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Efficient deep-red light-emitting electrochemical cells based
on a perylenediimide-iridium-complex dyadf
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A two-layer light-emitting electrochemical cell device based on a
new perylenediimide-iridium-complex dyad is presented emitting
in the deep-red region with high external quantum efficiencies
(3.27%).

Light-emitting electrochemical cells (LECs) based on ionic
transition-metal complexes are among the simplest types of
organic light-emitting devices (OLEDs). Their configuration
mainly consists of an amorphous film of the active
compound placed in between two electrodes.! In spite of the
disadvantages of LECs compared to OLEDs, like long turn-on
time, shorter lifetimes, and lower efficiencies, LECs offer
the advantage of using a less-reactive cathode material
(aluminium instead of calcium or magnesium) and hence do
not require stringent protection from environmental oxygen
and water.

Currently, the most widely used compounds in single-
component LEC devices are based on homoleptic complexes
of Ru(i) and biscyclometalated heteroleptic complexes of
Ir(m) whose positive charge is balanced by large negative
counterions such as hexafluorophosphate.' Their use in LECs
is mainly due to their high phosphorescence emission quantum
yields, short excited triplet state lifetimes and photochemical
stability.>* However, complexes which give rise to efficient
devices are not available for the deep-red region. This can
be fulfilled by perylenediimides (PDIs), which present an
exceptional photochemical stability, are strong light absorbers
in the visible and show high fluorescence quantum yields,*®
which makes them interesting candidates for OLEDs.
However, PDIs are poor hole conductors, which makes
them unsuitable for single-component type devices. LECs
additionally rely on the presence of mobile ions, and hence
the emitting species must be compatible on the nanoscale
with charged species. Single-layer LECs using PDI as n-type
emissive material and lithium triflate have been recently
reported showing red emission at high applied bias (+8 V).
A polyimide LEC incorporating perylene and tri(ethylene
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oxide) moieties has been also studied showing a much more
intensified electroluminescence than the respective polyimide
LED.?

Taking into account the previous considerations, we decided
to look for a synergistic collaboration between an ionic
iridium(i) complex (that functions as the hole conductor
and high phosphorescence emitter) and a PDI red fluorescent
emitter (that functions as the electron conductor),
attempt to achieve a high efficiency in the system. Moreover,
the covalent linking of the moieties should increase the
thermal stability, while avoiding phase separation processes.
With this idea in mind, we have synthesized a new dyad
consisting of a PDI derivative linked with an ionic iridium
complex. The new dyad 1, see Scheme 1, is used as the single
active component in a double-layer LEC device, showing
efficient deep-red electroluminescence.

The synthesis of the [PDI-iridium]PF¢ dyad 1 is outlined in
Scheme 1. Condensation of tetra-tert-octylphenoxy mono-
anhydride monoimide 2 with 5-amino-1,10-phenanthroline’
using zinc acetate as the catalyst afforded the phenanthroline
substituted bisimide 3 in a good yield. Finally, reaction of 3
with the organometallated dimer tetrakis-(2-phenylpyridine)-
bis-(p-chloro)-diiridium(mn)'®  ([Ir(ppy)>Cl) led to the
perylenediimide-iridium(m) dyad 1 by a bridge-splitting
reaction (see ESI{). The PDI bay region of dyad 1 is
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Scheme 1 Synthesis of the [PDI-Ir]PF4 dyad 1. (a) 5-Amino-1,10-
phenanthroline, Zn(AcO),, quinoline, 180 °C, 10 hours, 70% yield;
(b) [Ir(ppy)-Cl],, ethylene glycol, reflux, 15 hours, 55% yield.
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Fig. 1 Left: DFT calculated molecular structure of 1 indicating the
dihedral angle between the PDI moiety and the Ir complex. Right:
energies (eV) and electronic density contours for the frontier molecular
orbitals (in acetonitrile).

substituted with four bulky 4-fert-octylphenoxy groups
to disrupt both PDI aggregation and interactions among
Ir centers, thus increasing solubility and decreasing PL
quenching in the solid state.''™'* The solubility of the charged
dyad 1 is additionally enhanced by a 2-ethylhexyl group at the
terminal imide position.'*'®

As can be observed from density functional theory (DFT)
calculations in Fig. 1 (see ESI for detailst), the highest
occupied (HOMO) and lowest unoccupied molecular orbitals
(LUMO) are located on the PDI moiety, and the HOMO-
LUMO energy gap (2.41 eV) is therefore dictated by the
PDI unit. In contrast, the HOMO—1 and LUMO + 1 orbitals
are located on the Ir complex, and their topologies are
identical to those found for the HOMO and the LUMO of
the free complex.?> No overlap between the Ir-complex and
the PDI unit is therefore found, and both fragments are
electronically decoupled. This is due to the imide group, which
interrupts the conjugation, and to the dihedral angle between
the phenanthroline and the PDI units in the dyad (calculated
to be 76°), which hampers the communication between the
n-electron clouds of both moieties (see Fig. 1). The topology of
the frontier orbitals suggests that emission should originate
from the PDI fragment. Indeed, the photoluminescence (PL)
spectrum of 1 (see Fig. 2) exhibits a (somewhat structured)
band at 619 nm, similar to the fluorescence spectra of
previously reported PDI compounds,!” and different to the
conventional phosphorescence spectra of Ir-complexes. The
high PL quantum yield (55%, by irradiation of the PDI unit)
and the low lifetime (3.0 ns) recorded for the fluorescence of 1
are suitable to expect high-efficient electroluminescence (EL)
devices. A quite different behaviour is observed in other
PDI-metal complex dyads'®?° and triads,?' for which PL is
quenched by energy transfer to the other moiety.

To verify the performance of the dyad in LECs, we prepared
a simple two-layer structure by spin-coating. Prior to the
deposition of the active layer, a PEDOT:PSS layer (100 nm)
was deposited onto an extensively-cleaned ITO-covered glass
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Fig.2 Photoluminescence spectra of the [Ir(ppy),(phen)]PF¢ complex
(dashed line) and the PDI-iridium dyad 1 (solid line) in acetonitrile
solution. Electroluminescence spectrum of the ITO/PEDOT:PSS/1:1L/Al
device (open circles) at an applied bias of 3 V.

substrate. Subsequently, an 80 nm layer of the active
compound 1 was deposited by spin-coating, and an 80 nm
aluminium layer was evaporated as a top contact. To decrease
the turn-on time and driving voltage, small amounts of the
ionic liquid (IL) 1-butyl-3-methylimidazolium hexafluoro-
phosphate were added to the dyad at a molar ratio of
2:1for1:IL*

The EL spectrum at 3 V is similar to the PL solution
spectrum (see Fig. 2). The red-shift of 25 nm is ascribed to a
solid state effect similar to that observed for Ir complexes.!
The CIE coordinates of the emitted light are x = 0.654 and
y = 0.344 and correspond to a deep-red colour.

Upon applying a bias of 3 V to the device, current density
and luminance slowly increase with time, as typical for LECs,
see Fig. 3. The luminance reaches values slightly higher than
those reported for LECs based on ionic metal complexes that
emit in the same wavelength region.?> In fact, high values of
current efficiency (2.5 cd A™'), maximum power efficiency
(2.56 Im W™") and external quantum efficiency (3.27%) are
reached after approximately 22 minutes of device operation.
These values are the highest reported for LEC devices based
on charged iridium complexes emitting in the deep-red or
near-infrared regions.”> We attribute this improvement to
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Fig. 3 Current density and luminance vs. time at an applied voltage
of 3V for an ITO/PEDOT:PSS/1:IL/Al device. Inset: efficiency vs. time
at3 V.
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the combination of two effects: (i) the high PL quantum yield
(0.55), which increases the radiative recombination, and
(i1) the low lifetime of the generated exciton (3 ns), which
decreases its diffusion time. Thus, non-radiative decay
processes via impurities or grain defects from the different
domains®* have less chances to occur.

In conclusion, we have synthesized and characterized
a novel charged PDI-iridium complex dyad for LEC
applications. The device showed high external EL efficiency
in the deep-red region. In-depth photophysical studies of the
dyad are on the way.
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