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The increase of europium-based OLED luminance
through reducing the excited state lifetime
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An approach to the luminance increase of the europium-based OLED is proposed through the
formation of the mixed-ligand complex. The introduction of two diverse anionic ligands around one
europium ion forming a mixed-ligand complex is confirmed by powder X-ray diffraction, *H and °F
NMR spectroscopy, MALDI MS spectroscopy, and luminescence spectroscopy. A decrease in the
symmetry of the coordination environment leads to a 50% reduction of the lifetime of the excited state.
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Introduction

Organic light-emitting diodes (OLEDs) are among the market
leaders in devices used for portable electronics and displays in
smartphones, TVs, and laptops.” Despite the widespread use of
OLEDs, the world scientific community still faces some major
challenges. One such challenge is improving the color purity,>
which is attempted by the development of new compounds®*
and also by various technological methods, such as filters that
reduce the spectral bandwidth.’

The highest color purity can be achieved by using the
lanthanide coordination compounds (CCs), which are well-
known for their narrow luminescence bands due to their
unique f-f transitions.®® However, lanthanide-based OLEDs
still demonstrate significantly lower efficiencies compared to
phosphorescent iridium compounds®*' and rapidly develop-
ing TADF-based materials.">™** Thus, the search for promising
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to OLEDs based on individual complexes.

ways to improve the efficiency of lanthanide-based OLEDs is
becoming an important task.

Recently, it was clarified by our group that the key factor
hampering the electroluminescence (EL) efficiency of
lanthanide-based organic light emitting diodes (OLEDs) is the
long observed lifetime of the excited state of lanthanide coor-
dination compounds.'® Therefore, various approaches are
proposed in order to reduce the lifetime. The observed lifetime
(Tobs) is equal to

1
krad + anr

where k..q is the radiative relaxation constant, and &, is a non-
radiative process constant.® Aiming at the increase of the k;,
the introduction of the quenching ligand has already demon-
strated its effectiveness in OLED performance increase'” >
even despite the simultaneous decrease of the quantum yield
(PLQY). In the present paper, we aim at the increase of the k.q
and develop a novel approach toward shortening the observed
lifetime.

The lanthanide luminescence corresponds to the Laporte-
forbidden f-f transitions,'®?*** and therefore the radiative
relaxation constant directly depends on the symmetry of the
coordination environment of the lanthanide ion: the lower the
symmetry, the more allowed f-f transitions become, and, con-
sequently, the more k.4 increases. To reduce the symmetry of
the coordination environment, we proposed to introduce var-
ious ligands around one lanthanide ion. The approach of
symmetry reduction of the Eu** coordination environment by
the development of an anionic ligand was proposed earlier by

Tobs =
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Fig. 1 Ligands used in the present study: (a) Htta, (b) Hdbm, and (c) DPPZ.

L. Zhang et al.>>** and led to the highest obtained luminance of

the Eu-based OLEDs so far. Moreover, the approach of increas-
ing the diversity of ligands coordinated to the lanthanide ion
was studied by N. Lima et al.>**® Using two different neutral
ligands allowed the increase of the radiative rate constants,
which also resulted in up to twice the quantum yield increase.
At the same time, this approach was only applied to improve
the photoluminescence efficiency and was never proposed to
increase the efficiency of the lanthanide-based OLEDs. This is
the goal of the present paper.

In order to check the proposed approach, we selected euro-
pium B-diketonates, since they are well-known for their record
luminance and efficiencies among lanthanide-based OLED
emitters.”””® In particular, dibenzoylmethane (Hdbm) and the-
noyltrifluoroacetone (Htta) were chosen as anionic ligands (Fig. 1),
since they are known for effective sensitization of the europium
ion.>**° Besides, some of the brightest europium-based OLEDs
were obtained with the use of europium complexes with these
ligands.”*'"*> Moreover, dipyrido[3,2-a:2’c,3'c-c]phenazine (DPPZ)
(Fig. 1) is known as a ligand with low triplet energy, which causes
efficient back energy transfer and results in reduction of the
observed lifetime."”

To obtain mixed-ligand complexes (MLCs), two methods
were proposed. One of them consists in the mixing of the
individual Eu(dbm);DPPZ and Eu(tta);DPPZ complexes in
solution, followed by the resulting solution evaporation to
dryness. Whereas by another one, a mixed-ligand complex is
synthesized using the homogeneous mixture of two anionic
ligands in solution, and the obtained product is assigned as
Eu(dbm + tta);DPPZ.

Thus, as the objects of our research, individual complexes
Eu(dbm);DPPZ and Eu(tta);DPPZ, as well as mixed-ligand
complexes Eu(dbm + tta);DPPZ and [Eu(dbm);DPPZ +
Eu(tta);DPPZ], obtained by different methods, were selected.
The determination of whether mixed ligand complexes, and not
the mixture of individual complexes, were obtained, is in the
scope of the present work, as well as the comparison of these
two complexes and, finally, the study of the influence of the
proposed approach on the OLED luminance.

Experimental section
Synthesis

All the reagents and the solvents were purchased from com-
mercial sources.

Synthesis of Eu(L);DPPZ (L = dbm or tta). A solution of
1 mmol of EuCl;-6H,0 in 20 ml of ethanol was added to a
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mixture of HL (3 mmol) and Et;N (3 mmol) in 20 ml of ethanol,
then a solution of DPPZ (1 mmol) in 30 ml of ethanol was
added, and the precipitation was observed. The reaction mix-
ture was stirred for 2 h, and then the precipitate was filtered off,
washed with cold ethanol, and dried in air.

Synthesis of Eu(dbm + tta);DPPZ. A solution of 1 mmol of
EuCl;-6H,0 in 20 ml of ethanol was added to a mixture of Htta
(1.5 mmol), Hdbm (1.5 mmol), and Et;N (3 mmol) in 20 ml of
ethanol, then a solution of DPPZ (1 mmol) in 30 ml of ethanol
was added, and the precipitation was observed. The reaction
mixture was stirred for 2 h, and then the precipitate was filtered
off, washed with cold ethanol, and dried in air.

Synthesis of Eu(dbm);DPPZ + Eu(tta);DPPZ. Two obtained
individual complexes Eu(dbm);DPPZ and Eu(tta);DPPZ were
dissolved in THF, then two equimolar solutions of the com-
plexes were mixed, followed by the resulting solution evapora-
tion to dryness.

Methods

X-ray powder diffraction (XRD) patterns were measured on a
Bruker D8 Advance diffractometer with a LynxEye detector and
Ni filter monochromator, A(CuKa) = 1.5416 A, 0/0 scan from 5°
to 50°, step size 0.020°. The measurements were performed in
reflection mode, and the compounds were deposited on a
silicon zero-background holder. The refinement of the powder
patterns was performed in TOPAS 5.0 software.

'H NMR spectra and "°F NMR spectra were recorded from
the DMSO-dg and THF-dg solutions with a Bruker Avance
600 NMR spectrometer.

Thermal analysis was carried out on a thermoanalyzer STA
409 PC Luxx (NETZSCH, Germany) in the temperature range of
20-1000 °C in air and at a heating rate of 10° min~"'. The
evolved gases were simultaneously monitored during the TA
experiment using a coupled QMS 403C Aeolos quadrupole mass
spectrometer (NETZSCH, Germany). The mass spectra were
registered for the species with the following m/z values: 18
(corresponding to H,0), 44 (corresponding to CO,) and 46
(corresponding to C,H;OH).

IR spectra in the ATR mode were recorded on an FTIR
Nikolet iS50 spectrometer in the region of 500-4000 cm .

MALDI mass spectra were recorded on a Bruker Autoflex II
instrument (resolution FWHM 18000) equipped with a nitrogen
laser with an operating wavelength of 337 nm and a time-of-
flight mass analyzer operating in reflectron mode. Accelerating
voltage 20 kV. The samples were applied to a polished steel
substrate. The recording was performed in the mode of positive
spectra. The resulting spectrum was the sum of 50 spectra
obtained at different points in the sample. The matrices
used were 2,5-dihydroxybenzoic acid (DHB) (Acros, 99%) and
a-cyano-4-hydroxycinnamic acid (HCCA) (Acros, 99%).

Photoluminescence spectra were recorded using a Fluoro-
max Plus (HORIBA) spectrometer at room temperature; excita-
tion was performed through a ligand, and the absolute method
in the integration sphere was used.
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OLED fabrication

Glass substrates coated with 15 Ohm sq ' of prepatterned
indium tin oxide (Kaivo LTD) were used as anodes. The
substrates were cleaned by three-step ultrasonication in deio-
nized water, acetone, and isopropanol for 15 min each followed
by drying with airflow. Then, a 20 min UV treatment was
performed to remove residual organic impurities.

Hole injection layer PEDOT-PSS (poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate)) (Ossila Al-4083) was spin-coated on
cleaned ITO glass substrates at 3000 rpm for 1 min with a
subsequent annealing process at 140 °C for 10 min in the air.
Then, a 20 nm thick hole-transporting poly-TPD (Ossila) solution
was spin-coated from 5 mg mL " solution in chlorobenzene at
1500 rpm for 1 min and dried at 120 °C for 10 min in a nitrogen-
filled glovebox. Afterward, a 30 nm thick emission layer was spin-
coated from THF (complex: CBP 1:3, total ¢ =5 g L™ ') at 1500 rpm
for 1 min with further annealing at 80 °C for 10 min.

Finally, the substrates were transferred into a MB-ProVap 5G
vacuum deposition system. The ~20 nm thick electron-
transporting/hole-blocking layer TPBi (Lumtec) was thermally
evaporated followed by a ~1 nm thick LiF layer and 100 nm
thick aluminum layer as the cathode in a sequence through a
shadow mask at 107® mbar to form 21 mm® pixels. The
thicknesses of all evaporated layers were controlled by a quartz
micro-balance resonator pregraduated by profilometry.

Measurements of the OLED characteristics were performed
in the N, glovebox without encapsulation. The electrolumines-
cence spectra were obtained with an Instrument Systems CAS
120 Array spectrometer sensitive within 200-1100 nm. Current-
voltage characteristics were measured by using a Keithley 2400
source-meter measurement unit. The turn-on voltage was
defined as the voltage at which 1 ¢d m 2 EL intensity was
achieved.

Results and discussion

Synthesis and characterization

Complexes Eu(L);DPPZ (L = tta and dbm) were synthesized
from the ethanol solutions of HL (HL = Hdbm or Htta),

a

Eu(tta);DPPZ

Eu(dbm+tta);DPPZ

Eu(dbm);DPPZ+Eu(dbm);DPPZ
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europium chloride hexahydrate EuCl;-6H,0O, and dipyrido
[3,2-a:2'c,3cc]phenazine (DPPZ) as in the original papers.**™*
Their composition, as well as that of MLCs, was confirmed
using thermal analysis (Fig. S2a in ESIf), IR-spectroscopy
(Fig. S2b, ESIt), and "H NMR spectroscopy (Fig. 2 and Fig. S3,
ESIt). The Eu(dbm);DPPZ powder diffraction pattern was suc-
cessfully indexed (Fig. S1a, ESIT), and the powder diffraction
pattern of Eu(tta);DPPZ was successfully refined by the Rietveld
method (Fig. Sib, ESIT) using the structure we obtained
earlier."”

To study the possibility of the formation of the mixed-ligand
complex, two approaches were used (Scheme 1). The first one
consists in the dissolution of the equimolar mixture of two
anionic ligands tta~ and dbm™ in ethanol, followed by the
synthesis of a mixed-ligand complex Eu(dbm + tta);DPPZ using
this mixture as a source of anionic ligand. While the second
one represents the simple co-dissolution of individual com-
plexes Eu(dbm);DPPZ and Eu(tta);DPPZ in THF, followed by
the clear solution rotary evaporation to dryness. THF was
selected as a solvent suitable for thin film deposition, as we
aim for OLED application, where thin films are necessary.

The second method was supposed to be effective due to
lanthanide complexes, in particular B-diketonates, being very
labile,*® and thus, partial dissociation and ligand exchange is
expected during the co-dissolution. This may also result in
obtaining the same product by both methods.

The initial task was to determine whether the obtained
compounds did indeed represent mixed-ligand complexes,
and not a mixture of the individual complexes, as well as to
compare them to each other. After that, it was also important to
find out if the individual mixed-ligand compound was formed,

15t method

EuCl;+DPPZ B3 [Hdbm+Htta]+N(Et);
Eu(dbm+tta);DPPZ

Scheme 1 Two approaches to the formation of the mixed-ligand
complex.
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Fig. 2 (a) *F NMR and (b) *H NMR spectra of individual complexes (Eu(dbm)sDPPZ and Eu(tta)sDPPZ) and mixed-ligand complexes Eu(dbm + tta)sDPPZ

and [Eu(dbm)sDPPZ + Eu(tta)sDPPZ] (THF-dg).
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or the product represents a statistical mixture, containing all
the possible complexes [Eu(dbm);DPPZ + Eu(dbm),(tta)DPPZ +
Eu(tta),(dbm)DPPZ + Eu(tta);DPPZ].

Therefore, a combination of methods of powder X-ray dif-
fraction, '"H and '°F NMR spectroscopy in THF-dg, MALDI MS
spectroscopy, and luminescent spectroscopy was used. Direct
proof of the mixed-ligand individual complex formation is very
complicated, and therefore, although "H and *°F NMR spectro-
scopy can only determine the complex composition and struc-
ture in solution, it is very informative as it sheds light on the
processes preceding the complex formation. Thus, THF-dg was
selected as a solvent for the NMR study, due to OLED thin films
being deposited from THF.

Because of the presence of the unpaired electrons in lantha-
nide ions, the signals in the NMR spectra of their complexes
can be shifted and broadened in comparison to the complexes
with diamagnetic ions.*® This shift depends on the distance
from the analyzed nucleus to the lanthanide ion, as well as on
the total complex geometry. It makes the spectra very sensitive
to the slightest changes in the coordination environment,
including ligand exchange.

The comparison of the obtained spectra with each other
revealed that in the '°F spectrum of Eu(tta);DPPZ, the only
signal is expectedly observed, whereas Eu(dbm);DPPZ contains
no fluorine atoms at all. While both spectra of the Eu(dbm +
tta);DPPZ complex and a mixture of individual complexes
[Eu(dbm);DPPZ + Eu(tta);DPPZ] contain three signals, indicat-
ing that they dissociate into three different forms in THF-dg
(Fig. 2(a)). This corresponds to the entry of 1, 2, and 3 anionic
ligands into the coordination sphere of each europium ion. The
coincidence of the '°F NMR spectra of the [Eu(dbm);DPPZ +
Eu(tta);DPPZ] and Eu(dbm + tta);DPPZ complexes confirms the
identical composition of both products.

This is clearly seen in the case of the 'H NMR spectra
(Fig. 2(b)) of [Eu(dbm);DPPZ + Eu(tta);DPPZ] and Eu(dbm +
tta);DPPZ complexes, for which the proton signals absolutely
coincide. The presence of new signals in the mixed-ligand
complex spectra, rather than only the summation of the signals

a
Eu(dbm),DPPZ+Eu(tta),DPPZ
877 879
881
875 878 88|0 882
] )
879 Eu(dbm)(tta)DPPZ*
877 880
878 882
875 g76 | | ‘ N/, 883

pi 877
876 878
‘ | ‘ | 879 880 Eu(tta),DPPZ
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of individual compounds, indicates the mixed-ligand complex
formation. In the case of paramagnetic compounds, the slight-
est structural changes in the solution lead to significant
changes in the magnetic properties and, consequently, to
significant paramagnetic shifts.*® Therefore, the same para-
magnetic shifts in both the "°F and "H spectra of the obtained
mixed-ligand complexes mean the structural identity of the
obtained compounds.

In order to study the ratio of anionic ligands in mixed-ligand
complexes Eu(dbm + tta);DPPZ and [Eu(dbm);DPPZ +
Eu(tta);DPPZ], MALDI spectroscopy was carried out. During
the ionization of the investigated substances, the elimination
of one anionic ligand occurs for both individual complexes and
mixed-ligand complexes. In MALDI MS spectra of individual
complexes Eu(dbm);DPPZ and Eu(tta);DPPZ, only signals
corresponding to the theoretical isotopic distribution of
Eu(L),DPPZ" are present (Fig. 3(a)). In the case of mixed-
ligand complexes Eu(dbm + tta);DPPZ and [Eu(dbm);DPPZ +
Eu(tta);DPPZ], the most intense signals correspond to the
Eu(dbm)(tta)DPPZ" complex. However, the presence of signals
of both Eu(dbm),DPPZ" and Eu(tta),DPPZ" speaks in favour of
statistical distribution of anionic ligands dbm™ and tta™ in
mixed-ligand complexes.

The powder X-ray diffraction (PXRD) analysis also confirmed
the absence of individual complexes in each of the products.
Both Eu(dbm);DPPZ and Eu(tta);DPPZ represent highly crystal-
line solids, while the PXRD patterns of Eu(dbm + tta); DPPZ and
[Eu(dbm);DPPZ + Eu(tta);DPPZ] correspond to an amorphous
substance, not containing the reflexes corresponding to the
individual complexes (Fig. 3(b)). Furthermore, the amorphous
nature of these patterns speaks in favour of the formation of
the individual complex Eu(dbm + tta);DPPZ, where dbm™ and
tta” ligands statistically occupy the positions around the cen-
tral europium ions. This is further confirmed by the lumines-
cence data, discussed in the corresponding section.

Thus, we can conclude that both obtained compounds are
mixed-ligand, they have the same composition and they do not
contain the individual complexes even as mixture components.

b

Eu(dbm),DPPZ

Eu(tta),DPPZ
IM\-\_\ Eu(dbm+tta),DPPZ

879 881  Eu(dbm),DPPZ* Eu(dbm),DPPZ+Eu(tta),DPPZ
880 882
| 883
874 876 88 880 882 884 5 10 15 20 25 30 35
m/z 20,°

Fig. 3

(a) MALDI spectra of individual complexes (Eu(dbm)sDPPZ and Eu(tta)sDPPZ) and mixed-ligand complexes Eu(dbm + tta)sDPPZ and

[Eu(dbm)sDPPZ + Eu(tta)sDPPZ]; the theoretical isotope distribution is indicated by red sticks. (b) PXRD patterns (normalized) of individual complexes
(Eu(dbm)sDPPZ and Eu(tta)sDPPZ) and mixed-ligand complexes Eu(dbm + tta)sDPPZ and [Eu(dbm)sDPPZ + Eu(tta)sDPPZ].
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Moreover, they rather correspond to the individual complex
Eu(dbm + tta);DPPZ, where dbm™ and tta™ are statistically
localized around the Eu®* ion.

Photoluminescence properties

All photoluminescence properties were studied for the thin
films, as complexes are used in OLEDs in the thin film state.
Thin films of individual complexes (Eu(dbm);DPPZ and
Eu(tta);DPPZ) and mixed-ligand complexes (Eu(dbm + tta);
DPPZ and [Eu(dbm);DPPZ + Eu(tta);DPPZ]), as well as compo-
site films, where the complexes were doped into ambipolar host
CBP (4,4’-bis(9-carbazolyl)-2,2’-biphenyl) (75% wt% of CBP),
then were spin-coated onto quartz glass from THF solution
(5 g L™") at 1500 rpm, and further annealed at 80 °C for 20 min,
similarly as further during OLED fabrication.

We measured absorption spectra, excitation spectra, lumi-
nescence spectra, photoluminescence quantum yields, and
observed lifetimes. These data were obtained under the same
conditions in the same experiment for films deposited under
the same conditions. Therefore, we suggested that it is possible
to present these values with higher accuracy than that of the
PLQY determination method (above 1%).

The photoluminescence (PL) spectra of individual and
mixed-ligand complexes (both pure and doped into CBP),
coincide with each other and correspond to the luminescence
of Eu®* (Fig. 4(b) and (d)). However, the luminescence of
undoped films was much less intense, and the luminescence
of the DPPZ ligand was observed for undoped films.

The photoluminescent excitation (PLE) spectra of the
undoped films correspond to the absorption of dbm™, tta™,
and DPPZ ligands and possess quite close maximum positions
(Fig. 4(a)). In the case of films, doped into CBP, the form of the
excitation spectra is changed, witnessing the additional
through-CBP excitation of Eu** luminescence (Fig. 4(c)). Expect-
edly, no noticeable change in the shape of the excitation bands
is observed after the formation of both Eu(dbm + tta);DPPZ and
[Eu(dbm);DPPZ + Eu(tta);DPPZ].

The PLQY values of the obtained films were equal among
both doped and undoped films (Table 1). This is unexpected,
since in previous work®” the increase of the PLQY was observed
due to the mixed-ligand complex formation. It can be explained
by the presence of the efficient quencher DPPZ ligand, which
levels off the positive impact of the lifetime decrease. This
PLQY equality, however, is useful for the current research, as it
allows the further direct comparison of the OLED performance.

Unlike PL and PLE spectra, as well as PLQY values, the
observed lifetimes underwent a significant change upon MLC
formation. The lifetimes of individual complexes
Eu(dbm);DPPZ and Eu(tta);DPPZ (79 ps and 110 ps, respec-
tively) are rather low compared to typical coordination com-
pounds of europium, which is associated with luminescence
quenching by the DPPZ ligand,"” as well as with the easy
polarizability of B-diketonates.'> However, the observed life-
times of the mixed-ligand complexes Eu(dbm + tta);DPPZ and
[Eu(dbm);DPPZ + Eu(tta);DPPZ] (65 us and 67 ps, Table 1) were
even lower than that of individual complexes and, moreover,

20046 | Phys. Chem. Chem. Phys., 2023, 25, 20042-20048
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Fig. 4 (a) Excitation (lem = 612 nm) of pure europium complex films

and absorption spectra of the ligands, and (b) luminescence spectra
(Zex = 360 nm) of pure europium complex films. (c) Excitation (lem =
612 nm) and (d) luminescence spectra (lex = 330 nm) of composite films
(CBP:complex = 3:1).

Table 1 Photoluminescence and transport properties of the obtained
films of europium complexes

PLQY, Tobsy CBP films CBP films
Complex % us PLQY, % Tobsy MS
Eu(dbm),DPPZ 4.8 79 3.2 0.32
Eu(tta);DPPZ 5.3 110 4.6 0.36
Eu(dbm + 5.0 65 4.2 0.28
tta);DPPZ
[Eu(dbm),DPPZ + 5.2 67 3.5 0.27
Eu(tta);DPPZ]

equal to each other (Fig. 5(a)). This confirms the hypothesis put
forward that by reducing the symmetry of the coordination
environment, it is possible to achieve a decrease in the lifetime
of the excited state, and additionally speaks in favour of the
same structure of both mixed-ligand complexes. For the doped
films, this difference is less pronounced; however, both MLCs
also demonstrate equal lifetimes, which are lower than those of
both initial complexes.

It is especially important that all the measured decay curves,
including those of MLCs, were monoexponential (Error! Refer-
ence source not found.), which confirms the formation of
individual complexes. Thus, the obtained mixed-ligand com-
plexes can be considered as the individual complex Eu(dbm +
tta);DPPZ, where dbm™~ and tta are statistically localized
around the Eu®" ion.

Electroluminescence properties

In order to study the effect of the observed lifetime on the
electroluminescence efficiency, the obtained thin films were
tested as emission layers in OLEDs. OLEDs were manufactured
with the same heterostructure (Table 2), which had already

This journal is © the Owner Societies 2023
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Fig. 5 (a) Normalized decay curves (lex = 360 nm, Aem = 612 Nnm) of pure

europium complex films; (b) electroluminescence spectra of OLEDs 1-4 at
the Uyn voltage; (c) I-V curves of OLEDs 1-4; (d) L—V curves of OLEDs 1-4.

been tested for europium coordination compounds:*’ ITO/
PEDOT:PSS/poly-TPD/CBP : emitter (3 :1 wt%)/TPBi/LiF/Al

We selected CBP as a host material in EML due to: (1) its
high HOMO level (5.9 eV) and high excited state energy (2.6 eV),
suitable to cause efficient energy transfer to europium
luminescence,*® (2) it is an ambipolar host,** and (3) it is
known as the best host for solution-processed OLEDs.*® The
doping concentration (25 wt%) was selected based on our
previous study.'”

All the obtained OLEDs demonstrated solely typical intense
electroluminescence spectra of europium ions (Fig. 5(b)).
According to their I-V curves, a high current density is
observed, associated with the expected good transport proper-
ties of the obtained compounds (Fig. 5(b)).

The maximum luminance of the OLEDs 1 and 2, based on
the individual Eu(dbm);DPPZ and Eu(tta);DPPZ complexes,
reached 381 cd m~? and 255 ¢d m™? at 13V (Fig. 5(d)), respec-
tively. It is important to note that both complexes demonstrate
the same PLQY. Despite this fact, OLED 1 demonstrates clearly
higher luminance in the whole bias range, which can only be
explained by its remarkably lower observed lifetime (Table 1).

As expected, both MLCs demonstrated EL luminance,
exceeding those of individual complexes, up to 502 cd m™ >
for [Eu(dbm);DPPZ + Eu(tta);DPPZ] at 13 V. Both OLED 3 and
OLED 4 demonstrated the same luminance up to 11 V, though

Table 2 Electroluminescent properties of the obtained OLEDs based on
europium complexes

Complex OLED number Ugp, V. Ly, ¢d m™2
Eu(dbm);DPPZ 1 4.0 381
Eu(tta)3DPPZ 2 4.0 255
Eu(dbm + tta);DPPZ 3 40 423
[Eu(dbm);DPPZ+ Eu(tta);DPPZ] 4 4.0 502
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above this value a slight difference was observed, probably, due
to the different current density at a higher voltage.

An obtained 25% increase in luminance cannot be explained
by anything other than the lifetime change. In fact, the PLQYs
of both complexes and doped films are equal, and the charge
carrier mobilities for MLC are of the same order as for indivi-
dual complexes. Thus, mixed ligand complex formation leads
to a 25% increase in luminance in comparison to those based
on individual complexes due to the decrease in the lifetime of
the excited state.

Conclusions

Two approaches resulted in the formation of the same mixed-
ligand complex Eu(dbm + tta);DPPZ, where dbm and tta are
statistically localized around the Eu®’. Its observed lifetime,
obtained from the monoexponential decay curve, was remark-
ably shorter than the lifetimes of both individual complexes
due to a decrease in the symmetry of the coordination environ-
ment of the central ion. Despite this, their PLQYs were equal to
those of Eu(dbm);DPPZ and Eu(tta);DPPZ (4.8-5.3%).

As a result, the luminance of both MLC-based OLEDs
exceeded the luminance of each of the OLEDs based on
individual complexes, which confirms the promise of the
proposed approach. Although the lifetimes only slightly change
in the doped films, even such a slight difference results in the
increase of the OLED luminance in the whole bias range. The
luminance of the OLEDs, based on the individual complexes,
also correlates with the lifetimes, stressing the importance of
this parameter.

We suggest that this approach is important as it offers a very
simple way to further increase the lanthanide-based OLED
efficiency by simply mixing two efficient emitters.
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