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Abstract

Three new deep-red heteroleptic phosphoresceninmi@l) complexes Ir(pigy(L1), Ir(pig)z(L>),
and Ir(pigy(Ls), comprising cyclometalated ligand 1-pheynylisaaloine(piq) and
heterocyclic Schiff base ancillary ligands 3-metihyphenyl-4-(phenylimino)methyl-1H-
pyrazol-5-ol(L), 3-methyl-1-phenyl-4-(phenylimino)methyl-1H-pydA-ol (L), and 4-(4-
methoxyphenyl)imino-methyl-3-methyl-1-phenyl-1H-pyol-5-0l (L5) have been designed,
synthesized, and characterized. All the compoumais @eep red emission withnay Values in
the spectral range of 602-620 nm, high quantumdyi®i4 to 0.52 and short excited state
lifetime 1 (0.51-0.55us) due to dominant strong field ligands, resulmgefficient triplet metal-
ligand charge transfePNILCT) excited state. Time dependent density fumelotheory (TD-

DFT) calculations and electrochemical measuremehthe compounds strongly support their



genuine deep red phosphorescent emission. The patidn of ancillary and cyclometalated
ligands significantly influence the molecular odbst of Ir(lll) complex, leading to clearly

distinct electron density distributions of the LUMEnd HOMO. The compounds show good
thermal stability and quantum yield, these chargties making them an ideal candidate to
exploit in phosphorescent organic light emittingds (PhOLEDSs). Highly-efficient PhOLEDs
were developed by using Ir(pigl.1), Ir(piq)2(L2), and Ir(pig}(Ls) in solution process as deep
red emitters and device composed of Ir(glg) exhibited an excellent external quantum
efficiency of 14.9% and current efficiency of 10c8/A with the stable CIE coordinates of
(0.67,0.33).

Keywords: Heteroleptic iridium(lll) complex, deep red, sttun process, PhOLED.

Introduction

Phosphorescent organic light emitting diodes (PhDd)Ehave drawn potential attention in last
few decades as most promising alternatives in gereration display and solid-state lighting
technology [1-7]. Compared to the conventional vesitablished liquid crystal display (LCD)

and light emitting diodes (LED) technology, the adtage of OLEDSs includes high speed vide
rate, wide visual angle, high contrast, and cosistance [8]. Moreover, OLEDs technology also
capable of flexible/transparent devices and exthgthén light screens.

The OLED technology has been unfolding from singgerojunction structure into a double
heterojunction structure, taking advantage of tbeesance of the carrier transport and light
emitting layers into two territories. Besides thesdti-heterojunction architectures, it facilitates
more confine the charge carriers and improves tadopnance [9-10]. To achieve high

performance OLEDs development of various materialduding electrodes, electron/hole



transport, host, and emitters are of the key isdu@sing extensive academic-industrial interest.
Among all these compounds for OLEDs, Ir(lll) bassinpounds are consider to be the most
promising candidates for the facile chemical madifion, tunable photophysical characteristics
and superior stability.

A huge research has been carried out aimed to aevi(lll) complexes for different
applications in OLEDs. However, development of Hitient deep red phosphorescent device is
a formidable challenge as it experienced the engagy law and luminous flux drop in the
saturated red region [11-16]. Good efficiency oépleed phosphorescent OLED (PhOLEDS)
with the maximum luminescence in the region 640-680and the Commission International de
L’Eclairage (CIE) coordinates of ® 0.70 and y<0.30 are rare so far [17-20]. Therefore,
developing novel high-performance red phosphordsesritters through an effective molecular
design strategy will revamp the color purity, lueseence quantum yield, and lifetime, hence
better OLED efficiency devices. Numerous attemgteehbeen reported with the derivatives of
phenyl quinoline or phenyl iso-quinolone as cycltareged ligands and other ancillary ligands
such as acetylacetonate (acac), picolinate(pia), MyiN-diisopropylbenzamidinate (dipba) etc.
However, these compounds suffer from the limitagidhat lower the luminescence quantum
yield, excited lifetime, and device efficiency [33B].

In the present study, we have designed and symttetiiree new heteroleptic Ir(lll) complexes,
namely Ir(pig)}(Ly), Ir(piq)2(L2), and Ir(pig}(Ls). The photophysical and electrochemical
characteristics were studied and reveals that yimthasized compounds possess significant
potential towards deep red emission along with gdagiinescence quantum vyield. The

compounds emit deep red emission Withx values in the spectral range of 602-620 nm, high

guantum yield 0.44 to 0.52 and short excited difggme (0.51-0.551s) due to dominant strong



field ligands, resulting an efficient triplet mefajand charge transfeNILCT) excited state.
The pyrazolone based ligand offers several impobrfaatures to the compounds such as
enhancing luminescence quantum yield due to stfietd) effect of the ligands as well as good
film forming properties [10, 34-35]. Density funatial theory (DFT), time dependent DFT (TD-
DFT) calculations, and electrochemical measuremehtee compounds strongly support their
genuine deep red phosphorescent emission. The ecomdpcshow good thermal stability and
high glass transition temperature. These Ir(llilnpounds employed as dopant for the deep red
PhOLEDSs, a maximum EQE of 14.9% with CIE coordinzt€0.67, 0.33) was recorded for the
Ir(pig)2(L3) dopant. All the devices display very stable el@aminescent emission, low turn-on

and high luminance.

Results and discussion
All synthesized ancillary compounds were stablercatm temperature, soluble in common
organic solvents and further characterized thratiffarent spectroscopic techniques. The results

were in good agreement with the proposed structures

Structural description

The synthesis route of ancillary ligang, IL,, and L are shown in Scheme 1. Intermediate 1-
phenyl-4-formyl pyrazolone derivatives were synibed according to our previous reports
[36,37]. The ligands were characterized'ByNMR, APT and ESMS. The'H-NMR spectra of
the ligands showed the characteristics of an enmtiton até 11.34-11.40, which disappeared
during complexation with the Ir(lll) metal ion [3B]. FT-IR spectra of the complexes show

band between 1504-1535 ¢which is assigned to aromatic C=C bond. Strong baserved



in the range of 1612-1620 ¢nis due to C=N azomethine group. The lower bantisd®n 500-
800 cni® is due to the Ir-O and Ir-N [39]. The mass speofraomplexes L, L,, and L3 showed
the characteristic molecular ion signals at 949,.8and 907 m/z, respectively (Fig. S1-S11). X-
ray structure of ligands determines and its criggahphic data are summarized in (Table S1-S2

and Fig. S12).
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Scheme 1: Synthesis of ancillary ligands and Ir(Ili complexes.

Photophysical properties

Figure 1 displays the UV-Vis absorption spectrathad Ir(Ill) compounds measured at room
temperature in dichloromethane (DCM) solution. Hixsorption spectra can be considered as
composed of two parts, the broad and intense atgorpands observed below 350 nm closely
resembled that of cyclometalated and ancillaryriig¢hat are assigned to spin allowesd n*
transition [40-42]. These transitions are also kn@s ligand centered (LC) transitions [25]. The
peaks at around 350-420 nm could be as a restiieddpin allowed inter ligand charge transfer

(!ILCT) between the cyclometalated and ancillaryrigg However, the weaker absorption band



observed above 450-500 nm could be assigned tspimeallowed transitions metal-to-ligand
charge transfer bandMLCT), while spin forbidden¥MILCT) transition bands appeared at 550-

650 nm [43-4%
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Figure 1: Electronic absorption spectra of the compunds in DCM.

The emission spectra of the Ir(lll) compounds amotemperature were carried out in DCM
solution and solid-state by using integrating spreee shown in Figure 2. All complexes display
deep-red luminescence peak in the range of 602r621data are summarized in Table 1. The
compound displays deep red PL emission ranging 88&Lnm in the DCM solution. The

complexes show good quantum yield in the range4$-0.52 with reference to Ir(ppy)
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Figure 2: PL spectra of compounds in (a) DCM and (psolid state.



Our rational design complexes show superior quantieid as compared with the homoleptic
and heteroleptic iridium(lll) complexes such a9ilyj; (0.26) and Ir(pig)acac) (0.20) at 620
and 622 nm, respectively [14,45]. Our compoundsvsagrcellent®p as compared with other
reported complexes [15,18,46]. Due to such linotadj this homoleptic and heteroleptic
complexes do not show significant properties anglicge performance too. Our designed
heteroleptic complexes are superior in termsbgf and lifetime in the range of 0.50-0.5%5,
which may be due to the superior excited MLCT cbina over the other complexes. Here the
increasing MLCT character subsequently enhancesgheorbit coupling (SCO) and leads to
larger radiative rate las summarized in Table 1. These complexes also good solid state
luminescence in the range of 618-621 nm. All thes@plexes show a stronger bathochromic
shift and broad emission spectrum in solid staém tinose discerned in the solution state, which
may be due to presence of the packed moleculesaaitand the formation of excimer in solid
state [47-48]. It is believed that intermoleculateractions arising from-n stacking in the thin-
film or solid-state have always led to small redtshn the emission spectra. In the solid state,
the quantum yields of complexes were calculatedgusntegrating sphere method and were
found to be 0.39, 0.48 and 0.49 respectively. A# emitters show nearly same emission in
toluene, chloroform and acetone with a shift o2 [49]. Representative spectra of complex L
Lo, and lg are shown in Fig. S13-S15. It is interesting toenoptical bandgap of complex
Ir(piq)2(L3) is higher than that of other counterparts, whichy be attributed to presence of
relatively less bulky group (-OGjand lower possibilities of steric hindrance ie tBchiff base

units in complex, Ir(pig)Ls).



Table 1: Photophysical, electrochemical and thermgbroperties of iridium compounds.

Compounds| Ap® | Ap” | Ravs | Ronsef | Eg° | Eomsed | HOMOY? | LUMO" | T4 | ®@p/ ®p, Lifetime k. Knr'
[nm] | [nm] | [nm] | [nm] | [eV] | [eV] [eV] [eV] | [°C] (Solid state)| T (us) | (10's?) | (10°sY
Ir(piq) o(L2) | 602 | 618| 340| 623 109 0496 | -559 | -3.60 | 310] 0.4 0.39 051 0862 1.098
Ir(piq) o(Lo) | 602 | 621| 335| 618 2.00 0522 | -562 | -362 | 292 051 0.48 055| 0.927 0890
Ir(piq) 2(Ls) | 603 | 620| 336 629] 1.97 0503 | 560 | -363 | 318 052 0.49 053] 09dL 0905

[a] measured in dichloromethane

[b] measured in solid state

[c] measured in dichloromethane at concentration Srrti/lit

[d] estimated from absorption spectra

[e] estimated from absorption onset from UV-visible

[f] estimated from cyclic voltammetry

[g] estimated from Epoxq and EnsetObtained from cyclic voltammetry
[h] estimated using HOMO and,E
[i] estimated from TGA (5% weight loss)

[jT in dichloromethane

[K] the radiative k= ®p 1-1
[I]the non-radiative k = (1-®p,) 1-1



Electrochemical properties

Cyclic voltammetry (CV) was conducted to study #lectrochemical characteristics of the
iridium compounds and carried out by three-eledragystem on CHIGE60E electrochemical
workstation (Ocean Optics, USA). The measurememe warried out at room temperature in
DCM solutions with tetrabutylammonium perchlora®@BAP) as supporting electrolyte. The
cyclic voltammograms of calibration compound feawe obtained with reference to Ag/Ag
electrode is shown in Figure 3. The cyclic voltangnams are obeying quasi reversible nature
and by using onset oxidation potential values wtaoh ranging from -0.359 to 0.564 V, the

HOMO and LUMO energy levels of the compounds ateutated and summarized in Table 1.

e Ir(piq),(L,)
49 ==—Ir(pig),(L,)
| =—rrpia),c)

Current, JA

Potential (V) vs. non aqueous Ag/Ag+

Figure 3: Cyclic voltammograms of compounds.

Thermal properties

The thermal behavior of the compounds was investijdy the thermogravimetric analysis
(TGA) under nitrogen atmosphere with a heating cdté0 °C/min from room temperature to
500 °C as shown in Figure 4. The characteristiviges information such as thermal stability,
glass transition temperature and melting assayhefnbaterials. Such parameter is crucial in

terms of fabrication of device using materials vhize essential for the fabrication of OLED by



a vapor deposition method [50]. All the iridium collexes exhibit good thermal stability §Tin

the range of 292-318 °C. Differential scanning daietry (DSC) analysis was performed from
30 to 250 °C at a heating rate of 10 °C/min under rtitrogen atmosphere (Fig. S16). As
indicated by the DSC curves, no obvious glass itianstemperatures were observed which
suggests that these Ir(lll) complexes are highlypmainous. These complexes showed excellent

thermal stabilities high enough for OLED devicerfastion [51-53].
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Figure 4: TGA curves of synthesized iridium(lll) conplexes.

Theoretical calculation

The density functional theory (DFT) and time depmantdDFT (TD-DFT) calculations of
complexes were performed using the Becke’s threanpeters and Lee-Yang-Parr (B3LYP)
hybrid exchange-correlation method with LANL2DZ isaset for the iridium atom and 6-31G*
for the other atoms. To more understand about paéat distribution of the frontier molecular
orbitals, the contour plots of LUMO + 2 to HOMO -a? iridium complexes in Figure5. All
calculations are performed in Spartan’18 SoftwaAseshown in Figure 5, HOMO of4l_L,, and
Lz are mainly localized on the pyrazolone ring ofibauy ligand and iridium center. Meanwhile,

the LUMO of all complexes are localized on the twyolometalated ligands, along with a minor



contribution of iridium center. The other heterdlepand homoleptic complexes were also
carried out with the same basic set to establismtbre understanding regarding the behavior of
these ligands and their contribution in the formatof FMOs (Table S3-S5). The ancillary
ligands acac and pic of complex Ir(S@kac), Ir(CTBT)(acac), Ir(MTPQ)pic), and
Ir(BTP),(acac) (Table S6) are not contributing in the faroraof frontier molecular orbitals
(FMOs), whereas the designed ancillary ligang& 4in complexare largelyeffects on the FMOs
and subsequently enhances the radiative procesgsing the band-gap which is also support by

the device data shows in Table S3.
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Figure 5: Frontier molecular orbitals (FMOs) of the iridium complexes.

Device electroluminescent characteristics
Inspired by the excellent photophysical charadiessand comprehensive abilities of the
emitters, we have evaluated the potential apptinatif the iridium compounds as dopant in the

solution processed PhOLED with CBP host. Singlessivé layer electroluminescent (EL)



devices with a structure ITO/ poly(3,4-ethylenexgibiophene)-poly(styrenesulfonate)
(PEDOT:PSS; 35 nm)/ CBR wt% emitter (22 nm)/ 1,3,5-tris(N-phenylbenzimida2-yl)-
benzene (TPBi; 40 nm)/ LiF (1.5 nm)/ Al (150 nm) revdabricated by solution processing.
Herein, ITO acts as an anode, PEDOT:PSS servefiehdle injection/transporting layer
(HIL/HTL), TPBI serve as an electron transportiraiéhblocking layer (HTL/HBL), LiF acts as
the electron injecting layer (EIL), and Al as ahmate. In order to achieve high performance
PhOLEDSs, different doping concentration of thelly(émitters & = 5.0, 7.5, 10, and 12.5 wt%)
in the host CBP matrix were deployed. The studiedat structure and molecular energy level

alignment between the layers are displayed in Eigur
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Figure 6: (a) Schematic device structure and (b) emgy level diagram of the studied

solution processed deep red PhOLEDs.

The current density-voltage-luminance, efficientyamacteristics and normalized EL spectra of
the deep red PhOLED are shown in Figure 7 and de¢asummarized in Table 2. The
Ir(pig)2(Ly), Ir(piq)2(L2), and Ir(pig}(Ls) compounds showed deep red electroluminescence

emission having maxima spectbgl.x value at 616, 617 and 620 nm with CIE coordinates



(0.66, 0.34), (0.67, 0.33) and (0.67, 0.33), respely. Devices exhibit very stable EL emission
spectra without any effect on the CIE coordinateenvincreasing the dopant concentration. The
main peak in the EL spectra of the devices was welisistent with the corresponding
photoluminescence spectra of the films. A shouloesk was observed in the lower energy
region of EL spectra around 660 nm and became ghgddrop with increasing dopant
concentration, which may be seeded by the exciorendtion in solid state.

Furthermore, the red shifted EL peak with an iasieg doping concentration was also
confirmed. No emission from the CBP host and adjhagharge transporting layers were
observed which indicates an efficient energy trmnshechanism from host to dopant and
effective confinement of charges. The doping cotregion strongly influences the device
performance. Table S7 and Figures S17-S19 summatheeeffects of doping concentration on
power efficiency (PE), current efficiency (CE), extal quantum efficiency (EQE), CIE
coordinates, and maximum luminance.

A deep red emitting PhOLED devices with stable €t6rdinates of (0.67, 0.33), a maximum
CE of 10.8 cd/A and a maximum EQE of 14.9% waseatd for the Ir(pigYLs) (10 wt%)
based device featured the highest performance.iJtii® highest EQE among the simple design
solution processed Ir(Ill) based PhOLEDs (Table $8g EQE is approximately 1.5 and 2 times
higher than that of the device based on Ir@fig) and Ir(pig}(L.), respectively. For Ir(pigjL,)
and Ir(pig}(L,), a decent maximum EQE of 9.6% and 7.3% was e@lizespectively. The
Ir(pig)2(L3) based device showed an increased EQEs from 7dl%0#4% as the doping
concentration increased from 5.0 wt% to 10.0 wtégpectively. As the concentration of the
dopant is increased to 12.5wt% the EQE dropped0®b8this decline in EQE might cause from

the doping concentration quenching and tripletdtipannihilation process. The Ir(pii).3)



based device showed an EQE of 11.7% and 9.9% aardi®.000 cd/f respectively. Herein, it
is interesting to note that the devices do notesuffom the efficiency roll-off, which is a major
issue faced in PhOLEDSs. The surface morphologigkethin films were studied using AFM in
trapping mode. The root mean square values ofilthe fvere recorded 0.67 nm and 0.65 nm for
7.5 wt% and 10 wt% of Ir(pigjLs) dopant with CBP host matrix, respectively. TheMAF
images display a uniform and homogenous distrilbubiothe film surface illustrated in Fig. S20.
Remarkably, no major changes have been observéideiremission spectra of molecules by
introducing the alkoxy group in the Schiff basetsnHowever, molecular orbital energy level
and quantum vyield of the compounds has been gfigitered. The quantum vyield of the
compounds and EQE of the reported devices are gadd when compared with the complexes
those reported in the literature. The observed %4BQE for the OLED device based on
complex Ir(pig)}(L3) may also be attributed to the presence of lessyb®CH;) group in the
Schiff base units.

It is also noticeable that observed PE and CE efréisultants OLED devices lower than that of
EQE. The reason beside this may be high PLQY valuemitters, efficient energy transfer
between host and guest molecules, generation @tnagl exciton in the sufficient amount, and
balanced charge carrier in the recombination zohlee PE of OLED is inversionally
proportional to driving voltage of the device, denenriched device leads to low driving voltage
and high PE. However, the EQE of an OLED deviceeddp on many factors and can be
determined by the optical out-coupling factqs,), photoluminescence quantum yield (PLQY),

exciton generatiom)yf), and carrier balance factop) (
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Figure 7. (a) Current density-voltage, (b) luminane-voltage, (c) current efficiency-

luminance, and (d) EL spectra plots of the solutiomprocessed deep red PhOLEDs.

Table 2. Electroluminescence performances of the dp red solution processed PhOLEDs.

Dopant Dopant conc. PEmax CEmax EQEmax CIE
(Wt%) (Imw™) (cdA™) (%) Coordinates
Ir(pig)2(L1) 7.5 6.2 9.9 9.6 (0.66, 0.34
Ir(pig)2(L2) 10 3.3 7.1 7.3 (0.67,0.33
Ir(pig)2(Ls) 10 4.8 10.8 14.9 (0.67, 0.33
Conclusion

In summary three new heteroleptic deep red iridlunphosphorescent compounds were
designed with cyclometalated ligand (piq) and roeteclic Schiff bases as ancillary ligands. All

the compounds are well characterized by spectrgsmghniques. The photophysical properties



of the complexes show excelled 0.44 to 0.52 and short excited-state lifetiméd.51-0.55
ps) due to dominant strong field ligands;lls resulting in efficient triplet metal-ligand charge
transfer {MLCT) existed state. These results further suppyptthe spin forbiddeAMLCT bands
550-650 nm. The DFT and TD-DFT calculations strgrgipport the involvement of ancillary
ligands in formation of FMOs and the resulting céemps offer radiative process with band gap
fine tuning. These complexes show excellent therstability and high glass transition
temperature. Highly efficient solution processe@®PBDs were developed by using Ir(pic)1),
Ir(piq)2(L2), and Ir(pig)(Ls) as deep red emitters. Device composed of Ir{flig)) exhibited an
excellent external quantum efficiency of 14.9% amudrent efficiency of 10.8 cd/A with the

stable CIE coordinates of (0.67,0.33).
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Highlights

Novel deep-red heteroleptic phosphorescent iridium(lll) complexesis designed and
synthesized.
High thermal stabilities, excellent photophysica and electroluminescent features of the
complexes.

» The solution-processed deep-red device shows CIE of (0.67, 0.33) and EQE of 14.9%.
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