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ABSTRACT: Bis-tridentate Ir(IIl) metal complexes bring
forth interesting photophysical properties, among which the
orthogonal arranged, planar tridentate chelates could increase
the emission efficiency due to the greater rigidity and, in the
meantime, allow strong interligand stacking that could
deteriorate the emission efficiency. We bypassed this hurdle
by design of five bis-tridentate Ir(IIl) complexes (1-5), to
which both of their monoanionic ancillary and dianionic
chromophoric chelate were functionalized derivative of 2-
pyrazolyl-6-phenylpyridine, ie. pzpyphH, parent chelate.
Hence, addition of phenyl substituent to the pyrazolyl
fragment of pzpyphH, gave rise to the precursors of
monoanionic chelate (A1H—A3H), on which the additional
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tert-butyl and/or methoxy groups were introduced at the selected positions for tuning their steric and electronic properties,
while precursors of dianionic chelates was judiciously prepared with an isoquniolinyl central unit on pziqgphH, in giving the red-
shifted emission (cf. L1H, and L2H,). Factors affected their photophysical properties were discussed by theoretical methods
based on DFT and TD-DFT calculation, confirming that the T, excited state of all investigated Ir(III) complexes shows a mixed
metal-to-ligand charge transfer (MLCT), intraligand charge transfer (ILCT), ligand-to-ligand charge transfer (LLCT), and
ligand-centered (LC) transition character. In contrast, the poor quantum yield of 3 is due to the facilitation of the nonradiative
decay in comparison to the radiative process. As for potential OLED applications, Ir(III) complex 2 gives superior performance
with max. efficiencies of 28.17%, 41.25 cd-A™! and 37.03 Im-W—, CIE,, = 0.63, 0.37 at S0 mA cm™, and small efficiency roll-

off.

1. INTRODUCTION

Organic light emitting diodes (OLEDs) have been considered
as the emerging technology for flat panel displays and solid-
state luminaries of the 21st century. Since the first report on
electroluminescence,' the OLED emitters have evolved from
fluorescent” and phosphorescent’® ultimately to thermally
activated delayed fluorescent (TADF).””"* Among these three
generations of designs, the fluorescent materials utilize only the
singlet excitons, which set the highest possible internal
quantum efficiency to only 25%. In contrast, both the
phosphorescent and TADF emitters take advantage of the
fast (both forward and reversed) intersystem crossing induced
by the inherent heavy atom effect as well as the small gap
between the singlet and triplet excited states, which, in theory,
give a unitary internal quantum efficiency for the fabricated
OLED devices. Nowadays, the blue fluorescent emitter and
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green and red phosphors have all been used for commercial
OLED devices, while corresponding TADF emitters are
considered as the future replacements.

Moreover, all these OLED emitters required good stability
to survive the harsh condition applied during electrical
excitation, which remained to be the central focus in this
arena. In this regard, for the phosphorescent emitters, changing
the traditional design, cf. Ir(Il) complexes with three
bidentate chelates (tris-bidentate), to those with only two
tridentate chelates (bis-tridentate) would offer the respective
phosphors with improved stability due to the multidentate
coordination nature of chelates.'* To date, the tris-bidentate
Ir(IlI) phosphors are common; for example, homoleptic
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[Ir(ppy);] and heteroleptic [Ir(ppy),(acac)] have been
considered as the excellent dopants for various monochromlc
and white-emitting OLED applications (cf. Scheme 1).'>'° O

Scheme 1. Drawings of Ir(III) Complexes [Ir(ppy);),
[Ir(ppy).(acac)], and [Ir(dpyx)(dppy)]
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the other hand, the best known example of bis-tridentate
Ir(III) complex is [Ir(dpyx)(dppy)], bearing chelates derived
from 1,3-di(2-pyridyl)-4,6-dimethylbenzene (dpyx)H and 2,6-
dlphenylpyrldme (dppy)H,, despite poor luminescent effi-
ciency. ”'® In fact, the design challenge in bis-tridentate
complexes lies on how to control the energy gap and inherent
properties of luminescent metal complexes, which are deemed
necessary for device fabrication using vacuum deposition. The
next endeavor is finding a high yield route to incorporate these
tailor-made tridentate chelates (both monoanionic and
dianionic) around the Ir(IIl) metal center in a systematic
fashion.' >

Recently, we have described utilization of the precursors of
dianionic tridentate chelates with one or two pyrazolyl units
(cf. pzpyphH, and pzpypzH,) in synthesmng the bis-tridentate
Ru(I1), Os(II), and Ir(III) complexes 921" Our examinations
hinted that, independent to the central metal atoms, it is
essential to first incorporate a neutral or monoanionic chelate
to the employed metal reagents, followed by addition of
dianionic chelate in affording the bis-tridentate arrangement.
This strategic sequence is important as the first added chelate
with less negative charge will coordinate to the metal reagents
in giving intermediate of high synthetic yield. For instance,
2,2':6,2"-terpyridine (tpy) and functional chelates reacted with
MCl;, M = Ru and Os, in giving [(tpy)MCL], which can
convert to the bis-tridentate complexes upon addition of
functional derivatives of pzpyphH, and pzpypzH,, affording
excellent sensitizers suited for making dye-sensitized solar cells
(DSSC).>*"** Moreover, the bis-tridentate Ir(III) complexes
[Ir(dpyx)(dppy)] and [Ir(fpbpy)(dppy)] were known to be
produced by first treatment of IrCl;-3H,0 with (dpyx)H or 6-
(S-trifluoromethylpyrazol-3-y1)-2,2'-bipyridine (fpbpy)H in
giving isolable dimer complex [Ir(dpyx)(u-Cl)Cl], or hypo-
thetical [Ir(fpbpy)(u-Cl)Cl],, followed by conversion to the
bis-tridentate complexes Ir(dpyx)(dppy) and [Ir(fpbpy)-
(dppy)] upon addition of (dppy)H,.'”*° In fact, this
sequential transformation remained useful for other mono-
anionic chelates with imidazolium carbene unit, i.e., phpyim™
and impyim~ (Scheme 2), which are the key ancillaries in
giving efficient blue-emitting bis-tridentate Ir(III) phos-
phors 2729

With this motivation, we proceed to investigate the bis-
trldentate Ir(III) complexes bearing monoanionic chelate such
as pz™pyph~ and functional analogues. We anticipated that
addition of a phenyl substituent to the peripheral pyrazolate of
pzpyphH, in giving pz™pyphH as shown in Scheme 3 should
convert the corresponding tridentate chelate from dianionic to

Scheme 2. Structural Drawings of Dianionic Chelates,

pzpyph®>~ and pzpypz®~, and Monoanionic Chelates, dpyx™,
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monoanionic due to removal of the pyrazolic NH fragment.
Hence, a total of three functional designs (cf. AIH—A3H)
were introduced, with an aim to probe both the steric and
electronic effects imposed by the introduced substituents.
Furthermore, the second tridentate chelate precursors are also
prepared using a central isoquinolinyl entity for reducing the
ligand-centered zz* (or intraligand charge transfer, ILCT)
energy gap and giving efficient red emission, i.e., L1H, and
L2H,. Preparation of the bis-tridentate Ir(IIl) emitters was
next conducted using the literature strategy. From the
viewpoint of molecular design, this work represents an
interesting example on the bis-tridentate Ir(III) phosphors
with chelate deriving from essentially identical origin. Hence,
these Ir(II)-based materials could enrich the prospective of
OLED emitters with high efficiency.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. All needed
tridentate chelates for this investigation are summarized in
Scheme 3. They consist of both the monoanionic ancillaries
An~ (n = 1-3) and dianionic chelates Ln*~ (n = 1 and 2); the
latter possesses a relatively smaller ligand-centered zz* or
ILCT energy gap in comparison to that of An~ ancillaries,
attributed to the replacement of central pyridyl unit in An~
with the isoquinolinyl fragment in Ln*~ with greater z-
conjugation. It is interesting to note that both the tridentate
An~ and L~ chelates are derived from the original design of
pzpyphH,.

The precursor of N-phenyl-substituted ancillary chelate,
pz"'pyphH (A1H), was synthesized using a multistep protocol
depicted in Scheme 4. First, 2,6-dibromopyridine was treated
with n-BuLi, followed by addition of N,N-dimethyl acetamide

—78 °C in affording 2-acetyl-6-bromopyridine, which was
next coupled with phenylboronic acid to yield 2-acetyl-6-
phenylpyridine. Subsequent Claisen condensation of 2-acetyl-
6-phenylpyridine with ethyl trifluoroacetate produced a
diketone intermediate that, in turn, underwent reaction with
phenyl hydrazine and, next, with acid-catalyzed hydrazone
cyclization to afford the desired precursor A1H. Analogously,
two more precursors of functional ancillaries, namely
pz™py®ph®H (A2H) and pz"'pyph®*H (A3H), one with a
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Scheme 3. Structural Drawings of the Studied Precursors of Chelates, pzpyphH (AnH), n = 1-3, and pziqphH, (LnH,), n = 1

and 2

pz™"pyphH, (ATH): R, R?, R3 = H
pzPpyBphBH, (A2H): R', R? = Bu; R® = H

pzPMpyphO2H, (A3H): R! = H; R2, R® = OMe

pzigphH,, (L1H,): R=H

pzigph®2H,, (L2H,): R = OMe

Scheme 4. Synthetic Protocols to pz""pyphH (A1H)
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“Experimental conditions: (i) n-BuLi, dimethylacetamide, diethyl
ether; (ii) phenyl boronic acid, Pd(dppf)Cl,, K,COj, toluene:water:-
ethanol (7:1.5:1.5), reflux; (iii) NaOEt, ethyl trifluoroacetate, THF,
reflux; (iv) phenyl hydrazine, p-TsOH-H,O, ethanol, reflux; (v)
concentrated HCI, ethanol, reflux.

tert-butyl group located at both the central pyridyl and
peripheral phenyl units and the second with the 3,5-dimethoxy
substituted peripheral phenyl group for adjusting electronic
properties, were prepared using relevant starting materials,
following the analogous procedures depicted in Scheme 4.
Next, synthesis of 3-phenyl-1-(3-(trifluoromethyl)-1H-pyr-
azol-S-yl) isoquinoline, pzigphH, (L1H,) is depicted in
Scheme 5, to which the procedures are slightly more
complicated than those described for the precursors of
monoanionic An~ ancillaries, as needed for construction of

central isoquinolinyl unit. Hence, Sonogashira cross-coupling
was first employed to link 2-bromobenzaldehyde and phenyl-
acetylene in forming 2-(phenylethynyl)benzaldehyde (I-1),*
which was treated with t-butylamine in affording N-tert-butyl-
1-(2-(phenylethynyl) phenyl)methanimine (I-2).*" Cyclization
of I-2 in the presence of Cul afforded the 3-phenylisoquinoline
(I-3), to which the catalytic acylation with paraldehyde
afforded 1-(3-phenylisoquinolin-1-yl)ethan-1-one (I-4). Sub-
sequently, this acetyl isoquinoline derivative undergoes Claisen
condensation with ethyl trifluoroacetate in giving the diketone
intermediate, to which the hydrazine cyclization afforded the 3-
phenyl-1-(3-(trifluoromethyl)-1H-pyrazol-S-yl)isoquinoline
(L1H,). The 3,5-dimethoxy substituted pziqph®*H, (L2H,)
was obtained in a similar fashion, which is expected to have an
even more reduced z7* energy gap compared to that of the
parent precursor L1H,.

With both chelates in hands, the demanded bis-tridentate
Ir(1II) complexes 1—5 were obtained by first treatment of one
equiv of AnH (i.e., AIH—A3H) with IrCl;-3H,0 in refluxing
ethanol for 12 h. After that, the ethanol was removed under
vacuum to afford a residue. To this uncharacterized material
were added an equal molar ratio of the second chelating
precursors LnH, (i.e, L1H, and L2H,), an excess of sodium
acetate as catalyst, and decalin as solvent. The resulting
mixture was heated to reflux for 48 h, to which the stepwise
transformations are depicted below:

Scheme 5. Synthetic Protocols to pziqgphH, (L1H,) Chelate”

(0]

“Experimental conditions: (i) phenyl acetylene, Pd(PPh;),Cl,, Cul, dry Et;N, 50 °C; (ii) tert-butylamine, room temperature; (iii) Cul, DMF, 100
°C; (iv) FeSO,7H,0, paraldehyde, CF,CO,H, t-BuO,H, CH;CN, reflux; (v) NaOEt, ethyl trifluoroacetate, THF, reflux; (vi) hydrazine hydrate, p-

TsOH-H,0, ethanol, reflux.
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Scheme 6. Structural Drawings of the Studied Bis-Tridentate Ir(III) Metal Complexes 1—5
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IrCl,-3H,0 + AnH — “[Ir(An)Cl,]” + HCI + 3H,0
(1)

“[Ir(An)Cl,]“ + LnH, + NaOAc
— [Ir(An)(Ln)] + 2NaCl + HOAc )

Upon chromatographic separation and recrystallization, the
expected charge-neutral bis-tridentate Ir(III) complexes with
general formula [Ir(An)(Ln)] were isolated in moderate to
high yields. Scheme 6 presents the molecular drawings of these
Ir(I1I) complexes. It is also notable that two Ir(III) complexes
2 and 5, both with two tert-butyl substituted ancillary A27,
tend to afford the best product yields of >80%, in comparison
to other ancillary (i.e, Al™ and A3™) without the tert-butyl
substituent (39 ~ 45%). It is expected that the tert-butyl
substituents of A2H can block the unwanted side reactions,
particularly on the central pyridinyl unit, and giving better
yields in comparison to those using precursors A1H and A3H.
After then, these Ir(III) complexes were characterized by 'H
and ""F NMR spectroscopic methods, mass spectrometry, and
elemental analyses.

Single crystal X-ray analyses of Ir(IlI) complex 1, i.e.
[Ir(A1)(L1)], were also conducted to reveal their true identity.
As shown in Figure 1, both the tridentate A1~ and L1*~
chelates are coordinated to the central Ir(III) atom in a
mutually orthogonal fashion, to which the overall molecular
arrangement resemble that of the homoleptic bis-tridentate
Ir(IIT) complexes reported earlier.”” The dianioinc chelate L1
has C(22)—Ir—N(S) bite angle of ~159° and isoquinolinyl Ir—
N(4) distance of 2.001(2) A, the latter is much shorter
compared to the adjacent pyrazolyl Ir—N(S) distance of
2.092(2) A and Ir—C(22) distance of 2.020(2) A. Similarly, an
C(1)-Ir—N(2) bite angle of ~157° was also observed for
monoanionic A2” ancillary, except the existence of a
lengthened pyrazolyl Ir—N(2) distance of 2.154(2) A due to
the attachment of N-phenyl substituent. Finally, this phenyl
appendage from Al~ chelate is perfectly residing over the
isoquinolinyl ring of L1>~ chelate, showing notable through-
space n—n interaction. The calculated center-to-center
distance between the phenyl and isoquinolinyl group is
approximately 3.648 A, coinciding to those of 7—z stacking
distances re;)orted in relevant supramolecularly caged Ir(III)
complexes.”” >

2.2. Photophysical Properties. The UV—visible absorp-
tion and emission spectra of the bis-tridentate Ir(III)
complexes 1-5 in CH,CI, solution were shown in Figure 2,
and photophysical data were depicted in Table 1. The intense
absorptions from 340 to 450 nm with relatively higher
extinction coefficient are contributed mainly by zz* transitions

Figure 1. Structural drawing of 1 with thermal ellipsoids shown at the
30% probability level. Selected bond distances: Ir—C(1) = 2.005(2),
Ir—C(22) = 2.020(2), Ir—N(1) = 2.000(2), Ir-N(2) = 2.154(2), Ir—
N(4) =2.001(2), and Ir—N(5) = 2.092(2) A. Bond angles: C(1)—Ir—
N(2) = 157.31(8), C(22)—Ir—N(5) = 159.26(8), and N(1)-Ir—
N(4) = 176.51(8)°.
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Figure 2. Absorption and emission spectra of Ir(III) complexes 1—5
recorded in CH,Cl, at room temperature.

within 2-(1-pheny-pyrazolyl)-6-phenyl pyridine (An~) ancillary
and 1-pyrazolyl-3-phenyl isoquinoline chromophoric chelate
(Ln*7). The broadened absorption centered at around 475 nm
was attributed to the spin-allowed metal-to-ligand charge
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Table 1. Absorption and Emission Properties of Ir(III) Complexes 1—5 Recorded in CH,Cl, at Room Temperature

abs A [nm] (e X 107* M'em™)“ em A, [nm]® @ [%]>° Tops LHS] k, [x10° s71] k,, [X10° s7']
1 254 (4.68), 301 (3.7), 34S (1.7), 452 (0.31) 593, 645, 704 98 7.42 131 0.026
2 253 (4.55), 307 (3.48), 346 (1.76), 454 (0.308) 595, 649, 707 100 6.19 1.61 -
3 308 (3.81), 373 (1.38), 470 (0.25) 592, 643, 705 15 0.69 22 12
4 290 (3.72), 375 (1.36), 470 (0.26) 612, 661, 73S 90 4.46 2.01 0.22
5 290 (5.09), 358 (2.09), 476 (0.33) 617, 666, 735 100 3.74 2.7 -

“All absorption spectra were measured using a 107> M of CH,Cl, solution at room temperature; “Emission spectra were measured in degassed
CH,Cl, solution at room temperature. “4-Dicyanomethylene-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran in DMSO (Q.Y. = 80% and 4,,,, = 637

nm), which was employed as a standard.

Table 2. Electrochemical and Energy Gap Data of Studied Ir(III) Complexes 1—5

Measurement DFT*
E*,° [V] B0 [V] HOMO" [eéV]  optical gap® [eV] ~ LUMO? [eV] HOMO [eV] LUMO [eV]  H-L gap [eV]
1 0.53 [0.10] —2.30 [0.10] -5.33 2.17 -3.16 —5.47 —1.84 3.63
2 0.46 [0.13] —2.38 [0.12] -526 2.17 —-3.09 - - -
3 0.30 [0.07] —2.32 [0.09] -5.10 221 —-2.89 -5.20 —-1.76 3.44
4 0.27 [0.14] —2.37 [0.11] -5.07 2.14 -2.93 -5.18 —-1.82 3.36
5 0.25 [0.21] —2.42 [0.12] -5.05 2.13 -2.92 - - -

“E, refers to (E,, + E,.)/2, where E,, and E,, are the anodic and cathodic potentials, respectively, referenced to the redox couple (Fc/Fc* = —4.8
eV), while the corresponding values of AE, = E,, — E,_ are given in square brackets. The oxidation wave and reduction wave measured in CH,Cl,
and THF solution, respectively. "THOMO = —(E,, + 4.8) eV. “Optical gap (eV) = 1240/phosphorescent onset (nm). “LUMO = HOMO + optical
gap. “PBE1PBE/6-31G**(LANL2DZ with ECP for Ir) level with PCM for modeling the CH,Cl, solvent.

Table 3. Calculated Excitation Energy (1), Oscillator Strength (f), Main Orbital Contribution and Charge Characters of the
Lowest Singlet and Triplet Excited States for the Optimized Ground-State Geometries of Ir(III) Complexes 1, 3, and 4, at
PBE1PBE/6-31G**(LANL2DZ with ECP for Ir) Level with PCM for Modeling the CH,Cl, Solvent”

state A (nm) f
1 S, 450 0.0056
T, 584 0
3 S, 490 0.0091
T, 584 0
4 S, 488 0.0220
T, 592 0

orbital contribution (>20%)

HOMO — LUMO+1 (70%)
HOMO — LUMO (23%)
HOMO — LUMO (52%)
HOMO-1 — LUMO (30%)
HOMO — LUMO+1 (68%)
HOMO — LUMO (28%)
HOMO — LUMO+1 (43%)
HOMO — LUMO (21%)
HOMO — LUMO (91%)
HOMO — LUMO (45%)
HOMO-1 — LUMO (23%)

assignment

MLCT (24%), LLCT, ILCT, LC
MLCT (16%), LLCT, ILCT, LC
MLCT (21%), LLCT, ILCT, LC
MLCT (16%), LLCT, ILCT, LC

MLCT (21%), LLCT, ILCT, LC
MLCT (13%), LLCT, ILCT, LC

“The percentage of MLCT character of each MO transition was calculated from the decrease in the electron distribution on Ir atom. Complete

orbital contribution and their assignments were collated in Table S4.

transfer ("MLCT) transition, while the shoulder that extended
into the longer wavelength region was due to the spin-
forbidden *MLCT absorption. The metal-induced spin—orbit
coupling effect allows these spin-forbidden states mixed with
spin-allowed singlet states. Therefore, the excitations from
these states to the ground state (S;) are weakly allowed with
low oscillator strengths.

Upon excitation, the first three bis-tridentate Ir(IIl)
complexes 1—3, i.e,, all those with L1>~ chelate, showed that
the structured emission profile with first peak maximum
occurred in a narrow regime between 592 and 598 nm,
together with two more lower-energy shoulders, one at ~645
nm, while the second appeared at ~705 nm. Both the
structured profile and the lowered radiative rate constant (k,)
of 1.31-2.2 X 10° s™' suggest the dominance of the intraligand
charge transfer (ILCT) and ligand-to-ligand charge transfer
(LLCT) transition character, together with MLCT transition
contribution at the excited state manifolds. Similarly,

complexes 4 and S display an analogous structured pattern,
but with a more red-shifted 0—0 emission peak wavelength (cf.
at 612 and 617 nm) and vibronic sidebands, revealing the
strong influence of dimethoxyphenyl peripheral group at this
3,5-dimethoxyphenyl substituted L2*~ chelate.

2.3. Electrochemical Properties. The redox properties of
complexes 1—5 were studied using cyclic voltammetry, to
which their CV traces and numeric data are depicted in Figure
S2 and Table 2. As can be seen, all oxidation and reduction
peaks are reversible, among which the Ir(III) complex 1 shows
the most positive oxidation potential at 0.53 V. Moreover,
complex 2 shows a further cathodic shift to 0.46 V, due to the
addition of two t-butyl substituent at A2™ ancillary.
Subsequently, Ir(III) complexes 3, 4, and S show less positive
oxidation potential at 0.30, 0.27, and 0.25 V respectively, due
to the introduction of 3,5-dimethoxyphenyl substituent
irrespective to their location, and this confirmed the metal-
centered oxidation process.
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HOMO-1 (-6.04 eV)
Ir (14%)

HOMO (-5.47 eV)
Ir (30%)

LUMO (-1.84 eV)
Ir (4%)

LUMO+1 (-1.75 eV)
Ir (5%)

HOMO-1 (-5.71 eV)
Ir (5%)

HOMO (-5.20 eV)
Ir (27%)

LUMO (-1.76 eV)
Ir (4%)

LUMO+1 (-1.72 eV)
Ir (5%)

HOMO-1 (-5.89 eV)
Ir (2%)

HOMO (-5.18 eV)
Ir (26%)

LUMO (-1.82 eV)
Ir (4%)

LUMO+1 (-1.65 eV)
Ir (5%)

Figure 3. Key molecular orbitals calculated based on the optimized ground-state geometry (energy level and contribution from Ir atom for electron
distribution are given in the parentheses), at PBE1PBE/6-31G**(LANL2DZ with ECP for Ir) level with PCM for modeling the CH,Cl, solvent

(for more orbitals see Figure S3 in the Supporting Information).

Alternatively, the reduction potentials also followed a similar
trend as revealed in their oxidation potentials, among which
the A27 ancillary of 2 and § induce more negative potentials in
comparison to the Al ancillary of 1 and 4, whereas the L2>~
chelate of 4 and 5 with 3,5-dimethoxy substituents is also
capable to give more negative potentials with respect to both 1
and 2 with L1*~ chelate. All these observations are consistent
with the higher electron donating capability exerted by the tert-
butyl and methoxy groups. After then, HOMO energy level of
all Ir(1I) complexes was calculated using the equation HOMO
= —(E, + 4.8) eV, while LUMO was calculated using the
HOMO data and optical gap obtained from the onset of
emission. All these data were listed in Table 2 for scrutiny.

2.4. Theoretical Investigation. The electronic structures
of Ir(III) complexes 1, 3, and 4 were investigated in order to
understand the nature of the absorption and emission bands
and the effect of the ligand modification on the optical
properties. Details of computational methods are described in
the Experimental Section.

The calculated energy levels of HOMO and LUMO and
their energy gap for complexes 1, 3, and 4 were tabulated in
Table 2. The calculated HOMO energies for all three
complexes showed the same trend as the observed values,
that is, the HOMO energies of 3 and 4 (—5.20 eV and —5.18
eV) are higher than that of 1 (—5.47 eV). This is due to the
addition of electron-donating methoxy groups compared to 1.
Furthermore, LUMO energies and the gap calculated by DFT
are less physically meaningful than HOMO and the calculated
gap should not be expected to be an approximation to the
excitation energy. Instead, the excitation energy should be
more properly described by, e.g,, TD-DFT.

The calculated excitation energies in terms of wavelength
and dominant orbital transitions for the lowest singlet- and
triplet- excited states by TD-DFT are collated in Table 3, and
the important frontier molecular orbitals are shown in Figure
3. The calculated excitation energies to the lowest singlet
excited state (S;) for complexes 1, 3, and 4 are 450, 490, and
488 nm, respectively, and were closely related to the observed
values of the experimental absorption peaks shown in Figure 2
and Table 1 (452, 470, and 470 nm for 1, 3, and 4
respectively). This indicated the lowest Franck—Condon
transition calculated by TD-DFT predicted a right trend for
the lowest absorption peak of the investigated Ir(III)
complexes. Moreover, the calculated energy of the lowest
triplet excited state (T;) on the Franck—Condon state (S,
equilibrium geometry) for complexes 1, 3, and 4 are 584, 584,
and 592 nm, respectively, which are well related to the
experimental phosphorescence peaks (593 nm, 592 nm, 612
nm for 1, 3, and 4, respectively).

However, the calculated energies of the T, excited state for
1, 3, and 4 based on the optimized triplet geometry are 793,
717, and 764 nm (see Table S3 in the Supporting
Information), respectively, showing a different trend from the
experimental phosphorescence peaks. This indicates the real
structure of the emitting species is an intermediate between the
calculated S, and T, equilibrium geometries for the
investigated Ir(III) complexes. This finding has been reported
extensively for other Ir(III) complexes and the main cause was
reported as the lowest triplet state existed in a shallow
anharmonic potential energy well.””*

LUMO of all three complexes is mainly localized at the Ln*~
chelate, while HOMO of all three complexes is more
delocalized at the metal atom and both An™ and Ln*>~ chelates.
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Figure 4. (a) Schematic device configuration, energy level diagram, and chemical structures of the employed materials for the OLEDs based on
complexes 2 and § as emitters. (b) Current density—voltage—luminance (J—V—L) characteristics, (c) current efficiency and power efficiency versus
luminance characteristics, and (d) external quantum efficiency versus luminance correlations of the devices (insert: EL spectra at 50 mA cm™2).

The T, — S, electronic excitation of 1 and 4 is mainly
contributed by both HOMO—1 and HOMO to LUMO orbital
transitions, whereas, that of 3 is mainly contributed by HOMO
to both LUMO and LUMO+1 transition. The T excited states
of all three complexes show a mixed MLCT, ILCT, LLCT, and
LC transition characters.

Moreover, the theoretical and experimental results show that
adding electron donating 3,5-dimethoxphenyl fragment on the
L1*” ligand of 1 (forming L2*~ of 4) red-shifted the emission
band, while adding 3,5-dimethoxphenyl fragment at the A1~
ligand of 1 (forming A3~ of 3) affected negligibly on the
emission wavelength, i.e,, failed to show the expected redshift.
Note that 4 has both HOMO and LUMO localized on 3,5-
dimethoxphenyl thus this group at L2>” ligand decreases
notably the zz* transition energy, while 3 has no LUMO
localization on 3,5-dimethoxphenyl of A37, resulting a
negligibly change in the emission wavelength. Moreover,
emission quantum yield is also reduced to only 15% in 3 from
nearly unitary in complexes 1 and 2. From Table 1, it is clearly
that this drop of emission quantum yield in complex 3 is
associated with the increase of k,,, which were reported for the
vibronic coupling process or the thermal population to
nonradiative metal-centered states of Ir(IIl) complexes.*' ~*

2.5. Electroluminescent Properties. The high PLQYs of
Ir(III) complexes 2 and § inspired us to further investigate
their EL properties. Thus, the red-emitting OLEDs with the
following structure were fabricated: indium tin oxide (ITO)/
4,4'-(cyclohexane-1,1-diyl)bis(IN,N-di-p-tolylaniline) (TAPC,
40 nm)/tris(4-(9H-carbazol-9-yl)phenyl)amine (TCTA, 10
nm)/S wt % of 2 or S doped in 4,4’-di(9H-carbazol-9-yl)-
1,1'-biphenyl (CBP, 20 nm)/3,3’-(5'-(3-(pyridin-3-yl)-

phenyl)-[1,1":3",1”-terphenyl]-3,3"-diyl)dipyridine (TmPyPB,
60 nm)/LiF (1 nm)/Al (100 nm), in which the CBP host
codeposited with S wt % of Ir(III) complex was constituted the
emitting layer (EML). TAPC, TmPyPB and TCTA were
employed as the hole-transporting layer (HTL), electron-
transporting layer (ETL) and exciton-blocking layer, respec-
tively. The schematic device structure, the energy diagram
along with the corresponding molecular structures of these
functional materials used in the device are depicted in Figure
4a.

The OLEDs using these Ir(III) complexes as dopants emit
bright red emission with Commission Internationale de
L’Eclairage (CIE) coordinates (0.63, 0.37) and (0.66, 0.34)
for 2 and §, respectively. Besides, the EL spectra of all studied
devices (Figure 4d) exhibit similar profile to their correspond-
ing PL spectra, without any emission derived from the CBP
host or any adjacent layer, indicating efficient energy transfer
from host to the Ir(III) dopant and well confinement of the
electron-generated excitons within the EML. Current density—
voltage—luminance (J—V—L) characteristics of these devices
are shown in Figure 4b. Complex 2-based device shows better
J—V characteristics with turn-on voltages (V,,, defined as the
voltage at a brightness of 1 c¢d m™) below 3.5 V and low
operation voltage (at a brightness of 100 cd m™) around 3.9
V. In contrast, the device of § exhibits a lowered current
density at the same driving voltage, which can be explained by
the carrier trapping effect caused by the much shallower
HOMO levels relative to that of the CBP host. The efliciency-
luminance curves of the investigated devices are depicted in
parts ¢ and d of Figure 4, and corresponding numeric data are
summarized in Table 4. In general, the device based on 2
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Table 4. EL Performance of the OLEDs Based on Complexes 2 and 5

dopant V,.% [V] EQE" [%]
2 <35 28.17/21.16
5 <4.0 24.29/18.88

“Turn on voltages at 1 cd m™>

CY [ed A71]
41.25/32.14
23.7/19.51

; YOrder of measured efficiency values: maximum, then values at 1000 cd m™% “Data recorded at 50 mA cm™

PE? [Im W] A [nm] CIE(x,y)°
37.03/22.07 598 0.63, 0.37
16.04/9.32 613 0.66, 0.34

2

achieved excellent performance with a maximum external
quantum efficiency (EQE,,,) of 28.17%, a maximum current
efficiency (CE,,,) of 41.25 ¢d A™', and a maximum power
efficiency (PE,,) of 37.03 Im W' respectively. These
efficiency are comparable to the state-of-the art values for
the Ir(III) complex-based red PAOLEDs.**~> By contrast, the
device based on § exhibits slightly lowered peak efficiency with
an EQE,,,, of 24.29%, a CE,,. of 23.7 cd A™' and a PE,,, of
16.04 Im W™". However, it is worth noting that the efficiency
roll-off of this device is much lower than that of 2 based device
at high brightness, especially above 3000 cd m™2, presumably
due to the relatively higher radiative transition rate constant of
s.

3. CONCLUSION

In summary, a series of red-emitting bis-tridentate Ir(III)
phosphors were synthesized and characterized by spectro-
scopic, structural and electrochemical methods, and by DFT
and TD-DFT calculations. The employed structural mod-
ification involves addition of bulky substituents (e.g., a phenyl
group at chelate Al17, a pair of tert-butyl substituents at the
chelate A2™ with an intention to reduce intermolecular
stacking interactions, and even addition of two electron
donating methoxy groups in either A3~ or L2>~ for possible
red-shifting of emission wavelength. Photophysical and DFT
and TD-DFT analyses demonstrate that the T excited state of
all investigated Ir(III) complexes show a mixed MLCT, ILCT,
LLCT and LC transition character, as confirmed by the nearly
unitary quantum yields (except 3), structured emission pattern,
and relatively high radiative rate (k,) of (1.31—2.7) X 10° s™".
The poor quantum yield of 3 is due to the facilitation of the
nonradiative decay in comparison to the radiative process.
Red-emitting OLED devices were fabricated using representa-
tive Ir(III) complexes 2 and S as the dopant emitters. Both of
them showed very high efficiency and significantly reduced
roll-off at high luminance, among which complex 2 gives the
best performances with maximum efficiencies of 28.17%, 41.25
cd-A™", and 37.03 Im-W™', and CIE,, = 0.63, 0.37 at 50 mA
cm™2 These observations confirmed a notion that both the
bulky tert-butyl and perpendicular arranged phenyl groups
have effectively boosted the performances of OLED devices.
Moreover, even in absence of strong field carbene based
chelating unit, which is the common building block of blue-
emitting Ir(III) phosphors, the bis-tridentate Ir(III) architec-
tures composed of only pyridine- and pyrazolate-based donors
can still behave as efficient design of the red-emitting OLED
phosphors.

4. EXPERIMENTAL SECTION

4.1. General Information and Materials. All reactions were
performed under a nitrogen atmosphere and solvents were distilled
from appropriate drying agents prior to use. Commercially available
reagents were used without further purification unless otherwise
stated. Both 4-(tert-butyl)-2-(3-(tert-butyl)phenyl)-6-(1-phenyl-S-(tri-
fluoromethyl)-1H-pyrazol-3-yl)pyridine (A2H) and 2-(3,5-dimethox-
yphenyl)-6-(1-phenyl-5-(trifluoromethyl)-1H-pyrazol-3-yl) pyridine

(A3H) were prepared using the method established for A1H, while 3-
(3,5-dimethoxyphenyl)-1-(3-(trifluoromethyl)-1H-pyrazol-5-yl)-
isoquinoline (L2H,) was prepared using the method established for
LIH,>* 'H and F NMR spectra were measured with a Varian
Mercury-400 instrument. UV—vis absorption and emission spectra
were recorded using the Hitachi (U-4100) spectrophotometer and the
Edinburgh (FS920) fluorometer, respectively. The nanosecond time-
resolved studies were performed using an Edinburgh FL 900 time-
correlated single photon-counting (TCSPC) system. Cyclic voltam-
metry was measured using a Model 600E Electrochemical Analyzer,
CH Instruments. The elemental analysis was carried out on a Heraeus
CHN-O Rapid Elementary Analyzer. Mass spectra were recorded on a
JMS-T200GC AccuTOF GCx instrument operating in low resolution
electron impact (LREI) or fast atom bombardment (FAB) mode.

4.1.1. Synthesis of Complex 1. A mixture of IrCl;:3H,0 (100 mg,
0.28 mmol) and pz™'pyphH (A1H, 102 mg, 0.28 mmol) in 25 mL of
ethanol was heated at 110 °C for 12 h. After removal of ethanol, the
pzigphH, (L1H,, 96 mg, 0.28 mmol) and NaOAc (465 mg, 5.67
mmol) were dissolved in 20 mL of decalin and refluxed for 48 h. Next,
the solvent was removed under vacuum and residue was dissolved in
CH,Cl,. The solution was washed with deionized water, dried over
anhydrous MgSO,, and stripped to dryness. Further purification was
conducted by silica gel column chromatography eluting with a 1:2
mixture of ethyl acetate and hexane, affording a orange red
[Ir(A1)(L1)] (93 mg, 0.11 mmol); yield: 39%. Relevant bis-tridentate
Ir(IlI) complexes 2—S were synthesized using similar experimental
procedures.

4.1.2. Selected Spectroscopic Data of 1. 'H NMR (400 MHz,
acetone-dg): 6 8.67 (d, ] = 9.3 Hz, 1H), 8.31 (d, ] = 7.8 Hz, 1H),
8.16—8.09 (m, 3H), 8.04 (t, ] = 8.0 Hz, 1H), 7.98 (s, 1H), 7.84—7.74
(m, 2H), 7.70 (d, J = 7.7 Hz, 1H), 7.67 (d, ] = 7.8 Hz, 1H), 7.43 (s,
1H), 6.87—6.76 (m, 3H), 6.72 (t, ] = 7.5 Hz, 1H), 6.66 (t, ] = 7.3 Hz,
1H), 6.52 (t, ] = 7.5 Hz, 2H), 6.45 (d, ] = 6.7 Hz, 2H), 6.01 (d, ] = 7.5
Hz, 1H), 5.80 (d, J = 7.7 Hz, 1H). 'F NMR (376 MHz, acetone): §
—59.85 (s, 3F), —60.28 (s, 3F). MS [FAB]: m/z 894.2, M*. Anal.
Calcd for CyH,3F(IrNg: C, 53.75; H, 2.59; N, 9.40. Found: C, 53.93;
H, 2.57; N, 9.54.

4.1.3. Selected Crystal Data of 1. C,H,3FgIrNg; M = 894.84;
monoclinic; space group = P2,/n; a = 13.5264(3), b = 17.4386(4),
and ¢ = 14.0191(3) A; B = 90.0487(6)°; V = 3306.84(13) A% Z = 4;
Peaca = 1.844 Mg-m™3; F(000) = 1744; crystal size = 0.320 X 0.134 X
0.108 mm?% 1(Mo Ka) = 0.71073 A; T = 150(2) K; pt = 4.113 mm™};
27203 reflections collected, 9617 independent reflections (R, =
0.0334), restrain/parameter = 0/478, GOF = 1.034, final R[I >
26(1)] = 0.0224, and wR, (all data) = 0.044; Largest difference peak
and hole = 0.712 and —0.593 e-A™3,

Complex 2 was isolated as orange red [Ir(A2)(L1)], yield: 83%.
Selected spectroscopic data follow. '"H NMR (400 MHz, acetone-dg):
5 8.70—8.65 (m, 1H), 8.47 (d, J = 1.7 Hz, 1H), 825 (d, J = 1.7 Hz,
1H), 8.14 (s, 1H), 8.13—8.10 (m, 1H), 8.08 (s, 1H), 7.83—7.76 (m,
3H),7.72 (dd, ] = 7.8, 1.2 Hz, 1H), 7.44 (s, 1H), 6.85 (td, ] = 7.5, 1.2
Hz, 1H), 6.80 (m, 2H), 6.67 (td, J = 7.3, 1.3 Hz, 1H), 6.62 (dd, ] =
8.1, 2.1 Hz, 1H), 6.53 (tt, ] = 7.6, 1.1 Hz, 1H), 6.44 (d, ] = 7.2 Hz,
2H), 6.06 (dd, ] = 7.4, 1.2 Hz, 1H), 5.73 (d, ] = 8.1 Hz, 1H). 1.65 (s,
9H), 1.15 (s, 9H). 'F NMR (376 MHz, acetone): § —59.86 (s, 3F),
—60.20 (s, 3F). MS [FAB]: m/z 1006.3, M*. Anal. Calcd for
CsHaoF(ItNg: C, 57.30; H, 3.91; N, 8.35. Found: C, 57.67; H, 3.84;
N, 8.63.

Complex 3 was isolated as orange red [Ir(A3)(L1)], yield: 43%.
Selected spectroscopic data follow. "H NMR (400 MHz, acetone-dg):
5862 (d, ] =7.7 Hz, 1H), 822 (d, ] = 7.6 Hz, 1H), 8.15 (d, ] = 8.1
Hz, 1H), 8.07 (d, ] = 7.4 Hz, 1H), 8.02 (s, 1H), 7.96 (s, 2H), 7.75 (m,
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2H), 7.67 (d, ] = 7.6 Hz, 1H), 7.41 (s, 1H), 6.99 (s, 1H), 6.81 (d, ] =
7.1 Hz, 3H), 6.66 (t, ] = 7.2 Hz, 1H), 6.52 (t, ] = 7.4 Hz, 2H), 6.43 (s,
1H), 593 (d, J = 7.3 Hz, 1H), 5.72 (s, 1H), 3.65 (s, 3H), 2.55 (s,
3H). F NMR (376 MHz, acetone): § —59.87 (s, 3F), —60.09 (s,
3F). MS [FAB]: m/z 954.2, M*. Anal. Calcd for C,,H,,FIrN4O,: C,
52.88; H, 2.85; N, 8.81. Found: C, 53.11; H, 2.69; N, 8.87.

Complex 4 was isolated as red [Ir(A1)(L2)], yield: 45%.
Spectroscopic data follow. "H NMR (400 MHz, acetone-dg): § 8.66
(d, J = 8.4 Hz, 1H), 8.23 (d, J = 7.4 Hz, 1H), 8.11 (m, 3H), 8.05 (s,
1H), 8.01 (d, ] = 7.8 Hz, 1H), 7.95 (s, 1H), 7.79—7.76 (m, 2H), 7.62
(d, ] = 7.6 Hz, 1H), 7.43 (s, 1H), 7.04 (s, 1H), 6.79 (s, 2H), 6.70 (t, ]
=7.3 Hz, 1H), 6.56 (t, ] = 7.5 Hz, 1H), 6.54—6.49 (m, 1H), 6.46 (d, |
= 6.8 Hz, 1H), 5.90 (s, 1H), 5.74 (d, ] = 7.5 Hz, 1H), 3.77 (s, 3H),
3.04 (d, ] = 8.5 Hz, 3H). F NMR (376 MHz, acetone): § —59.70 (s,
3F), —60.22 (s, 3F). MS [FAB]: m/z 954.2, M*. Anal. Calcd for
CyoHy FltN,O,: C, 52.88; H, 2.85; N, 8.81. Found: C, 52.77; H,
2.84; N, 8.81.

Complex 5 was isolated as red [Ir(A2)(L2)], yield: 80%. Selected
spectroscopic data follow. '"H NMR (400 MHz, acetone-d¢): 5 8.68—
8.63 (m, 1H), 8.38 (s, 1H), 8.17-8.05 (m, 3H), 8.02 (s, 1H), 7.82—
7.70 (m, 3H), 7.42 (s, 1H), 7.05 (s, 1H), 6.78 (t, J = 7.3 Hz, 2H),
6.61 (dd, J = 8.0, 1.6 Hz, 1H), 6.55 (t, ] = 7.5 Hz, 1H), 6.43 (d, ] =
7.1 Hz, 2H), 5.90 (s, 1H), 5.65 (d, J = 8.0 Hz, 1H), 3.77 (s, 3H), 3.04
(s, 3H), 1.65 (s, 9H), 1.15 (s, 9H). '°’F NMR (376 MHz, acetone): &
—59.71 (s, 3F), —60.11 (s, 3F). MS [FAB]: m/z 1066.3, M*. Anal.
Caled for CyoH,3F(IrNO,: C, 56.33; H, 4.07; N, 7.88. Found: C,
56.49; H, 3.82; N, 8.05.

4.2. Procedures for Theoretical Calculation. The electronic
structure and electronic excitations of Ir(III) complexes 1, 3, and 4
were investigated by methods based on DFT*>*® and TD-DFT.”" ™
The equilibrium S, geometries of complexes 1, 3, and 4 were
optimized based on the X-ray structure of 1 (cf. Table S1 of
Supporting Information). Both the geometry optimization and TD-
DFT calculations were performed with the PBEIPBE®*®" functional
combined with the polarizable continuum model (PCM)*™® to
include solvent effects of CH,Cl,, using Gaussian 09 codes.”® The 6-
31G(d,p)67 basis set was used for light elements such as hydrogen,
carbon, nitrogen, oxygen, and fluorine, while the LANL2DZ®® basis
set with the Los Alamos National Laboratory (LANL)® effective core
potentials (ECPs) was used for iridium. Mulliken population analysis
was used to calculate the contribution from Ir atom for the electron
distribution of each molecular orbital, the decrease of which in a
molecular orbital transition was used to estimate the percentage of
MLCT character. The T, geometry was optimized by unrestricted
DFT based on equilibrium S, geometries. The results of
benchmarking calculations using different functionals for geometry
optimization and electronic excitations were listed in Tables S1 and
S2, respectively.

4.3. OLED Device Fabrication and Measurement. Devices
were fabricated on ITO-coated glass substrates with a sheet resistance
of 15 Q sq™". Before device fabrication, ITO substrates were swabbed
with Decon-90 solution and cleaned with deionized water, dried in an
oven at 120 °C, and treated with UV-ozone for 20 min before
transferring into deposition chamber. All the organic materials, Liq,
and Al were deposited at the rate of 1-2, 0.1, and 5 A7,
respectively, with a base pressure of 107® Torr. The current—voltage
characteristics were measured using a Keithley 2400 source meter.
Electroluminescence spectra were collected using a photonic
multichannel analyzer PMA-12 (Hamamatsu C10027—01), which
can detect in the spectral region 200—950 nm. All the measurements
were carried out under ambient atmosphere at room temperature.
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