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Abstract

Optoelectronics is an active area of research and, for few decades, development of different semiconducting materials with a
wide emission window has attracted researchers. Organic light emitting diodes (OLEDs) are primarily utilized in displays and
light sources that greatly contribute towards the conservation of energy and do not need a backlight for displays. Development
in device efficiency, lifetime and stability is now a major concern in this particular application, and designing efficient material
for OLEDs has been an active field of research for decades. Metal-organic compounds possess different optical and electronic
properties due to metal and organic ligand interactions which are primarily used in OLEDs. This review is mainly focused on
the Schiff bases and their metal chelates as a pure emitting layer or as a dopant material for the fabrication of R/G/B/white
emitting devices. Moreover, future prospects to explore further to advance research in the OLED arena are also discussed.
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Introduction

In this modern era of smart devices, conservation of energy
and production of clean energy are the two most challeng-
ing needs that demand significant attention, and the fabri-
cation of devices that consume less energy is one of the
ways to address these issues.'”'? LEDs with various associ-
ated advantages such as long life, bright and intense emis-
sion, wide color range, low heat radiation, instantaneous
and directional lighting have grabbed great attention over
the last decade due to their diverse and valuable applica-
tions.!*~1> Although many semiconducting inorganic com-
pounds (gallium arsenide phosphide, gallium arsenide, and
indium phosphide) are being used to manufacture LEDs,'®
they are crystalline and rigid, rare and expensive to process,

need highly pure material that demand controlled conditions
for accurate processing and are potentially toxic,'!” In this
context, organic fluorescent molecules have attractive pros-
pects as optoelectronic materials as they are flexible because
their chemical, optical and electronic properties can be eas-
ily altered by modifying their structure.'® Band gap tuning
in these fluorescent molecules through different synthetic
routes and subsequent designing of prototype organic light-
emitting devices (OLEDs) have garnered immense research
attention.'® OLEDs function without a backlight and emit
light from their pixels, unlike liquid crystal displays (LCDs),
which need a high-intensity backlight. OLEDs have high
light output and are readable in sunlight with low power
drain and are hence favored in portable applications. Pres-
ently, these OLEDs are used in car radios, phone displays,
portable digital media players, and digital cameras.?%>!

An OLED is a p-n junction of semiconducting materials
with different supporting layers that produce electrolumines-
cence (EL). The device configuration includes a substrate
layer made of glass, and a transparent plastic foil to support
the whole device. The emissive layer (EML) receives elec-
trons from the cathode, while the anode removes electrons
from the conducting layer, allowing holes to form. Semicon-
ducting emissive organic layers are generally polymers or
small molecules, while the conducting layer usually consists
of polymers such as polyaniline, PEDOT:PSS (poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate), and N,N’-
Bis(3-methylphenyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-
diamine (TPD) which transport the holes from the anode.
Charged particles such as holes and electrons move to the
EML to produce EL. Tang and Van Slyke in 1987 discov-
ered OLEDs based on polymeric material as the emitting
source,?? and over the past few decades, a large number of
studies have reported on the organic molecules employed
in the design and fabrication of these devices. Adachi et al.
reported a three-layered system wherein the host was sand-
wiched between the electron and hole transport layers.?*>*
Later, five-layered devices were fabricated introducing a
hole and electron injection layer and incorporating dopants
such as rubrene and coumarin derivatives to the host layer.’
Phosphorescent dyes that participate in both triplet and sin-
glet excited states that could potentially result in OLEDs
with a 100% internal quantum yield (QY) have also been
reported.”® Strategic architecture of desirable highest occu-
pied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels in the active emit-
ting layer is important for the rapid transfer of electrons and
holes to the EML.>’~*! Functional metal-organic materials
are an evolving class of luminophores as they include the
benefits of both organic dyes, which are color-tunable with
strong emission and transition-metal-based emitters with
large Stokes shifts and high photostability.*> These coor-
dination complexes of organic molecules have been widely
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investigated for the development of electroluminescent
devices that exhibit intense and bright fluorescence emis-
sion spanning the entire visible region from violet to red
with high quantum efficiencies. The present article is struc-
tured to introduce the recent advances in employing Schiff
bases and their complexes either as emissive materials or as
dopant materials for the fabrication of R/G/B/white emitting
OLED devices. The article concludes with future prospects
that can be explored to further enhance research in this area
for achieving devices with improved features.

Schiff Bases and Their Complexes

Schiff bases and their complexes with transition metals have
been extensively explored in the pursuit of their applica-
tions in various areas including nonlinear optics, molecu-
lar/metal ion sensing, dye-sensitized solar cells, molecular
magnetism and photoluminescence (PL).>*® This group
of organic compounds was reported by Hugo Schiff (1834-
1915) and was named Schiff bases after him.?” The conden-
sation reaction between the carbonyl groups and primary
amines produces an azomethine group (-N=C-) containing
Schiff bases. Later several efforts were described to synthe-
size these functional materials by employing solvent-free/
clay/microwave irradiation, solvent-free/CaO/microwave,
solvent-free/NaHSO, SiO,/microwave, K-10/microwave,
solvent-free/infrared irradiation, solid-state synthesis,
water suspension medium, [bmim]BF,/molecular sieves,
and silica/ultrasound irradiation.?**** The general nucle-
ophile addition mechanism of formation of Schiff bases is
depicted in Fig. 1. Initially, the amine nucleophile reacts
with the aldehyde or ketone to form carbinolamine which
is an unstable addition product, and later undergoes acid-
catalyzed dehydration to generate the imines.?!

Schiff bases can act as ligands and chelate with metals
by using imine nitrogen and the functional groups which
are commonly associated with aldehyde counterparts.*’
Heavy metal coordination enhances spin-orbit coupling by

maximizing the intersystem crossing (ISC) from singlet to
triplet states, and thereby the rate of radiative decay from
triplet states.*® Generally, the Schiff base-metal complexes
exhibit a planar structure, which has often yielded a higher
quantum emission than free ligands. Schiff bases as well
as their complexes are broadly utilized in constructing
OLED:s to tune the emission colour and also to increase the
efficiency of the device. The physical, photophysical, and
photochemical properties of these complexes can be con-
veniently modified, and increased ligand rigidity results
in complexes with lower non-radiative decay involvement,
resulting in more effective devices.?>***? Since they are
simple to acquire and can be modified in a variety of ways,
Schiff bases and their metal chelates have been extensively
developed. Various practical applications are based on the
molecular design of different long-lived and emissive transi-
tion metal complexes.

Schiff Bases and Their Complexes As
Emissive and Guest Materials

The two most important criteria for high-performance
OLED:s are high carrier mobility and intense luminescence,
which are achieved by planar molecules with an extended
n-conjugated system.>> High-performance OLED fabrication
involves various phosphorescent d® and d® metal complexes
associated with nitrogen and/or carbon as donor atoms.>*>>
Pt(II) Schiff base complexes are well known dopants with
high environmental stability.?>? Platinum (Pt) metal and
the planar structure of the ligand facilitate aggregation and
suppress emission quenching by encouraging intermolecu-
lar ligand-ligand and/or metal-metal interactions.’® Pt(Il)-
based OLED performance primarily depends on the dopant
concentration, and the optimized concentration of dopant is
below 5%.°77%° Sano and coworkers have reported various
bidentate and tetradentate Schiff base-zinc complexes®!:*?
that were used in the fabrication of blue and green OLEDs.
Zinc and nickel complexes of Schiff base complexes with
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Fig. 1. Schematic illustration of mechanism of formation of Schiff bases and their use in OLED devices.
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conjugated polymer were recently reported as an active
material.®>"%* Boron (B) is a strong electrophile that has a
tendency to occupy empty orbitals and attain an octet struc-
ture, forming tetra-coordinate organoboron compounds with
Schiff base ligands with intense fluorescence emission.®> For
the past few decades, luminescent Schiff base ligands and
their metal complexes have been explored for fabricating
OLEDs, with varying color emissions spanning the visible
spectrum, and the following section illustrates the recent
progress in this direction.

Blue Emitters

Mohan et al. synthesized four highly fluorescent Schiff bases
la-d by condensing 4,5-dimethyl-1,2-phenylenediamine
with different aldehydes such as N-ethyl-3-carboxaldehyde,
fluorene-2-carboxaldehyde, N-(4-formylphenyl) carbazole,
and 8-hydroxyjulolidine-9-carboxaldehyde.®® Solid-state
emission with various fluorescent colors was accomplished
by merely varying the peripheral group attached to the core.
The HOMO and LUMO energy level values for 1d (A,, =
349, 363 nm; A, = 453 nm) with the donor-acceptor fea-
ture were —5.7 eV and —3.2 eV, respectively, with a band
gap of 2.5 eV. The device with configuration ITO (indium
tin oxide) TPDI1dICBPIAlqg;ILiFIAl wherein TPD acted as
hole injection and hole transport material, 4,4’-N,N’-dicar-
bazolylbiphenyl (CBP) served as hole blocking material,
Tris-(8-hydroxyquinoline)aluminum (Alq;) functioned as
electron transport material, aluminium (Al) as the cathode,
and lithium fluoride (LiF) for improved electron injection
into Alq; was fabricated to generate bluish-green light with
maximum current efficiency (CE) of 2 cd/A, a maximum
brightness of 280 cd/m? at 34 V and a power efficiency
(PE) of 0.18 Im/W (Fig. 2). The structural framework of 1d
incorporated a carbazole unit that offered good film-forming
ability, thermal stability, charge injection and hole transport

TPD LiF/Al

ITO 1d CBP ‘ Alq,

feature with enhanced and efficient EL that are desirable for
optical applications.

Zhang et al. synthesized Schiff base complexes with Pt
and utilized them for phosphorescent light-emitting diode
application.®’ (Fig. 3) The condensation between substituted
salicylaldehydes and aniline generated one-armed Schiff
base ligands, which were further complexed with Pt using
potassium tetrachloroplatinate (K,PtCl,) to form 2a-f, with
ligand-to-ligand charge transfer (LLCT) and metal-to-ligand
charge transfer (MLCT) properties. The presence of strong
electron-donating or electron-withdrawing groups shifted
the emission wavelength to red region, and the electrons
transferred to metal complex from phenolate and imino
group when they were excited from ground to excited state.
The thermally stable complexes displayed band gaps in the
range of 2.05-2.54 eV. Among the phosphorescent devices
that were fabricated using 2b (A, = 343, 487 nm; A, =
527, 618 nm), 2¢ (A, = 267, 313, 386, 446 nm; A, = 613
nm), 2e (A, = 337, 451, 497 nm; A, = 565, 609 nm) and
2f (A, = 299, 442 nm; A, = 566, 606 nm) with device
configuration ITOIMoO;INPB(N,N’-bis(1-naphthyl)-N,N’-
diphenyl-1,1’-biphenyl-4,4’-diamine) mCP(1,3-bis-(N-car-
bazolyl)benzene)lmCP:3wt.%2a-fITPBI(1,3,5-Tris(1-phenyl-
1H-benzo[d]imidazol-2-yl)benzene)ILiFIAl, the devices with
2c¢ and 2e emitted in the blue region, 2b emitted orange light
and 2f emitted green light. The device efficiency was opti-
mized by varying NPB, and the blue OLED doped with 3wt
% 2c¢ (80 nm) displayed a turn-on voltage of 6.3 V, a maxi-
mum brightness of 1521 cd m™2 at 17.4 V, a peak external
quantum efficiency (EQE) of 0.54%, a peak luminance effi-
ciency of 1.12 cd A~! and a peak PE of 0.62 Im W~

Gusev et al. prepared a Schiff base by refluxing 4-methyl-
1-phenyl-4-formylpyrazol-5-one with 1,2-ethylenediamine
in ethanol, and added zinc acetate dehydrate to the reac-
tion mixture to obtain azomethine-zinc complex 3 (A,
= 336 nm; A, = 419, 433, 468 nm) with high thermal

Sk,

b oy

Fig. 2. Blue-emitting Schiff base complexes with N-substituted and carbazole carrying heteroaromatics and their device architectures (data from

Ref. 66).
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stability.%® (Fig. 4a) As the d-atomic orbital of zinc (Zn)
has no significant effect on HOMO and LUMO transi-
tions, it does not act as heavy-atom to induce spin-orbit
coupling effect on the singlet-triplet ISC. The structur-
ally rigid complex suppressed the non-radiative channels,
and the unhydrated sample showed better blue emission
with 70.4% quantum yield (QY). An undoped device with

configuration ITOITPDI3IPBD((2-4-biphenylyl)-5-phenyl-
oxadiazole)ICalAl, and further, an mCP-doped device with
configuration ITOITPDI20% 3ImCPIPBDICalAl to avoid
concentration quenching and improve efficiency was fabri-
cated. Both the devices showed blue emission in the range
480-490 nm with color coordinates (0.24, 0.27) and (0.22,
0.19) for undoped and doped devices, respectively. The turn

LiF/Al
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Fig. 3. Blue emitting Pt(II)-based one-armed complexes for phosphorescent OLEDs (data from Ref. 67).
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Fig. 4. Blue emitting complexes and their device architectures: (a) with Zn complex of ethylenediamine Schiff base (data from reference 68) and
(b) Zn complexes and CN bridged tetranuclear complex based on Mn(III) Schiff base and hexacyanoferrate(III) (data from Refs. 69, 70 and 71).
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on voltage was reduced due to the doping effect. The devices
displayed maximum brightness of 13,000 cd m~2 at 10 V and
17,000 cd m~2 at 14 V with maximum CE of 8.6 and 13.8 cd
A~! for undoped and doped devices, respectively. The higher
efficiency can be explained through exciton recombination
and efficient Forster energy transfer to complex from the
host.

Yet another Schiff base-Zn complex 4 which emitted blue
light was synthesized by Kang et al. through a hydrolysis-
free solution-based method.®® (Fig. 4b) Thin films were pre-
pared by dispersing the metal-organic complex 4 in polym-
ethylmethacrylate (PMMA) and cellulose acetate butyrate
(CAB) polymer matrices. These metal complex-polymer
hybrid films exhibited enhanced quantum efficiency (85.8%
for PMMA and 30.0% for CAB) and scalability for large area
fabrication, retaining the unique features of the host poly-
mers such as good photostability, biocompatibility, transpar-
ency, and thermal and photochemical stability. The OLED
device fabricated using the CAB hybrid thin films displayed
luminance efficiency of 43.2% with excellent photostabil-
ity. A blue-emitting Zn complex 5 in which the ligand was
obtained via the condensation reaction of o-phenylenedi-
amine and 2-hydroxy-1-naphthaldehyde was synthesized
by Gondia et al.” (Fig. 4b). The complex with an energy
band gap of 3.98 eV emitted violet light with CIE (Com-
mission International de 1I’Eclairage) coordinates (0.239,
0.159), which can be used as a wide band gap active mate-
rial for doping with the host organic EML to obtain violet
OLEDs with improved device efficiency. Cyan blue-emitting
tetranuclear cyanide-bridged Mn(III)-Fe(II) complex 6 was
synthesized by Donmez et al.”! (Fig. 4b). Though the ligand
alone showed maximum emission in the orange region due
to intra-ligand charge transfer (ILCT), the polymetallic com-
plex exhibited cyan-blue color due to the linkage of a metal
atom to the ligand and could be used as a functional material
in OLEDs.

Despite steady development in luminescent materials
with shorter T-conjugation that are explored for blue OLEDs,
designing efficient blue monochromatic active material for
OLED:s is still a major challenge. Blue emitters are large
band gap materials, which cause serious mismatches across
neighboring layers when used as an active device component
leading to high operational current and Joule heating. The
color purity of blue light emitters does not meet the accept-
able display technology standards. Moreover, monochro-
mic blue light emitters have low stability and high roll-off
efficiency.’®’® Because of the high band gap in these blue
emitters, doping plays a valuable role, and efficiencies are
increased in doped devices compared with undoped ones.
Although Schiff bases with metal atoms such as Zn, Pt,
Mn, and Fe display high thermal stabilities and better emis-
sion properties, the development of efficient blue emitters
with optimal band gap is necessary to produce better blue

OLEDs with high efficiency and low operational current.
Azomethine-Zn complex 3 showed maximum luminance
value, current efficiency, and power efficiency among the
blue emitters reported for OLED application.

Green Emitters

Green is one of the primary colors used in full-color display
technology. The popular Al complexes and their derivatives
like Tris(8-hydroxyquinolinato)aluminium (Alq;) are metal-
chelates commonly used as active EML and electron trans-
porting systems for device applications.”’*’> Some Schiff
base complexes with different metal centers such as Ni, W,
and Zn were proposed as green light-emitting materials with
higher QY compared to Alqs.

Lepnev et al. fabricated an OLED with Zn complexes
of tetradentate Schiff bases obtained from salicylalde-
hyde derivatives 7a-b and o-vanillin derivatives 8a-b as
EMLs.”® (Fig. 5a) The device with architecture ITOla-NPD
(4,4’ -bis[N-(1-naphthyl)-N-phenylamino]biphenyl)/7a-b or
8a-blCalAl underwent reversible degradation owing to the
charge trapping process. The release of a charge carrier with
the retrieval of EL intensity and lifetime can be realized
by heating the OLEDs, exposure to short UV light, switch-
ing off the voltage or changing to alternating voltage. The
irreversible degradation of OLEDs under prolonged heat-
ing occurred owing to changes in the interface regions and
also during aging at ambient conditions. The OLEDs did
not degrade under low UV irradiation, and hence displayed
promising prospects under daylight operation. The OLED
working characteristics were dependent on the morpho-
logical properties of EMLs. The substrate temperature and
decrease in evaporation velocity facilitated even surfaces
for the thin film of the complexes, and therefore, led to the
disappearance of the initial decrease in EL intensity and later
jumps after ‘time pauses’. However, these OLEDs were not
adequately brighter and their performances decreased with
aging. The luminescence of these devices was ~50 cd m™2
and it can be further improved by stopping the progress in
the degradation process.

Chan et al. proposed a tungsten (W) complex with
Schiff base as a thermally activated delayed fluores-
cence (TADF) emitter for a green OLED with high QY
up to 84%.”" (Fig. 5b) The Schiff base ligand was syn-
thesized by condensing substituted salicylaldehyde with
2,2-dimethylpropanel,3-diamine and addition of WO,Cl,
in the presence of triethylamine generating the complexes
9, 10a-b and 11a-d (11c: A, = 297, 407 nm; A, = 608
nm, 11d: A, = 304, 405 nm; A, =554 nm) with high ther-
mal stability. The thin films of the complexes with 5 wt.%
of mCP displayed a QY up to 84% and the fluorescence
lifetime of 2.0 ps. These complexes were used as emitting
material to fabricate devices with configuration ITOIPED

@ Springer



6714 S. Kagatikar, D. Sunil
(C)
/ \ A
\ = N\ (3|<-|J Cl
/ ———Nl/
Cl
7a:R= (CHZ) Ry=
7o RePRC® R . )N CeHs
8a: R=(CH2)2§ R1:OCH3
8b: R=Ph; =
R=Ph; R{=OCHs \ LiF $N(CgHs)a .
Cca/Al | TPBi 10a-b
78ab . PVK:0XD-7: 9/10/11 11 ad
a-NPD

PEDOT:PSS

J ITO

z 7
(e) m H \ H |
\N _N @(\\N N XN ©?\N N N
O OH
@\/O\H © OH oH ©°
14a 14b 14c

Fig. 5. Green emitting Schiff base complexes and their device archi-
tectures: (a) Zinc complexes with tetradentate Schiff bases (data from
Ref. 76), (b) Tungsten Schiff bases with high QY and TADF (data

OT:PSSIPVK(Polymethylmethacrylate):OXD-7(1,3-bis[(4-
tert-butylphenyl)-1,3,4 oxadiazolyl]phenylene):9 or 10a-b or
11a-dITPBilLiFIAl, which had a QY of 15.56% for complex
11d at 30 wt.% dopant with maximum luminance of 16,890
cdm™

Kara et al. synthesized a Schiff base ligand by condens-
ing 3-aminopropan-1-ol with 3,5-dichlorosalicylaldehyde
and a green-emitting nickel (Ni) complex by refluxing the
ligand with nickel (I) acetate tetrahydrate 12 (Fig. 5¢). The
complex displayed ILCT and chelation enhanced fluores-
cence (CHEF), which can be used in solid-state lighting
applications. Yet another green-emitting Ni complex was
synthesized by Srinivas et al. by reacting 4-butylaniline with
an ethanolic solution of 2-hydroxynaphthalene-1-carbalde-
hyde, and subsequent complexation was done by reacting the
ligand with NiCl,.6H,0.” (Fig. 5d) Complex 13 displayed
a triclinic space group with a single molecule in the asym-
metric unit. The complex with optical band gap 1.83 eV and
CIE coordinates (0.27634, 0.5623) can be used in OLED
devices. Mohan et al. synthesized five Schiff bases 14a-e
which can be used as emitting material in fabricating an
OLED.* (Fig. 5¢) Compounds 14b and 14d strongly emitted
green light at 512 and 520 nm, respectively, in solid-state,
with electrochemical band gaps in the range of 2.25-2.32 eV.
The QY and fluorescence lifetime provided evidence for 14b
as a potential candidate for the fabrication of green OLED.

Suresh et al. synthesized 2-(N-aryl)formiminopyr-
rolyl boron complexes 15 (A, = 383 nm; A, = 451 nm)
and 16a-b (16a: ), = 428 nm; A, = 512 nm, 16b: A, =
419 nm; A,,, = 497 nm) by reacting triphenylborane with
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from Ref. 77), (c) & (d) Nickel-Schiff base complexes (data from
Refs. 78 and 79) and (e) Salicylaldehyde Schiff base derivatives (data
from Ref. 80).

2-(N-aryl)formiminopyrrole ligand in toluene and utilized to
fabricate single layer doped and undoped devices.?! (Fig. 6a)
Devices with architecture ITOIPEDOT:PSS 115/16a-b or
15/16a-b:0XD-7ICa/BalAl were prepared to obtain a maxi-
mum luminance of ~1000 cd m~2 with EQE of 0.3 cd A™".
Increased wt.% of 1,3-bis[(4-tert-butylphenyl)-1,3,4-oxadia-
zolylphenylene (OXD-7) in the EML increased the EQE with
a maximum of 0.67 cd/A for 16a due to the charge trapping
property of OXD-7. Ca was a better electron transferring
agent than Ba in the fabricated devices. Liu et al. in 2010
synthesized N-arylanilidoarylimine bidentate Schiff base
ligands by reacting fluorobenzaldehyde with arylamine.®?
(Fig. 6b) These ligands were reacted with n-BuLi to obtain
lithium (Li) complex and then Li was replaced by B on
reacting with BF;(OEt,) to form boron complexes 17a-c.
Among three complexes 17¢ (A, = 438 nm; A, = 515 nm)
showed the highest QY and hence was used as a dopant with
the well-known host PVK. Four devices were prepared by
varying 17¢ dopant concentration from 2-8 wt.%. Maximum
efficiency was observed from the device with 8 wt.% with
a maximum quantum efficiency of 2.92 cd A~!. Addition-
ally, a higher concentration of the dopant led to a decrease
in efficiency.

Later in 2015 Suresh et al. synthesized various boron
complexes 18-24 with Schiff bases obtained from 2-for-
mylpyrrole and aromatic di- and tri-amines.® (Fig. 7)
Though the precursor Schiff bases were non-emissive,
the boron complexes were green to yellow emissive,
where the emission color was based on the chain length
of m-conjugation. Longer n-conjugation length led to the
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emission of a green color, whereas a shorter conjugation
length led to blue emission. Different single-layered devices
were fabricated by spin coating or sublimation with configu-
ration ITOIPEDOT:PSSI18-24|Ba/CalAl with a maximum
luminescence of 958 cd m™2 and 0.084% of EQE with 19
(Ay, =428 nm; A, = 512 nm). Usage of Ba was beneficial in
only devices incorporating 18 (A, = 400 nm; A,,,, = 468 nm)
and 20 (A,, = 419 nm; A, = 496 nm). The devices obtained
through sublimation showed better performance than the

16a n=1
16b n=2

15,16a-b or OXD-7:
15,16a-b

PEDOT:PSS

ITO

; | |

LF 17a, R=F TPBI
Nz 17b, R=H .
\N 17¢, R=OMe PVK: 17¢

PEDOT:PSS

ITO

17a-c

Fig. 6. Boron-based green-emitting Schiff base complexes and their
device architectures: (a) Triphenyl borane based Schiff base com-
plexes (data from Ref. 81) and (b) Boron complex with N-arylani-
lidoarylimine bidentate Schiff base (data from Ref. 82).

spin-coated ones except in the case of 19. The device per-
formance was made better by inserting TPD which led to
current reduction and better hole-electron balance show-
ing 2000 cd m™? of maximum luminescence and 0.145%
of EQE. Most of the sublimed devices with Ba and TPD
displayed higher EQE and maximum luminescence.

In the fabrication processes, solubility and stability in
different solvents are considerably important aspects. The
complexes with heteroatoms and alkyl side chains displayed
better solubility, which can be used in solution-processed
systems. Substituted salicylaldehydes were mainly used to
prepare the ligands in these green-light emitters. Longer
n-conjugation length can result in green emission. The
intensity of emission and color was tuned based on the con-
jugated chain length. PVK, OXD-7, and a blend of these two
compounds were utilized as a host material in devices with
green-emitting Schiff base complexes, which enhanced the
device performance due to charge trapping capabilities and
facilitated high charge mobility. The tungsten-based com-
plexes displayed better performance among all the Schiff
base chelates reported as green-emitting materials for OLED
application.

Red Emitters

Deep red OLEDs find application in different areas includ-
ing flexible room lamps, phototherapy, laptop sources, fold-
able smartphones screens, biomedical and telecommunica-
tion, or security and biological sensors due to their possible
miniaturization, simple integration, and cost-effective fea-
tures.®3%% The development of red emitters is the tough-
est task according to energy law because of energy loss
and low IQE attributed to triplet-triplet annihilation and
self-quenching.5>%

1,8-Naphthalimide serves as a hole-blocking and elec-
tron-conducting material. Gan et al. synthesized two series
of Schiff bases 25a-e and 26a-b through condensation reac-
tion between four hydrazino-naphthalimides with various

/N\ :
é -
" .
20 2 2 @
24

Fig.7. 2-Formylpyrrole-based boron complexes as green-yellow emitters and their device architecture (data from Ref. 65).

18-24
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‘B/N 7 A B/ 7 ,B/N > @ /N ) / \ Baor Ca

Y O oy 2
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ITO
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18-24

TPD

PEDOT:PSS

ITO
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aldehydes.®” (Fig. 8) These azomethine derivatives exhibited
intramolecular charge transfer between the electron-donating
amine group and the electron-deficient naphthalimide unit.
The extended amino conjugation at the imide nitrogen and
the presence of electron-donating units attached to the naph-
thalimide framework resulted in emission showing a redshift
of these Schiff base films. The OLED with ITOICuPc (12
nm)| NPB (30 nm)I25d (45 nm)lsodium stearate (2 nm)IAl
(100 nm) as device architecture produced a maximum lumi-
nance of 15.5 cd/m? and current density of 2.9 mA/cm?, at
an applied voltage of 22 V. Phthalocyanine copper (CuPc)
was used as a hole transporting layer to balance the electron

and hole injection. The device with undoped 25d (A, =
464 nm; A,,,= 661 nm) as EML displayed relatively poor
performance.

Che et al. synthesized various Pt-Schiff base complexes
27a-b, 28, 29a-d, 30a-c, 31a-b, 32, 33, 34a-b by reacting
ligands with K,PtCl, to fabricate phosphorescent yellow-
red organic OLEDs (Fig. 9). The thermally stable mol-
ecules with intermolecular n-x stacking interactions were
organized in a head-to-tail manner.”’ The devices with ITO
INPBICBPIBCP(bathocuproine)lAlq,ILiFIAl architecture
incorporated the metal complexes as a guest in the host
CBP and the device efficiency increased with low dopant

R
nBu Oo.._N_O
oM T X
\ ZNF |
AN e~ N .
Al
hd HN. _
HN-N=CH-g N Sodium stearate
25a-e = | CH 25a-e
R=l d | S NBP
b )\ B R = H(-FI
/7 N | | N [ ITO
\ > NN ,
\—/ NH Substrate
— : S
¥ (’/ \‘>_ ° /ﬁ\\\F m =a
L/ OCH;3 —\* Y, N(CH3), O\}/\\\/ N R=a —nBu
— /U\ﬁ b —nCyHzs
~INN F
(o) 26a-b

Fig. 8. An electron-deficient red-emitting 1,8-naphthalimide-based Schiff base as an emitter in an undoped OLED (data from Ref. 87).

R4

27a-b Ri= /7"\ R,=H, Ry= H,Br Ry=H
28 Ry= m Rp=H, Rg=H, R;=H

29a-d R;= > <

R2=H, R3= H, CH3, C(CH3)3, F R4= H

30a-c Ry= / \

R2=CH3, R3= H, OCH3, R4= H, F

g [ | LiFal
ITO E < &
Rs — E |
S
R4

31a-b Ry= Q Ro=H, R3= H, C(CH3)3 Rg= H

32 Ry= ijz =H, Rs= H, Rg= H

33R4= Ro=H, R3= H, R4= H

F
34a-b Ry= g Rz=H, Rs= H,F Rg= H

Fig. 9. Red emitting phosphorescent Pt(Il) complexes with device architecture (data from Ref. 57).
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concentration. The best efficiency of up to 31 cd A~ and a
device lifetime up to 77,000 h at 500 cd m~2 was obtained.

Blondel et al. synthesized two Pt-based salophen-type
complexes 35 and 36 by reacting 3,5-di-tert-butylsalicyla-
ldehyde or salicylaldehyde with 1,2-phenylenediamine
and subsequent complexation reaction with K,PtCl,.%
(Fig. 10) These complexes, which exhibited high thermal
stability were utilized as dopants with Alq; as the HOMO
levels of both 35 and 36 were higher, and the LUMO levels
were lower than Alqg;. The tertbutyl substituents limited
the stacking of complex 35 due to steric hindrance and
promoted efficient charge and electron transport from the
host Alq; matrix to the Pt(II) complex. Thus the enhance-
ment in quantum efficiency and device performance was
mainly due to the tert-butyl substituents that reduced the
aggregation-induced phosphorescence quenching in the
Alq,/Pt(IT) complex-based layer. The Alqs/Pt(II) complex
monolayer displayed negative differential resistance, and
this conductance modulation of the active layer was due to
the electrically active defects formed within the Alq, layer.
The defects were induced by Pt(II) complexes that par-
ticipate in the charge balance. The device I was fabricated
with Alq; as emitting material. However, devices II and
IIT with 5 % of 35 and 36 doped with Alqs, respectively,
showed EL in a deep-red region with (0.690, 0.309) and
(0.655, 0.343) CIE coordinates and turn-on voltages of
5 V and 6 V, respectively. The electronic states of Pt(1I)
complexes affected the trapping ability and charge mobil-
ity. The highest exciton quenching was observed within
the Alq;/36 layer leading to lower device performance of
device III than device II. Devices IV, V, and VI were mon-
olayer devices without NPD, wherein device VI showed

=

=N
N

Pt

(0)

35

I Ca II Ca III Ca
Alg, Alq3:35 Alq;:36
NPD NPD NPD
PEDOT:PSS PEDOT:PSS PEDOT:PSS
ITO ITO ITO

N= —N N—
/ b 7/
P TE
(0] (e} (6]
36 ITO

v

both the emission of Alq; and 36. Devices V and VI exhib-
ited better performance than device IV.

It is observed from the above investigations that both
doped and undoped Schiff bases are used as EMLs in
devices. Pt(II) Schiff base complexes are used as dopant
materials in phosphorescent OLEDs for their stability and
emission in the range from yellow to red.>27-38-8889 platj-
num complexes showed higher luminance value and current
efficiency with better performance for OLED application.

White Emitters

The white organic light-emitting diodes (WOLED) were fab-
ricated by blending different colored fluorescent dyes such
as red, green, and blue in poly(N-vinylcarbazole). These
diodes are broadly used in full-color screens, LCD back-
lights and ambient lighting. Because of high performance,
thermal stability, simple tunability of color, and their cost-
effective nature, Zn complexes are extensively used in fab-
ricating WOLEDs. These possess lower molecular weight
and can sublimate in vacuum easily. Five Zn metal-chelate
complexes 37a-c (37a: Ay, = 260, 356 nm; A, = 464 nm,
37b: Ay, =253, 360 nm; A, = 468 nm, 37¢: A, = 255, 356
nm; A, = 430 nm) and 38a-b (38a: A, =265, 360 nm; A,
=444 nm, 38b: A, = 268, 357 nm; A,,, = 468nm) based on
tetradentate Schiff bases were synthesized by Dumur et al.
as dopants for white light-emitting material as well as pure
emitter to produce multilayer p-i OLED.?(Fig. 11) The
Schiff base complexes were prepared by reacting substituted
diamines with salicylaldehyde and zinc acetate. Devices
with configuration ITOIMeOTPD:F,TCNQIMeOTPDIT
CTA(4,4’,4”-Tri(N-carbazolyl)triphenylamine):37a-c and
38a-b or 37a-c and 38a-bIBCPITPBIILiFIAl were fabricated.

Ca
35
36
NPD
Alq;

= — 35

36

Ca Vv Ca VI Ca
Algs Alq;:35 Alq;:36

PEDOT:PSS PEDOT:PSS PEDOT:PSS
ITO ITO ITO

Fig. 10. Sterically hindered red-emitting Pt(II) complex without aggregation-induced quenching (data from Ref. 86).
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i LiF

_N%_/<Nh
Crete D)
(o} e}
37a-c
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37¢: Ry= (CHa)p, Rp= H —

Y
_N\ N—
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38a: R= CH,CH;
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ITO

Meo-TPD

TCTA:37/38 or37/38
TPBi

BCP

F,-TCNQ

Fig. 11. Zinc-Schiff base complexes for white organic light-emitting
devices (data from Ref. 90).

Complex 37a dimerized to produce a yellow OLED. The
steric hindrance of the long diamine unit of 38a resulted in
the deep-blue emission of OLEDs. WOLEDs were fabricated
by doping these complexes with 4,4',4"-tris(N-carbazolyl)
triphenylamine to achieve high-quality white-light emis-
sion with CIE coordinates (0.33, 0.34). Among all devices,
TCTA:37b showed maximum brightness of 815 cdm™2 (8.6
V) having CIE coordinates (0.26, 0.34) with 10% of doping.

Summary

The review is mainly focused on the synthesis of various
Schiff bases and their complexes with different metals such
as Zn, Pt, Mn, Fe and W, which can be used as doped or
undoped layers of OLEDs. The different device architec-
tures using these luminescent materials as potential candi-
dates for EMLs and also as dopants for mCP, PVK, OXD-7,
Alqs, and TCTA are illustrated and the respective device
performances are summarized in Table I. Devices emitting
different colors such as blue, green, red, and white were
prepared from Schiff bases and their complexes by tuning
the wavelength of emissive material through incorporation
of various substituent groups and metal atoms to make them
highly luminescent and thermally stable.

@ Springer

Future Prospects

Despite steady progress achieved in the fabrication of
OLEDs, designing efficient monochromatic blue lumi-
nophores as active materials remains a challenge because
these blue light-emitting materials possess a wide electronic
band gap that leads to the mismatch in energy levels with
the adjacent layer in the device. High operational voltage is
required to overcome this energy mismatch, causing Joule
heating leading to material degradation on prolonged expo-
sure, reduced device lifetime, poor stability, and high roll-off
efficiency.”>°! Moreover, the color purity of such devices
does not meet the standard values of display technology.
Production of white light emission with such blue emitters
also becomes a challenge’?. Therefore, the development of
a luminophore possessing high solid-state QY is necessary
to produce highly effective blue OLEDs.**>" To achieve
improved deep blue narrow luminescence characteristics, the
dopant concentration can be altered and lowers the excimer
emission of the host matrix, which in turn decreases the y
coordinate on the CIE plot. Additionally, the thickness of the
active layers can be reduced to improve power and current
efficiencies and to reduce the current density parameters.
The development of red-emitting devices is quite difficult
because of the lower band gap.”®~'%

The operational stability of OLEDs is yet another crucial
issue for their effective and extensive application for practi-
cal purposes, especially in displays and for lighting. There-
fore, further research to enhance this parameter is also very
vital. Though immense progress was observed in OLED
material research and devices, the clear mechanism behind
the intrinsic OLED degradation is unknown.'’! For practical
application, both operational stability and the mechanism
behind the degradation are important. We hope that this
review illustrating the different types of Schiff bases and
their complexes that have been explored to develop OLEDs
with improved properties highlight the need for further
improvements in this direction for achieving longer-lived
devices with superior features.
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Table If OLED device .data Molecule number CIE (x,y) Lum. (cd/m*» Turn-on PE (Im/W) n, CE (cd/A) . MEQE (%)

of Schiff bases and their volt. (V) P

complexes
Blue emitter
1d - 280 34 0.18 2 -
2b (80 nm) (3% doping) (0.51, 0.35) 475 8.4 0.06 0.16 0.11
2b (60 nm) (0.52,0.34) 266 8.2 0.05 0.14 0.11
2¢ (80 nm) (0.29,0.29) 1521 6.3 0.62 1.12 0.54
2c¢ (60 nm) (0.27,0.30) 1870 6.1 0.55 0.99 0.51
2e (80 nm) (0.30, 0.33) 97 7.3 0.14 0.29 0.15
2e (60 nm) (0.29,0.29) 84 6.4 0.08 0.22 0.13
2f (80 nm) (0.31,0.38) 150 6.9 0.17 0.35 0.18
2f (60 nm) (0.30, 0.39) 156 7.1 0.14 0.35 0.18
Undoped 3 (0.24,0.27) 13000 10 2.6 8.6 -
Doped 3 (0.22,0.19) 17000 14 7.6 13.8 -
Green emitters
11c (10 wt%) (0.43,0.51) 1860 - 10.34 19.75 -
11c (20 wt%) (0.49, 0.49) 2200 - 11.50 20.14 -
11c (30 wt%) (0.44, 0.50) 1343 - 22.51 32.83 -
11c (40 wt%) (0.48, 0.50) 2440 - 25.00 35.80 -
11d (10 wt%) (0.46, 0.50) 12840 - 28.17 40.35 -
11d (20 wt%) (0.47,0.51) 15210 - 26.88 38.52 -
11d (30 wt%) (0.47,0.50) 16890 - 29.10 33.99 -
11d (40 wt%) (0.50, 0. 16800 - 24.39 37.05 -
15 (20 wt%) - - - - 0.16 -
16a (20 wt%) - - - - 0.67 -
17¢ 2 wt%) - 1460 7 1.00 2.24 -
17¢ (4 wt%) - 754 8 1.09 2.43
17¢ (6 wt%) - 666 9 1.23 2.74 -
17¢ (8 wt%) - 667 8 1.55 2.92 -
18 - 67 - - 0.0264 0.23
19 - 1212 - - 0.35 0.095
20 - 3916 - - 0.70 0.19
21 - 83 - - 0.65 0.23
22 - 4370 - - 1.36 0.36
23 - 221 - - 0.039 0.016
Red emitters
25d - 15.5 14 - - -
27a (3 wt%) (0.49, 0.50) 9370 - - 6.1 -
29a (4 wt%) (0.48, 0.52) 23000 - - 31 -
30a (2 wt%) (0.48,0.51) 6860 - - 3.7 -
31a (1.5 wt%) (0.65, 0.35) 17900 - - 10.8 -
31b (3 wt%) (0.65,0.34) 10975 - - 1.6
32 (2 wt%) (0.63, 0.35) 3060 - - 2.2 -
33 3 wt%) (0.65,0.34) 7928 - - 1.8 -
35 (0.69, 0.30) 605 14 - - -
White emitters
37a - - 4.2 0.024 0.24 -
37b - - 54 0.029 0.11 -
37c - - 59 0.13 0.40 -
38a - - 5.0 0.06 0.18 -
TCTA:37a (7.5 wt%) - - 34 0.45 0.60 -
TCTA:37b (10.7 wt%) - - 35 0.076 0.17 -
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Tablel. (continued)

Molecule number CIE (x,y) Lum. (cd/m*» Turn-on PE (Im/W) My CE (cd/A) . MEQE (%)
volt. (V)

TCTA:37¢ (7.5 wt%) - - 3.1 0.082 0.17 -

TCTA:38a (14.2 wt%) - - 3.6 0.038 0.12 -

TCTA:38b (9.5 wt%) - - 4.7 0.018 0.28 -
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