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By incorporating two alkyl chains as the solubilizing groups, a new
small-molecule bipolar phosphorescent complex FMPPHC domi-
nates the highly efficient sky blue and saturated red wet-process
emitting systems for organic light-emitting diodes (OLEDs).

Phosphorescent organic light-emitting diodes (PHOLEDs) with
100% utilization of the excitons are always the focus of atten-
tion for both academic groups and commercial companies, and
have been widely used in flat panel displays and also have great
potential in energy saving solid-state lighting."™ So far almost
all the highly efficient PHOLEDs are fabricated through a
vacuum deposition process, which will lead to a high cost of
the large-size products. Alternatively, solution processing tech-
nologies including spin coating and ink printing are more
promising due to their simple and low-cost fabrication process
for large size panel production.”” As catalogued in the litera-
ture, the emitting systems of most current solution-processed
PHOLEDs mainly adopt the following two strategies:*™*? (i)
phosphors doped in single/mixed fluorescent host materials
possessing relatively high triplet energy, sufficient hole/elec-
tron transporting property and good solubility in common
organic solvents. Their easy preparation/purification methods
together with the corresponding structural optimization ensure
the availability in sensitizing the dopant phosphors, but the
precise control over the concentration of phosphorescent
dopants and a certain degree of phase segregation in the
corresponding doping systems are inevitable; (ii) phosphores-
cent Ir(m) complexes with oligomeric or polymeric ligand
systems or dendrimers with high film densities and uniform
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film morphologies usually possess inherent advantages such as
a simple fabrication process of the devices as well as good
device stability and reproducibility. However, the deep-rooted
inadequacies such as their uncertain molecular structures,
additional multistep reaction sequences and the requirement
for harsh purification always limit the incorporation of these
materials in OLEDs.

Most recently, several PHOLEDs based on new-type doping
emitting layers (EMLs) where both the host and guest are
bipolar phosphorescent molecules, namely phosphor-only
(PO) systems, achieve higher and more stable electrolumines-
cence (EL) performance in monochromatic and white EL
devices than the conventional fluorescent/phosphorescent dop-
ing cases."*™ It’s well understood that all of the components
in such PO doping combinations are phosphorescent
iridium(m) complexes, so they possess more similar optoelec-
tronic characteristics and better compatibility of molecular
configuration than those hybrid cases. Therefore these PO
emitting systems can effectively reduce the excited energy loss
and ensure their excellent electro-phosphorescence properties:
low driving voltages, high efficiencies with low efficiency roll-
off, and even the remarkable doping concentration indepen-
dent feature to a certain range. However, all these present
bipolar phosphors are basically designed according to the
requirement of thermal-deposition fabrication, and thus they
usually easily crystallize based on the spin coating process and
their film morphology is not stable enough, indicating that they
are inappropriate for a wet-process method. In this work, a
suitable-length alkyl chain (n-hexane) has been introduced into
a small molecule-based phosphorescent complex to improve its
film-forming ability and morphological stability based on
solution processes, and meanwhile, this solubilizing group
does not reduce the inherent good photoelectric characteristics
of this bipolar phosphorescent material system. Thus we
achieve a new sky-blue phosphorescent complex (FMPPHC)
with good solubility toward organic solvents by employ-
ing 2',6’-difluoro-4-methyl-2,3’-bipyridine (dfMepypy) as the
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cyclometalated (C~N) ligand and 3,6-dihexyl-N,N’-diisopropyl-
9H-carbazole-9-carboximidamide (Hxdipcca) as the ancillary
ligand. As we expected, FMPPHC dominates the excellent EL
performance originated from a series of spin-coating thin films:
(i) a neat FMPPHC film-based emitting layer (EML) realizes
efficient sky-blue EL with very high external quantum efficiency
(EQE) and power efficiency (PE) of 16.5% and 32.3 Im W'
respectively; (ii) a doped EML based on a red dopant phosphor
BTPBA dispersed in the FMPPHC host adopting quite high and
large-span doping concentrations of 15 and 30 wt% achieves
EQE and PE values of more than 20% and 25 Im W~ " respectively
and exhibits stable saturated red emission (A = 616 nm) with
the Commission Internationale de L’Eclairage (CIE,,) coordinates
of (0.64, 0.36). Although such EL performance is not the highest
efficiency level for the current wet-process OLEDs,"® > it is worth
mentioning that, this indeed is the first achievement of the
PHOLED employing the advanced PO emitting systems via the
solution-processing method, and thus represents a promising way
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to develop wet-process feasible small-molecule phosphorescent
complexes being used as new-concept emitting/host materials for
generating/sensitizing more efficient EL in OLEDs.

As a new phosphorescent complex, the high-yield synthesis
of FMPPHC is depicted in Scheme S1 of the ESL{**°® The
NMR, MS and mass element analysis spectral investigations
confirm the molecular structure of this Ir(m) complex, and its
molecular structure in single crystals is determined by X-ray
diffraction. As shown in Fig. 1a, two long n-hexane chains have
been introduced into the ancillary ligand of FMPPHC, which
can effectively reduce the intermolecular interaction between
the adjacent complex molecules and then bread the stacking
structure in their solid state. This should be the major factor
necessary to improve the solubility and film-forming ability of
the metal complexes, and ensures the high performance of
solution-processed OLEDs. From the ORTEP plot, FMPPHC
exhibits distinct C,C-cis accompanied by N,N-trans configu-
ration, where two cyclometalated ligands form a distorted
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(a) Molecular structure of FMPPHC and its ORTEP plot by X-ray diffraction. (b) Thermal analyses for FMPPHC: thermogravimetric analysis (TGA).

Inset: Differential scanning calorimetry (DSC). (c) Cyclic voltammetry (CV) of FMPPHC in freshly distilled CH,Cl, for oxidation and THF for reduction
behavior. (d) Frontier-molecular-orbital distribution and energy levels for FMPPHC by DFT calculations.
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octahedral geometry around the iridium center. The detailed
crystal data and structure refinement are summarized in
Table S1 of the ESL.f The thermal property is evaluated by
thermogravimetric analysis and differential scanning calorime-
try (DSC) (Fig. 1b). The decomposition temperature (Td, corres-
ponding to 5% weight loss) of FMPPHC is as high as 310 °C and
the glass transition temperature (T,) of 268 °C is observed. Such
good thermal stability can ensure the stable amorphous mor-
phology in the thin film of FMPPHC, which is essential for this
phosphor to be used as a host or an emitting material. It is an
important premise for the fabrication of efficient OLEDs and
can effectively enhance the operating lifetime also.

The electrochemical property of FMPPHC is carried out by
cyclic voltammetry (CV), and the reversible curves of reduction/
oxidation behaviors are shown in Fig. 1c, where there is no
additional oxidation peak for the electron-rich carbazole frag-
ment, because it has been integrated into the four-membered
Ir-N-C-N heterocycle’s conjugate system.>*?® The HOMO
(highest occupied molecular orbital) and LUMO (lowest unoc-
cupied molecular orbital) levels are determined as —5.5 eV and
—1.9 eV respectively, which are almost consistent with the
corresponding values (—5.65 and —1.60 eV) estimated by the
density functional theory (DFT) calculations with the Gaussian
09 software at the B3LYP/6-31G(d) level (Fig. 1d and Table 1).
On the other hand, a DFT method can investigate deeply the
electronic structure of FMPPHC and present intuitively the
frontier molecular orbital distribution. The HOMO is localized
predominantly on the Ir-N-C-N-based central skeleton, while
the LUMO is mostly distributed on the two C*N ligands, and
they can act as the respective pathways for conducting
holes and electrons, ensuring their smooth intermolecular
hopping.?”?® This is a remarkable characteristics of FMPPHC
possessing good charge carrier transporting properties, and
thus this phosphor is expected to be a neat emitter and/or a
host for dominating the charge carrier transporting processes
in EMLs.

A series of neat and doped films based on FMPPHC and a
red dopant phosphor BTPBA™ are prepared by the spin-coating
method from chlorobenzene solvent onto quartz substrates,
and their UV/vis absorption and photoluminescence (PL) spec-
tra are shown in Fig. 2a, and the data are summarized in
Table 1. Both C*N ligands of FMPPHC show strong and sharp
absorption peaks of ~245 nm from the intraligand n-n*
transitions, and the relatively low-energy absorption bands of
more than 300 nm should be originated from the complexes’

Table 1 Photophysical and frontier molecular orbital properties of
FMPPHC

Labs” Aem” Pp© ° HOMO/LUMO

[nm] [nm] (%] [us] [eV]

245, 300, 331, 346 477 0.32 0.8 —5.50/—1.90;”
—5.65/—1.60°

“ Measured in neat film at room temperature. ° Determined from cyclic
voltammetry. © Estimated by the density functional theory (DFT)
calculation.
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Fig. 2 (a) UV-Vis absorption and PL spectra in neat solid films of FMPPHC
and BTPBA, and PL spectra in doping solid films of FMPPHC (host):BTPBA
(dopant) with the doping concentration of 8 wt%. Inset: Molecular struc-
ture of BTPBA. (b) AFM topographical images of the solution-processed
films of neat FMPPHC and FMPPHC doped with 15 wt% BTPBA.

spin-allowed singlet metal-to-ligand "MLCT and 'LLCT transi-
tions. The PL emission peak of the neat FMPPHC film is
477 nm, which has a quite narrow full-width at half-
maximum (FWHM) value of ~50 nm. This is a typical sky blue
emission with a quite high absolute photoluminescence quan-
tum yield (PLQY) of 0.32 £ 0.05 and short phosphorescence
lifetime of 0.8 ps (Fig. S1 in the ESIY), indicating that the
singlet/triplet states’ efficient spin-orbit coupling and the
intersystem crossing of FMPPHC induce the emitting excited
state to achieve light output efficiently.

On the other hand, BTPBA shows a wide MLCT absorption
band of 480-590 nm, which has a large overlap with the
emission peak (Amax: 477 nm) of FMPPHC, and their triplet
energy levels are estimated as values of 2.1 and 2.5 eV respec-
tively from the 0-0 band of the phosphorescence spectra,”
leading to an efficient sensitization process from FMPPHC to
BTPBA as the complete-energy-transfer PL curve of their doped
film (Fig. 2a). Furthermore, FMPPHC and BTPBA possess
several similar features such as lifetime values and molecular
geometry configurations, indicating that this host-dopant
combination is suitable for practical applications in construct-
ing efficient emitting systems for PHOLEDs. More than this,
the atomic force microscopy (AFM) technique was used to test
the film-forming property of FMPPHC and its miscibility with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the dopant phosphor BTPBA in spin-coated thin films. Fig. 2b
exhibits two AFM height images of the neat film of FMPPHC
and the doped film with FMPPHC:BTPBA (15 wt%). Two images
display that both films are the continuous amorphous states in
terms of the smooth surface morphology with quite small root
mean square (RMS) roughness values of 0.274 nm for the neat
film of FMPPHC and 0.399 nm for the doping film, which
means that FMPPHC should form morphologically stable and
durable solution-processed films without the obvious particle
aggregation or phase separation. All these desirable features are
favorable for FMPPHC and/or this host-dopant combination to
be used in OLED fabrication and operation processes. The
foregoing systemic characterizations establish that FMPPHC
possesses overall optoelectronic features, and thus it has great
potential to act as a host and/or emitter for constructing
solution-processed OLEDs. Here, three PHOLEDs employing a
neat FMPPHC film and two FMPPHC:BTPBA (15 and 30 wt%)
doping films prepared by the spin coating method as EMLs,
which are named device NB (neat-blue) and device DR15 and
DR30 (doped-red) respectively, are fabricated. These PHOLEDSs
adopt a unified device configuration of ITO/PEDOT:PSS (40 nm)/
EML (40 nm)/TPBi (40 nm)/LiF (1.5 nm)/Al (100 nm), where
poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
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is the hole-injection and -transporting material, 1,3,5-tris
(N-phenylbenzimidazole-2-yl)benzene (TPBi) is the electron-
transporting material, and ITO (indium-tin oxide) and LiF/Al are
the anode and cathode, respectively (Fig. 3a). Device NB employ-
ing the neat-film emitting system shows an electrophosphores-
cence emission with Ay, = 484 nm with a very narrow FWHM
value of 52 nm at the luminance of 1000 cd m™~> with quite stable
EL spectral curves under different luminance levels (Fig. S2 in the
ESIT), which is a sky blue light based on the CIE,, coordinates of
(0.22, 0.37) (Fig. 3b). NB exhibits a low turn-on voltage of 3.2 V,
and achieves the maximum EQE/PE values of 16.5%/32.3 Im W™,
which retains the high level of 13.5%/20.8 Im W~ " at the practical
luminance of 1000 cd m ™ (nit), as shown in Fig. 3c and d and
summarized in Table 2. To the best of our knowledge, NB is the
first report as a nondoped PHOLED based on a neat wet-process
film containing only one “pure small-molecule” phosphorescent
complex FMPPHC, which is neither the polymer phosphorescent
complex nor the dendrimer case,”'™*° and thus realizes a
phosphor-only EML without any fluorescent component. More
than this, both the EQE and PE levels of this solution-processed
emitting system are not only significantly higher than that of the
corresponding cases fabricated by a vacuum deposition process,**
but also can be comparable with the highest EL efficiencies based
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(a) Proposed energy diagram of the materials used in OLEDs. (b) Normalized EL spectra of devices NB, DR15 and DR30 at the luminance of

1000 cd m~2. Current density—voltage—luminance (J—-V-L) curves (c) and power efficiency (PE)—luminance (L)—external quantum efficiency (EQE) curves

(d) of devices NB, DR15 and DR30.
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Table 2 Summary of EL performance for devices NB, DR15 and DR30
Veurn-on”  PE? EQE? CIE(x, )/

Device [V] [lm W] [%] Amax’ [nm]

NB 3.2 32.3,31.5,20.8 16.5,16.2,13.5 (0.20, 0.37)/484

DR15 3.2 25.3,24.3,18.1 20.2,19.3,19.0 (0.64, 0.36)/616

DR30 3.1 21.2,20.8,15.1 17.1,16.7,15.0 (0.64, 0.36)/616

@ Recorded at 1 cd m~2. ? In the order of maximum, then values at 100

and 1000 cd m 2. ¢ Measured at 1000 cd m 2.

on the self-host phosphorescent dendrimer system through the
elaborate molecular structure design as well as the complex
synthesis and purification.*'" Such desirable EL performance of
NB demonstrates that FMPPHC inherits the multifunctional
features of the Ir-N-C-N-backbone Ir(m) complex family including
the remarkable bipolar characteristic and the resulting balanced
and sufficient hole/electron flux in the whole EML together with
the common high luminous ability and short excited phosphor-
escent lifetime in their solid state.>*® On the other hand, the
good film-forming ability/morphological stability of the neat
FMPPHC film is an equally important determining factor for
achieving the exceptional EL performance mentioned above.
These results indicate that small-molecule phosphorescent com-
plexes can be basically designed appropriate for solution pro-
cesses so that the wet-process technology can be comparable with
their evaporation process counterparts.

The clear host-molecule characteristics of FMPPHC in the
non-doped device NB together with the complete host-dopant
energy transfer from FMPPHC to BTPBA as shown in Fig. 2,
indicate that the phosphor-phosphor type (PPT) host-dopant
doping emitting system based on FMPPHC-BTPBA combi-
nation should be efficient. Fig. 3b shows the EL spectra of
two doping devices DR15 and DR30 at luminance 1000 cd m 2.
They have one-peak (Amax = 616 nm) electrophosphorescence
without any host emission, which is the stable saturated red
light from BTPBA with the constant CIE,, coordinates of (0.64,
0.36) within the whole operating voltage range and almost
identical to the PL curve of the FMPPHC:BTPBA doping film
(Fig. 2). The two PPT devices present a similar turn-on voltage
of 3.1-3.2 V to NB because all the EL processes of the three
devices are dominated by FMPPHC, but their -V and L-V
curves o are quite different after turn-on voltage as shown in
Fig. 3c, where NB presented more rapidly increasing J and L
values than those of both doping cases. According to the energy
diagram of the materials used in DR15 and DR30 (Fig. 3a), the
red dopant has narrower energy gap (E,) between the HOMO
and LUMO levels than FMPPHC, especially for its much deeper
LUMO level than that of the host molecule, and thus one of the
roles of dopant molecules should be trapping charge carriers
from the host sites, leading to the relatively lower J and L levels
of DR15 and DR30. On the other hand, the direct holes and/or
electrons injected through BTPBA should be promoted with the
increasing doping concentrations from 15 to 30 wt%; mean-
while the increasing content of dopant can reduce the molecule
space and further enhance the charge transport by hopping,
leading to the slightly faster upward trend of the curves of DR30
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than those of DR15. Although the doping concentrations of
DR15 and DR30 are double the difference, they exhibit compar-
able EL characteristics in terms of their luminance/current
curves and efficiency levels. DR15 and DR30 achieve the high
maximum PE and EQE values of 25.3, 21.2 Im W™ and 20.2,
17.1% respectively, which maintain the high levels of 18.1,
15.1 Im W' and 19.0, 15.0% at a practical luminance of
1000 ¢d m~2. Such high and stable EL performance based on
this solution-processing PPT system can be even competitive
with the best red OLEDs reported by evaporation techniques."®
This stability of EL performance in a certain concentration
range (15-30%) demonstrates that this new small-molecule
solution processable host phosphor possesses the amazing
ability to retain the excellent morphology in its neat film or
the corresponding doping films. Nevertheless, it can be seen
from Fig. 3d and Table 2 that DR30 showed slightly lower
efficiency level together with more significant roll-off than
DR15, because the relatively more dopant molecules in the
EML of DR30 result in that the increase of the exciton density
might gradually exceed the optimal value, which inevitably
leads to the probability of triplet-triplet annihilation (TTA)
and the resulting decrease of luminance and efficiency levels.

Conclusions

In summary, we design and synthesize a new small molecule
phosphorescent Ir(m) complex by incorporating alkyl chains as
the solubilizing groups, and meanwhile, the appropriate length
of n-hexane ensures that FMPPHC maintains its inherent excellent
optoelectronic properties including high luminous/charge trans-
porting abilities in the solid state. Although without an amazing
synthetic process and chemical structure, this phosphors possesses
desirable film formation and morphology stability of FMPPHC-
based films by a wet-process technique, the corresponding emitting
systems just employing FMPPHC as either a neat blue emitter or a
host sensitizing red phosphorescent dopant without any fluores-
cent component, realize quite high EL performance, which can be
even competitive with the best OLEDs reported by evaporation
processes. Therefore, this work extends the bipolar phosphor
family to wet-process feasible systems, and more importantly, sets
an important precedent that small molecule-based phosphorescent
complexes not only possess inherent advantages in terms of easy
synthesis, purification and emission color tuning, but also are
endowed with the amazing ability to form excellent films from
solution through simple/feasible molecular structure optimization,
like the classical polymer materials.
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