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Thiol–yne crosslinked triarylamine hole
transport layers for solution-processable
organic light-emitting diodes†

Ksenia Kutonova,‡ab Bernd Ebenhoch,‡ac Lorenz Graf von Reventlow,ac

Stefan Heißler,d Lukas Rothmann,c Stefan Bräse*abe and Alexander Colsmann *ac

Triarylamine derivatives are widely used for hole transport in organic optoelectronic devices, but their

excellent solubility in many common solvents limits their use for multi-layer device fabrication from

solution. In this work, a novel process to the formation of conjugated triarylamine polymer thin-film

networks by crosslinking of thiol-substituted and alkyne-substituted triarylamines is investigated. After

deposition of the monomer blend and crosslinking under UV exposure, an insoluble thiol–yne polymer

network is formed. The applicability of the thiol–yne polymer network as hole-transport layers is exemplified

on organic light-emitting diodes. Its implementation reduces the device degradation as compared to OLEDs

comprising hole-transport layers from PEDOT:PSS.

Introduction

Advanced and efficient organic light-emitting diodes (OLEDs)
require elaborated multi-layer device architectures. Today,
most of the commercially available OLEDs and displays thereof
are fabricated by thermal evaporation of molecular semicon-
ductors in a vacuum. Future advancements of this technology
are expected from solution-processing in versatile (digital)
printing processes, such as inkjet printing, simultaneously
lowering material consumption and process energy while
increasing process flexibility.1,2 As of today, the subsequent
deposition of multiple functional layers from solution is a non-
trivial task. The use of orthogonal solvents which prevent the
dissolution of any previously applied layers is currently the
most often implemented strategy. Although sophisticated layer

stacks with up to nine functional layers, processed from
solution, have been realized using orthogonal solvents,3 the
concept naturally limits the choice of semiconductors. In
particular, the applicability of smaller semiconducting mole-
cules is limited by their good solubility in most aromatic
solvents that are also used to deposit common emission layers.

Triarylamine derivatives, featuring their efficient oxidation
occurring at the nitrogen center, their intrinsic electron-
donating nature and their ability to transport holes via for-
mation of relatively stable radical cations, are nowadays widely
used as hole transport layers (HTLs).4–14 Due to their excellent
solubility in many organic solvents, their applicability in multi-
layer solution-processed OLEDs is limited.

To achieve insoluble HTLs for multi-layer architectures,
crosslinking is a promising way forward.15–22 A wide range of
crosslinking reactions suitable for the synthesis of triarylamine-
containing polymers was reported, including light-induced21 or
heat-induced23 [2+2] cycloaddition, acrylate24–28 or styrene29–33

side-chain free-radical polymerization, anionic living
polymerization,34,35 siloxane condensation,36–39 Schiff bases
polycondensation,40 electrochemical oxidative polymerization,41–43

diyne polycyclotrimerization44 and polycondensation of
bisphenols or biscarbamates with aryl or alkylhalogenides45,46

or diamines with diacid chlorides.47 A range of metal-catalyzed
reactions, such as Cu(I)-catalyzed azide–alkyne click reaction,48

Pd-catalyzed Buchwald–Hartwig amination49,50 and Suzuki
crosscoupling,51–53 Ullmann reaction54,55 as well as ring-opening
metathesis56–58 was also successfully used for the synthesis of
polymers containing triarylamine units, both as bulk material
and as thin films.
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Yet, crosslinking reactions must comply with a number of
further requirements to be implementable in optoelectronic
devices. Ideally, the synthetic procedures are metal-free, as
residues of metals can impact on the performance of the
respective devices due to metal–organic interactions.44,59,60

Byproducts from the crosslinking reaction can act as unwanted
dopants or recombination centers or may evaporate during the
crosslinking reaction and lead to the formation of porous films
– all of which can negatively influence the electronic properties
of the thin films and, therefore, should be avoided. Cross-
linking via conjugated bonds is preferred over long aliphatic
chains, as the latter can significantly reduce the charge carrier
mobility by spacing,15,61 whereas an increased conjugation length
generally enhances the hole mobility.62 Therefore, the development
of conjugated HTLs is highly desirable.63–65 Remaining reaction
sites of the monomers can act as charge carrier traps and thus the
crosslinking reaction should ideally approach a conversion of
100%. Beyond changing the solubility, crosslinking enables the
formation of robust HTLs with high glass transition tempera-
tures and thus prevents morphological changes. Crosslinking
can, therefore, also be a valuable technique to increase the
long-term stability of optoelectronic devices.9,22 To enable
processing on flexible, temperature-sensitive substrates, the
crosslinking reaction can be triggered by UV exposure.

Here we report on the synthesis of thiol- and alkyne-substituted
triarylamines, the formation of conjugated crosslinked thin films
and their implementation as HTLs in OLEDs followed by an
analysis of performance and degradation. The crosslinked
thin films are synthesized by deposition of a blend of thiol-
and alkyne-substituted triarylamines directly onto the bottom
electrode. The thiol–yne reaction is then initiated and con-
trolled by UV exposure, it proceeds without the development
of byproducts and leads to the formation of an insoluble
conjugated polymer network thin film, which allows the deposi-
tion of subsequent layers from aromatic solvents. We study the
crosslinking reaction in thin films by attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR-FTIR) and investi-
gate the semiconductor properties by absorption spectroscopy,
photoelectron yield spectroscopy in air and the hole mobility by
space charge limited currents.

Results and discussion
Synthesis

The monomers tris(4-ethynylphenyl)amine 3 and tris(4-thiyphenyl)
amine 5 were synthesized as shown in Scheme 1. The synthesis of
alkyne 3 was performed starting from tris(4-iodophenyl)amine 1,
which was coupled with trimethylsilylacetylene (TMS acetylene)
using the Sonogashira cross-coupling reaction,66 followed by depro-
tection of the obtained tris(4-((trimethylsilyl)ethynyl)phenyl)amine
2 by tetrabutylammonium fluoride.67 Thiol 5 was obtained in two
steps: the reaction of tris(4-bromophenyl)amine 4 with sodium
isopropylthiolate NaSiPr, leading to the formation of a thioether,
and its further conversion to the target tris(4-thiyphenyl)amine 5 by
heating the reaction mixture with elemental sodium.

Thin film blends of the two monomers tris(4-ethynylphenyl)
amine 3 and tris(4-thiyphenyl)amine 5 were crosslinked under
UV exposure, resulting in the hole-transport polymer network 6
(Scheme 2). The thin films were spin-coated from blend solu-
tions of alkyne 3 and thiol 5 (molar ratio 1 : 1) in THF on quartz
glass substrates. The resulting as-cast films, with a thickness of
59 nm, were exposed to UV radiation (365 nm, 1 mW cm�2,
2 hours) triggering the thiol–yne reaction to form a polymer
network. Due to the twisted propeller-like geometry of alkyne 3
and thiol 5, the polymer network 6 is expected to be highly
amorphous. The obtained polymer coating is insoluble in
common organic solvents. Even after sonication in THF,
chloroform and chlorobenzene, no changes in surface texture
and roughness were observed in optical microscopy.

To confirm the thiol–yne reaction, the obtained polymer
thin-film networks were studied by ATR-FTIR spectroscopy.
While in the IR spectra of the initial alkyne 3 and thiol 5, the
characteristic absorption bands corresponding to the C–H
stretching of alkyne 3 (3290 cm�1) and S–H stretching of thiol
5 (2551 cm�1) were observed, these bands almost disappeared
in the IR spectra of the polymer 6 (see ESI,† Fig. S5). ATR-FTIR
was also used to estimate the kinetics of the reaction and the
crosslinking degree by monitoring the conversion over time.
Therefore, a UV source was mounted onto the spectrometer
and ATR-FTIR spectra were recorded at 0 min (as-cast films, no
UV exposure), and then the measurement was repeated ten
times, each after 5 min of UV exposure. The obtained ATR-FTIR
spectra in Fig. 1a were normalized to the SiO2 absorption
band (919 cm�1) and plotted as a function of exposure time.

Scheme 1 Synthesis of tris(4-ethynylphenyl)amine 3 and tris(4-thiyphenyl)
amine 5.

Scheme 2 Formation of the polymer network 6 by thiol–yne reaction of
3 and 5, initiated by UV exposure.
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The intensity of the band, corresponding to the C–H bond
stretching of alkyne 3 (3290 cm�1) in Fig. 1b significantly
decreased already after 5 min of UV exposure and reached a
plateau after 45 min. Based on the intensity of this band before
and after polymerization, we estimated that 90% of the alkyne-
groups reacted during the polymerization. In the blend films,
the intensity of the band corresponding to the S–H stretching of
thiol 5 was too low to be monitored. In addition, two trends,
related to the phenyl ring vibrations (C–C stretching modes)
were identified: an increased absorbance of the band at
1590 cm�1 (as n8a and n8b degenerate in-plane ring vibrations,
due to the extended conjugation with p-electrons of the formed
CQC bond and lone-pairs of sulfur atoms) and a significant
decrease of the band intensity at 1490 cm�1 (as n19a and n19b

degenerate in-plane ring vibrations, due to the decrease of the
molecular degrees of freedom). Both effects evidence that the
thiol–yne reaction led to the formation of a conjugated polymer
network.

The thiol–yne crosslinking strategy also significantly
increases the thermal stability of polymer 6 compared to alkyne
3 and thiol 5 as demonstrated by differential scanning calori-
metry (DSC) (see ESI,† Fig. S6). Alkyne 3 and thiol 5 have
melting points at 98 1C and 130 1C, respectively. Additionally,
an exothermic event was observed for alkyne 3 at temperatures
above 100 1C which is assigned to alkyne 3 polymerization, as
an insoluble material was formed after the DSC analysis. The
DSC curve of the thiol–yne polymer 6 shows no thermal events
upon heating to 180 1C, proving its thermal stability.

Optoelectronic properties

According to the absorbance spectrum in Fig. 2a, blend films
of alkyne 3 and thiol 5 are widely transparent in the visible
spectral regime with a prominent absorption peak in the UV at
340 nm. This is an important asset to avoid parasitic absorption
when implemented as HTLs in OLEDs. Upon crosslinking, the
absorption spectrum broadens, the peak absorption is reduced
and the absorption at the tail is enhanced. The absorption peak
is slightly red-shifted by 5 nm upon crosslinking. This red-shift
and the broadening of the absorption may be attributed to an
increased conjugation length.17 The persistence of the absor-
bance of the sample in the inset of Fig. 2a after crosslinking of

the thin film, before and after sonication in THF confirms that
the film became insoluble.

For the subsequent deposition of further functional layers
from solution, a good wettability of the surface is required. As
depicted in Fig. 2b, THF and o-xylene form contact angles of
less than 51 and 511 on the crosslinked layers, indicating good
wettability of these organic solvents that are commonly used to
deposit subsequent functional layers (e.g. emission layers),
without dissolving the polymer 6 network. Furthermore, the
atomic force microscope image in Fig. 2c reveals a very smooth
thin-film surface with a root-mean-square roughness of less
than 1 nm.

For the implementation as HTL into organic optoelectronic
devices and the formation of good electrical contacts with the
electrodes, the transport energies are crucially important.
The ionization energies were determined by photoelectron yield
spectroscopy in air (PESA) on thin films. As depicted in Fig. 3,
the ionization energies of alkyne 3 and thiol 5 are 5.9 eV and
5.7 eV. The lower ionization energy of thiol 5 is well in agreement
with the electronic substituents effect, as the electron donating
–SH group increases the electron density on the aromatic system
and the central nitrogen atom, and thus raises the HOMO of the
molecule (in contrast to the electron withdrawing –CRCH
group). The ionization energy of the polymer 6 is 5.8 eV and
hence between the ionization energies of alkyne 3 and thiol 5.

To be suitable for the implementation as HTL into OLEDs,
sufficiently high hole mobilities and conductivities are required.
Here, the hole conductivities and mobilities were measured in
‘hole-only devices’, where two high-work-function electrodes
ensure the lossless injection of holes and prevent the injection
of electrons into polymer 6 thin films. Therefore, as depicted in

Fig. 1 Time-dependent ATR-FTIR spectra of the thiol-alkyne blend
under UV exposure (365 nm, 0.5 mW cm�2). (a) 3-D representation of
the absorbance spectra in the IR spectral regime as a function of UV
exposure time. (b) Relative intensity of bands at 3290 cm�1, 1590 cm�1 and
1490 cm�1 versus UV exposure time.

Fig. 2 (a) The absorbance of blends of alkyne 3 and thiol 5 in thin films
(86 nm thickness). Inset: The absorbance of the crosslinked polymer 6
layer before and after sonication in THF. (b) The contact angles of THF (top, 51)
and o-xylene (bottom, 511) with the polymer 6 thin-film surface. (c) The
topography of a representative polymer 6 layer.
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the inset of Fig. 4, a sufficiently thick polymer 6 layer (86 nm)
was washed with THF and sandwiched between nickel oxide
(NiOx) and molybdenum trioxide (MoO3) hole injection layers.
Fig. 4 shows representative current density–voltage ( J–V) curves
of the samples under positive and negative bias, injecting holes
from MoO3 and NiOx, respectively. The strong similarity of the
curves indicates that the shape of the J–V curve is governed by
bulk effects rather than injection barriers. In case of ohmic
contacts, beyond an ohmic regime at lower voltages, the J–V sweep
produces space-charges within the sample and the J–V character-
istics can be described by an extended Mott–Gurney law, where
d represents the layer thickness and e0 the vacuum permittivity.

J ¼ shV
d
þ 9e0ermhV

2

8d3
(1)

By assuming a relative permittivity er E 3, the hole mobility
(mh) and conductivity (sh) are the only unknown variables.68 By
fitting the data in Fig. 4 with eqn (1), a hole mobility mh = 2 �
10�8 cm2 V�1 s�1 and a hole conductivity sh = 5 � 10�11 S cm�1

of the polymer 6 were obtained. Although at the lower end
of the regime, the hole conductivity of polymer 6 is comparable
to other triarylamines such as 4,40,400-tris[phenyl(m-tolyl)amino]
triphenylamine (m-MTDATA) which are often implemented as
HTL in OLEDs.69 The somewhat reduced hole mobility is likely

to stem from the high degree of crosslinking within the polymer
network, inducing some disorder.

OLEDs

Upon integration as HTL into OLEDs, polymer 6 shows its
versatile properties. Fig. 5a depicts the OLED architecture
comprising the emitter (4s,6s)-2,4,5,6-tetra(9H-carbazol-9-yl)
isophthalonitrile (4CzIPN), which belongs to the family of
thermally activated delayed fluorescence (TADF) emitters,
embedded in a 4,40-di(N-carbazolyl)biphenyl (CBP) host (5 wt%,
4 g L�1 in THF). The HTLs and the emission layers were
deposited from solution to demonstrate the advantages of the
crosslinked and insoluble polymer 6. All other functional layers
were deliberately vacuum-processed to enhance the reproduci-
bility and comparability of the OLED performance across the
different OLEDs. Electron injection was facilitated by thermally
evaporated bis-4,6-(3,5-di-4-pyridylphenyl)-2-methylpyrimidine
(B4PyMPM) and 8-hydroxyquinolatolithium (Liq) electron-

Fig. 3 Ionization energies of alkyne 3, thiol 5 and polymer 6, determined
by PESA on solid-state thin films.

Fig. 4 J–V sweeps under positive and negative bias of hole-only devices
comprising the crosslinked polymer 6 (layer thickness 86 nm) sandwiched
between MoO3 and NiOx. Open symbols indicate hole-injection through
NiOx, closed symbols indicate hole-injection through MoO3, the solid line
represents the model fit according to eqn (1). The inset depicts the
architecture of the hole-only devices.

Fig. 5 (a) Device architecture of the OLEDs under investigation. (b) The L–V
(solid lines) and J–V curves (dotted lines) show almost identical shapes. Von

increases towards thicker polymer 6 layers. (c) The EQEs of all devices show
negligible roll-off. Best EQEs are achieved for thin polymer 6 layers. (d) Power
efficiency of the OLEDs. (e) The emission spectra slightly broaden for an
increasing thickness of polymer 6. (f) Degradation of the OLEDs versus time:
driving voltage. (g) The implementation of polymer 6 significantly reduces the
decline of the EQE over time. (h) After 20 min of operation, the power
efficiency of the reference OLEDs comprising PEDOT:PSS match the power
efficiency of optimized OLEDs incorporating polymer 6.
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transport layers, followed by an aluminum electrode. For
reference, we also fabricated OLEDs comprising electrically
doped PEDOT:PSS as HTL which is often used in state-of-the-
art devices.

Fig. 5b depicts the luminance L and the current density
J versus voltage V (L–V and J–V) of OLEDs comprising HTLs of
polymer 6 with layer thicknesses in the range of 8 to 86 nm.
All OLED characteristics were measured up to a luminance of
L = 800 cd m�2 to comply with the brightness requirements of
most display applications. Both L–V and J–V are identical in
shape, which indicates negligible parasitic currents and small
external quantum efficiency (EQE) roll-offs as confirmed in the
EQE versus luminance plot in Fig. 5c. Best OLED performance
was achieved for HTL layer thicknesses of 8 nm and 17 nm.
Commonly, thin functional layers with a thickness below 20 nm
are prone to shunts, in particular when depositing subsequent
layers from solution. Here, polymer 6, being a robust and dense
crosslinkable triarylamine polymer, can make an important
difference, enabling also thin HTLs.

Incorporating polymer 6 at the optimized layer thickness of
17 nm produced OLEDs with an onset voltage versus luminance
Von,L = 3.3 V (voltage at 1 cd m�2) which comes close to the
reference OLEDs with HTLs from PEDOT:PSS (Von,L = 2.7 V),
although polymer 6 is not electrically doped. The onset voltage
of the exponential rise of the current density for all OLEDs is
about Von,J = 2.5 V, evidencing that the injection of holes is
similarly efficient for PEDOT:PSS and polymer 6. At larger
thicknesses, Von,L drastically increases due to ohmic resistance,
stemming from the lower conductivity of polymer 6. As
a consequence, the OLEDs comprising the reference HTL
PEDOT:PSS outperform the OLEDs that incorporate HTLs from
polymer 6, which is summarized in the power efficiency versus
luminance plot in Fig. 5d. We note that we observed only a
minor broadening in the emission spectrum in dependence on
the polymer 6 layer thickness (Fig. 5e) which may stem from
minor cavity effects or small shifts of the recombination zone
within the emission layer. The Commission Internationale de
l’Eclairage (CIE 1931 xy) color coordinates shift slightly from
0.28, 0.55 to 0.26, 0.57 for increasing thicknesses of the polymer
6 layer (see ESI,† Table S7).

Yet, a completely different picture is drawn when assessing
the long-term stability of the devices. Fig. 5f–h compare the
degradation of OLEDs comprising HTLs of either polymer 6 or
PEDOT:PSS. The OLEDs were measured in a nitrogen-filled
glove box over a period of 20 minutes at a constant current of
0.95 mA cm�2, which corresponds to an initial luminance of
approximately 300–400 cd m�2. Most notably, the EQE of the
OLEDs with HTLs of PEDOT:PSS in Fig. 5g shows a significant
relative decrease of more than 50% over 20 minutes (from initially
14% to less than 7% absolute) which may originate from its
known acidity and the concomitant release of ions from the ITO
electrode.70 In contrast, the EQEs of the OLEDs comprising
polymer 6 HTLs decay much slower. After a few minutes only,
all OLEDs with polymer 6 HTLs exhibit higher EQEs than the
PEDOT:PSS reference devices since, even in this rather simple
device architecture, their degradation is much more retarded.

Conclusions

We have introduced thiol–yne reactions as a crosslinking
mechanism to obtain novel, highly robust and insoluble triaryl-
amine layers from solution. The thiol–yne reaction is initiated
by UV exposure and leads to a conjugated polymer network
with a high degree of crosslinking and without formation of
byproducts. By decoupling solution processability from the
solubility of the HTL, this two-compound process is particularly
appealing for all future concepts to solution process multi-layer
organic and hybrid optoelectronic devices. This marks an
important advancement over existing concepts where omnipre-
sent triarylamines cannot be used in solution processed OLEDs
as they may be redisolved upon deposition of subsequent
layers. Our demonstration of applicability of thiol–yne polymer
HTLs in OLEDs has shown reduced device degradation
compared to reference OLEDs comprising PEDOT:PSS. Their
current shortcomings in OLED performance may be tackled
in the future by finding ways to electrically dope the crosslinked
HTL networks by suitable acceptors which would further
enhance the hole transport and the electric contact with the
electrode. Likewise, this concept will be beneficial to other
optoelectronic devices and applicable to other functionalized
triarylamines, facilitating the solution processing of more
advanced and more specialized device architectures.

Experimental
Crosslinking

Blend films of alkyne 3 and thiol 5 (1 : 1 molar ratio) were
prepared by spin-coating THF solutions (2000 rpm) in a
nitrogen-filled glove box and crosslinked by a handheld UV
radiation source (365 nm, 1 mW cm�2, 2 hours). Then the films
were washed in THF to remove unreacted starting material.

Layer thicknesses

The solution-processed layers were scratched to measure their
thickness multiple times with a confocal microscope (S neox,
Sensofar, 150� objective), yielding an average standard devia-
tion of � 5 nm. The thicknesses of the polymer 6 layers, from
variable concentrations in THF (10 g L�1: 86 nm, 5 g L�1:
59 nm, 2 g L�1: 37 nm, 1 g L�1: 17 nm or 0.5 g L�1: 8 nm), were
confirmed by the thin-film absorbance. The absorbance maxima
at 342 nm and the layer thickness are shown in Fig. S1 (ESI†).

Photoelectron spectroscopy in air (PESA)

Thin films were prepared by spin-coating (10 g L�1 in THF,
2000 rpm) onto cleaned glass substrates. The samples were
placed in a photoelectron spectrometer (Riken Keiki AC-2E)
to measure the photoelectron emission yield (4.8–6.2 eV)
with a beam power of 50 nW and correction of the spectral
response by an internal photodiode. The ionization energy
(work function) was obtained from the intersection of the baseline
and the onset of the square root of the photoelectron yield.
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UV-Vis absorption spectroscopy

The absorbance spectra of spin-coated thin films (10 g L�1 in
THF, 2000 rpm) on quartz substrates were measured in trans-
mission in a Cary 5000 UV-Vis-NIR spectrophotometer from
Agilent Technology. The absorbance change during cross-
linking was monitored by repeated scans from 700 nm to
250 nm. Between the scans, the samples were illuminated
inside the spectrophotometer at 250 nm to trigger crosslinking.
Due to the low intensity of the 250 nm line, crosslinking took
several hours until the absorbance spectrum reached a steady state.

ATR-FTIR spectroscopy

The measurements were performed on spin-coated thin films
(5 g L�1 in THF, 2000 rpm) on cleaned quartz substrates using a
Bruker Tensor 27 FTIR spectrometer equipped with a Bruker
Platinum ATR accessory (diamond crystal, one reflection, angle
of incidence 451, background air). For monitoring the cross-
linking process, a handheld UV radiation source (365 nm,
1 mW cm�2) was mounted onto the spectrometer. ATR FT-IR
spectra were repeatedly recorded after 5 min of constant
illumination during a total of 50 min.

Mobility and conductivity measurements

Hole mobilities and conductivities were measured in hole-only
devices on glass substrates with a patterned indium tin oxide
(ITO) electrode (150 nm thickness, 13 O &�1) as illustrated in
Fig. 4. Therefore, nickel acetate was first dissolved in ethanol
(molar ratio 1 : 1). Right before spin-coating, the solution was
further diluted with ethanol (1 : 1 v/v). The nickel acetate
solution was spin-coated (4000 rpm) and converted into nickel
oxide by thermal annealing in air (325 1C, 2 h), followed by
oxygen plasma ashing (Diener Atto, 200 W, 5 min). Then
the samples were transferred into a nitrogen-filled glove box
where a blend solution of thiol 3 and alkyne 5 (molar ratio 1 : 1,
10 g L�1 in THF) was spin coated (2000 rpm), and crosslinked
as described above. The layer thickness of polymer 6 was
86 nm. Finally, molybdenum trioxide (10 nm) and silver
(100 nm) were deposited by thermal evaporation in high
vacuum. The active device area (10.5 mm2) was formed by the
overlap of the ITO electrode and the silver electrode. The hole-
only devices were measured with a source measuring unit
(Keithley 2450). The current through the devices was measured
during bias sweeps under forward and reverse bias.

Fabrication and characterization of OLEDs

OLEDs comprising polymer 6 were fabricated on ITO electro-
des, with an active area of 10.5 mm2 according to the device
architecture depicted in Fig. 5a. Polymer 6 was prepared by
spin-coating of a blend of alkyne 3 and thiol 5 (THF, 2000 rpm)
and crosslinked as described above. Its layer thickness was
adjusted through changing the concentration of the components 3
and 5 in solution. For reference, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS, Heraeus, Clevios VP AI 4083,
diluted 1 : 1 with water) was spin-coated instead (4000 rpm,
25 nm thickness). Onto either hole-transport layer a solution of

CBP and 4CzIPN (95 : 5 wt/wt, total concentration of 4 g L�1 in
THF, layer thickness 34 nm) was spin-coated (2000 rpm). Then
the samples were annealed (60 1C, 10 min) on a hotplate. The
samples were completed by sublimation of bis-4,6-(3, 5-di-4-
pyridylphenyl)-2-methylpyrimidine (B4PyMPM, 50 nm, 1 Å s�1),
8-hydroxyquinolatolithium (Liq, 2 nm, 0.1 Å s�1) and an
aluminum electrode (50 nm, 2 Å s�1). The OLEDs were tested
in a home-built characterization setup in a nitrogen-filled
glovebox. A source measuring unit (Keithley 2400) was
employed to record J–V sweeps in 0.1 V intervals in 4-wire
mode. Simultaneously, the luminous flux was recorded using
an integrating sphere (Gigahertz Optics, ISD-19P) with an
integrated auxiliary lamp to account for the different reflectivity
of the OLEDs. Two calibration lamps (Technoteam LN-015,
Technoteam LN-3) were used to calibrate the response of the
integrating sphere. The samples were placed on the sphere
surface and the edges were covered with black paint to collect
only 2p surface emission. Otherwise, light-incoupling into the
substrate and subsequent edge emission can cause a strong
overestimation of the OLED brightness.71 The luminous flux
was obtained by a calibrated photometer and confirmed by the
integral of the emitted spectrum as measured by a calibrated
spectrometer (Instrument Systems, CAS140). Assuming Lam-
bertian emission, the luminance was calculated. The EQE was
calculated by dividing the emitted photon flux by the injected
electron flux. The emitted photon flux was calculated from the
luminous flux, the emission spectrum and the active area of
the OLEDs. The injected electron flux was calculated from the
current density. All reported characteristics represent the best
performing OLEDs and the second measurement of each device
to avoid burn-in effects.
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