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ABSTRACT: We report the synthesis of four cationic iridium ngdexes,
[Ir(ppy)2(mepzpy)]PE (1a), [Ir(dfppy)(mepzpy)]PE (1b), [Ir(ppy)(dmpzpy)]Pk (28), and
[Ir(dfppy)(dmpzpy)]PE (2b), containing the methyl-substituted pyrazole-basedillary ligand
and the phenylpyridine-based cyclometalating ligatéVV—visible, photoluminescence (PL), and
voltammetric measurements were made to study thetophysical and electrochemical
properties of complexe$a—2h Light-emitting electrochemical cells (LECs) welabricated,
which showed yellow emission for complexiesand2a and green emission for complexHs
and 2b. The LEC incorporatin®b exhibited a high luminance of 658 cdvand a current
efficiency of 0.34 cd A'. The higher luminance and efficiency of the dewiesed or2b were
due to the smooth surface morphology and the pcesehsterically hindered dimethyl groups
on the ancillary ligand (dmpzpy), which causes aamnwmalanced charge carrier injection and

recombination.



1. Introduction

Light-emitting electrochemical cells (LECs) becapreminent as a promising alternative to
conventional organic light-emitting diodes (OLE@®cause of their simple device architecture,
easy fabrication and low-cost production [1-5]. M<£Eare multilayered devices with a neutral
emissive active layer and require air-sensitive-Veavk-function electrodes, in addition to the
electron and hole injection layers. The resultirgyide necessitates rigorous encapsulation,
which increases the production cost. Unlike OLEDSCs use an ionic active material, which
makes them very simple and can be effortlessly ggeed from solution. Moreover, LECs
independent of air-sensitive charge injection layeand metals, allowing nonrigorous
encapsulation of the devices. These benefits mak€sLa favorable candidate for next-
generation display and lighting applications.

The first solid-state LEC device was introducedl®95 and was based on a polymer blend,
specifically, a mixture of an emissive conjugatedlymer, an ion-conducting polymer, and an
inorganic salt [1]. LECs with ionic transition metaomplexes (iTMCs) were introduced there
after [6-14]. The first iTMC-LEC, reported in 199@as based on a ruthenium polypyridyl
complex and emitted orange-red light with a maximwminance of 30-50 cd thunder a
forward bias [6]. Thereafter remarkable efforts dndaeen made on LECs based on iTMCs to
enhance the performance of the device. ConsequeiMC-based LECs have exhibited
increasing responsiveness owing to their phosphen¢snature. In comparison with polymer
LECs, iTMC-LECs have a simpler device configuratido not need an ion-conducting polymer
or an inorganic salt for charge injection purposasd possess high ionic conductivity. In
addition, iTMCs are easily soluble in benign solgerso these materials can be prepared by

spin-coating on large-area devices. Furthermore light emission from iTMCs is from triplet



states, so they exhibit higher luminance efficiemey outstanding phosphorescent quantum
yields compared to singlet emitters [3, 13, 15, Mpreover, iTMCs display stable oxidation
states and possess favorable excited state pregertie existence of these stable multiple redox
states suggests that charge carriers can be @gsityed and transported in these materials [17].
Under an applied bias, the mobile ions in the ad@yer of the LEC move toward the respective
electrodes, creating an electrical double layericlviis followed by the injection of holes and
electrons from the anode and cathode, respectiVélgse charge carriers move and combine to
form excitons in which a fraction recombines ragily, resulting the emission of light.

The representative iTMCs used in LEC devices amgedbeaon a ruthenium-(Il)-containing
complex as the single active component [6]. The ligand-field splitting energies (LFSESs) of
ruthenium(ll) results the emission band of thesaamium(ll) complexes to be centered in the
orange-red region of visible spectrum. The limitador tuning capability of these ruthenium
complexes has thus restricted their applicatiohginting technologies [6-8, 18, 19]. Moreover,
these complexes exhibit low stability under dewoeditions. The use of cyclometalated Ir(lll)
complexes in lighting devices offers remarkably ioyed device performance compared to the
use of other metal complexes [5, 12, 20-26]. An LE&Sed on a cationic iridium complex,
[Ir(ppy)2(dtb-bpy)]Pk was reported for the first time by Slinkatral. in 2004 [3]. Single-layered
LEC devices incorporating [Ir(ppy{dtb-bpy)]PF produced yellow light with a peak brightness
and power efficiency of of 300 cdfand 10 Im W, respectively under 3 V [3]. Cationic iridium
complexes are characterized by high spin—orbit mogmwing to their large size and charge.
The high spin—orbit coupling leads to efficienteirslystem crossing, resulting in high emission
guantum efficiencies. Moreover, iridium complexesichlarge LFSEs which leads the color

tunning from blue to red through structural modifion of cyclometalating and ancillary ligands.



In addition to the color tunability, these bis-aytletalated iridium(lll) complexes show
excellent thermal and photochemical stability. Hegre during device operation, LECs based on
these complexes experienced severe excited stgusaching because the complexes in an
active layer of LECs are closely packed. By incogbtog adequate substituents on ancillary
ligands through bulky groups arr interaction, it is possible to suppress these axdiative
pathways by creating an enlarged intermoleculatadee and thereby to improve both the
efficiency and the device lifetime [27-30]. We retlg reported the synthesis of a series of
cationic iridium complexes containing alkylated-bemdazole-based ancillary ligands and
studied the effect of the chain length on the etdaminescent properties [31]. LECs based on
these alkylated-imidazole-based iridium complexesil®ted high efficiencies with increasing
chain length from methyl to octyl groups due to teééuced intermolecular interactions and self-
guenching [31].

Herein, we report the synthesis and characterizaifofour cationic iridium complexes with
methyl-substituted pyrazole ligands, namely, [Is(ppmepzpy)]Pk (1a),
[Ir(dfppy)2(mepzpy)]PE (1b), [Ir(ppy)(dmpzpy)]Pk (28) and [Ir(dfppyX(dmpzpy)]Pk (2D),
where mepzpy is 2-(3-methyl-1H-pyrazol-1-yl)pyrididmpzpy is 2-(3,5-dimethyl-1H-pyrazol-
1-yl)pyridine, Hppy is 2-phenylpyridine, and Hdfppy 2-(2,4-difluorophenyl)pyridine. The
photoluminescence (PL) spectra of complek&and2a in acetonitrile solution show blue-green
emission, whereas complexéis and2b emit in the blue region of the visible spectrumnBigy
functional theory (DFT) and time-dependent DFT (THEID) calculations were performed for
complexesla—2h and the obtained results are consistent withettpeerimental photophysical
and electrochemical data. LECs were fabricatedghaduced yellow emission when complexes

la and 2a were used and green emission when complékeand 2b were used. Among the



complexes, LECs based @b resulted the highest luminance, 658 c@and current efficiency,
0.34 cd A, due to the reduced intermolecular interaction selé-quenching, which resulted in
inhibition of the nonradiative pathways. In additiocomplex2b showed smooth surface
morphology, which again enhance the device perfoomaby decreasing the charge transfer

resistance at the interface of electrode.
Results and Discussion

Synthesis and characterization of heteroleptic iridum complexes (1a—2b)

The ancillary ligands (mepzpy and dmpzpy) werelsssized by a noncatalyzed C—N coupling
reaction of 2-bromopyridine with 3-methyl-1H-pyréef8,5-dimethyl-1H-pyrazole in presence
of potassiuntert-butoxide [32]. The cationic iridium complexes wexgnthesized according to
the previously reported procedures [33, 34]. Foetnmercially available IrGixH,O (1 equiv.)
was treated with 2.2 equiv. of the correspondinglayetalating ligands (C*N), namely, 2-
phenylpyridine (Hppy) or 2-(2,4-difluorophenyl)pgime (Hdfppy) in 2-ethoxyethanol and water
(3:1, 40 mL) mixture to give a cyclometalatet! i-dichloro-bridged dimer, [Ir(C NJu-Cl)]..
Next, heteroleptic cationic iridium complexds( 1b, 2a, and 2pwere synthesized by reacting
the desired dimeric complex with the preferred redwncillary ligands. The iridium complexes
were formed as chloride salts and underwent anietatimesis reaction with solid NPFR to
replace Cl. The complexes obtained in high yields were chareed by elemental analysis,
NMR and mass spectroscopic methods. The synthetites with the structures of ancillary

ligands and cationic iridium complexes are showhigure 1.



Figure 1. The synthetic routes with the structures of largi ligands and cationic iridium

complexesla, 1b, 2a, and 2p
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Photophysical properties

Figure 2 shows the room temperature UV-visible absorptioecsp of the complexes in
acetonitrile solution. All the complexe$q, 1b, 2a, and 2pshow intense absorption bands>(
2.5 x 104 M* cmi™) between 200 and 300 nm in the ultraviolet regititese high-energy bands
are attributed to ligand-centered (LC) singfet—n* transitions in both the coordinated
cyclometalating and ancillary ligands. Following thC bands, broad and less intense absorption
bands are observed from 330 nm extending towardisliigle region. These lower-energy bands
are related to both spin-allowed and forbidden fvettigand charge transferNILCT and
3MLCT), ligand-to-ligand charge transfelL{ CT and*LLCT), and LC>*—n* transitions of the

complexes [35]. The considerable intensity of tha-gorbidden transitions®§ILCT, *LLCT,



and>LC) is the result of strong spin—orbit couplingtbé heavy iridium center, which facilitates
the mixing of these states with higher-lyifNgLCT transitions [34, 36]The main absorption
bands and molar extinction coefficients of all tbemplexes are given ifable 1 The
absorption spectra in the lower-energy region ohglexeslb and2b are significantly blue-
shifted by 20 nm compared to those of complekaesand2a. The hypsochromic shift in the
absorption spectra is ascribed to the presencdeofren—withdrawing fluorine atoms on the
cyclometalated ligands of the complexg&ls and 2b. It is clear fromFigure 2 that alkyl
substitution on ancillary ligands does not sigm@ifity affect the absorption spectra of the

complexes, unlike the change in cyclometalatingrids.
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Figure 2. Room temperatur&V—visible absorption spectra of cationic iridiuroneplexes 1a—

2b) in acetonitrile solution.



Table 1.Photophysical and electrochemical properties tbogr iridium complexeda-2b.

Emission at room

5 . temperature Electrochemical data
a Aabs [nlr?)} Aen [NM] Dem’
X .
g (8-1[ 1 _ Solution - Egap
O M™ cm]) Solutiorf Eox [V]
(V] [eV]
1a 228 (4.29) 287 478, 505 sh 0.06 139 -1.79 3.8

(2.53), 381 (0.42)

253 (4.60), 285 J5n 482 <
,482's )
1b (5 62), 363 (0.49) 0.10 177  -1.73  3.50

255 (5.64), 288

476, 504 sh -
2a (3.33), 382 (0.55) 0.12 1.39 1.82 3.21

252 (4.34), 290 - .
) S _
2b (2.30), 361 (0.44) 0.16 1.72 1.74  3.46

4 Absorbance and molar extension coefficients meaksimr 1.0 x 10 M acetonitrile solution”
Maximum emission wavelength, measured in acettmgnolution at 1.0 x IOM; sh denotes the
shoulder wavelengtfi.PL quantum yield of complexes in acetonitrile $ioln measured versus
quinine bisulfate in 1N bSO, ¢ Electrochemical data versus'fec (Fc is ferrocene) measured
in 1.0 x 10° M acetonitrile solution
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Figure 3. The room temperature photoluminescence (PL) enmsgpectra of cationic iridium
complexes in acetonitrile solutions.

Figure 3 shows the PL emission spectra of the complexesétonitrile solution, which were
taken at room temperature. The complexes in solutsitow vibronically structured emission
spectra for all the complexés—2h indicating that the emissive excited states laaw@inly LC
*r—n* character and less ofMLCT character [34, 36, 37]. In acetonitrile sotutj complexes
la and2a show similar emission properties; complexhas an emission peak at 478 nm and a
shoulder peak at 505 nm, whereas those of confdeppear at 476 and 504 nm, respectively.
Note that the replacement of the ancillary ligangpapy (complexla) with dmpzpy (complex
2a) does not significantly disturb the photophysipedperties of the complexes. However, the

emission spectra of complexdb and 2b display a marked shift toward blue wavelengths

relative to those of complexds and2a; 1b has an emission peak in the blue region at 454 nm
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and a shoulder peak at 482 nm, whereas tho2b appear at 454 and 483 nm, respectively. The
hypsochromic shift in the emission spectra of caxeslb and2b can be explained by the
electron-withdrawing nature of fluorine atoms dtiadt to the cylcometalating ligands, which
lowers the energy levels of the complexes by stahg the highest occupied molecular orbital
(HOMO). The PL quantum yields (PLQYs) of the conxgle measured in acetonitrile solution
are 0.06, 0.10, 0.12, and 0.16 for complekaslb, 2a, and2b, respectively. Interestingly, the
guantum yields of complexé&a and2b are higher than those b& and1b; this could be due to
the additional methyl groups present on the forrsemplexes, which may reduce the
intermolecular interactions and excited state gednching. The photophysical properties of

complexesla—2bare summarized ihable 1

2.3. Electrochemical Properties
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Figure 4. Cyclic voltammograms of complexe$&2b). The potentials were recorded versus

Fc'/Fc (ferrocenium/ferrocene).

The electrochemical properties of complet@s-2b were investigated by cyclic voltammetry
(CV), and the cyclic voltammograms are displayedrigure 4. The redox potentials were
measured versus ferrocenium/ferrocene’ /i) using 0.1 M solution of tetrabutylammonium
hexafluorophosphate (TBARFin acetonitrile. The electrochemistry data arensiarized in
Table 1 All the complexes display reversible oxidationdanmreversible reduction waves in
acetonitrile solution. Complexe$a—2b show oxidation waves between 1.39 and 1.77 V,
attributed to the redox couple of"ir", with a considerable contribution from the
cyclometalated ligands. Compared to compledes and 2a, the oxidation potentials of
complexeslb and 2b are significantly anodically shifted by ~380 mV iog to the electron-
withdrawing fluorine atoms, which reduce the electdensity around the iridium center. Upon
the cathodic scan, the complexes show irreversddaction waves at1.79, -1.73, —-1.82, and
—-1.74 V for complexega, 1b, 2a, and2b, respectively. The reduction waves are attribtbetthe
reduction of the ancillary ligand, with a small tdioution from cyclometalating ligands. The
reduction potentials of complexeldh and 2b are anodically shifted compared to those of
complexesla and 2a owing to the influence of electron-withdrawing dhine atoms on the
cyclometalating ligands. The HOMO and lowest unpoed molecular orbital (LUMO) energies
of complexesla—2bwere calculated from the respective oxidation igutliction potentials using
the empirical relations. The HOMO energies cal@dator complexeda, 1b, 2a, and2b are
-5.76, -6.14, -5.76, and -6.09 eV, respectivelyd #re LUMO energies are —2.58, —2.64,
—-2.55, and -2.39 eV, respectively. The electrockahenergy gaps ¢& = E+omo — ELumo) of

complexesdla, 1b, 2a, and2b are 3.18, 3.50, 3.21, and 3.46 eV, respectively.
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2.4. Quantum ChemicalCalculations

DFT and TDDFT studies of transition metal complexa@s being increasingly used to
rationalize their observed optical and photophysiehavior [38]. DFT/TDDFT calculations
were performed for complexés, 1b, 2a, and2b to gain insights into their structural, electronic,
electrochemical and photophysical properties. Ak tcomplexes have a pseudo-octahedral
coordination geometry around the iridium centere Toptimized geometries of the studied
complexes are depicted Higures 5andS1, and the important geometrical parameters around
the iridium center are given ifable 2 The bond lengths between the cyclometalated digan
and Ir are nearly 2.02 A (Ir-C4/Ir-C5) and 2.08 I&N3/Ir-N6). For the ancillary ligands, the
corresponding distances are somewhat longer, rgrighm 2.225 to 2.246 A. The Ir-N1/Ir-N2
bond distances were found to be longerle and shorter ii2b. The bond angles of the
cyclometalated phenylpyridine with ile., N3-Ir-C4/C5-Ir-N6, were not changed significantly
upon substitution and are approximately’.80n the other hand, the bond angle of ancillary
ligands with Iri.e., N1-Ir-N2,was found to be approximately °73he reported geometrical
parameters (bond lengths and bond angle$pabie 2 do not vary significantly with the change

from complexlato complex2b.
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Figure 5. Optimized molecular structure of compleka obtained at the B3LYP/6-

31G(d,p)/LanL2DZ level of theory. Hydrogen atome amitted for the sake of clarity.

Table 2 Important bond lengths (A) and bond angles (des)ref all four metal complexes in

their most stable conformations. Atom numbers heavs inFigure 5.

la 1b 2a 2b
Bond lengths
Ir-N1 2.240 2.231 2.230 2.225
Ir-N2 2246 2.233 2.238 2.227
Ir-N3 2.083 2.083 2.083 2.081
Ir-C4 2.021 2.019 2.022 2.020
Ir-C5 2016 2.015 2.019 2.015
Ir-N6 2.083 2.081 2.080 2.079
Bond angles
N1-Ir-N2 73.5 73.9 73.1 73.4
N3-Ir-C4 80.1 80.1 80.1 80.1
C5-1r-N6 80.2 80.3 80.2 80.3

14
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Figure 6. The electron density contours of the HOMO-1 to LOML of complexeda, 1b, 23,

and2b (isosurface: 0.02 e A obtained from DFT calculations.

The Kohn-Sham orbitals of the complexes are digglay Figure 6. From the electron
density distribution, it is evident that the HOM@daHOMO-1 are generally located on the
iridium and the two cyclometalated ligands, wherdas LUMO and LUMO+1 are localized
over the ancillary ligand with negligibly small dobution of the Ir orbitals. As the HOMO is
centered on the Ir atom and the cyclometalateshdigaany change on these ligands will perturb

the HOMO energy to a greater extent compared ta.thdO energy. Therefore, the HOMO is

15



stabilized by the presence of the electron- withvittg fluorine atoms on the cyclometalated
ligands. The stabilization of the HOMO energy witle change from compleba to 1b is found

to be 0.32 eV, as the energy varying varies fron6#®V (complexLa) to —5.99 eV (complex
1b). A similar stabilization of the HOMO energy (0.8Y) was observed for the change from
complex2ato 2b. This stabilization of the HOMO energy by goingrfr complexla to 1b and
also from complexX2a to 2b explains the higher oxidation potentials that wexgerimentally
measured for complexdd (1.77 V) and2b (1.72 V), compared to those of compledes1.39
V) and 2a (1.39 V). On the other hand, the stabilizationttef LUMO energy is insignificant
both for the change from compléato 1b (0.09 eV) and for the change from comp&ato 2b
(0.08 eV). Owing to the unequal stabilization o# tHOMO and LUMO energies, the HOMO-
LUMO gaps (HLGs) of complexekh (3.32 eV) an®b (3.31 eV) are found to be 0.23 eV larger
than the corresponding values fiarand2a. Therefore, considerable hypsochromic shiftden t
absorption and emission spectra are expected itrahsitions from completato 1b and from
complex?2a to 2b. The obtained HOMO and LUMO energies and the HlaBes from these
calculations are in good agreement with the elebemical data inferred from the CV
measurements. The percentage distributions of ¥E, LUMO, and LUMO+1 are given in
Table S1 (complexeka and1b) and Table S2 (complex@s and2b) for the four Ir complexes
In this study, the LUMO level was taken from themsof the HOMO level and the TDDFT
transition energy, rather than from the unreliaklghn—Sham LUMO eigenvalue [39]. The
calculated energy levels of the HOMO and LUMO alavith the TDDFT transition energies
(Eg) of the four complexes are given Table 3. The HOMO is largely located on the two

cyclometalated ligands (~65%) and the Ir (~35%). tla other hand, the reported two lowest

16



unoccupied orbitals (LUMO and LUMO+1) are centeneginly on the ancillary ligand (~95%),

with negligibly small involvement of the Ir and dgmetalated ligands.
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Figure 7. Simulated UV-visible absorption spectra of the faamplexes obtained at the
B3LYP/6-31G(d,p)/LanL2DZ level of theory. The spactre broadened using the Gaussian

convolution with FWHM=1000 ci

The UV-visible absorption spectra of the four Imgmexes were simulated in acetonitrile
solution and are shown iRigure 7. The TDDFT simulation reproduced the main bands th
were observed in the experimental spectra. The nméehse singlet transition in the high
wavelength region of complexéds and2ais located at 397 nm and those for compledesand
2b are located at 371 and 370 nm, respectively. THsemwed absorption maxima comes from
the HOMO — LUMO+1 transition, except for comple2b. In complex2b, the most intense
singlet transition in the high wavelength regionimha arises from the HOMO— LUMO

transition. From the percentage contribution (Talfd and S2) of the MOs involved in the

17



transitions, the lowest-lying transitions have niXdLCT and LLCT character. The observed
hypsochromic shift for complexeld and2b is attributed to the increased HLG upon fluorine
substitution on the cyclometalated ligandslé supra). Tables 4and5 shows the calculated
excitation wavelengths with the largest oscillastrengths and coefficients of configuration
interaction together with the dominant contributioreach transition. These tables also give the
phosphorescence emission data. The TDDFT data #atwsubstitution of the second methyl
group on the pyrazole of the ancillary ligand hgrfifluences the absorption behavior. The
simulated UV-visible absorption spectra of the fameamplexes along with their oscillator
strengths are shown in Figure S2.

The phosphorescence emission maxima obtained usiagself-consistent field energy
difference ASCF) method are 527 and 528 nm for completasand 2a, respectively.
Interestingly, the phosphorescence emission maginh@th complexedb and2b appear at 502
nm. The calculated emission values are in excedlgntement with the experimental data. We
found that both the absorption and emission sp@ftmmplexeslb and2b are blue-shifted by

approximately 26 nm from those of completesand2a.

Table 3. Calculated energy levels of the frontier molecwabitals and TDDFT transition

energy () of the four complexes in acetonitrile. All enagjiare given in eV.

Complex la 1b 2a 2b
HOMO -5.67 -599 -5.66 -5.97
LUMO -258 -2.67 -258 -2.66

Eg, TDDFT (So— &) 3.09 332 3.08 331

18



Table 4. Simulated absorption wavelengtligaf, oscillator strengthsf), and coefficients of
configuration interaction (Cl) with a dominant cobttion to each transition for complex#&a
and1b. The calculated emission valu@sqssio) are obtained using theSCF method. H and L
denote HOMO and LUMO, respectively.

)Vca| CI Domlnant ;\.emission
Complex  Transitions fa
(nm) Coefficient Contribution (nm)

S5 401  0.0146 0.6994 B L (98%)

S2S 397 0.0985 0.6944 H L+1 (96%)

S>Ss 381  0.0045 0.6966 B L+2 (97%)
S>S 346 0.0075 0.6994 B L+3 (98%)

Ia SOSs 332 0.0513 0.4912 H2 L(48%)
S>T, 451 0.5428 H> L+1 (59%)
S>T, 443 0.4995 H> L+2 (50%)
S>Ts 404 0.6730 H> L (91%)
S>T, 386 0.3645 H> L+1 (27%)
S>Ts 384 0.4415 H> L+2 (39%)
S>S 373  0.0318 0.6693 B L (90%)
S 371 0.0755 0.6637 H> L+1 (88%)
S>Ss 357  0.0068 0.6921 B L+2 (96%)
S-S 324 0.0807 0.4835 H-D L (47%)
S>Ss 323 0.0214 0.5767 B L+3 (67%)

1b 502
ST, 431 0.4767 H> L+1 (45%)
ST, 427 0.4326 H> L+2 (37%)
S>Ts 377 0.6136 H> L (75%)
S>T, 372 0.2966 H-3> L (18%)
S>Ts 369 0.4246 H> L+1 (36%)

®The oscillator strengths are given wherever apbléea
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Table 5Simulated absorption wavelengths.f, oscillator strengthsf) and coefficients of
configuration interaction (Cl) with a dominant cobttion to each transition for complex2a
and2b. The calculated emission valu@sq(ssioy are obtained using theSCF method. H and L
denote HOMO and LUMO, respectively.

Acal Cl Dominant Aemission
Complex  Transitions fa
(nm) Coefficient Contribution (nm)
S2S 402 0.0208 0.6063 B L (74%)
S2S 397 0.0910 0.6023 H L+1 (73%)
S2S: 381 0.0034 0.6948 B L+2 (97%)
S2S 341 0.0181 0.6947 B L+3 (97%)
- 9> 335  0.0354 0.4970 H2L@A%) g
S2T: 451 0.5646 H> L+1 (64%)
S2T2 443 0.4994 H> L+2 (50%)
S2T3 405 0.6816 H> L (93%)
S2>Ts 386 0.3752 H> L+1 (28%)
S2Ts 385 0.4281 H> L+2 (37%)
S2S 375 0.0505 0.5087 B L+1 (52%)
S$OS, 370  0.0543 0.5121 H L (52%)
S2S 358 0.0045 0.6889 B L+2 (95%)
So>Ss 325  0.0434 0.4535 H-D L (41%)
S2S 322 0.0984 0.4927 H-2 L+1 (49%)
2b 502
S>Ty 431 0.4949 H> L+1 (49%)
S2T2 427 0.4317 H> L+2 (37%)
ST 378 0.6279 H> L (79%)
So>Ts 372 0.3693 H-3> L (27%)
S2Ts 369 0.4126 H> L+1 (34%)

®The oscillator strengths are given wherever apbléea
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Figure 8. AFM images of thin films of complexdsa—2bon top of the ITO/PEDOT:PSS layer.

Electroluminescent properties of LECs

To investigate the electroluminescent propertiec@hplexesla—2kh LECs were fabricated
having the device structure of indium tin oxide  @)Ipoly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEBR3S)/ITMC/Al. The PEDOT:PSS layer
was introduced to smooth the ITO surface and tatdihole injection [37]. To study the thin
film surface morphologies of complexg&a—2ky atomic force microscopy (AFM) measurements
were made, as the film-forming abilities of ITMQ=® &rucial to better device performance. The

films were prepared by spin-coating compledes-2b on top of the ITO/PEDOT:PSS layer.
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Figure 8 shows AFM images of complexds—2h which exhibit smooth surface morphology
and are pinhole-free. The root-mean-square (rmgphoess values of the neat films of
complexeslb (0.59 nm) andb (0.51 nm) are lower and hence smoother thaf0.67 nm) and

2a(0.87 nm). The smaller rms roughnes2bindicates that it has excellent film-forming atyili
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Figure 9. EL spectra of LECs based on cationic iridium ctaresla—2h

The electroluminescence (EL) spectra of the LE@iang the cationic iridium complexeka—
2b are shown irFigure 9. The EL spectra were measured by using a sindtagescan with a
sweep rate of 0.5 V/s. Unlike the PL emission gj@est solution, the EL spectra of all the
complexes consist of broad, featureless emissioakgpeindicating that different optical

transitions are responsible for the light emissitime broad emission bands of the EL spectra are

22



attributed to the existence of stronger intermdicinteraction in the neat film than in the
solution. The EL emission maxima of the deviceseHasnla and1b are 537 and 503 nm, and
those of the devices based 2mand2b are 543 and 511 nm, respectively. The EL emissfon
all the complexes is strongly red-shifted comparcethe solution PL spectra. This behavior has
already been seen in other LEC devices and shaustthbuted to the polarization effect due to
electrical excitation [40, 41]. The Commission miationale de L’Eclairage (CIE) coordinates
of the devices based on complexesand2a are (0.35, 0.51) and (0.34, 0.50), respectively,
corresponding to yellow emission. Thb device has CIE coordinates of (0.21, 0.51), anddh
of the 2b device are (0.24, 0.53), both of which are vergsel to the green region of the
spectrum. The blue shift of thEb and 2b devices is ascribed to the presence of electron-
withdrawing substituents on the cyclometalatingatigs of both complexes. However, no
changes in the band energy and color are obserlied we move from completato 2aandlb

to 2b, showing that the additional methyl groups on #imeillary ligand do not significantly

disturb the energy levels of the complexes.
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Figure 10. Luminance and current density versus voltageesiof LECs incorporatinja—2h

The luminance and current density versus voltageesuof LECs based on complexies-2b
are shown irFigure 10. The luminance and current density of all the dewiincrease slowly
with increasing voltage and reach a maximum intgnsihich is a typical characteristic of LEC
devices [1, 3]. The delayed response occurrindgnatstarting bias is associated with the slow
migration of cations and anions toward the cathaxag anode, respectively [3]. The luminance
and current density of all the devices are steguytfou8 V and rise sharply with increasing
voltage. This is because of rapid ion distributi@inthe electrode surfaces with increasing

""" (p-type) and /Ir'" complexes region (n-type)

voltage, which leads to the creation of &/Ir
near the anode and cathode, respectively, followgdan improved carrier injection and

recombination. For the device based Im the luminance and current density increase with
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increasing voltage, reaching a maximum value aed thecreasing in intensity. The decrease in
the intensity ofla is associated with low stability of the complexeth increasing voltage or
degradation ofLa during device operation. Comparedltg the device stability otb is higher
due to the presence of electron-withdrawing flueratoms on cyclometalating ligands, which
decrease electron density around iridium center raalles the iridium-cyclometalating ligand
bond more stronger. However, on further alkylat@as found irRa and2b, the ancillary ligands
becomes more electron-rich and bind very stronglyhe iridium, giving the complexes more
stability thanlb against the attack of water molecules.

Note that the LEC based @b shows the best results, with a maximum luminarfd@58 cd
m 2 and a current efficiency of 0.34 cd*AThe maximum luminance of the remaining devices
follows the orderlb (560 cd m?), 2a (549 cd m?), andla (351 cd m?). The peak current
efficiencies of the LECs based da, 1b, and2a are 0.06, 0.31, and 0.07 cd'Arespectively.
The electrical properties of all the LECs are sumzea in Table 6. The performance of the
LEC using2b is higher than that of the other device owing e tecreased intermolecular
interaction and self-quenching. In addition, thienfforming ability of 2b yielded a smooth
surface and resulted in higher device efficienggnthhe others. This is because reducing the
surface roughness decreases the charge trandttamnes at the interface between the electrodes
and the active layer, resulting in more balancediarainjection and recombination. These
results point out that the cationic iridium commexwith smooth surface morphology and the
capability of ligands to provide steric hindrance sital for succeeding efficient, stable devices

for solid-state lighting applications.
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Table 6. Electrical characteristics of LECs basedlarb.

Current
LuminancCeay Current ELmax CIE
Complex 5 densityax  efficiency _

[cd m“] [MA cmi?] cd A% (nm) coordinates
la 351 555 0.06 537 (0.35, 0.51)
1b 560 785 0.31 503 (0.21, 0.51)
2a 549 916 0.07 543 (0.34, 0.50)
2b 658 371 0.34 511 (0.24, 0.53)

Experimental Section

Materials and methods

Iridium (l11) chloride hydrate, 99.9% (IrGkH,O) was purchased from Alfa Aesar, and all the

other reactants and solvents were procured from&igldrich, South Korea, and used without
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further purification*H and**C NMR spectra were recorded with a Varian Unitpie&00 MHz
FT-NMR spectrometer. Chemical shifés (in ppm) were measured relative to the residual
CD.Cl, solvent peak with tetramethylsilane as an integtahdardJ values are given in Hz.
Elemental analyses were carried out with an Eleare¥ario EL CHN elemental analyzer.
Electrospray ionization mass spectrometry (ESI-Mi&3lyses were conducted on an Agilent Q-
TOF 6530 MS/MS system. Photophysical propertiethefcomplexes were measured at room
temperature using TOM acetonitrile solution. The UV-visible absorptispectra were recorded
in a 1-cm-path-length quartz cell using an AgilBA63 spectrophotometer. PL emission spectra
of the complexes were recorded using an F-7000 péctsophotometer. The PLQYs of
complexes were measured in solution at an exatat@velength of 400 nm with quinine
bisulfate ®Pp = 0.545 in 1 M HSQ,) as the reference substance. Oxidation and remtucti
potentials of the complexes in acetonitrile solutid0° M) were determined using CV and
recorded using a potentiostat/galvanostat (lviuthstaltammetric analyzer operated at a scan
rate of 100 m V8. A glassy carbon and a platinum wire were usethasvorking and counter
electrodes, respectively. The redox potentials athemeasurement were recorded versus the
Ag/AgCI reference electrode and calibrated witreadcenium/ferrocene (H&c) couple as an
internal standard.The supporting electrolyte wéslaMv solution of TBAPE in acetonitrile. The
HOMO/LUMO energies and energy gafsg4) of the complexes were calculated from the
oxidation Eox) and reduction K.y potentials using the empirical relation[42, 48liomo =
[—&(Eoxvs. AgiagciE1r2 (Fe+ire vs. agiager) — 4.8 eV, Eumo = [~€(EreaE12)] — 4.8 eV, andEyyp =
Eromo—ELumo, WhereEy (re+rc vs. agiagenis the redox potential of ferrocene (0.43 V), &admo
and E.uwo are the energy levels of the HOMO and LUMO, retipely. The surface

morphology of the films was studied using AFM (La€e II). The films were prepared from
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acetonitrile solution by spin-coating the activenpbexes onto an ITO/PEDOT:PSS layer (see

section “Fabrication and Characterization of LECS”)

General synthetic procedure for ancillary ligands fnepzpy and dmpzpy)

The synthesis follows a non-catalyzed C—N coupleaction in the existence of a potassium
tert-butoxide base [32].

Synthesis of 2-(3-methyl-1H-pyrazol-1-yl)pyridine fnepzpy). 3-methyl-1H-pyrazole (0.66 g,

8 mmol) and potassiuntert-butoxide (0.88 g, 7.8 mmol) were dissolved in dliynethyl
sulfoxide (DMSO) (5 mL)at room temperature. To basic solution, 2-bromopyridine (1.17 g,
7.4 mmol) was added slowly under constant stirrarg] the solution was heated to reflux under
nitrogen for 12 h. Once the reaction completedas cooled to room temperature and extracted
with water and ether. The organic layer was wastiéd water and ether to remove DMSO and
excess base. The organic layer was then isolatied, over anhydrous N80, and filtered. The
solvent was then removed under reduced pressultgharresultant colorless oil was purified by
column chromatography on silica gel (200-300 medied with hexane/ethylacetate (9:1 v/v).
H NMR (500 MHz, CBCl,) & (ppm): 8.43 (1 H, dJ2.53), 8.38 (1 H, d] 4.88), 7.91 (1 H, dJ
8.30), 7.79-7.74 (1 H, m), 7.59-7.47 (1 H, m), €251, d,J 2.53), 2.38 (3 H, s).

Synthesis of 2-(3,5-dimethyl-1H-pyrazol-1-yl)pyridne (dmpzpy). The ancillary ligand,
dmpzpy, was synthesized in the same manner as mdpgpusing 3,5-dimethyl-1H-pyrazole
instead of 3-methyl-1H-pyrazole. A colorless oil svabtained as the product after column
chromatography on silica gel eluted with hexanglatietate.'H NMR (500 MHz, CRCl,) §
(ppm): 8.40 (1 H, dJ2.65), 7.86 (1 H, dJ7.86), 7.80—7.71 (1 H, m), 7.60-7.45 (1 H, m), D6

H, s), 2.61 (3 H, s), 2.27 (3 H, 3).
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Synthesis of [Ir(ppy)2(mepzpy)]PF6 (1a)The dichloro-bridged dimeric iridium, [Ir(ppyQl]2
(208 mg, 0.1 mmol), and mepzpy (37 mg, 0.23 mmajendissolved in dichloromethane (15
mL) and methanol (15 mL) and heated to reflux &060nder nitrogen for 18 h. After cooling to
room temperature, the obtained iridium complex lasr@e salts underwent anion metathesis
reaction with solid NEPFs (65 mg, 0.4 mmol). The solvent was then removedeumeduced
pressure, and the solid obtained was dissolveitiatomethane to remove insoluble inorganic
impurities. The addition of hexane to the filtrgielded the desired product as a yellow solid,
which was then filtered and dried in a vacuum o¥en 24 h. The crude material was
subsequently crystallized from an acetonitrile/mexanixture. Yield: 129 mg, 0.16 mmol, 80%.
'H NMR (500 MHz, CBQCl,) d (ppm): 8.22-8.09 (2 H, m),8.04 (2 H, i8.74),7.92-7.88 (3 H,
m), 7.80-7.74 (3 H, m), 7.64 (1 H, 88.30), 7.57 (2 H, dJ 4.77), 7.50-7.43 (4 H, m), 7.20—
7.16 (2 H, m),6.91-6.80 (2 H, m), 6.20 (1 H,J7.64), 1.52 (3 H, s¥C NMR (126 MHz,
CD,Cly) & (ppm): 161.42, 157.13, 150.65, 149.93, 145.10,.0012139.24, 137.13, 135.89,
130.05, 129.38, 128.01, 127.54, 126.10, 124.93,9121120.12, 113.25, 105.21, 15.61. Anal.
Calcd (%) for GiH2sNsPRsIr: C, 46.27; H, 3.13; N, 8.70. Found: C, 46.21;3-.8; N, 8.79. ESI-
MS (m/2): 660.2 [M-PR]".

Synthesis of [Ir(dfppy)(mepzpy)]PF (1b). The synthesis was similar to that of la but
replacing [Ir(ppy)Cl], with [Ir(dfppy).Cl].. Yield: 136 mg, 0.15 mmol, 78%H NMR (500
MHz, CD,Cl,) J (ppm): 8.36 (2 H, dJ 7.50), 8.23-8.14 (4 H, m), 7.85-7.71 (3 H, m)2#B56

(2 H, m), 7.24 (2 H, s), 7.15 (2 H,»6.64), 6.62—6.51 (2 H, m), 6.23 (1 H,Jd7.58), 1.54 (3 H,
s). ®*C NMR (126 MHz, CBCly) & (ppm): 164.65, 161.98, 160.48, 157.23, 150.90,050

142.34, 139.27, 137.60, 135.44, 129.73, 127.91,6024.24.05, 112.63, 111.80, 104.11, 99.83,
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15.67. Anal. Calcd (%) for ££H21NsPFRolr: C, 42.47; H, 2.41; N, 7.99. Found: C, 42.50;2:50;

N, 8.08. ESI-MSi(v2): 732.1 [M-PR]*.

Synthesis of [Ir(ppyk(dmpzpy)]PFs (2a). The complex was obtained as a yellow solid by
treating [Ir(ppy)Cl]. (108 mg, 0.1 mmol) and dmpzpy (40 mg, 0.23 mmdaild: 130 mg, 0.16
mmol, 79%."H NMR (500 MHz, CBCl,) 6 (ppm): 8.12-8.09 (2 H, m), 8.03 (2 H, i8.72),
7.97-7.93 (3 H, m), 7.86 (1 H, d1.58), 7.84—7.80 (3 H, m), 7.74-7.69 (2 H, m), ABH, d,J
5.10), 7.24-7.21 (2 H, m), 7.12-7.04 (3 H, m), 62H, s), 2.88 (3 H, s), 1.68 (3 H, $jC
NMR (126 MHz, CDBCl,) & (ppm): 161.27, 156.02, 150.80, 150.19, 149.25,2814144.03,
141.64, 138.54, 131.13, 130.62, 124.95, 123.86,0820113.86, 105.36, 15.72, 13.78. Anal.
Calcd (%) for G,H27NsPRsIr: C, 46.94; H, 3.32; N, 8.55. Found: C, 46.97;3:83; N, 8.62. ESI-
MS (m/2): 674.2 [M-PR]*.

Synthesis of [Ir(dfppy)2(dmpzpy)]PFs (2b). This complex was synthesized from [Ir(dfpg¥) .
(122 mg, 0.1 mmol) and dmpzpy (40 mg, 0.23 mmoigld 144 mg, 0.16 mmol, 81%H NMR
(500 MHz, CDCL,) § (ppm): 8.33 (2 H, dJ 8.75), 8.19-8.15 (2 H, m), 8.08 (1 H, 18.66),
7.81-7.77 (3 H, m), 7.58 (1L H, 85.84), 7.31-7.28 (2 H, m),7.17-7.12 (3 H, m), 6631 (2 H,
m), 6.31 (1 H, s), 2.91 (3 H, s), 1.76 (3 H,’SC NMR (126 MHz, CBCl,) § (ppm): 164.70,
162.76, 160.69, 156.22, 152.72, 151.88, 149.38,174642.42, 139.69, 128.17, 124.66, 124.05,
112.85, 111.33, 104.32, 99.07, 15.68, 13.83. A@alcd (%) for GaH23NsPFRylr: C, 43.15; H,
2.60; N, 7.86. Found: C, 43.19; H, 2.65; N, 7.83I-EIS (W2): 746.2 [M-PF]".

Quantum chemical calculations

All the DFT and TDDFT simulations for the four aatic iridium (Ill) complexes were

conducted using the Gaussian 09 (Revision Bal)nitio quantum chemical program [44].
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Geometry optimization and vibrational frequencylgsia of the complexes were performed by
employing a hybrid Becke [45, 46] three-parametee-LtYang—Parr [47] exchange-correlation
functional (B3LYP). We used 6-31G(d,p) basis fumes for the H, C, N, and F atoms. We used
a “double&” quality basis set consisting of Hay and Wadt'feetive core potentials (LanL2DZ
ECP) [48-50] for the Ir atom. No symmetry consttairwere applied during geometry
optimization. Vibrational frequency analysis wasdocted to confirm that each configuration is
indeed a local minimum on the potential energy atef The contour plots for the molecular
orbitals were generated using the GaussView pro@sain

On the basis of the optimized structures of thetedaic ground state ¢ the UV-visible
absorption spectra of the four Ir complexes wertiabd using the TDDFT formalism in
acetonitrile solution to mimic the experimental ditions. The phosphorescence emission data
were obtained by employing theSCF method. The absorption and emission propesfi¢se
complexes in acetonitrile solvent were calculate@ssociation with the polarizable continuum
model [52, 53] implemented in Gaussian G09. The FD[@alculations were performed using
the B3LYP functional and the mixed basis set agrl®sd above. This level of theory has been
shown to give reliable results for the structusdéctronic, and optical properties of transition
metal complexes [54].
Fabrication and characterization of LECs

ITO-coated glass plates patterned by conventiomaltgithography were purchased from
Samsung Corning, South Korea. These glass sulsstratee cleaned by sonication in a mixture
of solvents consisting of acetone, ethanol, anpriguyl alcohol (1:1 v/v) for 30 min. After being
dried, the ITO substrates underwent UV-ozone treatnfor 30 min. PEDOT:PSS was

purchased from H. C. Starck (Clevios Al 4083). Befepin-coating, the PEDOT:PSS solution
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was filtered using a 0.2um hydrophilic polytetrafluoroethylene (PTFE) filteThe hole-
conducting PEDOT:PSS layer was used to improverépeoducibility of the devices and to

avoid the formation of pinholes.

The iTMC-LECs were fabricated as follows. Firstge tREDOT:PSS solution was spin-coated
onto the precleaned ITO substrate at 2000 rpm@a. I he spin-coated films were then baked at
120°C for 10 minin a vacuum oven. Next, the active tagelution was spin-coated onto the
ITO/PEDOT:PSS layer and baked atCOor 1 h. The active layer solution was preparednf

20 mgmL*! acetonitrile solution. Before spin-coating, theia layer solution was kept in a
shaking incubator for 24 h and then filtered by. . 0On hydrophobic PTFE filter. The substrate
containing the spin-coated active layer was thdnested to thermal evaporation to deposit the
aluminum cathode (100 nm)in a metal-evaporatingnti& using a shadow mask under high
vacuum. The consequential devices had the struanfirédTO/PEDOT:PSS/iITMC/Al. The
electrical properties of these devices were evathah ambient conditions using Keithley
characterization systems. The voltage dependenérdudensity and luminance of the devices
were measured using a Keithley 2400 source metér avisweep rate of 0.5 V'sand were
calibrated with a silicon photodiode. An Avanteminance spectrometer was used to measure

the EL spectrum and CIE coordinates.

Conclusions

We reported the synthesis and photophysical andretdhemical characterization of four new

cationic iridium complexes with methyl-substitutedpyrazole ligands, namely,

[Ir(ppy)2(mepzpy)]PE (18), [Ir(dfppy)}(mepzpy)]PE (1b), [Ir(ppy)(dmpzpy)]PE (28), and

[Ir(dfppy)2(dmpzpy)]PE (2b), for solid-state light-emitting applications. Tltemplexes were
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synthesized in good vyields; complexts and 2a exhibited blue-green emission in acetonitrile
solution, andlLb and2b exhibited blue emission. The additional methylup® present i2a do

not produce any significant change in the photojglaygroperties; however, the change in the
substituents on the cyclometalating ligands coultktthe emission properties of the complexes.
DFT and TDDFT calculations were performed for de tcomplexes, and the results were
consistent with the observed photophysical andreleltemical properties. LECs were fabricated;
their emission was red-shifted compared to the pcisa in acetonitrile solution, resulting in
yellow emission for complexe%a and 2a and green emission for complexgéb and 2b.
Moreover, a higher luminance of 658 cd’and current efficiency of 0.34 cd Awere obtained
for the LEC based o8b owing to the reduced intermolecular interactionsvai as a smooth
surface morphology. This work demonstrates thaticsteindrance on metal complexes is
essential for improved device performance, as fipeesses self-quenching and inhibits the
nonradiative pathways. In addition, the film-formiabilities of the iridium complexes are also

crucial for enhanced device performance.
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Highlights
» Iridium complexes (1a-2b) were synthesized using pyrazole based ancillary ligands.
» DFT and TDDFT calculations were performed for all complexes
» Light-emitting electrochemical cells (LECs) were fabricated and characterized.
>

L ECs based on these complexes resulted in yellow and green el ectroluminescence.



