and triplet states have also been found to
show TADF (4, 22-26). In all efficient TADF emitters, the highest oc-
cupied (HOMO) and lowest unoccupied molecular orbitals (LUMO)
are spatially separated on a donor and an acceptor part of the molecule,
which leads to a small energy splitting between the excited singlet and
triplet states (AEst) and thus faster ISC. The major difference of copper(I)
complexes compared to all-organic molecules is higher spin-orbit cou-
pling and thus intrinsically faster intersystem crossing. In addition to
the generally faster emission decay times, the ease of emission color tun-
ability by ligand variation makes copper(I) complexes an attractive
alternative approach to organic emitters. A current challenge in the study
of TADF systems is the unraveling of the various excited-state processes
that occur, including radiative and nonradiative decay rates from the
singlet, the rate of ISC, the rates of radiative and nonradiative losses in
the triplet, and the rates of reverse intersystem crossing (RISC) from the
triplet to singlet. Determining these rates can be challenging; thus, un-
ambiguous observation of any of the key rates is valuable to the develop-
ment of TADF materials. Knowing the rate of ISC enables the assessment
of the suitability of materials as emitters in OLEDs, and as such is an
important parameter in TADF systems.

This is the first known report on the intersystem crossing rate of a
highly luminescent, TADF copper(I) complex in the solid state. This is
crucial for the understanding of singlet utilization in OLEDs and the
design of luminescent copper(I) complexes with short emission decay
times. We chose a strongly emissive mononuclear TADF complex as a
representative example of copper(I) complexes. We study the short-
lived photoluminescence (PL) of the singlet metal-to-ligand and intra-
ligand charge transfer (ML+IL CT) state by time-resolved emission and
measure a time constant of 27 ps for ISC. The subsequent TADF is
found to have an average lifetime of 11.5 ps.
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Fig. 1. Absorption and emission spectra of [[DPEPhos)Cu(PyrTet)] in
neat film. The solid line represents neat film. The dashed line shows the
emission spectrum of amorphous powder. a.u., arbitrary unit. The chemical
structure of [(DPEPhos)Cu(PyrTet)] is shown in the inset.

RESULTS

We selected the compound [(bis(2-(diphenylphosphino)phenyl)ether)
Cu(5-(2-pyridyl)tetrazolate)], denoted as [(DPEPhos)Cu(PyrTet)]
(structure inset in Fig. 1), because this model compound represents
an important class of neutral, mononuclear metal complexes that show
TADEF, assigned on the basis of a delayed component to the emission,
the lifetime of which increases significantly when going to low tempera-
tures along with a spectral shift indicative of change from singlet to
triplet emission (11). It shows bright green emission with a peak at
535 nm and a PL quantum yield of 37% in neat film. The absorption
and steady-state PL spectra of [(DPEPhos)Cu(PyrTet)] in amorphous
powder and neat film are shown in Fig. 1.

As has been reported previously for this material in dichloromethane
solution (11), the copper(I) complex exhibits strong absorption bands at
260 to 281 nm in film, which were assigned to ligand-centered transitions.
Density functional theory (DFT) calculations predict a metal-to-ligand
charge transfer (MLCT) transition with a strong intraligand charge trans-
fer (ILCT) character localized on the anionic NAN ligand, which is con-
firmed by the very subtle '"MLCT shoulder at 339 to 341 nm. The PL
maximum at 512 nm in the amorphous powder is red-shifted to 535 nm
in the neat film, which is due to different intermolecular interactions or
molecular environments, which could possibly lead to slightly distorted
molecule geometries in neat film compared to powder (29-31). The
strong influence of the environment on the photophysical properties
of copper(I) complexes is further reflected in the broad emission spectra
of [(DPEPhos)Cu(PyrTet)] as a result of a distribution of slightly differ-
ent conformations.

Time-resolved photoluminescence was initially measured on a micro-
second time range, and the results are shown in Fig. 2, with the experi-
mental methods described in Materials and Methods. Luminescence
decay dynamics at the PL maximum of the steady state TADF lumines-
cence show long-lived emission, fitting to a biexponential decay function
by convolving with the instrument response function (IRF) and giving
lifetime components (and pre-exponential factors) of 7.5 us (0.57) and
16.8 ps (0.43), which may correspond to different coordination envi-
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Fig. 2. Microsecond photoluminescence decay dynamics of
[(DPEPhos)Cu(PyrTet)] in neat film following excitation at 378 nm,
detected at 535 nm (PL maximum). The red solid line represents a
fit to a biexponential decay with a time component of 7.5 us (0.57 pre-
exponential amplitude) and a component of 16.8 us (0.43), which gives
a weighted average lifetime of 11.5 us. The IRF is also shown.

ronments in the film (31). A weighted average lifetime of 11.5 s is
determined by using the equation tay. = XA;T;/2A;, with A; as the
pre-exponential factors for the lifetime. In this measurement, any fast
(<1 ns) dynamics are not observed owing to the long temporal response
of the time-correlated single photon counting method.

The picosecond luminescence decay dynamics of a neat film at a
wavelength region 540 to 600 nm, which is around the PL maximum
and on the red side of the PL, are shown in Fig. 3A, with the experimen-
tal details described in Materials and Methods. The observed decay can
be fitted to a single exponential with a time constant of 27 ps when con-
volved with the IRF. This decay sits on a very strong background of
long-lived emission lasting longer than 12 ns (the measurement fre-
quency being 80 MHz), making the observation of the 27-ps decay
challenging. Data acquisition over longer periods enabled the fast decay
to become discernible from the background noise, with careful frequent
sample position changes and monitoring of the background PL used to
ensure that no sample degradation was occurring. To confirm that this
decay does not embody a spectral shift within the singlet state, we re-
corded the time-resolved spectra as shown in Fig. 3B and found that in
the time windows of 0 to 20 and 40 to 60 ps, the two PL spectra are
essentially the same, and both agree with the PL spectrum for the
long-lived (>12 ns) background from the measurement, which is repre-
sentative of TADF emission. The long-lived spectrum was subtracted
from both picosecond spectra to ensure that the background did not
alter their shapes. Spectra without normalization that show the pico-
second decay are provided in fig. S1A.

DISCUSSION

To understand the excited-state processes in the copper(I) complex
[(DPEPhos)Cu(PyrTet)], we examined the photoluminescence on
picosecond, nanosecond, and microsecond time scales to aid in our
assignments. Figure 4 shows a schematic model of the photophysical
processes in [(DPEPhos)Cu(PyrTet)].
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Fig. 3. Time-resolved photoluminescence of [(DPEPhos)Cu(PyrTet)]
on the picosecond time scale. (A) Picosecond photoluminescence decay
dynamics of [(DPEPhos)Cu(PyrTet)] in neat film (open circles) and dissolved in
THF (open triangles) detected at 540 to 600 nm, representing emission from
the PL maximum and red side. The solid line represents a fit to a monoexpo-
nential decay with a time constant of 27 ps. The IRF is depicted as a dotted
line with 2.5 ps FWHM. (B) Normalized time-resolved PL spectra of the neat
film in the time windows of 0 to 20 ps (red line) and 40 to 60 ps (green line
with symbols) and long-lived PL for times longer than 12 ns (thick black line)
derived from the background of the measurement.

Our primary interest lies in what happens in the initial phase after
excitation of the system, that is, how quickly excitons relax to the lowest
excited singlet S; state and then undergo ISC to the triplet state T;. From
photoluminescence dynamics on the picosecond time scale (Fig. 3), a
single fast decay of 27 ps is observed. We are left to interpret this decay
with the knowledge that excitons in the triplet state do not emit much
(or, more likely, any) light. Thus, when measuring the rapid decay of the
PL in the wavelength region 540 to 600 nm, emission from the singlet
state S; is observed. The main processes that can occur after photoexci-
tation are relaxation to the lowest excited states/lowest energetic sites
due to environmental inhomogeneity (32, 33) and ISC to the triplet
state. Time-resolved spectra in the time windows of 0 to 20 and 40 to
60 ps are essentially the same, indicating that this decay is not linked to
any spectral relaxation or vibrational cooling in the singlet state,
showing that these processes must be faster or slower than the time scale
that we focus on here. Dissipation of excess energy in processes such as
S, — S, internal conversion was reported on a time scale of 50 to 100 fs
for copper(I) bis(imine) complexes, whereas a subsequent flattening
distortion is strongly correlated to the steric hindrance of the complex
geometry and can reach subpicosecond time scales for complexes with
bulky phenanthroline ligands (34-36) or can even be absent for sterical-
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Fig. 4. Schematic representation of excited-state transitions in
[(DPEPhos)Cu(PyrTet)]. Shown are r, radiative transition (solid arrows);
nr, nonradiative transition (oscillatory arrows). After excitation to the ex-
cited singlet state (/,), intersystem crossing to the triplet state occurs (kisc).
At sufficient temperature, the excitons are repopulated to the excited
singlet state (krisc), and subsequently thermally activated delayed fluores-
cence occurs. ks and ky depict the rate constants from the excited singlet or
triplet state, respectively.

ly restricted molecules (37). However, substantial structural changes of
the molecule [(DPEPhos)Cu(PyrTet)], such as the reported flattening
distortion after excitation, apparently do not occur in the observed pico-
second time window because this would result in a spectral red shift
with time. To further confirm that exciton hopping to the lowest energy
sites is not occurring on this time scale, we measured the complex in
solution, and although the emission is weak, we find an almost iden-
tical decay time of 26 ps (Fig. 3A). The similar decay dynamics of
[(DPEPhos)Cu(PyrTet)] observed for neat film and solution in the
100-ps time window indicate a similar coordination geometry around
the copper(I) center in both film and solution due to an apparently
restricted geometry, or only a marginal effect of the potentially distorted
complex in solution on the ISC process (distortions in solid state are
much more restricted). Because of the weak emission of the complex
in solution, a detailed study of the photophysics would reveal differing
processes at work. We speculate that molecular reorganization in the
excited state leads to fast nonradiative decay. This is most likely from the
triplet, owing to the very similar ISC time that is observed in solution
and film. Indeed, the very similar times in solution and film tell us that
the environment surrounding the complex [namely, tetrahydrofuran (THF)
solvent molecules or other [(DPEPhos)Cu(PyrTet)] molecules] has little
effect on the rate of ISC. Consequently, we assign the 27-ps process to
ISC, consistent with the observation that, after this process, no further
emission is observed on a time scale shorter than 12 ns (with the mea-
surement frequency being 80 MHz); that is, all subsequent emission is
delayed fluorescence. After the excitons have transferred to the triplet,
reverse intersystem crossing back to the excited singlet occurs, giving
TADF emission. The delayed component (Fig. 2) is reported as an av-
erage lifetime, consisting of two exponential decay components. The
exact nature of these two components is out of the scope of this work
but may well represent conformational disorder of the molecules in the
film. What is important and interesting to note is that whereas confor-
mational disorder may play a role in the dynamics of the delayed com-
ponent, the process of interest here—ISC—is a single exponential decay
of 27 ps, indicating that such disorder does not have an appreciable effect
on the time constant of ISC. Reverse intersystem crossing is a subtle
process that is difficult to observe. According to the Boltzmann statis-
tics, very small proportions of the triplet state will return to the singlet at
any given time, leading to a steady-state condition, with continual RISC to
maintain the correct population ratios. Owing to the fast rate of intersys-
tem crossing, RISC that does occur will have a high probability of being
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delivered straight back to the triplet again, thus leading to a high degree of
cycling between the singlet and triplet with slow loss of population via
singlet radiative decay in high-efficiency materials such as the complex
studied here. We thus can conclude that the time constant of 27 ps
found for the luminescence decay dynamics from 540 to 600 nm can
be attributed to intersystem crossing from S; — T;. This gives an ISC
rate of 3.7 x 10° s7! (= 15 7).

We investigated broadband picosecond transient absorption dynamics
for [(DPEPhos)Cu(PyrTet)] in neat film to attempt to observe the ISC pro-
cess (fig. S2). Because of spectral overlap of strong long-lived photo-
luminescence (535 nm), the negative signal of excited-state absorption
(ESA) was very noisy despite subtraction of the background fluorescence
before analysis. This forbade detailed tracking of the temporal dynamics;
however, we can see that that ESA decays on a similar time scale of tens of
picoseconds to that observed with much better quality data in time-
resolved PL. This result qualitatively complements the assignment of
the observed kinetics to ISC; however, if similar singlet and triplet ESA
bands exist, or they overlap strongly with the photoluminescence, then
the crossing can be very challenging to measure, as was found here.

The small spin-orbit coupling constant of copper (&, = 857 cm™") is
reflected in the rather slow ISC of 27 ps compared to iridium(III)
complexes (&}, = 3909 cm™) (27) with ISC time constants of ~100 fs
(6, 7). Nevertheless, copper(I) complexes can harvest both triplet and
singlet excitons for the emission of light and achieve internal quantum
efficiencies of 100% (10, 30) by using the smaller spin-orbit coupling for
thermally activated delayed fluorescence.

When compared to reported ISC constants of copper bis(imine)
complexes that exhibit TADF in solution (10 to 15 ps) (35, 38-41),
the time constant of 27 ps in the studied TADF [(DPEPhos)Cu(PyrTet)]
in the solid state appears to be slower than one would expect. This indi-
cates a weak effective spin-orbit coupling in the molecular orbitals
involved in the emission, which is intrinsically controlled by ligands
and/or halides coordinated to the copper(I) center and the specific coor-
dination geometry (38). DFT calculations also confirmed an ML+IL CT
transition with a small percentage of copper(I) interactions (weak internal
heavy atom effect) (19). In addition to the intrinsic control of the ISC rate
by ligands and/or halides, the environment and morphology can have a
strong influence by changing the molecular ground- or excited-state ge-
ometry or by opening up other channels for ISC by the ease of structural
changes, for example, in solution (38, 41). This shows the importance of
solid-state measurements for the understanding of photophysical pro-
cesses in an OLED because this replicates the state of matter that exists
in working devices. The benefit of faster intersystem crossing when com-
pared to all-organic emitters is that a greater tolerance is enabled on the
energy splitting between singlet and triplet; thus, modifications can be
made to the chemical structure for advantageous optoelectronic proper-
ties with less risk of switching off TADF.

The overall PL lifetime that we observe for TADF is comparable to
other mononuclear neutral copper(I) complexes based on NAN and
PAP ligands, which exhibit TADF lifetimes in the solid state in a similar
range, that is, 13 to 54 us (3, 20, 42, 43). By applying different ligand
systems (44) or by using polynuclear copper(I) complexes and intro-
ducing halides (13-15, 45), the TADF lifetimes can be significantly reduced
down to 2 to 4 ps while still maintaining high PL quantum yields, thus
leading one to ask what the rate of ISC would be in those materials.

To conclude, the picosecond dynamics of a highly luminescent TADF
copper(I) complex [(DPEPhos)Cu(PyrTet)] have been measured in the
solid state by means of time-resolved photoluminescence and transient
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absorption spectroscopy. In time-resolved photoluminescence measure-
ments, we have observed a 27-ps decay representing intersystem crossing
from the excited singlet state S; to the triplet state T; with a rate constant
of 3.7 x 10" s™". This is the first time a direct observation of ISC in the
solid state of a TADF copper complex has been reported, and con-
tributes to the ability to understand the numerous excited-state pro-
cesses by unambiguously measuring the rate of ISC. After the exciton
has crossed to the triplet, reverse intersytem crossing back to the
singlet occurs on a longer time scale by thermal activation, giving rise
to an overall average PL lifetime of 11.5 ps. The copper(I) complex
[(DPEPhos)Cu(PyrTet)] represents a promising class of emitter ma-
terial for OLED applications. The determination of the ISC rate in such
highly emissive compounds is challenging but very important for the
understanding of the excited-state mechanisms in TADF materials that
can be used in OLEDs. Implications of such fast intersystem crossing in a
TADF OLED material include the realization of molecules that enable
high device efficiencies without very demanding small singlet-triplet
gap requirements; that is, fast ISC can be used to make up for a slightly
larger gap while still enabling back-transfer from the triplet to singlet. For
copper(I) complexes, future exploration of molecules with different struc-
tural motifs may offer the ability to (further) tune the ISC rate and, thus,
the overall TADF efficiency and emission decay time to improve per-
formance in OLEDs while also enabling adjustment of the emission
color by ligand modifications.

MATERIALS AND METHODS

General information

The compound [(DPEPhos)Cu(PyrTet)] was synthesized according to
literature methods (11). Solvents were purchased from VWR and Sigma-
Aldrich at spectroscopic grade.

Sample preparation

[(DPEPhos)Cu(PyrTet)] was studied as neat films prepared by dissolv-
ing the material in CH,Cl, at concentrations of 20 mg/ml for streak
camera and transient absorption measurements, and at 10 mg/ml for
steady-state PL and time-correlated single photon counting measure-
ments and spin-coating the solutions to form a solid-state thin film.
[(DPEPhos)Cu(PyrTet)] was dissolved in THF for solution measure-
ments; different solvents were used for solution measurements and film
deposition owing to the required concentrations for spinning films. Be-
cause films were measured under an active vacuum of 10> mbar, any
residual solvent would be removed from the film and would not influ-
ence the observed PL dynamics.

Photophysical measurements

All photophysical measurements were performed at room temperature,
unless noted otherwise. Ultraviolet (UV)-vis absorption spectra were
measured on a Thermo Scientific Evolution 201 UV-vis spectrometer
and a Varian Cary 300 double beam spectrophotometer. Absolute PL
quantum yields were measured using the integrating sphere method
(46) with a Hamamatsu Photonics C9920-02G system purged by nitrogen.
Emission and excitation spectra were recorded on a Horiba Scientific
FluoroMax-4 spectrofluorometer. Emission lifetimes were measured
under nitrogen on the same system using the time-correlated single photon
counting method. For this, a SpectraLED was used as the excitation source
[A = 314 nm, pulse full width at half maximum (FWHM) = 493 ns].
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Decay curves were analyzed with the software DAS-6 and DataStation
provided by HORIBA Jobin Yvon. Streak camera measurements of neat
films were taken at a range of wavelengths from 540 to 600 nm on a
Hamamatsu synchroscan universal streak camera, measuring at 80 MHz,
giving an instrument response of 2.5 ps (FWHM). Measurements were
completed in vacuum at 10> mbar. The excitation source for streak
camera measurements was at 375 nm, which was derived from the
frequency-doubled output of the signal of a parametric amplifier with
pulses at 20 kHz and 300 fs (FWHM), pumped by a Pharos regenerative
amplifier from Light Conversion. Care was taken to keep peak excita-
tion powers low to avoid exciton annihilation or degradation effects.
Because prompt fluorescence in copper(I) complexes is very weak, the
signals had to be averaged from several scans (no change was observed
during integrations). Transient absorption studies were undertaken by the
pump/probe technique with a Spectra Physics Hurricane regenerative
amplifier, producing pulses of 100 fs at 5 kHz and 800 nm. The pump
(400 nm) was obtained by frequency doubling the fundamental, whereas the
probe was a white light continuum (420 to 760 nm) generated with 800-nm
amplified light focused on calcium fluoride. Because dynamics >2 ps were
of interest, the setup was not corrected for spectral chirp. Detection of the
continuum probe was made with a silicon photodiode array from the
company Entwicklungsbiiro Stresing, with transient absorption mea-
sured by chopping the pump at 2.5 kHz. The measurements were carried
out under an active vacuum of 10~> mbar to minimize photodegradation.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/1/e1500889/DC1

Fig. S1. Time-resolved PL spectra at different delay times in the neat film.

Fig. S2. Broadband transient absorption kinetics in the wavelength region 400 to 800 nm with delay
times of 35 and 100 ps after the pump pulse (400 nm) with long-lived background subtraction.

REFERENCES AND NOTES

1. C.W.Tang, S. A. VanSlyke, Organic electroluminescent diodes. Appl. Phys. Lett. 51, 913-915
(1987).

2. J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H. Friend,
P. L. Burn, A. B. Holmes, Light-emitting diodes based on conjugated polymers. Nature 347,
539-541 (1990).

3. H. Yersin, A. F. Rausch, R. Czerwieniec, T. Hofbeck, T. Fischer, The triplet state of organo-
transition metal compounds. Triplet harvesting and singlet harvesting for efficient OLEDs.
Coord. Chem. Rev. 255, 2622-2652 (2011).

4. H.Uoyama, K. Goushi, K Shizu, H. Nomura, C. Adachi, Highly efficient organic light-emitting
diodes from delayed fluorescence. Nature 492, 234-238 (2012).

5. M. A. Baldo, D. F. O'Brien, Y. You, A. Shoustikov, S. Sibley, M. E. Thompson, S. R. Forrest,
Highly efficient phosphorescent emission from organic electroluminescent devices. Nature
395, 151-154 (1998).

6. C. Adachi, M. A. Baldo, M. E. Thompson, S. R. Forrest, Nearly 100% internal phospho-
rescence efficiency in an organic light-emitting device. J. Appl. Phys. 90, 5048-5051
(2001).

. H. Yersin, Highly Efficient OLEDs with Phosphorescent Materials (Wiley-VCH, Weinheim,
2008).

8. G. J. Hedley, A. Ruseckas, I. D. W. Samuel, Ultrafast luminescence in Ir(ppy)s. Chem. Phys.
Lett. 450, 292-296 (2008).

9. G.J. Hedley, A. Ruseckas, I. D. W. Samuel, Ultrafast intersystem crossing in a red phospho-
rescent iridium complex. J. Phys. Chem. A 113, 2-4 (2009).

10. J. C. Deaton, S. C. Switalski, D. Y. Kondakov, R. H. Young, T. D. Pawlik, D. J. Giesen, S. B. Harkins,
A. J. M. Miller, S. F. Mickenberg, J. C. Peters, E-type delayed fluorescence of a phosphine-
supported Cu,(u-NAr,), diamond core: Harvesting singlet and triplet excitons in OLEDs. J. Am.
Chem. Soc. 132, 9499-9508 (2010).

11. L. Bergmann, J. Friedrichs, M. Mydlak, T. Baumann, M. Nieger, S. Brase, Outstanding lumi-
nescence from neutral copper(l) complexes with pyridyl-tetrazolate and phosphine ligands.
Chem. Commun. 49, 6501-6503 (2013).

~N

Bergmann et al. Sci. Adv. 2016;2:e1500889 1 January 2016

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

. M. Wallesch, D. Volz, D. M. Zink, U. Schepers, M. Nieger, T. Baumann, S. Brase, Bright cop-
pertunities: Multinuclear Cu' complexes with N-P ligands and their applications. Chemistry
20, 6578-6590 (2014).

. D. M. Zink, D. Volz, T. Baumann, M. Mydlak, H. Fligge, J. Friedrichs, M. Nieger, S. Brase,
Heteroleptic, dinuclear copper(l) complexes for application in organic light-emitting
Diodes. Chem. Mater. 25, 4471-4483 (2013).

. M. J. Leitl, F-R. Kiichle, H. A. Mayer, L. Wesemann, H. Yersin, Brightly Blue and Green
Emitting Cu(l) Dimers for Singlet Harvesting in OLEDs. J. Phys. Chem. A 117, 11823-11836
(2013).

. Z. Liu, P. I. Djurovich, M. T. Whited, M. E. Thompson, Cuyl, clusters supported by PAN-type
ligands: New structures with tunable emission colors. Inorg. Chem. 51, 230-236 (2012).

. S. lgawa, M. Hashimoto, I. Kawata, M. Yashima, M. Hoshino, M. Osawa, Highly efficient
green organic light-emitting diodes containing luminescent tetrahedral copper(l)
complexes. J. Mater. Chem. C 1, 542-551 (2013).

. V. A. Krylova, P. I. Djurovich, J. W. Aronson, R. Haiges, M. T. Whited, M. E. Thompson,
Structural and photophysical studies of phosphorescent three-coordinate copper(l)
complexes supported by an N-heterocyclic carbene ligand. Organometallics 31,
7983-7993 (2012).

. A. J. M. Miller, J. L. Dempsey, J. C. Peters, Long-lived and efficient emission from mono-
nuclear amidophosphine complexes of copper. Inorg. Chem. 46, 7244-7246 (2007).

. C-W. Hsu, C-C. Lin, M-W. Chung, Y. Chi, G-H. Lee, P.-T. Chou, C-H. Chang, P.-Y. Chen,

Systematic investigation of the metal-structure-photophysics relationship of emissive

d'%-complexes of group 11 elements: The prospect of application in organic light emitting

devices. J. Am. Chem. Soc. 133, 12085-12099 (2011).

J-L. Chen, X-F. Cao, J.-Y. Wang, L.-H. He, Z.-Y. Liu, H.-R. Wen, Z-N. Chen, Synthesis, char-

acterization, and photophysical properties of heteroleptic copper(l) complexes with

functionalized 3-(2"-pyridyl)-1,2,4-triazole chelating ligands. Inorg. Chem. 52, 9727-9740

(2013).

T. GneuB, M. J. Leitl, L. H. Finger, N. Rau, H. Yersin, J. Sundermeyer, A new class of lumi-

nescent Cu(l) complexes with tripodal ligands — TADF emitters for the yellow to red color

range. Dalton Trans. 44, 8506-8520 (2015).

Q. Zhang, B. Li, S. Huang, H. Nomura, H. Tanaka, C. Adachi, Efficient blue organic light-

emitting diodes employing thermally activated delayed fluorescence. Nature Photonics

8, 326-332 (2014).

F. B. Dias, K. N. Bourdakos, V. Jankus, K. C. Moss, K. T. Kamtekar, V. Bhalla, J. Santos,

M. R. Bryce, A. P. Monkman, Triplet harvesting with 100% efficiency by way of thermally acti-

vated delayed fluorescence in charge transfer OLED emitters. Adv. Mater. 25, 3707-3714

(2013).

H. Wang, L. Xie, Q. Peng, L. Meng, Y. Wang, Y. Yi, P. Wang, Novel thermally activated de-

layed fluorescence materials-thioxanthone derivatives and their applications for highly

efficient OLEDs. Adv. Mater. 26, 5198-5204 (2014).

H. Tanaka, K. Shizu, H. Nakanotani, C. Adachi, Twisted intramolecular charge transfer state

for Llong-wavelength thermally activated delayed fluorescence. Chem. Mater. 25, 3766-3771

(2013).

Y. J. Cho, S. K. Jeon, B. D. Chin, E. Yu, J. Y. Lee, The design of dual emitting cores for green

thermally activated delayed fluorescent materials. Angew. Chem. Int. Ed. 54, 5201-5204

(2015).

M. Montalti, A. Credi, L. Prodi, M. T. Gandolfi, Handbook of Photochemistry (Taylor and

Francis, Boca Raton, FL, 2006).

J. R. Kirchhoff, R. E. Gamache Jr., M. W. Blaskie, A. A. Del Paggio, R. K. Lengel, D. R. McMillin,

Temperature dependence of luminescence from Cu(NN)," systems in fluid solution. Evi-

dence for the participation of two excited states. Inorg. Chem. 22, 2380-2384 (1983).

D. Volz, M. Wallesch, S. L. Grage, J. Géttlicher, R. Steininger, D. Batchelor, T. Vitova, A. S. Ulrich,

C. Heske, L. Weinhardt, T. Baumann, S. Brase, Labile or stable: Can homoleptic and hetero-

leptic PyrPHOS-copper complexes be processed from solution? Inorg. Chem. 53, 7837-7847

(2014).

D. Volz, Y. Chen, M. Wallesch, R. Liu, C. Fléchon, D. M. Zink, J. Friedrichs, H. Fligge, R. Steininger,

J. Gottlicher, C. Heske, L. Weinhardst, S. Brase, F. So, T. Baumann, Bridging the efficiency gap:

Fully bridged dinuclear Cu(l)-complexes for singlet harvesting in high-efficiency OLEDs. Adv.

Mat. 27, 2538-2543 (2015).

P. Coppens, J. Sokolow, E. Trzop, A. Makal, Y. Chen, On the biexponential decay of the

photoluminescence of the two crystallographically-independent molecules in crystals of

[Cu()(phen)(PPh3),][BF,]. J. Phys. Chem. Lett. 4, 579-582 (2013).

K. Hisada, S. Ito, M. Yamamoto, Triplet energy migration among energetically disordered

chromophores in polymer matrixes. 1. monte carlo simulation for the hopping of triplet

excitons. J. Phys. Chem. B 101, 6827-6833 (1997).

S. C. J. Meskers, J. Hubner, M. Oestereich, H. Bassler, Time-resolved fluorescence studies

and monte carlo simulations of relaxation dynamics of photoexcitations in a polyfluorene

film. Chem. Phys. Lett. 339, 223-228 (2001).

N. Armaroli, G. Accorsi, F. Cardinali, A. Listorti, Photochemistry and photophysics of coor-

dination compounds: Copper. Top. Curr. Chem. 280, 69-115 (2007).

50f 6

/TO0Z ‘g 1snBny uo /610 Bewasualos saoueApe//:diy Woiy papeojumod


http://advances.sciencemag.org/cgi/content/full/2/1/e1500889/DC1
http://advances.sciencemag.org/cgi/content/full/2/1/e1500889/DC1
http://advances.sciencemag.org/

R

ESEARCH ARTICLE

36.

37.

38.

39.

40.

4.

42.

43.

44,

Bergmann et al. Sci. Adv. 2016;2:e1500889

. M. lwamura, S. Takeuchi, T. Tahara, Real-time observation of the photoinduced structural
change of bis(2,9-dimethyl-1,10-phenanthroline)copper(l) by femtosecond fluorescence
spectroscopy: A realistic potential curve of the Jahn-Teller distortion. J. Am. Chem. Soc.
129, 5248-5256 (2007).

M. Iwamura, S. Takeuchi, T. Tahara, Substituent effect on the photoinduced structural
change of Cu(l) complexes observed by femtosecond emission spectroscopy. Phys. Chem.
Chem. Phys. 16, 4143-4154 (2014).

J. Huang, M. W. Mara, A. B. Stickrath, O. Kokhan, M. R. Harpham, K. Haldrup, M. L. Shelby,
X. Zhang, R. Ruppert, J.-P. Sauvage, L. X. Chen, A strong steric hindrance effect on ground
state, excited state, and charge separated state properties of a Cu-diimine complex captured
by X-ray transient absorption spectroscopy. Dalton Trans. 43, 17615-17623 (2014).

Z. A. Siddique, Y. Yamamoto, T. Ohno, K. Nozaki, Structure-dependent photophysical prop-
erties of singlet and triplet metal-to-ligand charge transfer states in copper(l) bis(diimine)
compounds. Inorg. Chem. 42, 6366-6378 (2003).

M. lwamura, H. Watanabe, K. Ishii, S. Takeuchi, T. Tahara, Coherent nuclear dynamics in
ultrafast photoinduced structural change of bis(diimine)copper(l) complex. J. Am. Chem.
Soc. 133, 7728-7736 (2011).

Y. Leydet, D. M. Bassani, G. Jonusauskas, N. D. McClenaghan, Equilibration between three
different excited states in a bichromophoric copper(l) polypyridine complex. J. Am. Chem.
Soc. 129, 8688-8689 (2007).

G. B. Shaw, C. D. Grant, H. Shirota, E. W. Castner Jr., G. J. Meyer, L. X. Chen, Ultrafast struc-
tural rearrangements in the MLCT excited state for copper(l) bis-phenanthrolines in solution.
J. Am. Chem. Soc. 129, 2147-2160 (2007).

R. Czerwieniec, J. Yu, H. Yersin, Blue-light emission of Cu(l) complexes and singlet
harvesting. Inorg. Chem. 50, 8293-8301 (2011).

J. Min, Q. Zhang, W. Sun, Y. Cheng, L. Wang, Neutral copper(l) phosphorescent complexes
from their ionic counterparts with 2-(2-quinolyl)benzimidazole and phosphine mixed ligands.
Dalton Trans. 40, 686-693 (2011).

M. Osawa, |. Kawata, R. Ishii, S. Igawa, M. Hashimoto, M. Hoshino, Application of neutral d"°
coinage metal complexes with an anionic bidentate ligand in delayed fluorescence-type
organic light-emitting diodes. J. Mater. Chem. C 1, 4375-4383 (2013).

1 January 2016

45. L. Maini, D. Braga, P. P. Mazzeo, B. Ventura, Polymorph and isomer conversion of complexes
based on Cul and PPhs easily observed via luminescence. Dalton Trans. 41, 531-539 (2012).

46. N. C. Greenham, |. D. W. Samuel, G. R. Hayes, R. T. Phillips, Y. A. R. R. Kessener, S. C. Moratti,
A. B. Holmes, R. H. Friend, Measurement of absolute photoluminescence quantum efficien-
cies in conjugated polymers. Chem. Phys. Lett. 241, 89-96 (1995).

Acknowledgments

Funding: We are grateful to CYNORA GmbH for financial support. This work was supported
by the Engineering and Physical Sciences Research Council (grant no. EP/J009016/1) and by
the European Union Seventh Framework Programme under grant agreement 321305.
Support from the Transregio 88 (3MET, B2) (Deutsche Forschungsgemeinschaft) is ac-
knowledged. Support from the Transregio 88 (3MET, B2) (Deutsche Forschungsgemeinschaft)
is acknowledged. Author contributions: L.B. measured, analyzed, and interpreted the data;
G.J.H. measured, analyzed, and interpreted the data and supervised the work; T.B. and S.B.
supervised the work; 1.D.W.S. interpreted the data and supervised the work; L.B., GJ.H., and
.D.W.S. wrote the manuscript. Competing interests: T.B. is Chief Scientific Officer, L.B. is an
employee, and L.D.W.S. is a consultant of CYNORA GmbH. CYNORA has applied for a patent
that includes the copper complex reported in this manuscript. Data and materials avail-
ability: The underlying data are available from https://research-repository.st-andrews.ac.
uk/ (DOI: 10.17630/75927659-2f66-4174-96e2-c73e76cf1941). The copper complex reported
in this article was available under a material transfer agreement between CYNORA and the
University of St Andrews.

Submitted 6 July 2015
Accepted 2 November 2015
Published 1 January 2016
10.1126/sciadv.1500889

Citation: L. Bergmann, G. J. Hedley, T. Baumann, S. Brase, I. D. W. Samuel, Direct observation of

intersystem crossing in a thermally activated delayed fluorescence copper complex in the
solid state. Sci. Adv. 2, €1500889 (2016).

6 of 6

/TO0Z ‘g 1snBny uo /610 Bewasualos saoueApe//:diy Woiy papeojumod


https://research-epository.stndrews.ac.uk/
https://research-epository.stndrews.ac.uk/
https://research-epository.stndrews.ac.uk/
https://research-epository.stndrews.ac.uk/
http://advances.sciencemag.org/

Science Advances

Direct observation of intersystem crossing in a thermally activated delayed fluorescence
copper complex in the solid state

Larissa Bergmann, Gordon J. Hedley, Thomas Baumann, Stefan Brase and Ifor D. W. Samuel

Sci Adv 2 (1), e1500889.
DOI: 10.1126/sciadv.1500889

ARTICLE TOOLS http://advances.sciencemag.org/content/2/1/e1500889
EALAF;E'—Rﬂ/'LESNTARY http://advances.sciencemag.org/content/suppl/2015/12/28/2.1.e1500889.DC1
REFERENCES This article cites 44 articles, 0 of which you can access for free

http://advances.sciencemag.org/content/2/1/e1500889#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive licensee American
Assaociation for the Advancement of Science. No claim to original U.S. Government Works. The title Science Advances is a
registered trademark of AAAS.

/TO0Z ‘g 1snBny uo /610 Bewasualos saoueApe//:diy Woiy papeojumod


http://advances.sciencemag.org/content/2/1/e1500889
http://advances.sciencemag.org/content/suppl/2015/12/28/2.1.e1500889.DC1
http://advances.sciencemag.org/content/2/1/e1500889#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

