Inorg. Chem. 2007, 46, 11082—11093

Inorganic:Chemistry

* Article

Blue-Emitting Iridium Complexes with Substituted 1,2,4-Triazole
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Neutral heteroleptic mononuclear iridium(lll) complexes with (2,4-difluoro)phenylpyridine and different pyridine-
1,2,4-triazole ligands were synthesized and fully characterized. We investigated the effects of substituents in the
5-position of the triazole ring on the photophysical and electrochemical behavior. Increasing the electron-withdrawing
capabilities generally leads to a lowering of the HOMO level with a consequent slight widening of the HOMO-
LUMO gap and a blue shift in emission. The complexes reported exhibit high emission quantum yields and long
luminescent lifetimes, typical of iridium(lll) complexes, and most of them show reversible redox processes in solution.
Also, many of the complexes reported here have been obtained as single crystals suitable for X-ray crystallography.
Two of the complexes were further tested as phosphorescent dyes in OLED devices and showed high external
quantum efficiencies (~7%) and color points better than the “standard” for blue iridium(lll) bis[(4,6-difluorophenyl)-
pyridinato-N, C?]picolinate (Flrpic). We also report the full electrochemical investigation of Firpic in different solvents.

Introduction electrically generated excitons, leading to theoretical ef-

- . . ficiencies of 100%, whereas fluorescent molecules can onl
Iridium(lll) organometallic complexes have received a = . ST . . Y
utilize the singlet excitons and thus have a maximum

great deal of interest in a variety of photonic applications. . 2 025 . .
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studied for use as dopants in light-emitting electrochemical acter, | an oxidation mainly involving the metal and a
reduction on the coordinating ligands, allows the charge

cells (LEECs)? and the neutral ones in organic/organo- S . .
metallic light-emitting diodes (OLEDS)2 Iridium(lll), as recombination to occur on the metal complex with formation
' of a luminescent excited state.
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in LEDs producing white light?~3* The color tunability is

ylpyridine (ppy) ligand, as in the prototypical green-emitting

due to the fact that the emitting excited state is a triplet level phosphor Ir(ppy) the emissive state is believed to be from
that can be a metal-to-ligand charge-transfer state (MLCT) a HOMO that is localized on phenyland iridium d orbitals,

or, which is more often the case for high-energy emitting

while the LUMO is localized on ther* orbitals of the

species, a mixed state with MLCT and ligand-centered (LC) pyridine ring382° Therefore, there are several strategies

charactet*3537 In general, the luminescent properties of
Ir(1ll) complexes are strongly related to the sigma-donating
and electron-accepting capabilities of the coordinating lig-

developed to shift the emission to the blue: (a) addition of
electron-withdrawing groups to the phenyl rings coordinated
to the metal ion to stabilize the HOMO and thus increase
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cessful to obtain ‘sky blue’ emission, (b) changing ancillary
ligands coordinated to Ir(lll) from aromatic groups to
cyand®*? and isocyanid® derivatives as strong electron-
withdrawing groups, and destabilizing the LUMO by (c)
addition of electron-donating groups to the pyridine ¥rity+6

or (d) using strongr-donating ligands such as carbergs.
This last approach was extremely successful in producing
complexes that emit ‘true blue’ light and even into the near-
UV. The luminescence quantum yields in these first-
generation complexes were, however, quite modest.

In this publication, we report on heteroleptic Ir(Ill) com-
plexes that give sky-blue emission-460 nm) with high
emission quantum vyields in fluid solution at room temper-
ature. The complexes bear two 4,6-difluorophenylpyridine
ligands and a third (1,2,4-triazol-3-yl)pyridine ancillary lig-
and with different substituents in the 5-position. Previous
reports have investigated the effects of changing the substitu-
tion of the phenylpyridine ligand in related complexe&;
but to the best of our knowledge, only scattered examples
of triazole derivatives have been reportéd’-*8Therefore,
for a better understanding of the effects of such substituents,
we attempt to systematically alter the photophysical proper-
ties by selectively changing the substituents on the (1,2,4-
triazol-3-yl)pyridine ligand. In general, azole ligands are
typically strongo-donor and weakr-acceptor ligands due
to the electron-rich nature of the five-membered aromatic
ring.*® In particular, 1,2,4-triazoles are of interest due to the
deprotonation of the azole ring upon coordination, and in
our case, this formally anionic nitrogen leads to a neutral
iridium complex.
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Furthermore, for the first time, we report the full electro- a heat gun to eliminate any moisture and oxygen that had entered
chemical behavior of iridium(lll) bis(4,6-difluorophenyl)-  during addition. The flask was then evacuated and filled three times
pyridinatoN,C?)picolinate (Flrpic) in different solvents and ~ With dry Nog). The solverft was added via syringe directly to the

compare the properties of our complexes to it. In addition sealed Schlenk flask; the solution was sonicated if necessary and

we fabricated electroluminescent devices that show a better"en degassed for 10 min (5 min for gE1) with a gentle stream

color point than Flrpic itself, which is a common standard of dry No. After dt_agassmg, the solution was added, via syringe, to
for blue emission the electrochemical cell under a positive, Nressure and the

electrodes then added. The solution was kept under a positive N
pressure during the measurements, but no flow was allowed through
the cell.

Photophysics.Absorption spectra were measured on a Varian  X-ray Crystallography. Data sets were collected with a Nonius
Cary 5000 double-beam UWis—NIR spectrometer and baseline  KappaCCD diffractometer, equipped with a rotating anode genera-
corrected. Steady-state emission spectra were recorded on &or. Programs used were as follows: data collection COLLECT,
HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 spectrometer data reduction Denzo-SMM,absorption correction SORTAX7
equipped with a 450 W xenon arc lamp, double-grating excitation and Denzd8 structure solution SHELXS-9%,structure refinement
and emission monochromators (2.1 nm/mm dispersion; 1200 SHELXL-978 and graphics SCHAKAIE!
grooves/mm), and a Hamamatsu R928 photomultiplier tube or a  ccDC 623520 4¢), 623521 40), 642606 §f), 642607 4d),
TBX-4-X single-photon-counting detector. Emission and excitation 42608 4g’), and 6427874h) contain the supplementary crystal-
spectra were corrected for source intensity (lamp and grating) andjographic data for this paper. These data can be obtained free of
emission spectral response (detector and grating) by standardcharge at www.ccde.cam.ac.uk/conts/retrieving. Kl
correction curves. Time-resolved measurements were performed peayice Preparation. LED devices were prepared by vacuum
using the time-correlated single-photon counting (TCSPC) option ey aporation of the materials at a base pressure of abotitier.
on the Fluorolog 3. NanoLEDs (295 or 402 nm; fwhm750 ps)  The deposition speed was below 0.1 nm/s, and the layer thickness
with repetition rates between 10 kHz and 1 MHz were used to excite 45 checked by quartz balances. The ITO-covered glass substrates
the sample. The excitation sources were mounted directly on the contained 16 identical OLEDs of 20 mrach. The finished devices
sample chamber at 9Go a double-grating emission monochro- ere encapsulated to protect the OLED layer from oxygen and
mator (2.1 nm/mm dispersion; 1200 grooves/mm) and collected yyistyre. IVL measurements were performed with a Keithley 2400
by a TBX-4-X single-photon-counting detector. The photons ¢o,rce meter and a “LMT L 1009” photometer from LMT
collected at the detector are correlated by a time-to-amplitude | jchtmesstechnik GmbH, Berlin. Spectra were recorded by a Photo
converter (TAC) to the excitation pulse. Signals were collected using Research “SpectraScan” PR 705 spectrophotometer. The luminance

an IBH Data Station Hub photon counting module, and data analysis  5jyes were measured at normal incidence, and the total flux was
was performed using the commercially available DAS6 software ggtimated by assuming a Lambertian distribution.

(HORIBA Jobin Yvon IBH). The goodness of fit was assessed by gy nhesis and Characterization All reagents were analytical

_m|n|m|z_|ng the red_uced chl_squared f‘%”Ct'OM )(and V|sual_ grade and used as received. Solvents were purified according to
inspection of the weighted residuals. Luminescence quantum yields i, standard procedur€BAll reactions were performed under inert

(q)e_”‘) were measured in optically dilute solutions (O'B_'O'l at atmosphere (Schlenk-line techniques), except where noted. Com-
excitation wavelength) and compared to reference emitters by thepounds310’64 and 4b0 were prepared according to the literature

following equatior® procedures. Column chromatography (CC) was performed with
silica gel 60 (particle size 63200 um, 230-400 mesh, Merck)

Experimental Section

2
O = A (| 14D N B using common flash procedur&sMelting points were measured
A 1@ [[n?]| D on a Stuart SMP10 melting point apparatus and are uncorrected.
whereA is the absorbance at the excitation wavelengjhi(is the (50) Eaton, D. FPure Appl. Chem1988 60, 1107-1114. _
intensity of the excitation light at the excitation wavelength 6 (51) Tte%%“% o dhe.xaf'UOFIOPhSSphTQQ-O% dpur't.y' ‘{"asg”ted
is the refractive index of the solveri, is the integrated intensity preriment:n stored I & closed vial in & dessicator between

of the luminescence, an® is the emission quantum yield. The (52) Usually ferrocene (FeGpor decamethylferrocene (FeGp*
subscripts r and x refer to the reference and sample, respectively.(53) Acetonitrile was freshly distilled from 2Bs, CH,Cl, was freshly
All quantum yields were performed at an identical excitation gfrt]'lzlgghéfg;eizg’l rgg?caIHF was freshly distilled from Na/
wavelength for the sample and reference, cancelind(thg!(4x) (54) Nonius B. V., 1998.

term in the equation. All iridium complexes were measured against (55) Otwinowski, Z.; Minor, W. InMacromolecular Crystallography, Part
quinine bisulfate in 1.0 N sulfuric acid as referende< 0.546)>° (56) AleeASCS?r?; mR'C |_F|> f;: 'C”fy';tjf'é‘,grD'Ege%’t 1§g;é\éi|'3237—€5é8ppm6'
All solvents were spectrometric grade, and all solutions were filtered (57) Blessing. R. HJ. Appl. Crystallogr.1997 30, 421-426.
through a 0.2um syringe filter before measurement. Deaerated (58) Otwinowski, Z.; Borek, D.; Majewski, W.; Minor, WActa Crystal-

i logr., Sect. A2003 59, 228-234.
samples were prepared by the freepamp-thaw technique. (59) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467—-473.

Cyclic Voltammetry. Cyclic voltammetry (CV) was performed  (g0) sheldrick, G. M. UniversitaGattingen: Gatingen, Germany, 1997.
in a gas-tight single-compartment three-electrode cell using a (61) Keller, E. UniversitaFreiburg, 1997.
Voltalab 40 system from Radiometer Analytical which consists of (62) Or from the Cambridge Crystallographic Data Centre, 12 Union
a PGZ301 potentiostat and Voltamaster 4 software. The working ggggs’i%g%?g:m?ff_u}fz' U.K. Faxt-44(1223)336-033. E-mail:
electrode was a Pt disc, the counter electrode was a Pt wire, and g63) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Furification of
Ag wire was used as a pseudoreference electrode. CVs were Laboratory Chemicals2nd ed.; Pergamon Press: New York, 1980.
elucidated and compared using IGOR. All glassware was dried prior (64) 3?437?95' F. O.; King, K. A.; Watts, R.lgiorg. Chem198§ 27, 3464~
to use. The compounds (electrolytenalyte, and referent® were (65) Still, W. C.; Kahn, M.; Mitra, A.J. Org. Chem1978 43, 2923
placed in a Schlenk flask that was then evacuated and heated with 2925.
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NMR spectra were recorded on an ARX 300 or an AMX 400 from
Bruker Analytische Messtechnik (Karlsruhe, Germany). THe
NMR chemical shifts §) of the signals are given in ppm and

Hz), 8.10 (d, 1HJ = 7.0 Hz), 8.02 (t, 1HJ = 7.6 Hz), 7.66-7.40
(m, 4H).
2-(5p-Tolyl-2H-1,2,4-triazol-3-yl)pyridine (2c). 4-Methylben-

referenced to residual protons in the deuterated solvents: chloroform-zoyl chloride. Off-white powder. Yield: 97%. Mp: 26304 °C

d; (7.26 ppm), dimethyl sulfoxides (2.50 ppm), or acetonds (2.09
ppm). Thel®F NMR chemical shifts are referenced to CE@.00

(Iit.° 202°C). 1H NMR (300 MHz, DMSO): 6 8.71 (d, 1H,J =
4.8 Hz), 8.16 (d, 1H,) = 7.8 Hz), 8.05-7.95 (m, 3H), 7.52 (dd,

ppm) as an internal standard. The signal splittings are abbreviatedlH, J = 5.3 Hz,J = 7.0 Hz), 7.31 (d, 1H,J = 8.1 Hz), 2.36 (s,

as follows: s= singlet, d= doublet, t= triplet, = quartet, m=
multiplet. All coupling constants]f are given in Hertz (Hz). Mass

3H).
2-(5-(4-Methoxyphenyl)-H-1,2,4-triazol-3-yl)pyridine (2d).

spectrometry and elemental (CHN) analyses were performed in the4-Anisoyl chloride. Off-white powder. Yield: 58%. Mp: 183

Department of Chemistry, University of Mater. Electrospray

185°C. H NMR (300 MHz, DMSO): 6 8.70 (d, 1H,J = 4.4 Hz),

ionization (ESI) mass spectra were recorded on a Bruker Daltonics 8.16 (d, 1H,J = 7.8 Hz), 8.04 (d, 2H,) = 8.6 Hz), 7.97 (d, 1H,

(Bremen, Germany) MicroTof with loop injection. Elemental
analysis was provided by Mikroanalytisches Labor Belleft{@o
gen, Germany).

(Pyridine-2-yl)amidrazone (1).5¢ After melting 10.4 g (0.10 mol)
of 2-cyanopyridine with gentle heating, 5.3 mL (5.5 g, 0.11 mol)
of hydrazine monohydrate was added, yielding a cloudy mixture.
Ethanol ¢-5 mL) was added until the mixture became clear, and

J=7.5Hz), 7.50 (dd, 1H) = 5.4 Hz,J = 5.8 Hz), 7.06 (d, 2H,

J = 8.5 Hz), 3.81 (s, 1H).
2-(5-(Perfluorophenyl)-2H-1,2,4-triazol-3-yl)pyridine (2e).Pen-

tafluorobenzoyl chloride. Tan solid. Yield: 60%. The product could

be used without further purification, or analytical purity could be

obtained by sublimation (128C, oil pump) to yield a white solid.

Mp: >195°C (dec).'H NMR (300 MHz, DMSO): 6 8.75 (d, 1H,

the resulting solution was stirred overnight at room temperature, J = 4.4 Hz), 8.11 (d, 1HJ = 7.8 Hz), 8.03 (dt, 1HJ = 1.5 Hz,
causing a gel-like product to form. All solvents were removed under J = 7.8 Hz), 7.57 (dd, 1HJ = 5.2 Hz,J = 6.3 Hz).
reduced pressure, and the solid was suspended in petroleum ether 2-(5-(2,6-difluorophenyl)-2H-1,2,4-triazol-3-yl)pyridine (2f).
(50 mL), cooled in an ice bath, and filtered, washing with cold 2,6-Difluorobenzoyl chloride. Off-white powder. Yield: 45%.
petroleum ether, yielding 9.9 g (73%) of the amidrazone. The solid Mp: 181-183°C. *H NMR (300 MHz, DMSO): § 9.18 (s, 1H),
could be used without further purification or crystallized from 8.74 (d, 1H,J = 4.3 Hz), 8.12 (d, 1HJ = 7.8 Hz), 8.01 (t, 1H,
toluene. Mp: 94-96 °C (lit.56 95—96 °C). *H NMR (CDCl;, 300 = 7.6 Hz), 7.60 (m, 2H), 7.28 (t, 2H = 8.1 Hz).
MHz): 6 8.50 (d, 1H,J = 4.1 Hz), 8.00 (d, 1HJ = 8.0 Hz), 7.67 2-(5-(3,5-Difluorophenyl)-H-1,2,4-triazol-3-yl)pyridine (2g).
(t, 1H,J = 6.2 Hz), 7.24 (d, 1HJ) = 6.2 Hz), 5.39 (s, 2H, N,), 3,5-Difluorobenzoyl chloride. Off-white powder. Yield: 68%.
4.60 (s, 2H, NHy). Mp: 254-257°C.*H NMR (300 MHz, DMSO): 6 15.09 (s, 1H),
2-(5-R-2H-1,2,4-Triazol-3-yl)pyridine (2a—h). General Pro- 7.68-7.59 (m, 1H), 8.18 (d, 1H) = 7.8 Hz), 8.04 (dt, 1HJ =
cedure®” In a flame-dried, nitrogen-purged 30 mL Schlenk tube 1.1 Hz,J= 7.7 Hz), 7.75-7.52 (m, 3H), 7.36 (t, 1H) = 9.3 Hz).
were placed (pyridine-2-yl)amidrazone (2.0 g, 15 mmol) and sodium  2-(5-(4-Fluorophenyl)-2H-1,2,4-triazol-3-yl)pyridine (2h). 4-
carbonate (1.6 g, 15 mmol). The flask was evacuated and gently Fluorobenzoyl chloride. Off-white powder. Yield: 72%. Mp: 241
heated. After cooling, the flask was purged with nitrogen. Next, 243°C. H NMR (300 MHz, DMSO): 6 14.90 (s, 1H), 8.73 (d,

15 mL of dry dimethylacetamide (DMAA) and 5 mL of dry THF

1H, J = 4.3 Hz), 8.21-8.07 (m, 3H), 8.02 (dt, 1H) = 7.8 Hz),

were added, yielding a pale yellow suspension that was cooled to7.55 (dd, 1HJ = 6.6 Hz), 7.35 (t, 2HJ = 8.8 Hz).

0 °C. In a separate, dry 10 mL Schlenk flask, 15 mmol of the
appropriate acid chloride was dissolved in 5 mL of DMAA. This

General Procedure for the Synthesis of the Iridium Com-
plexes (4a—h). A 0.2 mmol (1 equiv) amount of [@Ppy)lr(u-

solution was then added to precooled amidrazone mixture dropwise,Cl)], and 0.44 mmol (2.2 equiv) of the corresponding pyridinetri-

which caused it to turn bright yellow. The mixture was slowly
warmed to room temperature and stirred for additional 5 h, yielding
a thick yellow mixture. The contents were filtered, the solid was
washed with water and EtOH, and the resulting pale yellow solid
was allowed to air dry. The solid was suspended in 20 mL of
ethylene glycol and heated to 19C for 30 min, yielding a pale
yellow solution. Upon cooling to room temperature, a white solid
formed and was collected on a glass frit, washing with deionized

azole (pta) were stirred in 15 mL of GBI, and 5 mL of EtOH at

room temperature or reflux for 16 h under nitrogen. Upon

completion of the reaction (TLC), all solvents were removed under

reduced pressure and the resulting yellow solid was chromato-

graphed on silica gel (CC) and crystallized where appropriate.
(F2ppy)2lr(pta)Me (4a). CC: 95/5 CHCI,/EtOH. Yield: 58%.

IH NMR (300 MHz, CDClyp): 6 8.26 (dd, 2H,J = 8.3 Hz,J =

16.1 Hz), 8.11 (d, 1HJ = 8.0 Hz), 7.84 (dt, 1HJ = 1.6 Hz,J =

water. The solid was dried under vacuum and used without further 7.8 Hz), 7.78-7.68 (m, 4H), 7.57 (d, 1H) = 5.0 Hz), 7.11 (ddd,

purification.

2-(5-Methyl-2H-1,2,4-triazol-3-yl)pyridine (2a)58 Acetyl chlo-
ride. White solid. Yield: 43%. Mp: 162165 °C (lit.58 163—165
°C). 'H NMR (300 MHz, DMSO): 6 8.78 (d, 1H,J = 3.6 Hz),
8.17 (d, 1H,J = 7.7 Hz), 8.06 (t, 1H,) = 6.6 Hz), 7.58 (m, 1H),
3.54 (s, 3H).

2-(5-Phenyl-H-1,2,4-triazol-3-yl)pyridine (2b). Benzoyl chlo-
ride. Yield: 63%6. Mp: 212—-214°C (lit.6°212°C).*H NMR (300
MHz, DMSO): ¢ 8.73 (d, 1H,J = 4.3 Hz), 8.18 (d, 1HJ = 7.8

(66) Case, F. HJ. Org. Chem1965 30, 931-933.

(67) Fanni, S.; Keyes, T. E.; O'Connor, C. M.; Hughes, H.; Wang, R. Y ;
Vos, J. G.Coord. Chem. Re 200Q 208 77—86.

(68) Hage, R.; Prins, R.; Haasnoot, J. G.; Reedijk, J.; Vos, J. Ghem.
Soc., Dalton Trans1987 1389-1395.

(69) Potts, K. T.J. Chem. Socl954 3461-3464.

1H,J=1.4 Hz,J =5.5Hz,J=7.4 Hz), 7.0 (ddd, 1H) = 1.4
Hz,J= 5.8 Hz,J = 7.3 Hz), 6.95 (ddd, 1H) = 1.4 Hz,J= 5.8
Hz, J = 7.3 Hz), 6.50 (dddd, 2H) = 2.4 Hz,J = 9.3 Hz,J =
12.8 Hz), 5.85 (dd, 1H) = 2.4 Hz,J = 8.5 Hz), 5.74 (dd, 1H)
= 2.3 Hz,J = 8.7 Hz), 2.37 (s, 3H)*F{*H} NMR (282 MHz,
CD,CI,/CFCE): ¢ —108.0 (d, 1FJ = 11.4 Hz),—108.4 (d, 1F]
=11.4 Hz),-109.9 (d, 1FJ=11.5Hz),—110.4 (d, 1IFJ=10.4
Hz). MS (ESH, MeOH): m/z715.1 ([M— F + 2H]*, 100), 733.1
(IM + H]*, 100), 755.1 ([M+ NaJ"). HRMS calcd for GoH1oF4-
IrNg, 733.1311 ([M+ H]"); found, 733.1297. Anal. Calcd for
C30H19F4|I’N6: C, 49.24; H, 2.62; N, 11.49. Found: C, 48.88; H,
2.53; N, 11.36.

(F2ppy)2lr(pta)PhMe (4c). CC: 9/1 CHCI,/MeCN. Crystals
were grown by slow evaporation of G, from a CH.Cl,/hexane
solution. Yield: 87%1H NMR (300 MHz, CDC}): 6 8.26 (t, 1
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H, J = 10.2 Hz), 8.10 (d, 1HJ) = 7.6 Hz), 7.92 (t, IHJ = 7.7

Hz), 7.84 (m, 1H), 7.787.65 (m, 3H), 7.47 (d, 1H) = 5.8 Hz),

7.24-7.14 (m, 3H), 6.98 (t, 1H) = 6.3 Hz), 6.90 (t, 1H) = 6.3

Hz), 6.50 (ddt, 2HJ = 2.3 Hz,J = 9.1 Hz,J = 12.1 Hz), 5.76
(ddd, 1H,J = 2.3 Hz,J = 8.5 Hz,J = 17.8 Hz), 2.34 (s, 3H).
19{1H} NMR (282 MHz, CD.CI,/CFCEk): 6 —107.9 (d, 1FJ =

11.3 Hz),—108.4 (d, 1FJ = 11.3 Hz),—109.8 (d, 1IFJ=11.1

Hz),—110.4 (d, 1FJ = 10.6 Hz). MS (ESt, MeOH): m/z791.2

(IM — F+ 2H]*, 2), 809.2 ((M+ H]*, 100), 831.4 ([M+ Na]*,

5). HRMS calcd for GeHo3F4lrNg, 809.1624 ([M+ H]*); found,

809.1593. Anal. Calcd for £gH-3F4lrNg: C, 53.53; H, 2.87; N,
10.40. Found: C, 53.67; H, 2.88; N, 10.48.

(Fappy)alr(pta)PhOMe (4d). CC: 9/1 CHCIl,/MeCN. Yield:
69%.H NMR (300 MHz, CDCly): 6 8.27 (dd, 2HJ = 8.4 Hz,
J=15.7 Hz), 8.05 (d, 2HJ = 7.9 Hz), 7.92 (t, 1HJ) = 7.7 Hz),
7.84 (d, 1H,J = 4.9 Hz), 7.8-7.7 (m, 3H), 7.57 (d, 1HJ = 6.0
Hz), 7.17 (t, 1HJ = 5.9 Hz), 7.1-6.8 (m, 4H), 6.53 (dddd, 2H]
=24Hz,J=7.3Hz,J=9.4Hz,J=12.6 Hz), 5.85 (dd, 1HJ
= 2.3 Hz,J = 8.4 Hz), 5.78 (dd, 1H) = 2.3 Hz,J = 8.7 H2z),
3.82 (s, 3H)¥F{*H} NMR (282 MHz, CD,CI,/CFCk): 6 —107.9
(d, 1F,J = 11 Hz),—108.5 (d, 1FJ = 7.7 Hz),—109.8 (d, 1FJ
= 11 Hz),—110.4 (d, 1FJ = 8 Hz). MS (ESH, MeOH): m/z
825.2 (M + H]*, 100), 847.1 ([M+ Na]*, 5). HRMS calcd for
CagHosF4lrNgO, 825.1573 ([M+ H]™); found, 825.1554. Anal.
Calcd for GgHa3F4lrNgO-0.5CHCly: C, 50.95; H, 2.77; N, 9.63.
Found: C, 51.12; H, 3.00; N, 9.74.

(F2ppy)2Ir(pta)F sPh (4e).CC: 9/1 CHCI,/MeCN. Yield: 69%.
Single crystals (plates) were grown by slow evaporation
CH,Cl, from a CHClyhexane solution!H NMR (300 MHz,
CD.Cly): 6 8.3-8.2 (m, 3H), 7.92 (dt, 1H) = 1.5 Hz,J = 7.7
Hz), 7.82 (d, 1HJ = 4.8 Hz), 7.79-7.70 (m, 3H), 7.62 (d, 1H)
= 5.0 Hz), 7.22 (ddd, 1H) = 1.4 Hz,J = 5.5 Hz,J = 7.4 Hz),
7.03 (ddd, 1HJ = 1.4 Hz,J = 5.4 Hz,J = 7.0 Hz), 6.97 (ddd,
1H,J=1.4Hz,J =59 Hz,J= 7.3 Hz), 6.56 (ddd, 1H) = 2.4
Hz,J=9.3 Hz,J=12.6 Hz), 6.48 (ddd, 1H] = 2.4 Hz,J = 9.3
Hz,J=12.6 Hz), 5.89 (dd, 1H] = 2.4 Hz,J = 8.4 Hz), 5.78 (dd,
1H,J = 2.4 Hz,J = 8.8 Hz).%F{1H} NMR (282 MHz, CDCl,/
CFCk) 6 —107.70 (d, 1FJ = 10.8 Hz),—108.20 (d, 1IFJ=11.4
Hz), —109.72 (d, 1FJ) = 11.6 Hz),—110.26 (d, 1FJ = 7.1 Hz),
—140.38 (dd, 2FJ) = 7.3 Hz,J = 23.0 Hz),—155.99 (t, 1FJ =
20.9 Hz),—163.68 (dt, 2FJ = 6.8 Hz,J = 22.3 Hz). MS (ESt,
MeOH): m/z 885.1 ([M + H]*, 100), 907.1 ((M+ Na]*, 20).
HRMS calcd for GsHieFolrNg, 907.0816 ([M+ NaJ*); found,
907.0811. Anal. Calcd for §gH16FolrNg: C, 47.57; H, 1.82; N,
9.51. Found: C, 47.17; H, 2.00; N, 8.95.

(Fappy)lr(pta)2,6FPh (4f). CC: 9/1 CHCI,/MeCN. Yield:
45%. Single crystals (plates) were grown by slow evaporation of
CH,Cl, from a CHClyhexane solution!H NMR (300 MHz,
CD.Cly): ¢ 8.26 (t, 3H,J = 9.0 Hz), 7.90 (dt, 1HJ) = 1.5 Hz,J
= 7.7 Hz), 7.76 (m, 4H), 7.63 (d, 1H,= 5.8 Hz), 7.32 (m,1H),
7.19 (ddd, 1H) = 1.4 Hz,J = 5.5 Hz,J = 7.4 Hz), 6.98 (m, 4H),
6.51 (dddd, 2H,) = 2.4 Hz,J = 9.3 Hz,J = 12.6 Hz,J = 22.7
Hz), 5.86 (dd, 1HJ) = 2.4 Hz,J = 8.4 Hz), 5.76 (dd, 1H) = 2.4
Hz, J = 8.8 Hz). *F{*H} NMR (282 MHz, CQCI,/CFCk) o
—107.95 (d, 1FJ = 10.44 Hz),—108.39 (d, 1FJ = 10.19 Hz),
—109.95 (d, 1FJ = 10.45 Hz),—110.45 (d, 1FJ = 10.26 Hz),
—112.07 (s, 2F). MS (ESt, MeOH): m/z831.0 ((M+ H]*, 100),
853.0 ([M + NaJ", 30). HRMS calcd for gsH;gFsIrNg, 831.1279
(IM + H]"); found, 831.1258. Anal. Calcd for s6H;oFsIrNg-
0.5CHCN: C, 50.85; H, 2.43; N, 10.71. Found: C, 51.38; H, 2.68;
N, 10.20.

(Fappy)alr(pta)3,5FPh (4g). CC: 9/1 CHCIy/MeCN. Yield:
54%.H NMR (300 MHz, CQ}Cl,): 6 8.33-8.20 (m, 3H), 7.91

of
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(dt, 1H,J = 1.6 Hz,J = 7.8 Hz), 7.82-7.70 (m, 4H), 7.6%7.59
(m, 2H), 7.56 (ddd, 1H) = 0.7 Hz,J = 1.5 Hz,J = 5.8 Hz), 7.19
(ddd, 1H,J = 1.4 Hz,J = 5.5 Hz,J = 7.5 Hz), 6.97 (dddd, 2H,
J=14Hz,J=59Hz,J=7.3Hz,J=13.1 Hz), 6.73 (it, 1H,
J=2.4Hz,J=9.0 Hz), 6.54 (dddd, 2H] = 2.4 Hz,J = 7.4 Hz,
J=9.6 Hz,J = 12.6 Hz), 5.84 (dd, 1H] = 2.4 Hz,J = 8.4 Hz),
5.77 (dd, 1HJ = 2.3 Hz,J = 8.8 Hz).2F{H} NMR (282 MHz,
CD,CI,/CFCkL): 6 —107.86 (d, 1FJ = 10.46 Hz),—108.47 (d,
1F,J = 10.18 Hz),—109.88 (d, 1FJ = 10.48 Hz),—110.47 (d,
1F,J=10.21 Hz),—111.15 (s, 2F). MS (ESt, MeOH): m/z831.3
(M + H]*, 100), 853.4 ([M+ Na]*, 10). HRMS calcd for
CagHigFelrNg, 831.1279 ([M+ H]™); found, 831.1263. Anal. Calcd
for CssHioFslrNg: C, 50.66; H, 2.31; N, 10.13. Found: C, 51.19;
H, 2.80; N, 9.81.

(Foppy)alr(pta)4FPh (4h). CC: 95/5 CHCI/MeCN. Yield:
65%. Single crystals (plates) were grown by slow evaporation of
CH,Cl, from a CHCly/hexane solution!H NMR (300 MHz,
CD,Cl,): 6 8.26 (m, 3H), 8.07 (m, 2H), 7.90 (dt, 1d,= 1.5 Hz,
J=7.8Hz), 7.81 (d, 1H) = 5.8 Hz), 7.75 (m, 3H), 7.57 (d, 1H,
J=5.8Hz), 7.16 (ddd, 1H) = 1.4 Hz,J = 5.6 Hz,J = 7.1 Hz),
7.00 (m, 4H), 6.53 (dddd, 2H,= 2.3 Hz,J = 7.3 Hz,J = 9.4 Hz,

J =125 Hz), 5.84 (dd, 1HJ = 2.3 Hz,J = 8.4 Hz), 5.77 (dd,
1H,J = 2.3 Hz,J = 8.8 Hz).1%F{'H} NMR (282 MHz, CQCl,/
CFCk) 6 —107.94 (d, 1FJ = 10.46 Hz),—108.56 (d, 1FJ =
10.10 Hz),—109.94 (d, 1FJ = 10.38 Hz),—110.51 (d, 1FJ =
10.13 Hz),—115.14 (s, 1F). MS (ESt, MeOH): m/z 813.4 (M

+ H]*, 100), 835.4 ([M+ Na]*, 4). HRMS calcd for GsHzoFs-
IrNg, 813.1373 ([M+ H]*); found, 813.1351. Anal. Calcd for
CasHooFsIrNg: C, 51.78; H, 2.48; N, 10.35. Found: C, 52.05; H,
2.78; N, 10.20.

Results and Discussion

Synthesis and Characterization.Scheme 1 shows the
general method for the synthesis of the iridium complexes
(4a—h). The triazole® 72 (2a—h) were synthesized in three
steps from 2-cyanopyridine: first by reaction with hydrazine
monohydrate to form amidrazoriefollowed by treatment
with the corresponding substituted acyl chloride in basic
media. The last step involves heating the product in ethylene
glycol at 190°C for 1 h, giving the 1,2,4-triazoles in
50—70% yield.

The substituted triazoles and dichloro-bridged iridium
comple¥* (3) were then stirred together in a mixture of
dichloromethane/ethanol (3/1) for h. The crude products
were purified via chromatography on silica gel, affording
complexedta—h in 50—60% yield. Complexb and related
analogs were previously synthesized in our laboratdfies.
Characterization of all the products was performed u&hg
NMR, °F NMR, high-resolution mass spectrometry, and
elemental analysis.

Single crystals of complexek and4e—h were obtained
by slow evaporation of dichloromethane from a dichloro-
methane/hexanes solution, and X-ray crystallographic analy-
ses were performed. Selected parameters of the molecular

(70) Barigelletti, F.; De Cola, L.; Balzani, V.; Hage, R.; Haasnoot, J. G;
Reedijk, J.; Vos, J. GInorg. Chem.1989 28, 4344-4350.

(71) Lempers, H. E. B.; Haasnoot, J. G.; Reedijk, J.; Hage, R.; Weldon, F.
M.; Vos, J. G.Inorg. Chim. Actal994 225 67—74.

(72) Passaniti, P.; Browne, W. R.; Lynch, F. C.; Hughes, D.; Nieuwen-
huyzen, M.; James, P.; Maestri, M.; Vos, J.J5Chem. Soc., Dalton
Trans.2002 1740-1746.
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Scheme 1. General Procedure for Synthesis of the Iridium Complexes Presented in This Paper and Their Corresponding Abbreviations; Reference
Complex Flrpic Is Also Shown for Clarity
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structures are given in Table S2 (see Supporting Information).the complexes is the torsional angle between the triazole ring
As shown in Figure 1, all complexes crystallize as distorted and the substituted phenyl ring. As can be seen in the case
octahedrons around the central iridium atom. The difluo- of complexesieand4f, due to the steric hindrance of the F
rophenylpyridine (Eppy) ligands have kN bond lengths atoms in the 2 and 6 positions, the phenyl ring is quite twisted
between 2.023 and 2.042 A and-I€ between 1.989 and  with respect to the triazole ring (64.4nd 84.2, respec-
2.018 A (typical IC lengthd63548 2 00-2.02 A). The tively) while for complexesic, 4g, and 4h, this torsional
Fppy C-C and C-N intraligand bond lengths and angles angle is closer to coplanarity (22,7%4.6°, and 9.8, respec-
are within normal ranges expected for cyclometalated tively). Crystals of complex4g were obtained with two
Ir(1) complexes® Nitrogens N(21) and N(41) on the different packing parameterdd and4g’), and some selected
F.ppy ligands are trans to one another, and in comglex  parameters for both crystal structures are reported in Table
they are slightly more skewed from linearity (173.Than S2. All complexes exhibit the same coordination behavior:
in 4e (174.5). the nitrogen of the triazole coordinated to the metal ion is
The Ir—N bonds between the metal center and the always N8, which is the most basic, and the two phenylpy-
pyridine-1,2,4-triazole ligand [Ir(5)N(1) and Ir(1}-N(8)] ridines are in a mer configuration.
are longer if compared to the+N bonds between the metal Absorption and Emission SpectroscopyThe absorption
and the pyridine moiety of theppy [Ir(1)—N(21) and spectra of complexeta—h (and Flrpic for comparison) were
Ir(1)—N(41)]: in other words, bonds trans to C atoms are recorded at room temperature in dichloromethane solutions
longer than bonds trans to N atoms due to the sigma donation(Figure 2). The spectra are dominated by transitions falling
of the carbons (trans effect). The most interesting feature ofin two main regions. By comparison with the Flrpic
such crystal structures and also the main difference amongabsorption spectrum, the intense bands:(20-60 x 10°
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NILIA  FI6A
) A

4h

Figure 1. Molecular structures odc, 4e, 4f, 49, and4h. Hydrogen atoms and solvent molecules were omitted for clarity.

M~ cmt) at high energy €340 nm) are assigned to—s* in which spin-orbit coupling is strong® The main bands
transitions localized on the coordinated ligands. The highestand molar extinction coefficients are given in Table 1.
energy absorptions are due to transitions centered on theComplexesdb—h show larger extinction coefficients than
F.ppy ligands, and the shoulderaR90 nm is attributed to  4a, which can be attributed to the increased conjugation due
transitions centered on the triazole ligand. Weaker but to the phenyl group on the former complexes.

nonetheless intense transitioes¥ 3—12 x 1 M~*cm™) All of the complexes show bright emission at room
at lower energy (340450 nm) are due to spin-allowed temperature (Figure 3) in deareated dichloromethane solu-
singlet-to-singlet metal-to-ligand charge-transfévI(CT) tions and exhibit photoluminescence spectra with maxima

and spin-forbidden singlet-to-tripletMLCT transitions,
known for complexes containing heavy atoms such as iridium (73) Chou, P. T.; Chi, YEur. J. Inorg. Chem2006 3319-3332.
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the conjugation between the triazole and phenyl rings
apparently results in a remarkable decrease in the emission
intensities and excited-state lifetimes. We believe this effect
is related to the nature of the emitting state (vide infra).
The excited-state lifetimesz) of complexes4a—h in
deareated dichloromethane solutions scale with the quantum
yield values shown by each complex but vary over 1 order
of magnitude, from 0.53 to s, while those of air-
equilibrated solutions are all in the narrow range between
130 and 160 ns. All the lifetime decays were found to be
monoexponential. The radiative and nonradiative rate con-
stants can be calculated from eqgs 1 and 2, respectively, and
in the range between 450 and 550 nm. The vibronic structurethe results are summarized in Table 1.
of the emission bands indicates a large amounfld®

Figure 2. Absorption spectra of complexds—h and Flrpic in CHCl,
solutions at room temperature.

character, and the excited state is believed to be a mixture k = i 1)
of 3LC and3MLCT states as also confirmed by theoretical T

studiest*3536.74The photophysical data of all complexes are (1- @)

collected in Table 1. Ky = - (2)

The emission spectra of complexéa—c and 4e—h all

have a very similar shape with an mtense high-energy b"’dehe radiative rate constants)(calculated for this series vary
at around 460 nm, a second less intense band around 49%ver a fairly small range and are in line with highly

nm, and a shoulder near 525 nm. Compliis slightly luminescent Ir(lll) complexes reported in the literatéit&18

more | blljlz tﬁh'fted _than t?ﬁt O:hi{gz(‘l% n(;nt)h V\éh'led fort On the other hand, the nonradiative rate constdats dre
comprex © faxifum Shrts 1o fim and fhe bands at ,qre instructive. Complexea—c, 49, and4h, which exhibit

464 and 525 nm are present only as shoulders, shifting thesimilar photophysical properties, hakeandk, values in a

color point to the green region. This behavior can be narrow range. Likewise, if we compare compHkwith 4e
explained by the electron-donating character of the methoxyand4f the k. values aré similar bud has a much lower

?#bSt'tueTt’ Wt]r'ﬁ.h ra|ses|the Tnerﬁ;y o{hthehH%)M? Ieveltof value fork,,, while 4eand4f have the highest values among
€ complex. 1hiS complex aiso has the ighest quantum ., series, in line with the dramatic differences in excited-

yield among the complexes studied herg; blue-emitting state lifetimes and quantum yields for these three complexes.
complexes generally have lower quantum yields than green- oing from green to blue, thMLCT bands approach the
em|tt|ng a'_”a'j’gss because of the_llgand-centered characte_r 9% C levels and their mixing becomes larger. Due to the low
_the emissiori** Also, by analyzing t_he speciral shape_s, It phosphorescence of these ligands, nonradiative decay domi-
is observed that (_:omple>_<db—d, bearing eleqtrqn-doqat_mg nates, thus lowering the emission quantum yields. On the
groups on the triazole ligand, have an emission tail in the other hand, for our complexes the shift in emission is too

g[ﬁen reg|o|n muchTE!gherlllr) |fr|1ten5|tyt\r/]wth re§pgct to The small to justify such a different behavior for complexs
other complexes. This will influence the emission color _ 4 ¢\ oo <the others.

coordinates, an important consideration when such complexes - . .
' . . For iridium(lll) complexes, and in general for luminescent
are used as OLED dopants. On the basis of these consider; i P 9

tion rooer choi f the ligands in th nthesis of htransition—metal complexes, the ftriplet excited states are
ations a proper choice of the figands € synthesis of suc usually known to reside at energies sufficiently high as not
complexes could be useful to achieve narrower (for mono-

. N . to be deactivated vibronically by low-energy states (“energy-
gggocrtr:ztlc LEDSs) or broader (for white-light LEDs) emission gap law®37579. However, a recent study on iridium(ill)

. . . . phenyl-triazole complexésanalyzed the correlation between
: Emls_S|on quantum yields N degassed solutions are rela'the decrease in the quantum yield with a blue shift in
yvely h'gh (16760%)' and thew extreme oxygen sens!t|v!ty emission energy and suggested that thermally activated
"f’l_ ablcor:llflrrr:a:lon ?.f trl]e ttrt;plet chatracter_ olggt)he (;zr?rl]ssmn vibrational (nonradiative) decay could be responsible for the
(Ta T ) T%r.ez 'rTg Y, ebqlggn_éjrz 'yltet Xo e. f guenching of the photoluminescence. In our case, the range
ggm&:i:;‘;ﬂ dle ag Zrne di&n thi VI;/IIUSS Ie?reo avl\lloqgirtc; uﬁiséh O of emission quantum yield values reported in Table 1 appears
(>29%), while for complexeste and 4f the values are to be mostly related to a distortion from coplanarity between

remarkably lower £16%). Interestingly, the photophysical the triazole and substituted phenyl ring connected to it more

behavi h | beari i than to an increase of the electron-withdrawing properties
enhavior among the compiexes bearing a par 'Eﬂy—.h) of the substituent on the 1,2,4-triazole moiety. We believe
or fully (4e fluorinated phenyl ring on the triazole ligand

. ‘ ) that in the case of compoundg and4f the lowest excited
seems to correlate quite well with the torsional angle,

deduced from the molecular structures, between these twoza) avilov, 1. V.; Minoofar, P.; Cornil, J.; De Cola, L. Am. Chem. Soc.
aromatic moieties. The larger the torsional angle, the lower 5 %007, 123, %/24;%258E- M- Sullivan. B. P M TaAm. Ch

. . _ . . aspar, J. V.; Kober, £. M.; sullivan, B. P.; Meyer, AMm. em.
the quantum yield and excited-state lifetime values of the So0c.1982 104, 630-632.

complexes (see Tables 1 and S2). In other words, breaking(76) Caspar, J. V.; Meyer, T. lhorg. Chem.1983 22, 2444-2453.
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Table 1. Absorption and Emission Spectral Data at Room and Low Temperature of Comgiexa3

emission, 7 (usf

absorbance (nm) emissionA (nm)¢t @ [} T (us) t(us) ke Knr A (nm), at77 K
complex (e10*M~1cm)) (rel. int.) deard aeratedl deaer. aerated (10°s) (1Ps™d) at77K (rel. wt.)
4a 258 (3.57), 282 (sh, 2.68), 343 (0.83), 461 (1),492(0.88) 0.36 0.047 0.93 0.16 3.9 6.9 451 3.3
374 (0.56), 451 (0.04)
4b 258 (4.6), 280 (sh, 3.77), 315 (sh, 1.34)460 (1), 489 (0.94) 0.37 0.033 1.6  0.15 2.3 3.9 451 3.6
336 (0.87), 370 (0.66), 452 (0.014)
4c 259 (5.50), 281 (sh, 4.39), 315 (sh, 1.73363 (0.98), 492 (1) 0.41 0.025 2.1  0.13 2.0 2.8 451 3.8
337 (sh, 1.12), 370 (0.9), 451 (0.021)
4d 261 (6.08), 287 (sh, 4.48), 354 (1.20), 464 (0.64),492 (1) 059 0.014 50  0.13 1.2 0.82 452 3.7 (67%)
370 (1.03), 451 (0.040) 8.4 (33%)
4e 257 (4.38), 280 (sh, 3.37), 350 (0.67), 458 (1), 487 (0.87) 0.16 0.042 053 0.15 3.0 15.8 450 3.6
370 (0.52), 451 (0.04)
4f 256 (5.60), 282 (sh, 4.02), 315 (sh, 1.73360 (1), 490 (0.80) 0.16 0.041 0.60 0.14 2.7 13.7 450 3.6
342 (1.10), 370 (0.72), 451 (0.031)
4g  261(5.12), 283 (4.63), 315 (sh, 1.98), 459 (1), 488 (0.83) 0.29 0.042 0.99 0.15 2.9 7.1 451 3.6
346 (1.15), 370 (0.72), 451 (0.025)
4h 257 (5.89), 284 (sh, 4.41), 350 (1.25), 459 (1), 489 (0.87) 0.34 0.028 157 0.14 2.1 4.2 451 35

370 (0.90), 451 (0.041)

a All data for complexes in CbCly. P ‘sh’ denotes a shouldef.Aex = 350 nm.9 Quantum yields are measured versus quinine bisulfaleN H;SOy (Aex
= 350 nm).

Figure 3. Normalized room-temperature emission spectra of complexes Figure 4. Emission spectra of iridium complexes at 77 K in a butyronitrile
4a—h in CHCl; (Aexc = 350 nm). glass fexc = 350 nm).

state involves the ppy ligands even though for fluorinated temperature emission, complexéa—c and 4e—h behave
derivatives we would expect the lowest excited state to residesimilarly, displaying only small shifts in peak maxima, while
on the lower energy triazole ligand. However, due to the 4d shows a qualitatively similar but much broader profile,
large torsional angle between the triazole and the fluorinatedespecially in the lower energy transitions.
phenyl ring (see molecular structure) delocalization is  The triplet levels of the complexes were calculated from
prevented and, therefore there is no electronic coupling the 0-0 transitions Eo—o) in the 77 K spectra. Complexes
between the triazole ring and electron-withdrawing groups. 4a, 4b, 4c, 4g, and4h have almost identical emission at 451
Therefore, ind4e and 4f the pyridinetriazole is completely nm (22 173 cm?, 2.75 eV), whilede and4f are very slightly
decoupled, thus favoring transitions from the iridium to the blue shifted (22 222 cnt, 2.76 eV), and the methoxy-
F2ppy ligand, even though the iridium is not as electron rich substituted4d has a 1 nm reghift (22 124 cm?, 2.75 eV).
as in the case of the phenyl derivatigb. In the case of  This gives further support to the theory that donating and
electron-donating groupg§, 4c, and4d), the transition is withdrawing groups on the pyridinetriazole can lead to color
also kppy based because of the donating character of theshifts in the emission, although the effects are relatively
ligands. This behavior has been supported for some of theweak. The weak blue shift of complexds and 4f could
complexes by theoretical calculations where the emitting also be due, as discussed previously, to the electronic
states of4a and4e were found to be Jppy based and that  decoupling caused by the tilt angle (see molecular structure).
of 4b was located on the pyridinetriazofé. Rigidochromic shifts can give information on the emitting
To gain more insight into the nature of the excited states states of the complexes, and as in the room-temperature
in these complexes, the emission spectra and excited-statepectra, it is observed thédl has a larger fraction of emission
lifetimes were measured at 77 K in butyronitrile glasses. The in lower energy vibrational bands, even though in all cases
results are shown in Figure 4 and the data are summarizedat 77 K the peak at~450 nm is the highest intensity
in Table 1. All complexes show a rigidochromic shift toward transition. Lifetime values measured at 77 K are all in a
the blue when frozen in the glass, giving further evidence narrow range between 3.3 and 38 with the exception of
for the SMLCT character of the excited staié? but the 4d which has a biexponential decay of 3.7 and @4 These
structure of the emission would once again indicate some values indicate that the triplet state is the same for complexes
3LC contribution. As explained above, the emitting state is 4a—c and4e—h, while 4d has emission from two nonequili-
likely a mixture of the two. Analogous to the room- brated states. We are not sure about the reason for this

11090 Inorganic Chemistry, Vol. 46, No. 26, 2007



Blue-Emitting Iridium Complexes

Table 2. Electrochemical Data for the Ir(lll) Complexes in Acetonitrile
versus Ferrocene/Ferrocenium

Eed  AEp? Eed  AEp?  Eox  AEp?

compound V) (mV) V) (mV) V) (mV)
Ir(ppy)s —2.67 110 0.33 58
Flrpic —2.60 105 —2.28 80 0.89 78
4a b -2.8 1.2
4b —2.64 135 —2.38 100 0.95 70
4c —2.65 108 —2.38 79 0.91 70
4d —2.66 100 -2.38 84 0.91 74
4de —2.63 72 —2.3# 75 1.02 84
4f —2.65 80 —2.36 110 0.99 70
49 —2.63 110 —2.36 95 0.99 75
4h —2.67 115 -2.38 100 0.97 65

a Peak-to-peak separatiohlrreversible.c Not fully reversible.

behavior, but we believe that due to the strong electron-
withdrawing fluorine substituents on the phenylpyridines and
the strongly electron-donating methoxy group on the triazole,
a ligand-to-ligand charge transfer (LLCT) transition is
responsible for the longest lifetime. This state would then
be responsible for the broader emission of this complex a

room temperature versus the others (see Figure 3). We

among them. The 100 mV difference in the first reduction
demonstrates the effect of the ancillary pyridine-triazole
ligands relative to the picolinate of Flrpic. The first reduction
in complexegtb—h is approximately 400 mV easier than in

Ir(ppy)s, which attests the electron-withdrawing capability
of fluorine atoms on the #ppy units.

The first oxidation potential of Firpic is slightly lower than
those of complexedb—h but far higher than for Ir(ppy)
(Table 2). The small difference between Flrpic and com-
plexesAb—h indicates that the difluorophenyl-pyridine ligand
plays a major role in the oxidation process with some
modulation due to the ancillary ligand. The large difference
between Flrpic and Ir(ppy)similarly confirms the large
effect of adding the fluorine atoms to the phenyl rings toward
lowering the energy of the HOMO.

The lower reduction potential (less negative) of the studied
iridium(lll) complexes is compensated by their far higher
oxidation potentials, all of which are3 times that of the

¢ green-emitting Ir(ppyy) which we measured here using the

same conditions (Table 2). The significant increase in

cannot, however, exclude aggregation phenomena that may()X|dat|on potentials for complex&b—h compensate for the

also cause the same biexponential decay, even though we

are working in very dilute conditions (18 M).
All these data indicate that (a) the substitution on the

triazole represents a small perturbation to the energy levels,

(b) the electron-donating or -withdrawing ability of the
substituents and even torsional angles can change th

ower reduction potentials. Complefe has the highest
oxidation and lowest reduction potential, which agrees with
the spectroscopic data showing that it is the bluest emitter.
Complex 4d, the greenest emitter, has almost identical
electrochemical signals as the other complexes, possibly

dndicating that the HOMGLUMO transition is that at 465

emission properties, and (c) the increased broadness in thdM (Which appears as a shoulder) and not at the peak

case of4d could be due, besides the MLCT states, to an
LLCT state or aggregation phenomena.

Electrochemistry. To better understand the nature of the
frontier orbitals as well as probe possible device behavior,
cyclic voltammetry (CV) measurements were performed on
all complexes reported here (Table 2). Even though Flrpic
is a very common dopant for devices, we found very few
reports’ on its electrochemical properties. For the first time
we report the reduction behavior of Flirpic in different

solvents (Figure 5). As can be seen, both reductions are

perfectly reversible in solvents such as THF and acetonitrile,
while in dichloromethane even the first reduction is irrevers-
ible. The reductions occur on the fluorinated ppy and are
scan-rate dependent.

Complexegtb—d and4f—h show reversible oxidation and
reduction wavesze has a semi-reversible oxidation and
reversible reductions, anth does not show any reversible
redox processes. As noted previously, for many phenylpy-
ridine Ir(1ll) complexes the HOMO is mostly localized on
the phenyl part of the phenylpyridine ligand and has a large
contribution arising from the d atomic orbitals (AOs) of Ir
while the LUMO is mostly localized on the pyridine of the
phenylpyridine unit. On this basis we expect the first

reduction to appear at similar values for all complexes studied Slutions. A maximum efficiency of~

and the reduction values should be similar to those of Flrpic.
This is confirmed in the data presented in Table 2. The first
reduction of all the triazole-containing complexes is 100 mV
more negative than that of Firpic with a spread of 40 mV

(77) Muegge, B. D.; Richter, M. MAnal. Chem2004 76, 73—77.

maximum at 492 nm.

OLED Studies. From the Ir(lll) complexes investigated
in solution, two of them were selected to construct organo-
metallic light-emitting diodes, OLEDs. The electrolumines-
cent devices were prepared from the matedasand4e by
sublimation. The device structure was as follows: glass/ITO/
hole injection layer of 4,44"-tris(3-methylphenylpheny-
lamino)triphenylamine (m-MTDATA) doped with 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) (40
nm)/hole transport layer of undoped MTDATA (10 nm)/
emission layer of 4,44"-tri(N-carbazolyl)triphenylamine
(TCTA) doped with eitheda or 4e (25 nm)/hole blocking
layer (10 nm)/electron transport layer of 1,3,5-tigphe-
nyl)benzimidazole]benzene (TPBI) (40 nm)/LiF (1 nm)/Al
(100 nm). The doping concentration for the iridium emitters
was about 8% by weight.

Biasing the devices in normal direction (positive anode,
negative cathode) yielded an emission of blue light at the
turn-on voltage of about 4.7 V (Table 3; Figure Sib).

The EL spectra of the devices are shown is Figure 6. The
emission maxima of complexds and4ein the devices are
only very slightly (3 nm) red shifted compared to the
emission maxima of the same compounds in dichloromethane
13.5 cd/A was
achieved for both complexes, while the power efficiency at
300 cd/n? of 4awas slightly higher (5.5 Im/W) than that of
4e (4.7 Im/W). High external quantum efficiencies (EQE)
were also measured (7.1% féa and 7.4% forde), and the
1931 Commission Internationale de L’Eclairagey) coor-
dinates (ClIE,) coordinates for both complexes displayed a
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Figure 5. Reduction waves of Flrpic in different solvents. The oxidation wave of ferrocene @F&Cghown and set as zero. Scan rate: 100 mV/s.

Table 3. Device Characteristics for Complexda and4e Nonetheless, devices made with Flirpic still exhibit higher

efficiencies!” and further optimization of materials and de-

power
onset max efficienc?/ﬁ at vices is necessary to achieve comparable or better perfor-
voltage  efficiency 300 cd/i color max i ; ; ;
emitter (Lcdin)[v] [cd/A] [IMAW] point  EQE [%] mances. _It is interesting to note that the device behavior was
2 27 132 - 0168 0261 71 very similar for complexesta and 4e, even though the
42 47 135 47 0170.0.265 74 photoluminescence quantum yields in solution were quite

different (0.16 fordevs 0.36 for4a), and the electrochemistry

of 4ashowed irreversible behavior. The irreversibility would
likely manifest itself in the lifetime of the device, and further
tests are ongoing to investigate lifetimes and stability of these
materials.

aExternal quantum efficiency.

Conclusions

We reported the synthesis and photophysical and electro-
chemical characterization of new Ir(lll) complexes based on
substituted pyridine-1,2,4-triazole ligands. The complexes
were synthesized in good yields and fully characterized. We
have shown that by changing the substituents on the triazole
fragment we can tune the photophysical properties of the
complexes to achieve narrow blue emission. At room
blue color which is purer than that reported by Flrpic (0.17, temperature, all complexes show bright emission from the
0.34)!" As reported for other phosphorescent OLEDs with green to the blue, depending on the electronic and steric
iridium complexes (see, for example, refs 19, 30, and 78), properties of the substituents. In this study, the decrease in
our devices undergo significant roll-off with increasing emission quantum yields and excited-state lifetimes for
current density (Figure S1(a), see Supporting Information), complexesde and 4f seems to be related to the torsional
as already reported in the literatdPelhese results are among angle between the phenyl and triazole rings, which causes a
the best for devices made with similar compounds based onswitch of the lowest MLCT state from the pyridyl-triazole
the same heteroleptic (2,44py)Ir((1,2,4-triazol-3-yl)pyri- to the phenylpyridines.
dine) moiety®#with an EQE of 4.8% for the bluest deviée. Preliminary device tests made with two of these complexes
However, it has to be noted that such results were obtainedyere encouraging and showed high external quantum ef-
using solution processing methods for device fabrication, ficiencies (~7%) together with good blue color points (0.17,
which generally give poorer performance when compared 0.27). Moreover, we measured the full electrochemical
with devices made by vapor deposition. properties of Flrpic in different solvents and found it to be
completely reversible in THF and acetonitrile.

Figure 6. Electroluminescence spectra of the studied devices made with
complexesda and4e
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