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Abstract: The development of iridium-free, yet efficient
emitters with thermally activated delayed fluorescence
(TADF) was an important step towards mass production of
organic light-emitting diodes (OLEDs). Progress is currently
impeded by the low solubility and low chemical stability
of the materials. Herein, we present a Cu-based TADF
emitter that is sufficiently chemically stable under ambient
conditions and can be processed by printing techniques.
The solubility is drastically enhanced (to 100 gL™") in rele-
vant printing solvents. The integrity of the complex is pre-
served in solution, as was demonstrated by X-ray absorp-
tion spectroscopy and other techniques. In addition, it
was found that the optoelectronic properties are not af-
fected even when partly processing under ambient condi-
tions. As a highlight, we present a TADF-based OLED
device that reached an efficiency of 11+2% external
quantum efficiency (EQE).

Organic light-emitting diodes (OLEDs)™ are used in smart-
phones, tablet PCs, watches, and TVs. Room for improvement
remains, in particular related to the availability and sustainabili-
ty of their components.”’ Phosphorescent, often iridium-based,
materials are expensive and rare.’). Current processing tech-
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NHetPHOS = N heterocyclic phospine.
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niques based on vacuum deposition are elaborate and cannot
be easily scaled up, which will likely slow down or even pre-
vent the use of OLEDs in mass-produced applications, such as
lighting and packaging. By using thermally activated delayed
fluorescence (TADF), that is, singlet harvesting, instead of phos-
phorescence, progress has been demonstrated with devices
exhibiting more than 20% external quantum efficiency
(ECE)."** Metal-free materials,’*® as well as Cu' complexes,* "
have been used for this purpose. However, problems associat-
ed with vacuum processing remain: Although there are first re-
sults with Cu' complexes employing lab-scale processing tech-
niques, such as spin coating, most organic TADF emitters are
poorly soluble.'” To date, there are only limited results regard-
ing the solution processing of metal-free TADF emitters, which
is related to the high solubility required for industrial-scale
printing. In some studies on 4CzIPN,®' solvents, such as di-
chloromethane and THF, were used,"*'® but those are too vol-
atile for industrial printing. For well-soluble copper emitters,
other problems arise. A recently introduced, promising Cu'
emitter with 16% EQE was shown to be vulnerable towards
oxygen and water exposure.'® Also, the local structure found
in crystalline phases is not necessarily the same as in solution
or amorphous films: Due to the rich structural chemistry of Cu'
complexes, structurally stable complexes are required to sup-
press the formation of coexisting species."” By using X-ray
spectroscopy, it has also been demonstrated that for [Cul(N),]-
type complexes processed under vacuum, species, such as
[Cul(N)], may be formed.™ To resolve all of the above-dis-
cussed issues, a new NHetPHOS (N-heterocyclic phospine)-
type Cu' complex was synthesized. The dinuclear Cu,X, unit
in these compounds leads to a rigid structure compared with
mononuclear complexes, which in addition to a delocalization
of the frontier orbitals causes improved photophysical proper-
ties due to cooperative effects.'

Complex 1 was synthesized by using a slightly modified,
simple procedure giving high yields (Figure 1; see the Support-
ing Information for details).”” The
coordination compound mainly

consists of commercially available P(mols \QU‘:I:QU’P(mTO”S
Cul and ligands. Only a small frac- Ny PFPh2

tion of the overall mass (22 wt%, | _
MePyrPHOS ligand) had to be syn-

thesized “in house”, thus, making complex 1

the synthesis of the complex readi-
ly scalable. The largest batch in
this study gave 40g of 1 (90%
yield). Similar to all dinuclear NHet-
PHOS complexes, 1 contains a butterfly-shaped Cu,l, unit,
a bridging N,P ligand with a nitrogen-containing heterocycle
(NHet), and two additional monodentate P donors with tris-m-
tolylphosphine (P(mTol);; Figure 1).

The ortho isomer of this ligand cannot be incorporated into
the NHetPHOS structure, whereas the para isomer has already
been synthesized and published by our group.”>?" It is striking
that the solubility of 1 is much higher than for the para coun-
terpart. We also note that numerous attempts to grow single
crystals for X-ray diffraction were not successful, but we were

Figure 1. Molecular structure
of complex 1.



able to crystallize the para derivative and determine its struc-
ture.?” Table S2-1 in the Supporting Information contains solu-
bility data for 1 in various solvents, both with low (e.g., tolu-
ene) and high (e.g., indane) boiling points. For instance, the
solubility of 1 in toluene and chlorobenzene is >30 and
> 100 mgmL~", respectively, whereas the solubility of the para
derivative was significantly lower (1 and 20 mgmL").2>?" wWe
assign this behavior to the lower symmetry of the meta-tolyl-
substituents, which is being discussed in the Supporting Infor-
mation in detail. The extraordinarily high solubility of 1 facili-
tates the development of inks for printing processes.

Photophysical properties of complex 1 were investigated in
various sample forms (Figure 2). All data and an in-depth dis-
cussion, also concerning the TADF properties of the com-
pound, are given in the Supporting Information. The TADF
nature of NHetPHOS was recently established in an in-depth
study by temperature-dependent spectroscopy.?>*® In general,
the emission spectra are relatively broad and unstructured,
which indicates a charge-transfer nature of the emitting state.
This was supported by detailed quantum-chemical studies,
showing that NHetPHOS emitters typically exhibit a
(M-+XLCT)-type emission.”®?*%! The emission maximum of
complex 1 was found to be at 550 nm, independent of the
solid-state environment (i.e., amorphous powder vs. neat film
vs. poly(methyl methacrylate) (PMMA) matrix, top panel in
Figure 2). The compound showed a high photoluminescence
quantum vyield (®p) of 75+5% in the solid state as neat
powder, which drops to 57 +5% and 56 +5 % for the neat film
and the PMMA matrix, respectively. In PYD2, the yields are
slightly higher (62 and 60+5% for the 40% and 20% concen-
tration, respectively). The calculated radiative and non-radiative
kinetic rates k, and k,,, which are given in the Supporting Infor-
mation, indicate little differences among the different film sam-
ples, but more significant changes between powder and film,
as has been also recently found for other NHetPHOS com-
pounds.?"

As was expected,”* the photophysical behavior of com-
plex 1 in solution deviates from the behavior in solid samples.
The absorption spectra are broad and unstructured (Figure 2,
center). The comparison between absorption and excitation
spectra (Figure 2, bottom left), which were recorded for the
peak emission of the PL spectra (Figure 2, bottom right) sug-
gests that the (M+ XLCT) transition is associated with a weak
absorption shoulder in the region between 300 and 310 nm.
This is indicative for a low oscillator strength, and therefore,
a low probability of the vertical transition between the S, and
S, state. Both the extinction and the position of the band
seem to be a function of the solvents’ permittivity &, which
was analyzed in the Supporting Information in details. The @
of complex 1 in aerated solution was very low in each solvent
(<2%), which did not give a reliable determination of the
emission decay time. These drastic changes might be caused
by dissociation equilibria and the formation of different coex-
isting species, which could be linked to the dielectric constant
of the environment, or the effects of the matrix on the elec-
tronic structure of the molecules. To clarify whether the former
can be excluded, the molecular structure was investigated by
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Figure 2. Top: Photoluminescence (PL) spectra of complex 1 in different
solid environments (top panel: powder, neat film, and a 1:1 mixture of
PMMA and the emitting compound). Middle: Normalized absorption spectra
of complex 1 in different solvents (1 mgmL ' solution). Spectra for toluene
and mesitylene are not shown for 1 <300 nm due to self absorption of
these solvents. Bottom: Excitation (dashed) and PL (solid lines) spectra of
complex 1 in different solvents. Emission spectra overlap for toluene and
mesitylene.

NMR, Fourier-transformation infrared (FT-IR) technique, and
synchrotron-based X-ray absorption spectroscopy (XAS).

NMR spectra of complex 1 in various solvents were recorded
(see the Supporting Information). As known for NHetPHOS
complexes® ! and other copper(l) complexes,'”?*¥ "H NMR
spectra are slightly broadened due to a certain degree of flexi-
bility of the structure in solution.

Unlike reported for other heteroleptic compounds,''” we no-
ticed no additional signal sets. Due to the large number of
nonequivalent C atoms per complex molecule, no satisfying
CNMR spectra could be recorded. Even with the 'H NMR
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spectra being indicative for the presence of only one species
regardless of the solvent, the determination of the structure of
these species was not possible due to the broadness of the
spectra. Because of this, further spectroscopic analyses were
performed: full IR spectra (in solid state and different solvents,
including the C H stretch region) can be found in the Support-
ing Information. In brief, all features, most prominently the C=
C stretch vibrations at approximately 1600 cm™', the scissoring
and rocking vibrations at approximately 1500 cm™, the aro-
matic C H scissoring vibrations at approximately 1100 cm™',
and the aromatic C H wagging vibrations at approximately
800 cm™', found in a powder sample of complex 1, were also
present in the CCl, solution spectra (except aromatic C H wag-
ging due to self-absorption of CCl,). No additional bands were
identified, which further supports the conclusions drawn from
the "H NMR data.

To probe the local coordination geometry of the Cu' centers
in 1, XAS at the Cuy edge was employed. The extended X-ray
absorption fine structure (EXAFS) region gave insights on the
number and type of nearest-neighbor atoms, the coordination
geometry, and bond lengths (Figure 3 and the Supporting In-
formation). Information on the oxidation state, as well as on
the coordination environment and symmetry of the copper
ion, can be extracted from the X-ray absorption near-edge
structure (XANES) region (the full analysis is discussed in the
Supporting Information). In short, the interatomic distances
and coordination numbers are very similar within the uncer-
tainties for all studied samples. Minor changes in MeCN were
found, which is discussed in the Supporting Information. From
the XANES and EXAFS analyses of the powder and solution
samples of complex 1, we conclude that the coordination ge-
ometry around the copper(l) centers, as well as the type of the
nearest-neighbor atoms and the interatomic distances, are
very similar for all samples.

After comparison of solid amorphous powder, thin film, and
solution samples with X-ray absorption, as well as NMR and
FTIR data, we verified within the accuracy of these methods
that the structure of complex 1 is retained during the entire
inkjet processing chain as long as noncoordinating solvents
are employed. Our results suggest that complex 1 is signifi-
cantly more stable upon processing than cationic, mononu-
clear compounds, which dissociate to a degree evident by
NMR spectroscopy.’” In fact, the structure of complex 1 is re-
tained in noncoordinating solvents within the accuracy of the
methods described above.

To date, we have demonstrated that complex 1 has a very
high solubility in various solvents, attractive photophysical
properties in neat and doped thin films, and is reasonably
stable. On due course is an evaluation of spin-coated and
inkjet-printed OLED devices. Three sets of experiments were
conducted. First, we compared the impact of ambient air and
oxygen on the properties of OLEDs with non-doped emission
layers of complex 1, which were made by spin coating from
chlorobenzene and o-xylene (A-1 to A-4). Then, we used the
same stack architecture to process devices with inkjet printing
from indane, as well as an indane-mesitylene mixture (B-1 and
B-2).
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Figure 3. Top: k*y(k) and bottom: FTTk*y(k)] EXAFS data of powder and solu
tion samples of complex 1. The marker at 5.1 A " in the top panel indicates
differences between the samples (the color code is given in the bottom
panel).

Lastly, we evaluated the potential of complex 1 by adding
PYD2, a high-triplet-energy host material in a doped emission
layer (device C). The results are summarized in the Supporting
Information and Table 1. We chose a simple-stack architecture
without a hole transport layer, which would have required op-
timization of an additional printing step and, potentially, even
the application of crosslinking techniques (Figure 4). We pro-
cessed the emission layer directly on PEDOT:PSS (poly(3,4-eth-
ylenedioxythiophene) polystyrene sulfonate), and used the sol-
vents ortho-xylene (b.p. 144°C), chlorobenzene (b.p. 131°Q),
mesitylene (b.p. 164°C), and indane (b.p. 177°C) at concentra-
tions between 8 and 12 mgmL™".

The results presented in Table 1 and Figure 5 indicate that
the optoelectronic performance of the devices was not affect-
ed by the presence of ambient air during the processing of
the emission layer with A-1 to A-4: the measured performance
was within the expected range in all cases. Using inkjet print-



Table 1. Device results.

No. Processing Solvent Conditions™ Vi on VI
A1 SC®, neat EML  chlorobenzene g/9 37402
A2 SC, neat EML chlorobenzene a/a 35+0.2
A3 SC, neat EML o xylene g/9 3.8+0.2
A4 SC, neat EML o xylene al/a 34+0.2
B1 1JP® neat EML indane a/a 4.0+0.2
B2 1JP, neat EML indane/mesitylene ala 3.7+0.2
C SC, doped EML  toluene g/9 37+0.2

EQE, ., Nemax [CAA '] Npmax [IMW 1] B [cdm 2] Amax [NM]
8.04+0.1 244403 15.34+0.2 42000 553
7.8+£0.5 249+1.8 159+14 40000 553
7.8+0.1 245405 1564+0.3 40000 553
7.9+0.2 246408 16.6+0.5 35000 552
2.14+0.8 73+£25 45421 1600 550
4.7+0.6 15.2+1.4 87+13 3000 550
11.4+1.9 364+64 21.8+8.2 34000 552

[a] SC=spin coated; IJP =inkjet printed. [b] First letter indicates conditions for processing, second for drying; g=glovebox; a=air.

Al (80 nm) ‘
LiF (1 nm)
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Figure 4. OLED architecture used for printing studies.
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Figure 5. L/I/V and efficiency/luminance curves for device C. Electrolumines
cence spectra and further data are given in the Supporting Information.

ing instead of spin coating leads to a slight reduction of the
performance in B-1 and B-2. As was pointed out in the section
above, inks prepared from complex 1 were stable for several
hours in air-saturated solution. Thus, we attribute these
changes to solvent effects and effects caused by the morphol-
ogy of the emitting layer, which can be further optimized em-
pirically.

OLED C outlines strategies to further improve the per-
formance up to 11.4+1.9% EQE in a doped, spin-coated
device. At 8V driving voltage, a record brightness of
34000 cdm ™ was reached. Due to reduced concentration
quenching, the efficiency roll-off of device C is much less pro-
nounced than for comparable NHetPHOS compounds,” espe-
cially considering the early development stage of this stack ar-
chitecture. The key for this is an optimization of all layer thick-
ness, as well as the introduction of a host material.

We note that the operational stability of the devices with
complex 1 was not investigated in this study. Although all de-
vices were stable enough to be properly analyzed, more work
needs to be done to reach a satisfactory stability level. Specifi-
cally, complex 1 seems to transport holes much better than
electrons. It is thus necessary to find a device architecture that
reduces the hole current, which is transported by the emitter,
because this is likely to be problematic. An indication for this
is the occurrence of irreversible oxidation in cyclic voltammetry
experiments,® which suggests that hole transport in an OLED
is also irreversible. Apart from the optimization of the drying
conditions, it is thus prudent to develop an optimized device
architecture that enables both efficient and stable devices.

In summary, a new highly efficient NHetPHOS Cu' emitter
was synthesized. Complex 1 was characterized chemically and
photophysically. The new TADF-material is soluble in a broad
range of different solvents relevant for inkjet printing. By using
IR, NMR spectroscopy, as well as synchrotron-based X-ray ab-
sorption spectroscopy, we proved that the profound changes
of the photophysics in solution compared with solid-state re-
sults are—unlike what was established for other Cu' com-
plexes—not a result of dissociation or degradation. In an ex-
tensive OLED study, we showed that the material is not only
stable in ink formulations, but can also be processed in the
presence of ambient air with spin coating, as well as inkjet-
printing, even in the absence of a host material. In a refined
device, efficiency values of more than 11% EQE and ultrahigh
brightness values of 34000 cd m~ were obtained.
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