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To develop the recently proposed approach toward host selection for lanthanide-based emitters, four

phosphine oxides PO = PO1-PO4 were investigated which are able to both increase the electron mobility

and to sensitize terbium luminescence. New highly soluble and brightly luminescent terbium complexes
TbCl3(PO)-H,O and Th(pobz)3(PO)-(CH3),CO (pobz™ = phenoxybenzoate) with a quantum yield of up to
100% were synthesized and thoroughly characterized. To study the electroluminescence properties of

these materials, a series of solution-processed OLED devices were fabricated and their heterostructures
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Introduction

Organic light-emitting diodes (OLEDs) have drawn intense
attention during the past few decades due to their potential
applications in solid-state lighting and flat-panel displays. The
standard method for fabricating organic light-emitting diodes
(OLEDs) based on small molecules is vapor deposition of
materials through a series of physical shadow masks."?
However, this process has critical drawbacks including con-
siderable loss of the expensive materials during evaporation
and high manufacturing costs. The best way to improve the
efficiency of the process and reduce the production costs is to
use solution processing of OLED materials.”

At the same time, the efficiencies of solution-processed
OLEDs are generally lower than those of vacuum-deposited
OLEDs.>* This is primarily related to the fast degradation of
the device. Lee et al. showed that the crucial factor determin-
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were selected based on the HOMO and LUMO energies of PO1-PO4, which were carefully assessed by
the combination of DFT and TDDFT methods. Thus, the effectiveness of the proposed approach was
proved, and the influence of the anionic ligand was shown. The maximum OLED luminance reached
75 Cd m~2, which is a high value for solution-processed OLEDs based on terbium complexes.

ing the device lifetime is the film morphology and the packing
density. Since the molecules in the films obtained by solution
processing are not as closely packed as those in the vacuum-
based layers, solvent impurities may remain inside the solu-
tion-processed films and oxygen can diffuse into the film more
easily.”

However, due to the further optimization of the film depo-
sition process, e.g. selection of an optimal solvent, spin-
coining speed and temperature, for certain materials, it is
already possible to obtain OLEDs that are only slightly inferior
to vacuum-deposited analogues.” Thus, a further search for
new materials for solution-processed OLEDs is an important
task.

As materials, we propose coordination compounds of
lanthanides. Because of the special mechanism of lumine-
scence,’ the triplet excitons are involved in the luminescence
processes, and lanthanide narrow emission bands (down to
FWHM = 10 nm) guarantee a high purity of light. At present,
the best results in OLEDs based on lanthanide complexes were
obtained using mixed-ligand beta-diketonate complexes de-
posited from the gas phase.””® However, beta-diketonates are
unstable under current. Therefore, a promising class of
anionic ligands are aromatic carboxylates, since they are
stable® and exhibit quantum yields of up to 100%."° However,
they usually do not possess the intrinsic mobility of charge car-
riers. To solve this problem, an additional host material that
must demonstrate high mobility, for example electronic, and

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Investigated host materials.

effectively transfer energy to the emitter is widely utilized. The
classical approach to the choice of the host material is based
on the host — ligand energy transfer, but in the case of lantha-
nide compounds, this transfer implies a large Stokes shift,
which leads to a loss of the OLED efficiency. Thus, we have
recently proposed a new approach to the selection of such a
host that will transfer energy directly to the luminescent ion
due to coordination.™

In the present work, we investigate four new host materials,
able to serve as ligands (Fig. 1). Due to the presence of a elec-
tron-depleted system, we expect them to possess electronic
mobility; indeed, PO2 and PO4 were already tested as host
materials in iridium-based OLEDs.'>'* While the presence of
the P=0 fragment makes them capable of forming complexes
with the lanthanide ion,"*" particularly PO1 and PO4 were
used to form complexes with Tb**.'®'” As the emitting ion,
Tb** was selected because phosphine oxides are known to sen-
sitize the terbium luminescence efficiently.

Since the electroexciton will be generated on a host material
that is directly capable of transferring energy to the lanthanide
ion, the role of the anionic ligand becomes unobvious. To
determine the role of the anionic ligand, we have chosen two
different anions: the chloride anion, which is not capable of
sensitizing the terbium luminescence, and the o-phenoxy-
benzoate anion (pobz~), which is known for its very
effective  sensitization of the terbium luminescence
(QY(Tb(pobz);(H,0),) = 96%) and at the same time it does not
possess the intrinsic charge carrier mobility."®

Results and discussion
Synthesis and complex composition

TbCl;(PO)-H,0 complexes were obtained by a reaction between
an excess of TbCl;-6H,0 and the corresponding PO in ethanol,
followed by evaporation of the reaction mixture to dryness and
washing with water to avoid the impurity of TbCl;-6H,0. This
resulted in the formation of monohydrated complexes, which
were analyzed using the thermal analysis data. While
Tb(pobz);(PO)-(CH;),CO (PO = PO1-PO4) complexes were
obtained as a precipitate from a water-acetone mixture, which
leads to a different solvate composition.

To determine this solvate composition, the thermal analysis
data with the simultaneously recorded MS profiles were used
(Fig. 2). The profiles of carbon dioxide (m/z = 44) and water
(m/z = 18) evolution were very similar in shape and reflected

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) TGA curve of TbCl3(PO1)-H,O and (b) TGA curve and simul-
taneously detected evolution of the gaseous decomposition products of
Tb(pobz)3(PO4)-(CH3),CO. Normalized MS profiles are given for m/z 18
(H,0), 44 (CO,), and 58 (acetone).

the contribution of complex thermal decomposition in the
temperature range of 325-740 °C. No additional temperature
points corresponding to the local concentration maxima at
lower temperature were detected in the H,O evolution profile
(Fig. 2b), indicating no coordinated water molecules. Unlike
water, the acetone evolution profile (m/z = 58) demonstrated a
pronounced concentration maximum at 155 °C, corresponding
to its removal according to the reaction:

Tb(pobz),(PO) - (CH3),CO — Tb(pobz),(PO) + (CH;),CO.

Such a high temperature point might be the consequence
of the chemical bond between the acetone molecule and
Tb(pobz);(PO). Thus, the nature of the solvent was determined
from the MS profiles, while the corresponding weight loss
allowed determining the number of the coordinated acetone
molecules.

The TGA data also indicated the absence of the PO impur-
ity, which is indirectly supported by the PXRD data, at least for
PO2 and PO4. Indeed, all the Tb(pobz);(PO)(CH;3),CO com-
plexes are amorphous (Fig. S227), while PO complexes (PO =
PO1-PO4) are crystalline (Fig. S19-217), which proves the
absence of the free neutral ligand PO impurity.

In the case of both TbCl;(PO)-H,O and Tb(pobz);
(PO)-(CH3;),CO, only one neutral ligand molecule (PO) is co-
ordinated, which is confirmed from the TGA data. In the case
of Tb(pobz);(PO)-(CH;),CO, this conclusion is also supported
by the "H NMR spectroscopy data, based on the ratio of the
integrated intensities of the non-overlapping signals of neutral
ligands PO1-PO4 and the anionic ligand pobz™. Since the Tb**
ion has strong paramagnetic ion effects'® and the NMR
spectra of its complexes are usually not quantitative due to
strong signal broadening,”® "H NMR analysis was carried out
for La(pobz);(PO)-(CH;),CO complexes, synthesized by the
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Fig.3 *H NMR spectra of La(pobz)s(PO)-(CH3),CO, PO and La
(pobz)3(H,0),, PO = (a) PO1 and (b) PO2 in DMSO-d®.

same reaction (Fig. 3). The ionic radius of La®* is larger than
that of Tb®", which suggests that if the La** coordination
sphere is saturated due to the coordination of only one neutral
PO ligand in the La(pobz);(PO)-(CH3),CO complexes, then the
coordination sphere of the terbium ion will also be saturated
with only one molecule of PO.

The 'H NMR spectra of the La(pobz);(PO)-(CH;),CO com-
plexes represent the superposition of the "H NMR spectra of
La(pobz);(H,0), and of the corresponding PO. The ratio of the
integrated intensities of the signals indicate the 3:1 ratio of
the pobz™ and PO ligands, which confirms the assigned com-
position. It is also worth noting that due to the coordination
to the La®*" ion, the PO signals in the spectrum of the complex
are slightly shifted in comparison with the spectrum of the
free ligand (i.e. from 7.75 ppm for PO1 to 7.73 ppm for La
(pobz);(PO1)-(CH3),CO), indicating the coordination of the
neutral ligand by La** in DMSO, while the signals of pobz~
protons are almost not shifted from La(pobz);(H,0), to La
(pobz);(PO)-(CH,),CO.

Luminescence properties

The PO1 and PO4 ligands were known earlier to form lumines-
cent complexes with terbium acylpirazolonates or beta-diketo-
nates,'®'” while no data for terbium sensitization ability by
PO2 and PO3 are present in the literature. Besides even in the
case of PO1 and PO4, it was not clear whether the PO-ligand
played a role in the luminescence sensitization, or terbium
luminescence was observed due to the anionic ligand.
Therefore to test the possibility of terbium luminescence sen-
sitization by these ligands, TbCl;(PO)-H,O luminescence was
examined.

All the TbCl3(PO)-H,O (PO = PO1-PO4) complexes exhibit
only terbium ionic luminescence, and the absence of ligand
emission bands in the spectrum and high quantum yields (up
to 70%, Table 1) indicate a high sensitization efficiency
(Fig. 4b). The different Stark splitting of the °D, — “F; bands
in the luminescence spectra of TbCl;(PO)-H,O indicates a sig-
nificant difference in the coordination environment of the
terbium ion in these complexes, which is also confirmed by
the different lifetimes of the complexes (Table 1).

The excitation spectra of TbCl3(PO)-H,O are strongly
different from each other (Fig. 4a), which is due to the
different energies of the singlet excited states of the PO
ligands. The excitation spectrum of TbCl;(PO1)-H,O differs

16352 | Dalton Trans., 2018, 47, 16350-16357

View Article Online

Dalton Transactions

Table 1 Luminescence properties of terbium complexes

Complex PLQY, % (+5) Tobs, MS (£0.05)
TbCl,(PO1)-H,0 29 1.25
TbCl,(PO2)-H,0 54 2.77
TbCl;(PO3)-H,O 39 2.12
TbCl,(PO4)-H,0 69 1.89
Tb(pobz),(PO1)-(CH,),CO 100 1.86
Tb(pobz);(PO2)-(CH;),CO 87 1.47
Th(pobz);(PO3)-(CH;),CO 95 1.73
Th(pobz);(PO4)-(CH;),CO 100 1.76

——TbCL,(POT)H,0 40
—— TbCI,(PO2H,0 35
—— TbCI,(PO3)H,0 30
TbCL,(PO4)H,0 25

TOCIy(PO1)-H,0
504-7F4 5040 1F3

THCI(PO2)-H,0

,au
lLau

THC(PO3)-H,0

TbCly(PO4)-H,0

00 +
280 300 320 340 360 380 400 450 500 550 600 650 700

a) b)

Fig. 4 (a) Excitation (leyy = 545 nm) and (b) luminescence (lex =
320 nm) spectra of TbClz(PO)-H,O complexes.

substantially from the other excitation spectra, which can be
attributed to the fundamentally different structure of the PO1
ligand, since it is the only ligand in which the triphenyl-
phosphine oxide fragments are connected through an ali-
phatic, and not aromatic, bridge (Fig. 1).

The Tb(pobz);(PO)-(CH3),CO (PO = PO1-PO4) complexes
also exhibit only terbium ionic luminescence (Fig. 5b). The
excitation spectra of Tb(pobz);(PO)-(CH;),CO are very similar
to each other and to the excitation spectrum of the complex Tb
(pobz);(H,0), (Fig. 5a). This suggests that the HOMO and
LUMO orbitals in Tb(pobz);(PO)-(CH;),CO appear to be loca-
lized to the o-phenoxybenzoate anion, and it plays an impor-
tant role in the transfer of energy to the terbium ion.

The quantum yields of TbCl;(PO)-H,O allow a qualitative
assessment of the sensitization efficiency of ligands, which is
rather high for all the ligands. The highest sensitization
efficiency was observed for PO4. The quantum yields of all the
Tb(pobz);(PO)-(CH;3),CO complexes reach 87-100% (Table 1),
which makes them prospective luminescent materials for

various applications. Such high quantum yields of

w0 S04-.7F5

—— Th(pobz)y(PO1)-(CH3),CO

Th(pobz),(PO1)-(CH,),CO
—— Tb(pobz),(PO2)-(CH;),CO 5047r4504>7r8
—— Th(pobz)y(PO3)-(CH;),CO
— Th(pobz);(PO4)-(CH,),CO
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Th(pobz),(PO2)-(CH,),CO
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Th(pobz);(PO3)-(CH;),CO

Th(pobz)(PO4)- (CHy),CO

a) ‘ b)

Fig. 5 (a) Excitation (lem = 545 nm) and (b) luminescence (lex =
320 nm) spectra of Tb(pobz)s(PO)-(CH3),CO complexes.
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Tb(pobz);(PO)-(CH;),CO were expected as the PLQY of
Th(pobz);(H,0), reached 96%.'®

Quantum chemical calculations

Quantum chemical modeling was aimed at determining the
energies of the frontier orbitals of the neutral ligands, since
these values are crucial for OLED fabrication as they are
expected to be involved in the electron transport processes. In
addition, the localization of frontier orbitals was determined,
since the knowledge of the orbital localization would allow the
determination of the positions for the substituent introduction
for the directed change of the energies of these orbitals.

For the PO2 ligand, the energies of the frontier orbitals
have already been calculated by Chunmiao Han et al. at the
DFT B3LYP/6-31G* level in ref. 12 and were recalculated here
by the same dual-stage approach as for PO1, PO3, and PO4
(DFT + TDDFT PBE0/6-31G* level).

According to the DFT results, HOMOs are localized on the
linker between the individual phosphine oxides (Fig. 6). This
explains the differences in the energy of the HOMO for
selected PO1-PO4 compounds, since the nature of the linker is
different: aromatic (PO2, PO4), heteroaromatic (PO3), and ali-
phatic (PO1).

It is well known that the DFT method, suitable for ground
state calculations, significantly overestimates the energies of
virtual orbitals containing no electrons, to which the LUMO
belongs. Therefore in our work we used a dual-stage approach
to determine the LUMO energy, based on the calculation of
vertical excitations and then the energy gap (E,) from TDDFT,
followed by the calculation of the LUMO energy as E(LUMO) =
E(HOMO) + Ej.

To verify the reasonableness of vertical excitation calcu-
lations, the TDDFT absorption spectra were compared with
those experimentally observed. It turned out that they corre-
lated very well both in the position of the bands and in the
relative magnitude of the oscillator strength (Fig. 7). The high
absorption of PO ligands (up to e =5 x 10* M~" em™, Fig. 7a)
also makes Tb(pobz);(PO)-(CH3),CO complexes promising for
photoluminescence applications.

a)

c) 1}

Fig. 6 Localization of the HOMO in arylphosphine oxides: (a) PO1, (b)
PO2, (c) PO3, and (d) POA4.
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Fig. 7 Absorption spectra of PO: (a) experimental (107> M, acetonitrile)
and (b) calculated.

It was found that only for the PO4 ligand, the lowest energy
band in the TDDFT spectrum corresponds to the HOMO —
LUMO transition. In the remaining cases, all the calculated
absorption bands correspond to the superposition of several elec-
tronic transitions. The most significant contribution is made by
the transitions HOMO-1 — LUMO and HOMO — LUMO
(Table 2). To calculate the energy of the LUMOs, we used the
expression E(LUMO) = E(HOMO-N) + E,, where E(HOMO-N)
corresponds to either (a) the energy of the orbital with the
highest contribution, or (b) the weighted average energy of the
orbitals from which the transition to the LUMO was observed.

We found that the energy values obtained from the energy
of the main and averaged orbitals (Table 2) practically
coincided. At the same time, as expected, the obtained LUMO
values differ significantly from the data of the DFT method,
particularly the LUMO energy of the PO2 ligand is significantly
different from that from ref. 12.

OLED fabrication

The synthesized complexes were tested in OLEDs as emission
layers within the composite films Tb(L);: nPO (L = C1~, pobz™;
PO = PO1-PO4), where an excess of PO was introduced to
ensure electronic mobility, and the ratio of Tb(L);: PO = 1:n
was varied (Table 3).

The ETL and HTL layers were chosen according to the cal-
culated HOMO and LUMO energy values of the PO. Initially,
the TAZ material with a high LUMO energy (2.8 eV) was
chosen as the electron transport layer due to the high LUMO
level of PO1-PO4. The widely used PVK material was chosen as
the hole transport layer, since its HOMO level (5.8 eV) is well
suited to facilitate the transport of holes from the PEDOT:PSS
hole into the emission layer, as well as PVK is insoluble in
ethanol, from which the emission layer will be deposited.

To determine the best host material, all PO1-PO4 hosts
were tested in OLEDs with the same heterostructures with
TbCl; : 5PO (PO = PO1-PO4) emission layers made under the
same conditions (A-D devices, Table 3). In the electrolumines-
cence spectra of all A-D diodes, typical emission bands of
terbium luminescence corresponding to the D, — ’F; tran-
sitions were observed.

The electronic mobility of the PO materials was estimated
by comparing the current values at the same voltage from the
I-V curves (Fig. 8b). The mobility increases in the A-C-B-D
series and the maximum electronic mobility is demon-
strated by the materials PO2 and PO4. The efficiency of the

Dalton Trans., 2018, 47, 16350-16357 | 16353
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PO = E(HOMO), eV E(LUMO) (DFT), eV Eg, eV Transition (contribution®) E(HOMO-N), eV E(LUMO)?, ev
PO1 -6.923 -0.917 5.21 HOMO — LUMO (64%) E(HOMO) = —6.923 (a) -1.713
HOMO-1 — LUMO (15%) Eovg1,2 = —6.933 (b) —1.723
HOMO-1 — LUMO+1 (15%)
HOMO-1 — LUMO+5 (2%)
HOMO — LUMO+1 (1%)
HOMO — LUMO+2 (3%)
PO2 —6.563 -1.295 4.5056 HOMO-1 — LUMO (78%) E(HOMO-1) = —6.691 (a) —2.185
HOMO — LUMO+2 (14%) E(HOMO-3) = —6.841 (b) —2.199
HOMO-3 — LUMO (8%) Eqg = —6.705
PO3 -6.84 -1.262 4277 HOMO-1 — LUMO (90%) E(HOMO-1) = —6.876 (a) —2.599,
HOMO — LUMO (10%) Epyg = —6.841 (b) —2.564
PO4 —6.694 —1.347 4.659 HOMO — LUMO E(HOMO) = Eavg = —6.694 —2.04

“Contribution = squared coefficient of Spin Adapted Antisymmetrized Product (SAAP?). ” LUMO energy estimated as E(HOMO-N) + E,, where
E(HOMO-N) corresponds to (a) the energy of the main orbital from which the transition occurs, and (b) the weighted averaged energy of the orbi-

tals from which the transition to the LUMO occurs.

PO* — Tb*" electroexcitation transfer was evaluated from the
electroluminescence spectra measured at the same current
(Fig. 8a). The electroluminescence intensity increases in the A-
C-B-D series and corresponds to an increase in the sensitizing
ability of the PO ligands which correlates with the values of
the quantum yields of TbCl;(PO)-H,O complexes (Table 1).

Thus, in our case, the mobility and sensitization efficiencies
of the materials of the PO ligands change symbatically in the
row PO1-PO3-PO2-PO4 and allow us to choose PO4 as the
best material.

To determine the effect of the anionic ligand on the electro-
luminescence intensity, we replaced terbium chloride with
phenoxybenzoate in the composition of the emission layers,
and thus E-H devices were obtained (Table 3). It turned out
that such a replacement resulted in an increase in the
electroluminescence intensity by a factor of 1.5-2, and this be-
havior was observed for all the investigated hosts (Fig. S417).
Thus, it is shown that in spite of the fact that the exciton is
generated on the electron transporting PO material, the
excitation is transferred and distributed throughout the
whole organic subsystem of Tb(pobz);(PO), and the pobz~
anionic ligand participates in the energy transfer process
toward Tb*",

Table 3 Device list

4000
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Fig. 8 (a) The electroluminescence spectra and (b) the /-V curves of
the devices A-D.

Thus, the best results were observed using Tb(pobz);(PO4)
as an emitter, The next task was to optimize the structure of
this OLED. Variation of the Tb:PO4 ratio in the composition
of the emission layer demonstrated that even with a ratio of 1
to 1 (device I, Table 3) the electron mobility of PO4 is sufficient
for efficient working of the device, as evidenced by high
enough currents (Fig. 9b). The intensity of electrolumines-
cence increases (Fig. 9a), and the maximum luminance
reaches 25 Cd m 2 at 12 V.

The introduction of the LiF electron-injecting layer and the
replacement of the electron transport layer TAZ by TPBi, which

Device designation Heterostructure U 4,V
A ITO/PEDOT:PSS/PVK/TbCl;:5P0O1/TAZ/Al 14
B ITO/PEDOT:PSS/PVK/TbCl;:5PO2/TAZ/Al 6.5
C ITO/PEDOT:PSS/PVK/TbCl;:5P0O3/TAZ/Al 8
D ITO/PEDOT:PSS/PVK/TbCl;:5P04/TAZ/Al 6
E ITO/PEDOT:PSS/PVK/Tb(pobz),:5P01/TAZ/Al 10
F ITO/PEDOT:PSS/PVK/Tb( pobz);:5P02/TAZ/Al 6
G ITO/PEDOT:PSS/PVK/Tb(pobz),:5P03/TAZ/Al 8
H ITO/PEDOT:PSS/PVK/Tb(pobz),:5P04/TAZ/Al 6

I ITO/PEDOT:PSS/PVK/Tb(pobz):1P04/TAZ/Al 6

J ITO/PEDOT:PSS/PVK/Tb( pobz);:1PO4/TPBi/LiF/Al 5

% As the U, value, the voltage, where EL detectable with the naked eye appeared, was considered.

16354 | Dalton Trans., 2018, 47, 1635016357
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Fig. 9 (a) Electroluminescence spectra of devices H and | at 7 V and (b)
|-V and L-V curves of device J.

has higher electron mobility*' (device J, Table 3) lead to an
increase in currents and in the luminance of the diode, which
reaches 75 Cd m™ at 14 V (Fig. 9b). Though this value is much
below the state-of-the-art values for the vacuum-deposited
OLEDs, we believe that it is important to publish it to be able
to trace the progress in such a young and prospective area of
research as solution-processed OLED development.

Experimental section
Materials and methods

All solvents and chemicals were purchased from commercial
sources.

'"H NMR spectra were recorded at 25 °C using an Agilent
400 MR spectrometer with an operating frequency of
400.130 MHz, 100.613 MHz and 376.498 MHz, respectively.
Chemical shifts were reported in ppm relative to Me,Si (‘H).
Elemental analysis was performed on the microanalytical
device Heraeus Vario Elementar. Thermal analyses were
carried out on a thermoanalyzer STA 409 PC Luxx (NETZSCH,
Germany) in the temperature range of 20-1000 °C in air, at a
heating rate of 10° min~'. The composition of the evolved
gases was simultaneously monitored during the TA experiment
using a coupled QMS 403C Aeolos quadrupole mass spectro-
meter (NETZSCH, Germany). The mass spectra were recorded
for the species with the following mj/z values: 18 (corres-
ponding to H,0), 44 (corresponding to CO,), and 58 (corres-
ponding to (CH3),CO).

Powder X-ray diffraction (PXRD) was performed by using
Bruker D8 Advance [A(Cu-K,) = 1.5418 A; Ni filter] and Bruker
D8 Advance Vario diffractometers [A(Cu-Ky;) = 1.54060 A;
Ge(111)-monochromator] with a step size of 0.020°. The pat-
terns were indexed by using the SVD-Index** as implemented
in the TOPAS 4.2 software.>® Then, the powder patterns were
refined by using the Pawley method.

Absorption spectra were recorded in the region of
250-800 nm with a PerkinElmer Lambda 650 spectrometer.
Emission and excitation spectra were recorded with a
Fluorolog 3 spectrofluorometer over excitation with a xenon
lamp. Luminescence lifetime measurements were carried out
and detected on the same system. Lifetimes are averages of at
least three independent measurements. All luminescence
decays proved to be perfect single-exponential functions.
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Photoluminescence quantum yields were determined with a
Fluorolog FL3-22 spectrofluorimeter at room temperature
under excitation into ligand states according to an absolute
method using an integration sphere. The modified de Mello
et al.”® method requires the measurement of (i) L,, the inte-
grated intensity of light exiting the sphere when the empty
cuvette is illuminated at the excitation wavelength (Rayleigh
scattering band); (ii) L., the same integrated intensity at the
excitation wavelength when the sample is introduced into the
sphere; (iii) E, the integrated intensity of the entire emission
spectrum of the empty cuvette; and (iv) E. the integrated inten-
sity of the entire emission spectrum of the cuvette with the
sample. The absolute quantum yield is then given by:

E.—E
PLQY = ——— x 100%.
L, — L

a (9

OLED manufacturing took place in a clean room class
10 000 (Lebedev Physical Institute, Moscow, Russia) in a glove-
box under an argon atmosphere. The substrates were cleaned
by ultrasonication in the following media: NaOH aqueous
solution, distilled water, acetone and 2-propanol for 16 min
each.

A 40 nm-thick poly(3,4-ethylenedioxythiophene):poly(styre-
nesulfonate) (PEDOT:PSS) hole-injective layer was first de-
posited. An aqueous solution of PEDOT:PSS (5 ml) was poured
onto the preheated (70 °C) patterned ITO glass substrate, after
which the substrate was rotated for 60 seconds at 2000 rpm.
Finally, the deposited film was annealed in air at 80 °C for
60 min. As a hole-transport layer PVK solution was spin-coated
from toluene (c =5 g L™").

The emission layer was spin-coated from the solution (¢ =
5 g L") on the heterostucture or on the glass substrate. The
~30 nm-thick electron-transport/hole-blocking layer (TAZ or
TPBi) was thermally evaporated (Univex-300, LeybordHeraeus)
followed by a ~1 nm-thick LiF layer and a >100 nm-thick
aluminum layer as the cathode under a pressure below 10~°
mm Hg. The thickness of the layers was controlled by using a
quartz indicator. The contacts were attached to the electrodes,
and the device was sealed with epoxy resin (Norland Optical
Adhesive).

Electroluminescence spectra were recorded on a PicoQuant
time-correlated single photon counting system used as a con-
ventional spectrofluorimeter. The spectral resolution was
4 nm. All the measurements were carried out in the same con-
figuration, which allows quantitative comparison of the
spectra by dividing by the integration time.

Quantum chemical calculations. The geometry of the
ground state of the PO molecules was optimized using the
DFT method with the functional PBEO and 6-31G* basis set in
the NWChem 6.4 package.”” To choose the structural isomer,
the geometry of each possible isomer was optimized and the
lowest-energy isomer was chosen. The optimized molecular
geometries (Table S41) were checked for the absence of ima-
ginary frequencies in the vibrational spectra (Table S57).

TDDFT calculations at the same PBE0/6-31G* level as
implemented in the Firefly 8.2 package*® were carried out for
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the optimized geometry of PO molecules. 20 singlet single-
excited states were considered.

The energies of the frontier orbitals were calculated using
the DFT and TDDFT results. The energy of the HOMO was
obtained as the eigenvalue of DFT calculation for the ground
state (Table S67). The energy of the LUMO was computed as
described in the Results and discussion section.

Synthesis of PO ligands

Phosphine oxides were obtained by the oxidation of the corres-
ponding phosphines.

Bis(diphenylphosphino)methane (for PO1) was purchased
from abcr GmbH.

1,8-Bis(diphenylphosphino)dibenzofuran (for PO2) was pre-
pared as in ref. 27.

MS(FD): 537.1 (M), 1072,2 (M"+M).

The "H-NMR spectrum (Bruker, 400 MHz in acetone-dg) was
consistent with ref. 27.

2-Diphenylphosphino-6-di(tert-butyl)phosphinopyridine
(for PO3).

2,6-Dibromopyridine (6.6 g, 28 mmol) was dissolved in dry
THF and stirred for 30 min at —78 °C under an argon blanket.
The first portion of n-butyllithium (5.5 mL, 28 mmol) was
introduced to the solution via a syringe. The reaction mixture
was stirred at —78 °C for one hour and further stirred for
30 minutes at room temperature. After cooling again to
—78 °C, di-tert-butylchlorophosphine (5.4 mL, 28 mmol) was
added dropwise via a syringe, stirring was maintained for 1 h
at this temperature, and warmed slowly to 0 °C. The second
portion of n-butyllithium (5.5 mL of 28 mmol) was introduced
after cooling the reaction mixture again at —78 °C. After stir-
ring the reaction mixture for one hour, chlorodiphenylpho-
sphine (5.1 mL, 28 mmol) was added at once. The reaction
mixture was warmed up to room temperature within 3 h. The
residue obtained after evaporating the solvent was washed
with methanol (2 x 40 mL) to remove inorganics.

Bis(diphenylphosphino)-4,4’-biphenyl (for PO4).

4,4'-Dibromobiphenyl (9.36 g, 30 mmol) in THF was stirred
at —78 °C for 30 min, while stirring n-butyllithium (25 mL,
62.5 mmol) was added dropwise. The reaction mixture was
allowed to warm up to 0 °C, then chlorodiphenylphosphine
(11.5 mL, 62.5 mmol) was added after cooling again at —78 °C.
The reaction mixture was warmed up to room temperature and
further stirred for 2 h. The residue obtained after evaporating
the solvent was stirred with methanol (2 x 40 mL) to remove
inorganics. The precipitate thus obtained was filtered off and
dried.

General procedure for the oxidation of phosphines: phos-
phine oxides were synthesized by the oxidation of the corres-
ponding phosphines. Three equivalents of H,0, (30%) per
dioxide were added slowly to the vigorously stirred THF solu-
tion of the respective phosphine. Stirring was maintained at
room temperature for 2 h. After the evaporation of THF, the
residue was treated with acetone/ethyl acetate to obtain the
respective phosphine oxide product as a precipitate. The pre-
cipitate thus obtained was filtered off and dried in a vacuum.
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PO1: Yield = 90%; Bruker '"H NMR and el. anal. data as in
the literature,>® MS(MALDI): m/z = 416([M + H[);

PO2: Yield = 90%; Bruker 'H NMR data as in the
literature."?

MS(MALDI): 569 ((M + H]");

Elemental analysis: calcd. C 76.05, H 4.61, found C 76.16,
H 4.72.

PO3: Yield = 98%; Bruker 'H NMR (250 MHz, DMSO-d°)
ppm: 8.19-7.47 (m, 13H, Phen-H and, py-H), 0.96 (s, 18H, 2
t-Bu);

MS(MALDI): m/z = 440 ([M + H]");

PO4: Yield = 92%; Bruker "H NMR (250 MHz, CDCl;, TMS)
ppm: 7.80-7.43 (m, 28H, Phen-H);

MS(MALDI): m/z = 555 ([M + H]");

Elemental analysis: caled. C 77.97, H 5.09 found C 77.93,
H 5.29.

Synthesis of lanthanide complexes

Synthesis of Ln(pobz);(H,0), (Ln = La, Tb). Ln(pobz);(H,0),
(Ln = La, Tb) were synthesized by reaction 1 between stoichio-
metric amounts of TbCl;-6H,0 or La(NO3);-6H,0 and Kpobz
(in situ from Hpobz and KOH) in water. The products were
dried in air at room temperature.

Synthesis of LnCl;(PO)-H,O (Ln = Gd, Th; PO = PO1-PO4).
LnCl;(PO)-H,0 (Ln = Gd, Tbh; PO = PO1-PO4) were synthesized
by the reaction between the corresponding PO and the excess
of LnCl;-6H,0 in ethanol. The products were rotor evaporated
to dryness, washed with water from the excess of LnCl;-6H,0
and dried in air at room temperature.

TbCl;(PO1)-H,0: MS(MALDI): m/z = 645 ([TbCl,(PO1)]").

ThCl;(PO2)-H,0: MS(MALDI): m/z = 797 ([TbCl,(PO2)]*

TbCl,(PO3)-H,0: MS(MALDI): m/z = 668 ([TbCl,(PO3)

TbCl;(PO4)-H,0: MS(MALDI): m/z = 783 ([TbCl,(PO4)]"

Synthesis of Ln(pobz);(PO)-(CH;),CO (Ln = La, Tb; PO =
PO1-PO4). Ln(pobz);(PO)-(CH3),CO (Ln = La, Tb) were syn-
thesized by the reaction between stoichiometric amounts of
LnCl;(PO)-H,0 and Kpobz (in situ from Hpobz and KOH) in a
water-acetone mixture. The precipitated product was dried in
air at room temperature.

Tb(pobz);(PO1)-(CH;),CO: MS(MALDI):

m/z = 1001 ([Tb(pobz),(PO1)]").

Tb(pobz);(PO2)-(CH;),CO: MS(MALDI):

)2
)

1)
1)
1.
1)

m/z = 1153 ([Tb(pobz),(PO2)]").
Tb(pobz);(PO4)-(CH3),CO: MS(MALDI):
m/z = 925 ([Tb(pobz)(PO4)-H]").

Conclusions

To conclude, in the present work we aimed at the development
of a new approach toward host selection for lanthanide-based
emitters in OLEDSs, earlier proposed by some of us,"* based on
the example of terbium-based emitters. As host materials, aryl-
phosphine oxides PO = PO1-PO4 were proposed, which were
supposed to both sensitize terbium luminescence and provide
electron mobility. To assess their sensitization properties,
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TbCl;(PO)-H,0 complexes were obtained and thoroughly inves-
tigated. It was found that their quantum yields reach 70%,
indicating their high sensitization ability. The high current in
the I-V curve of the OLED based on these materials together
with the pure terbium electroluminescence (EL) spectrum
indicated their sufficient electronic properties and, thus, the
effectiveness of the proposed approach. To select additional
layers in OLEDs, the frontier orbitals of PO ligands were calcu-
lated based on a complex approach, which allows careful
assessment of not only the ground state orbitals, including the
HOMO, but also the virtual LUMO orbital.
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