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Efficient Light-Emitting Electrochemical Cells (LECs) Based
on lonic Iridium(l1l) Complexes with 1,3,4-Oxadiazole

Ligands

Jing Zhang, Li Zhou, Hameed A. Al-Attar, Kuizhan Shao, Li Wang,
Dongxia Zhu,*Zhongmin Su,* Martin R. Bryce,* and Andrew P. Monkman

Eight new iridium(lll) complexes 1-8, with 1,3,4-oxadiazole (OXD) deriva-
tives as the cyclometalated C"N ligand and/or the ancillary N*N ligands are
synthesized and their electrochemical, photophysical, and solid-state light-
emitting electrochemical cell (LEC) properties are investigated. Complexes

1, 2, 7 and 8 are additionally characterized by single crystal X-ray diffraction.
LECs based on complexes 1-8 are fabricated with a structure indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/
cationic iridium complex:ionic liquid/Al. LECs of complexes 1-6 with OXD

achieve high efficiencies and low oper-
ating voltages, LECs generally comprise
only one light-emitting layer, which can
be easily processed from solutions, and
they can use air-stable cathodes such as
aluminum.

The first solid-state LEC device was
based on a polymer blend containing a
light-emitting polymer, an ion-conducting
polymer and an inorganic salt. Since the

derivatives as the cyclometalated ligands and as the ancillary ligand show
yellow luminescence (A ., = 552-564 nm). LECs of complexes 7 and 8 with
cyclometalated C*N phenylpyridine ligands and an ancillary N*N OXD ligand
show red emission (A, 616-624 nm). Using complex 7 external quantum
efficiency (EQE) values of >10% are obtained for devices (210 nm emission
layer) at 3.5 V. For thinner devices (70 nm) high brightness is achieved: red
emission for 7 (8528 cd m~2 at 10 V) and yellow emission for 1 (3125 cd m™

at 14 V).

1. Introduction

Solid-state light-emitting electrochemical cells (LECs) have
attracted a great deal of interest in the past few years.3] Com-
pared with conventional organic light-emitting diodes (OLEDs)
with multilayer structures and low-work-function cathodes to
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report of LECs based on an ionic transi-
tion metal complex (iTMC) in 1996 by
Rubner et al.,’l iTMC-based LECs have
received ever increasing attention because
they have several advantages over con-
ventional ~polymer-based  LECs.[}2619
In iTMC-based LECs no ion-conducting
material or inorganic salt are needed
because the metal complexes are intrin-
sically ionic. Moreover, they show good
thermal and photophysical stabilities, and
high electroluminescence (EL) efficiencies
are achieved because of the phosphorescent nature of the metal
complexes. Many efforts have been made to improve the perfor-
mance of LECs. A range of iTMCs based on iridium,[1%-11:20-33]
ruthenium,7>7077:34351  osmium, 8% platinum, 37 and
copperl®?<d] have been used to fabricate LECs, and high effi-
ciency and brightness have been achieved. However, as a result
of the higher ligand-field spitting energy of the trivalent iridium
ion,21371 higher luminescent efficiency and stability,'"! and
tunable emission color,[212-1416-18]a,[29,30,32.39] jopic jridium com-
plexes are the most widely researched. Efficient green,[1:18:38:42]
yellow,[1741 orange,['82831 and red!!*#% LECs based on cationic
iridium complexes, have been achieved. The main require-
ments for iTMC-LECs are that the phosphorescent emitter
should have sharp colors in the red, green, and blue regions
and exhibit very high phosphorescence quantum yields.
1,3,4-Oxadiazole (OXD) derivatives have high electron affini-
ties, which make them good candidates for electron injection
and transport,*! high photoluminescence quantum yield, and
good thermal and chemical stabilities; these features have
led to their extensive applications in O/PLEDs,*>*] and they
have been applied in a few cases as cyclometalated ligands to
enhance the optoelectronic properties of iridium complexes.*¢!
However, to the best of our knowledge, OXD derivatives have

wileyonlinelibrary.com 4667

dadvd T1Tind


http://doi.wiley.com/10.1002/adfm.201300344

-
™
s
[
-l
wd
=
™

4668 wileyonlinelibrary.com

'a\j

www.afm-journal.de

Ar\«OW/Ar i IrCl3.3H,0, 2-ethoxyethanol-water, reflux
N-N ii NN ligand, EtOH-CH,Cly, reflux
iii KPFg, rt

i NANligand, EtOH-CH,Cl,, reflux
i KPFg, 1t

Ir complexes 1-6

I (ppy)2Cla » Ircomplexes 7 and 8
R! R
— — +
PFe
=N N= | X
0] /‘ Na 0 /N
Ir< Ir<
NTX
7 2
L T _
R! R2 7 R2=M
1H H 8 R2=H
2 H Me
3 Me H
4 Me Me
5 OMe H
6 OMe Me

Scheme 1. Synthesis of the Ir complexes 1-8 used in this study.

not previously been reported as ligands in iTMCs for use in
LEGCs.

Based on the above considerations, we now report the syn-
thesis and optoelectronic characterization of eight new ionic
iridium(IIl) complexes 1-8 (Scheme 1). The new molecular
design feature in this work is the use of OXD ligands: these are
cyclometalating C*N derivatives of 2,5-diphenyl-1,3,4-oxadiazole,
and NN coordinating 2-phenyl-5-(2-pyridyl)-1,3,4-oxadiazole
derivatives. We report the structure-property relationships of the
electrochemical, photophysical and electroluminescent character-
istics within this series of complexes, with emphasis on tuning
the color of the luminescence and the efficiency of the LECs.

2. Results and Discussion
2.1. Preparation and Characterization

The OXD ligands were synthesized in high yields from their
hydrazide precursors (see Supporting Information). Scheme 1
shows a general route used to prepare the cationic iridium com-
plexes 1-8. Following established literature procedures for ana-
logues,®l in the first step, IrCl;-3H,0 reacted with an excess
of the cyclometalating ligands (3x) to give the intermediate
bis(u-Cl) bridged dimer complex, which was then reacted with
the ancillary N*N ligand to afford the cationic iridium com-
plexes in high yields. The final step was counter-ion exchange
reaction from Cl™ to PF;™ to give complexes 1-8. All of the com-
plexes were characterized by 'H NMR spectroscopy, mass spec-
trometry and elemental analysis.

To further confirm the molecular structures of complexes
1, 2, 7 and 8 single crystals were characterized by X-ray
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crystallography. The molecular structures of

1 and 7 are shown in Figure 1, 2 and 8 are

shown in Figure S1 in the Supporting Infor-

mation. Complexes 1, 2, 7 and 8 all have

distorted octahedral geometry around the

iridium center which is coordinated by two
cyclometalated ligands (C*N) and one ancil-

lary ligand (N”*N), adopting C,C-cis and N,N-

R? trans configurations, as previously reported
for cationic iridium complexes.[13214b,17b,30]

+ Take complex 1 for example: the Ir-N bond
distances between the Ir center and the
2-(5-phenyl-1,3,4-oxadiazol-2-yl)pyridine
(pop) ancillary ligand, Ir(1)-N(1) (2.142 *
0.010) A and Tr(1)-N(2) 2.127 A £ 0.009 A
Z are longer than those between the Ir center
and the 2,5-diphenyl-1,3,4-oxadiazole (OXD)

e cyclometalated ligands, Ir(1)-N(4) 2.022 A+

0.010 A and Ir (1)-N(6) 2.013 A + 0.009 A.
This trend is also observed in the structures
of complexes 2, 7 and 8 and is attributed to
the stronger interaction between the ani-
onic nature of the cyclometalated ligands
and the cationic Ir(II) ion.'¥ A pattern of
weak interactions can be detected: face-to-
face m-stacking interactions occur between
the pyridyl rings in the adjacent ancillary ligands in the crystal
structure of 7. Similar m-stacking interactions between the
pyridyl and phenyl rings can be seen in the crystal structure
of 8. The intermolecular 77 distances are 3.62 A for 7 and
3.55 A for 8, respectively (Supporting Information Figure S2).
However, there are no such interactions in the crystal struc-
tures of 1 and 2.

The complexes are soluble in acetonitrile or dichloromethane
solutions from which thin films were spin-coated. Atomic force
microscopy (AFM) measurements on thin films on indium tin
oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesul
fonate) (PEDOT:PSS) substrates were conducted to assess the
effect of adding the ionic liquid BMIMPF¢ to the complexes.
The images established that films of uniform morphology
were readily obtained with no particular aggregation or phase

Figure 1. The cation in the molecular structure of complexes 1 (left) and
7 (right) in the crystal. The H atoms, PFs~ anions and solvent molecules
are omitted for clarity.
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Table 1. Photophysical properties of complexes 1-8.
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Peak molar
absorption
Amax,abs (g) x 10 xmax,em Dy, Lifetime 7 kr knr
Complex [nm] solution @ [M~'em™"]?) [nm] solution® film® [%] solution®  [%] Film [us] solution” film # s [s7]
1 275, 306, 370 4.80, 3.50, 1.15 550 569 229 109 0.524 (17%) 1.09 x 10¢ 3.67 x 108
3.15 (83%)
2 275,308,331, 3.17,2.47, 534 546 30.9 8.99 0.680 0.956 (27%) 4.54x10° 1.01 x 106
370 1.56, 0.72
3.81 (73%)
3 278,313,330, 6.20,3.92, 551 568 243 109 0.460 0.970 (27.5%)  5.28 x10° 1.64 x 10°
374 3.14,1.70
3.84 (72.5%)
4 278,306,329, 3.07,2.51, 546 556 13.9 3.29 0476  0.969 (27.4%) 2.92x10°  1.80x 108
370 1.60, 0.78
3.83 (72.6%)
5 273,308,332, 3.70, 3.40, 556 567 519 0.377 0.888 (35%)  9.31x10° 1.72 x 108
370 2.86,1.72
3.28 (65%)
6 370,307,333, 3.43,3.50, 552 558 37.0 6.49 0.429 1.75 (57.7%) 8.62 x 10° 1.46 x 106
372 2.93,1.67
5.14 (42.3%)
7 259, 296, 378 5.90, 4.38, 1.02 573 625 58.2 200 0.219 0.277 2.66 x 10° 1.90 x 10°
8 258, 282,378 5.40, 4.53,1.02 556 627 243 17.86 0.220 0.433 1.10x 10° 3.44 x 106

AIn dichloromethane solution (1 x 1075 M); ®Thin film spin-coated from dichloromethane solution; 9Photoluminescence quantum yield (PLQY) in degassed dichlo-
romethane (error: £5%); 9PLQY in thin film, spin-coated from MeCN solution (error: £5%); PLQY doped in zeonex at 20% concentration (error: £5%); OLifetime data
in dichloromethane solution: excitation wavelength 284 nm; ®The figures in parentheses denote the percentage of each lifetime component; "k, and k. in solution were

calculated according to the equations: k, = @/t and k,, = (1 — ®)/.

separation features. Representative images for complex 7 are
shown in Supporting Information Figure S3.

2.2. Photophysical Properties

The photophysical data are collated in Table 1. Figure 2 shows
the absorption and photoluminescence spectra of the com-
plexes in dilute CH,Cl, solution. The intense absorption bands
in the ultraviolet region ranging between 250 nm and =350 nm
are assigned to the spin-allowed the ligand centered (LC) transi-
tions. These LC bands are accompanied by weaker and broad
absorption bands extending from 350 nm to the visible region,
which are primarily due to the spin-allowed metal-to-ligand-
charge-transfer (*MLCT) transitions, 'LLCT (ligand-to-ligand
charge-transfer), 3MLCT, 3LLCT, and ligand-centered (LC)
3p—m# transitions.*”] The quantum chemical calculations (Sec-
tion 2.4) are consistent with the photophysical observations.
As the presence of the heavy iridium center results in a strong
spin-orbit coupling, these singlet to triplet transitions become
partially allowed and gain considerable intensity by mixing with
the IMLCT transitions.[*’]

Upon excitation all of the complexes show yellow to orange
emission (534-573 nm) in degassed CH,Cl, solutions with pho-
toluminescence quantum yields (PLQYs) (®p = 14-58%); in thin
films the quantum yields are significantly lower (@p; = 3-20%)

Adv. Funct. Mater. 2013, 23, 4667-4677
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for all complexes except 8, for which the solution and film yields
are reproducibly quite similar. This could arise due to the film
morphology leading to less concentration quenching for 8. As
shown in Figure 2 and Table 1, the A, wavelengths of com-
plexes 1-6 are all rather similar with no particular trends and
are in the range 534-556 nm in dichloromethane solution and
546-569 nm in thin film, observed as bright yellow emission.
For the analogous phenylpyridinato complexes 7 and 8 the A,,,,
values are significantly red shifted to 556-573 nm (solution)
and 625-627 nm (thin film), observed as bright red emission.
The difference in emission color among them indicates that the
introduction of the electron-withdrawing cyclometalated ligands
(OXD) to 1-6 has a strong effect on the energy levels of these
complexes.'’>18] Furthermore, the ppy cyclometatalated ligands
in 7 and 8 are smaller than the OXD cyclometalated ligands in
1-6. We also compared the different packing modes in the crystal
structure of the complexes. We note that enhanced -7 inter-
molecular interactions exist in the crystal structures of 7 and
8 (Supporting Information Figure S2), whereas no such inter-
actions were detected in the crystal structures of 1 and 2. This
interaction could also contribute to the red shift observed for 7
and 8 due to excimer emission, as observed previously.?”] The
unstructured shape of the emission bands of all the complexes
1-8 is typical of pronounced metal-to-ligand charge transfer
(*MLCT) electronic transitions.*] The long tails extending to ca.
700 nm (for 1-6) and ca. 800 nm (for 7 and 8) in the PL spectra
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their increased radiative rates which are sig-
nificantly greater than those of 1-6. These
data indicate that the substituents can change
the photophysical properties of the iridium
complexes without modifying the nature of
the emitting triplet state. The knowledge of
these photophysical parameters assists in

PL Intensity (a.u.)

evaluating the potential applications of these
complexes in LEC devices.

2.3. Electrochemical Properties

The solution electrochemical properties of the
complexes were determined by cyclic voltam-
metry (CV). Figure 3 shows the CVs of 1-8
and the measured redox potentials are listed
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Figure 2. Normalized absorption and emission spectra of complexes 1-8 in degassed CH,Cl,

solutions and neat thin films at room temperature.

in thin films are consistent with strong intermolecular interac-
tions, which could also account for the lower quantum yields in
thin film compared to solution.l®®! These conclusions are sup-
ported by the observation that the emission of the unsubstituted
[Ir(ppy)2(bpy)*(PFs 7) exhibits emission shifts of 80 nm from
solid-state to solution.'7?18]

Table 1 gives the excited-state lifetimes of complexes 1-8 in
degassed CH;CN solutions. The relatively long PL decay life-
times—on the order of microseconds—are consistent with emis-
sive excited states that are a mixture of LC *z~m+ and MLCT
character.'"®4% From the quantum yields @ and the lifetime ©
values, the radiative and non radiative decay rates k, and k,,, were
calculated using the equations k, = @/t and k,, = (1 — ®)/7.5%
Their radiative decay rates (k;) are in the range 2.92 x 10°-2.66
x 106 571, whereas their nonradiative decay rates (ki) are longer
(1.01 x 10°-3.44 x 10° s71). These higher values of complex 1
are supported by the shorter emission lifetimes both in solu-
tion and film of 1 with respect to those of complexes 2-6.[13%>2
The higher k,, value of complex 1 is probably correlated with the
different substituents on the OXD ligands, which might con-
trol the nonradiative pathway of decay.’” The higher quantum
yields of 7 and 8 (especially in thin films) can be attributed to

in Table 2. As shown in Figure 3, all of the
complexes exhibit quasi-reversible reduction
processes and irreversible oxidation processes
in CH;3CN solutions. The oxidation (E,,) and
reduction potentials (E,.q) are obtained from the
anodic (E,) and cathodic (E,) peak potentials.

The electronic structure calculations (Section 2.4) establish
that the highest occupied molecular orbital (HOMO) is located
on a mixture of the d orbitals of iridium and the & orbitals of
the phenyl ring of the cyclometalated ligand, and the lowest
unoccupied molecular orbital (LUMO) is located mainly on the
ancillary N*N ligand, as usual for (C*N),Ir(N*N) complexes.?*
3274 Consequently, the oxidation processes occur with metal-
centered orbitals and a contribution from the phenyl ring of
the cyclometalated fragments (OXD or ppy), whereas the reduc-
tion processes involve the orbitals centered on the Ir-ancillary
NN ligand.”?® Only small effects on the redox potentials
(£10-20 mV) are observed within the series 1-6 with varying
H, Me or OMe substituents. It is interesting that the electronic
nature of the cyclometalated ligand exerts a subtle effect on
the reduction potential.’> The higher reduction of complex 2,
which also contains the same ancillary ligand as 7, is likely to be
associated with the more electron-withdrawing OXD cyclometa-
lated ligands in complex 2. It can be seen that the energies of
the frontier orbitals in these complexes can be subtly manipu-
lated Dy tailoring the electronic properties of the cyclometalated
ligands. For example, the LUMO for 2 is destabilized compared

Potential (V) vs. Fo/F¢"

Potential (V) vs. Fc/F¢-

T complex RN —— complex 2 n —-— complex 7
U ---- complex 3 AN -~~~ complex 4 AR —— complex 8
CAN -~ complex 5 ~o b -~ complex 6 v
el ) E)
s s s
5 5 5
3 3 3
20 15 10 05 00 05 10 15 20 15 10 05 00 05 10 15 20 -5 -10 05 00 05 10 15

Potential (V) vs. Fe/F¢

Figure 3. Cyclic voltammograms of complexes 1-8 in CH3CN solutions (103 M). Potentials were recorded versus Fc/Fc'.
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Table 2. Electrochemical potentials and electronic energy levels.

Complex Eox [VI? Eed V) HOMO [eV]) LUMO [eV]?)  E,CY [eV])
1 0.76 -1.42 -5.50 -3.32 218
2 0.75 -1.40 -5.49 -3.34 215
3 0.74 -1.38 -5.48 -3.36 212
4 0.74 -1.39 -5.48 -3.35 213
5 0.75 -1.42 -5.49 -332 217
6 0.77 -1.43 -5.51 -331 2.20
7 0.69 -1.38 -5.43 -3.36 2.07
8 067 -1.36 -5.41 -338 2.03

A glassy carbon electrode as the working electrode, an aqueous saturated calomel
electrode as the operating reference electrode and a platinum wire as the counter
electrode. Potentials are quoted versus ferrocene, 0.1 M Buy;NPFg in CH3;CN solu-
tions, scan rate = 100 mV s™'; YHOMO = —e(E,+4.74)[eV]; LUMO = —e(E,eq +
4.74)[eV]; VB, = e(EorEreq) [eV].P")

to 7 by replacing OXD with ppy. The oxidation potential can be
independently adjusted by modification of the cyclometalated
ligand. Complexes 7 and 8 exhibit oxidation peaks at +0.69 V and
+0.67 V, respectively, which are lower than those of complexes
1-6 (+0.74 to +0.77 V). The electrochemical gaps, calculated from
the difference between the anodic and cathodic peak potentials,
for complexes 7 and 8 are smaller than those of complexes 1-6
(from 2.03 V for 8 to 2.20 V for 6), which is consistent with the
significantly red—shifted photoluminescence (PL) and electrolu-
minescence (EL) from complexes 7 and 8, compared to 1-6.

2.4. Quantum Chemical Calculations

2.4.1. Calculation of the Ground States

Quantum chemical calculations were performed to gain insight
into the photophysical and electrochemical behaviour of these
cationic iridium complexes. The calculations on the ground
and excited electronic states of the iridium
complexes 1, 2 and 7 were performed using
density functional theory (DFT) and TDDFT
at the B3LYP level. As shown in Figure 4,
the HOMO of 1, 2 and 7 resides on both
the phenyl groups of the cyclometalated
ligands and the iridium ions, while their
LUMO resides on the ancillary ligands.
For complexes 1 and 2, their HOMO-1 and
HOMO-2, with the metal contribution sig-
nificantly reduced with respect to their
HOMO, reside on the cyclometalated ligands
and the iridium ions; their LUMO+1 and the
LUMO+2 of complex 1 reside on the ancil-
lary ligands and cyclometalated ligands; how-
ever, the LUMO+2 of complex 2 resides on
the cyclometalated ligands.

Complexes 1 and 2 have the same sub-
units on which their HOMOs are local-
ized (Ir and cyclometalated OXD ligands;
Figure 4a,b) so, as expected, they show nearly

HOMO

LUMO

Adv. Funct. Mater. 2013, 23, 4667-4677
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the same oxidation potentials measured by cyclic voltammetry
(Table 2). However, because of the electron-donating effect of
—CHj; substituents attached to the phenyl rings of the ancillary
ligand, the LUMO energy level of complex 2 is increased, and
therefore the energy gap is increased, and blue-shifted emission
spectra are observed (16 nm in solution; 23 nm in film) rela-
tive to complex 1 (Table 1). Complex 7 has different cyclometa-
lated ligands (ppy) than for complexes 1-6 (OXD), on which the
HOMOs are localized. The calculated HOMO and LUMO ener-
gies of 7 are —=7.96 eV and -5.06 eV, while those of 1 are —8.14 eV
and —4.81 eV, respectively. As a result of the more electron-with-
drawing and 7-conjugated OXD ligand in complexes 1 and 2,
their HOMOs are significantly stabilized and the LUMOs are
destabilized (Figure 5). The OXD group in the cyclometalated
ligand of 1-6 plays a significant role in modifying the HOMO and
LUMO levels. In the present study limited color tuning has been
achieved with the structural modifications undertaken (Table 1).

The calculated energy gaps (LUMO-HOMO) of 1, 2 and 7
are 3.29 eV, 3.33 eV, and 2.90 eV, respectively. The cyclometa-
lated OXD ligands in 1 and 2 are more electron-withdrawing
than the ppy ligands in 7, with lower energy HOMOs but the
LUMOs are destabilized. This is responsible for the wider
HOMO-LUMO energy gap of 1 and 2 compared to 7. The cal-
culated results are in broad agreement with the trend in the
experimental electrochemical data for the complexes, which
shows a significantly larger E,V values for 1 and 2 compared to
7 (Table 2). This is also consistent with the observed red shifted
emission for 7 (Table 1).

2.4.2. Calculation of the Triplet-Excited States

To further investigate the nature of the emissive state of com-
plexes 1 and 7 their low-lying triplet states were calculated at
the optimized geometry of T; using the TDDFT approach.
Table 3 summarizes the vertical excitation energies and molec-
ular orbitals involved in the dominant excitations. Additionally,
the corresponding spin density distributions are displayed in
Supporting Information Figure S4. TDDFT calculations show

®

Figure 4. Optimized geometries and calculated molecular surfaces of complexes 1, 2 and 7.
a—c): HOMOs of complexes 1, 2 and 7; d—f): LUMOs of complexes 1, 2 and 7.
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Figure 5. Calculated electronic structure for complexes 1, 2 and 7 at their
So optimized geometries.

that the T state for complexes 1 and 7 has characteristic mixed
SMLCT (Ir — the ancillary ligands) and 3LLCT (the cyclometalated
ligands — the ancillary ligands) structure, which is also displayed
by the spin density distributions (see Supporting Information
Figure S4). For 7, Ty states involve predominantly the HOMO
and LUMO orbitals while for 1 the HOMO-3 also takes part in
the T, transition. Our calculated results are fully consistent with
the experimental photoluminescence data, demonstrating that
the emission is predominantly from 3MLCT or *LLCT states.

Table 3. Selected triplet states for complexes 1 and 7 calculated from
TDDFT approach.

Complex States E[eV]) Dominant Nature?
Excitations?
1 T 1.68 H—L(0.33) it Toxp =T pop
H-3-L(0.46) dirt Tpop=T pop
T, 2.10 H—L(0.60) it TToxp =T pop
H-1-L(0.13) it Toxp =T pop
H-3-L(0.12) it pop—=T pop
T 2.39 H-1-L(0.72) it oxp =T pop
H-2-L(0.10) it Toxp =T pop
T, 2.60 H-2—L(0.62) dirt Toxp=> T pop
H-3-L(0.19) it Tpop=T pop
7 T 1.46 H—L(0.97) it Topy =7 prop
T, 2.00 H-4—1(0.73) it Tot0p= T ptop
T, 2.39 H-1-L(0.48) Tlopy =T ptop
H-3-L(0.12) i+ Tot0p= T ptop
H-5-L(0.31) i Totop= T pop
T 2.54 H-1—-L(0.45) ooy =T ptop
H-3—L(0.24) i To0p—= T ptop
H-5-5L(0.26) i To0p—= T ptop

Excitation energies calculated for the triplet states; ®H and L denote HOMO
and LUMO, respectively; data in parentheses are the contributions of the corre-
sponding excitations and only those higher than 0.10 are listed here; 9Ligand nota-
tion: pop = 2-(5-phenyl-1,3,4-oxadiazol-2-yl) pyridine; ppy = 2-phenylpyridine; ptop =
2-(5-p-tolyl-1,3,4-oxadiazol-2-yl) pyridine.
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For complex 7 the excitation energies of T\-T, (1.46 eV,
2.00 eV, 2.39 eV, 2.54 eV) are lower than those of complex 1
(1.68 eV, 2.10 eV, 2.39 eV, 2.60 eV), clearly inferring that tri-
plets are strongly confined on complex 7.°% The trend is con-
sistent with the self-consistent-field (SCF) results as the values
of T; by the SCF approach for 1 and 7 are 1.94 eV and 1.76 eV,
respectively. A significant photoluminescence quantum yield
(20%) is observed in films of complex 7, while the value for 1
is only 10% (Table 1). Calculations therefore suggest that the
device performance of 7 should be better than that of 1, which
is observed (Table 4).

2.5. Light-Emitting Cells (LECs)

To investigate the electroluminescent properties of these com-
plexes, LECs based on complexes 1-8 were fabricated with
a structure of ITO/PEDOT:PSS (50 nm)/cationic iridium
complex: IL (molar ratio 4:1 w/w) (75 nm)/Al (120 nm).
[PEDOT:PSS is (poly(3,4-ethylenedioxythiophene): poly(styrene
sulfonate)]; IL is the ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate (BMIMPFg)]. The PEDOT:PSS layer
served to smooth the ITO surface and facilitate the hole injec-
tion, and the ionic liquid (IL) was added to enhance the ionic
conductivity of the thin film and to reduce the turn-on time
(ton), i.e., the time required to reach a luminance of 1 cd m~2.
With this structure, good reproducibility in electroluminescent
performance was obtained for several on-off cycles. Details of
the device preparation can be found in Section 4.2.

Figure 6 shows electroluminescent (EL) spectra of the LECs
of 1-8. For 1-6 EL peak values are in the range A,,,, 552-564 nm;
for 7 and 8 A, 616-624 nm (Table 4). The EL spectral profiles
are similar to the PL spectra in thin films (Figure 2). For all the
complexes 1-8 both the current density and brightness of the
LECs increase gradually with time, which is a typical character-
istic of LECs." Figure 7 shows representative data for the LECs
of complexes 1 and 2. The time required to reach the maximum
brightness t,,., depends on the complex layer thickness and the
bias voltage. For complexes 1 and 2 with complex layer thick-
ness of 75 nm t.... is 36 and 45 min at bias voltage of 6.5 and
5.7 V, respectively (Figure 7).

The characteristics of the LECs are summarized in Table 4.
Device 4 exhibits the highest current efficiency (0.18 cd A1) of
the yellow devices 1-6; its maximum brightness is 22.0 cd m2
under a bias voltage of 5.7 V, and the t,,,, is reached after only
5 min. However, its lifetime is very short: t; , is only 12 min. In
contrast, at this voltage the lifetime of device 2 (t;, 260 min)
which has the same ancillary ligand as device 4, is the highest
in the series 1-6, but the t,,,, of 2 (45 min) is longer, and the
maximum current efficiency (0.04 cd A1) is lower than for 4.
The LEC of complex 1 is the most efficient of the yellow com-
plexes 1-6 reaching a maximum luminance of 3125 cd m™ at
a driving voltage of 14 V (Supporting Information Figure S5).
A clear trend is that the red-emitting complexes 7 and 8 pos-
sess shorter turn-on times (1.5-2.5 min) compared to 1-6,
and the brightnesses of 7 and 8 (7: 217 ¢cd m™ and 8: 154 cd
m™2) are considerably higher than for 1-6 under comparable
conditions. Very high brightness of 8528 cd m™ was obtained
for complex 7 at device thickness 75 nm and biasing voltage of
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Table 4. Electrical characteristics of LECs.?)
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Complex Conc. of com-  Bias Voltage [V]  fpy [min] t29 [min]  Lumig, [ed m™2] EQE [%] Nemax [€d A7) EL Ay [nM) CIEY (xy)
plex [mg mL™]

1 15 6.5 36 83 12.0 0.03 0.082 560 (0.44,0.54)
2 16 5.7 45 260 10.1 0.01 0.045 552 (0.41,0.56)
3 15 5.7 27 133 22.2 0.03 0.087 556 (0.43,0.54)
4 16 5.7 5 12 22.0 0.06 0.18 552 (0.43,0.55)
5 20 5.7 5 20 19.4 0.005 0.018 564 (0.44,0.52)
6 20 5.7 5 17 12.9 0.006 0.021 560 (0.45,0.53)
7 20 5.0 72 590 217 2.74 6.29 616 (0.50,0.41)
8 20 5.0 35 490 154 9.51 13.05 624 (0.59,0.40)

AThe device structure is ITO/PEDOT: PSS (50 nm)/complex: BMIMPF4 (molar ratio 4:1) (75 nm)/Al (120 nm); ®The time required to reach the maximum luminance; 9The
time for the brightness of the device to decay from the maximum to half the maximum under a constant bias voltage; 9The CIE values were calculated with the software

of a PR705 spectrophotometer.
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Figure 6. Electroluminescence spectra of LECs of complexes 1-8. For the device structure see Table 4 footnote (a).

10 V (Supporting Information Figure S6). Another clear trend
is that the beneficial effect of added ionic liquid is observed
from the increased luminance for complex 7, shown in Sup-
porting Information Figure S6.

Complexes 7 and 8 display very high efficiencies for devices
with a thicker emissive layer (210 nm; Supporting Informa-
tion Figure S7). These two complexes are very similar with 7
being the slightly more efficient. Comprehensive characteristics
of complex 7 were obtained at three different biasing voltages

200
<160
§ o
€
3120- 3
£ )
c [)]
S 80 0C"3
5 5
E 404/ n:3
O
0 r - r r

Time (min)

Figure 7. Time-dependent current density and brightness data for the LECs of complex 1 and complex 2 biased at 6.5 V and 5.7 V, respectively. For

the device structure see Table 4 footnote (a).
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(3.5V, 6 Vand 10 V) as a function of time (Supporting Infor-
mation Figure S7). The brightness, efficiencies and lifetimes
(t1/2) are all voltage dependent. The device external quantum
efficiency (EQE) and device current efficiency (DevE) at low
biasing voltage (3.5 V) were >10% and 3 cd A™! at a brightness
of 1 cd m™2. These high values are mainly due to a low dark cur-
rent <0.1 mA cm™ (i.e., current that flows through the device
without forming excitons) where most of the injected carriers
recombine to give light, and also due to a low accumulation of
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ions near the electrodes at the early stage of the biasing. The
maximum brightness at this low biasing voltage was obtained
after 10 h (10 cd m™2) and drops very slowly with time. As the
biasing voltage increased to 6 V and 10 V the current density
and the corresponding brightness also increases but the device
t;), decreases. This indicates that as the dark current increases
at high voltage the device efficiencies are reduced.

To place these data in context, state of the art efficiencies for
LECs have been reviewed recently.?) However, the efficiency of
the red LECs of complexes 7 and 8 is impressive: the highest
EQE quoted in the literature is 7.4%[% whereas complex 8
reaches 9.51% (Table 4).

3. Conclusions

In conclusion, eight new cationic iridium(IIl) complexes 1-8
all containing 2,5-diaryl-1,3,4-oxadiazole ligands have been
prepared and their structural, photophysical, electrochemical
and electroluminescent (EL) properties in LECs have been
investigated. Systematically changing the substituents on the
OXD ligands, or replacing the cyclometalated OXD ligand
(1-6) with ppy (7 and 8), changes the PL and the EL proper-
ties of the devices. Complexes 1-6 are yellow emitters (A, PL
film 546-569 nm; EL 552-564 nm) whereas complexes 7 and 8
are red emitters (A, PL film 625-627 nm; EL 616-626 nm).
A yellow LEC with maximum brightness of 3125 cd m™ at
14 V has been achieved using 1 as the emitter. For red emis-
sion, LECs using 7 display very high efficiency or very high
brightness depending on the active layer thickness and the bias
voltage (EQE >10%, 210 nm active layer at 3.5 V, or 8528 cd
m™2, 75 nm active layer at 10 V). The efficiencies of 1-6 are low
compared to the best performing yellow LECs.l?l However, the
efficiency data for 8 (peak EQE 9.51%) are comparable with the
data reported by Tamayo et al for a red LEC (peak EQE 7.4%)[13
which has been quoted in a recent review as the current state-
of-the-art efficiency for red LECs.[??l It should, however, be noted
that in Tamayo's workl3 very high brightness (7500 cd m™)
was obtained at 3 V, while LECs of 7 attain this value—and even
higher brightness—at higher voltages. The higher efficiencies for
LECs of complexes 7 and 8 compared to 1-6 are ascribed to the
single OXD ancillary ligand in 7 and 8 inducing less quenching
of the MLCT transitions compared to the three OXD ligands in
1-6. Also films of 7 and 8 have shorter excited state lifetimes
compared to 1-6 and hence suffer less from excited state charge
quenching during device operation. This work has, therefore,
established that oxadiazole ligands are very promising compo-
nents of iTMCs. Future work will involve optimization of ligand
design to tune the emission color and to enhance the stability
and efficiency of LECs for applications in EL device technology.

4. Experimental Section

General Information and Physical Measurements: All reactants and
solvents were purchased from commercial sources. All chemicals
were analytical grade and used without further purification. "H NMR
spectra were recorded on a Bruker Avance 500 MHz spectrometer with
tetramethylsilane as the internal standard at room temperature. Mass

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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spectra were obtained using a Bruker Autoflex Speed MALDI-TOF
spectrometer. Cyclic voltammetry was performed on a BAS 100 W
instrument with a scan rate of 100 mV s in CH;CN (107 M) with the
three-electrode configuration: a glassy carbon electrode as the working
electrode, an aqueous saturated calomel electrode as the operating
reference electrode and a platinum wire as the counter electrode. A
solution of tetra-n-butylammonium tetrafluoroborate (0.1 M) in CH;CN
was used as the supporting electrolyte with ferrocene as the internal
standard at room temperature. Photophysical data for complexes 1-8 in
solution were obtained at room temperature using 5 x 10> M CH,Cl,
solutions; UV-vis absorption spectra were recorded on either a U3010
spectrometer (Hitachi, Japan) or a Shimadzu UV-3600 (UV-VIS-NIR)
spectrophotometer; PL spectra were recorded on either a Cary Eclipse
spectrofluorometer (Varian) equipped with a xenon lamp and quartz
carrier or a Jobin-Yvon FLUOROMAX spectrofluorometer. Film quantum
yields were measured using an integrating sphere (labsphere) following
the described method.’® Phosphorescence emission spectra and decays
were collected using a N, laser (MNL 100, LTB) operating at 1-10 Hz.
The excitation wavelength was 337.1 nm and the energy per pulse
was kept below 100 p to avoid saturation effects. All measurements
were performed under a dynamic vacuum of <107* mbar in cryostat at
room temperature. The light emitted by the sample was dispersed by
a monochromator (TRIAX 190, Jobin Yvon-Spex) and recorded by a red
enhanced, gated, intensified CCD camera (4 Picos, Stanford Computer
Optics).

Device Preparation and Characterization: PEDOT:PSS is poly(3,4-eth
ylenedioxythiophene):poly(styrenesulfonate) (CLEVIOS P VP Al 4083
aqueous dispersion, 1.3-1.7% solid content Heraeus); solvents were
obtained from Aldrich. Indium tin oxide (ITO)-coated glass substrates
(20 ©/[7?) were cleaned and treated with oxygen plasma before use. The
PEDOT:PSS layer was spin-coated onto the ITO substrate and baked at
100 °C for 30 min, yielding a film with a thickness of ca. 50 nm. After
cooling to room temperature, the solutions of complexes 1-6 and the
ionic liquid (BMIMPFg) in CH,Cl, were spin coated onto the substrate,
and then the light emitting layer with a thickness of ca 75 nm was baked
at 80 °C for 2 h. For complexes 7 and 8 a solution of mixed solvent
1:1 v/v acetonitrile:benzene was used. The film was transferred into a
metal evaporating chamber where an aluminum cathode (120 nm)
was evaporated under low pressure (<5 X 107 mbar). The EL spectra
were obtained with a Photo Research PR650 spectrophotometer in
ambient conditions. The lifetime data were obtained by applying a
constant voltage using a Keithley 2400 source meter and measuring
the current density and brightness as a function of time. Devices
employing complexes 7 and 8 prepared and characterized in the Physics
Department, Durham University, were encapsulated inside the glove
box using DELO UV cured epoxy (KATIOBOND) and capped with 1.2 x
1.2 cm microscope glass slide then exposed to UV light for 3 min. The
current-voltage (I-V) characteristics and the emission intensities were
measured in a calibrated integrating sphere and the data acquisition was
controlled using a home-written NI LabView program which controlled
an Agilent Technologies 6632B power supply. The electroluminescence
(EL) spectra were measured using an Ocean Optics USB 4000 CCD
spectrometer supplied with 400 um UV/vis fiber optic cable.

Synthesis and Characterization of the Ir Complexes: The synthesis of
the ligands is described in the Supporting Information. The dimeric
iridium(I11) intermediates of general formula (C"N),lr(u-Cl),Ir(C"N),
were synthesized by the standard procedure.l*”)

[Ir(OXD) 5(pop)]* (PFs") (complex 1): 2,5-Diphenyl-1,3,4-oxadiazole
(0.666 g, 3.0 mmol) and IrCl;:3H,0 (0.352 g, 1.0 mmol) were dissolved
in 2-ethoxyethanol (30 mL) and distilled water (10 mL). The mixture
was refluxed at 120 °C for 24 h under a nitrogen atmosphere and then
cooled to room temperature. The dichloro-bridged diiridium complex
[Ir(OXD),Cl], was obtained by filtration and was washed sequentially
with distilled water, ethanol and ether. A suspension of [Ir(OXD),Cl],
(0.202 g, 0.15 mmol) and 2-(5-phenyl-1,3,4-oxadiazol-2-yl) pyridine (pop)
(0.067 g, 0.30 mmol) in EtOH (15 mL) and CH,Cl, (15 mL) was refluxed
under an inert nitrogen atmosphere in the dark at 78 °C for 4 h. After
cooling to room temperature, solid potassium hexafluorophosphate
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(0.083 g, 0.45 mmol) was added to the solution. The mixture was stirred
for 30 min at room temperature. The suspension was then filtered and
the precipitate was washed with petroleum ether and dried. The crude
product was recrystallized from petroleum ether to yield complex 1 as a
yellow solid (0.054 g, 71% yield). "H NMR (500 MHz, CDCls, & [ppm]):
8.72 (d, J = 8.5 Hz, 1H), 8.43 (t, J = 7.0 Hz, 1H), 8.23 (d, J = 8.0 Hz,
2H), 8.09 (d, J = 7.5 Hz, 2H), 8.04 (d, J = 7.5 Hz, 2 H), 7.69-7.76 (m,
2H), 7.59-7.63 (m, 2H), 7.26-7.57 (m, 8H), 7.10-7.20 (m, 5H), 6.78-
6.82 (m, 2H). MS (MALDI-TOF) [m/z]: 858.2 (M-PF¢)*. Anal. Calcd. for
CaHysFglrN;05P: C 49.10, H 2.71, N 9.78. Found C 49.06, H 2.77, N
9.72. Crystals for X-ray analysis were obtained by slow evaporation of a
dichloromethane-methanol solution of 1.

[Ir(OXD) y(ptop)]"(PFs") (complex 2): The synthesis of complex 2 was
similar to that of complex 1 except that the ancillary ligand pop was
replaced by 2-(5-p-tolyl-1,3,4-oxadiazol-2-yl)pyridine (ptop). Complex 2
was obtained as a yellow solid (0.057 g, 75% yield). "H NMR (500 MHz,
CDCl;, & [ppm]): 8.68 (d, J = 8.0 Hz, TH), 8.43 (t, J = 7.0 Hz, 1H), 8.09
(t,J =5.0 Hz, 4H), 8.04 (d, = 7.5 Hz, 2H), 7.67-7.76 (m, 3H), 7.50-7.60
(m, 6H), 7.35 (d, J = 8.0 Hz, 2H), 7.10-7.21 (m, 5H), 6.78-6.82 (m, 2H),
2.44 (s, 3H). MS (MALDI-TOF) [m/z]: 872.2 (M-PFg)*. Anal. Calcd. for
CipHaoFelfN;O5P: C 49.61, H 2.87, N 9.64. Found C 49.64, H 2.82, N
9.60. Crystals for X-ray analysis were obtained by slow evaporation of a
dichloromethane-methanol solution of 2.

[Ir(dcOXD) 5(pop)]*(PFs") (complex 3): The synthesis of complex 3 was
similar to that of complex 1 except that [Ir(OXD),Cl], was replaced by
the dimethyl analogue [Ir(dcOXD),Cl],. Complex 3 was obtained as a
yellow solid (0.061 g, 77% yield). "H NMR (500 MHz, CDCls, & [ppm]):
8.70 (d, J = 8.0 Hz, 1H), 8.42 (t, ] = 7.5 Hz, 1H), 8.23 (d, J = 5 Hz, 2H),
8.06 (d, ) =5.5 Hz, TH), 7.96 (d, ] = 8.0 Hz, 2H), 7.91 (d, = 8.5 Hz, 2H
7.69 (t, ) =7.5 Hz, TH), 7.62 (t, J = 8.0 Hz, 3H), 7.55 (t, J = 7.5 Hz, 2H),
7.31 (t,/ = 7.5 Hz, 4H), 7.00 (d, J = 7.0 Hz, 1H), 6.96 (d, J = 8.0 Hz, TH),
6.57 (d, J = 14.5 Hz, 2H), 2.43 (s, 6H), 2.31 (s, 3H), 2.29 (s, 3H). MS
(MALDI-TOF) [m/z}: 914.2 (M-PF¢)*. Anal. Calcd. for CysHssFglrN;O3P:
C 51.04, H 3.33, N 9.26. Found C 51.06, H 3.24, N 9.19.

[Ir(dcOXD) 5(ptop)]* (PFs) (complex 4): The synthesis of complex 4
was similar to that of complex 3 except that the ancillary ligand pop was
replaced with ptop. Complex 4 was obtained as a yellow solid (0.058 g,
72% yield). "H NMR (500 MHz, CDCl;, & [ppm]): 8.66 (d, J = 8.0 Hz,
TH), 8.42 (t, ) = 7.5 Hz, 1H), 8.10 (d, ) = 8.5 Hz, 2H), 8.05 (d, J = 4 Hz,
1H), 7.96 (d, J = 8.5 Hz, 2H), 7.91 (d, J = 8.0 Hz, 2H), 7.68 (t, / = 7.0 Hz,
TH), 7.63 (t, J = 8.0 Hz, 2H), 7.26-7.35 (m, 6H), 7.00 (d, J = 8.0 Hz, 1H),
6.95 (d, J = 7.5 Hz, TH), 6.57 (d, J = 18 Hz, 2H), 2.43 (s, 3H), 2.42 (s,
3H), 2.42 (s, 3H), 2.31 (s, 3H), 2.28 (s, 3H). MS (MALDI-TOF) [m/z]:
928.3 (M-PFg)*. Anal. Calcd. for CygH3;FglrN;O3P: C 51.49, H 3.48, N
9.14. Found C 51.53, H 3.39, N 9.20.

[Ir(dmOXD) (pop)]* (PF¢) (complex 5): The synthesis of complexes 5
was similar to that of complex 1 except that [Ir(OXD),Cl], was replaced
by the dimethoxy analogue [Ir(dmOXD),Cl],. Complex 5 was obtained as
a yellow solid (0.063 g, 74% yield). '"H NMR (500 MHz, CDCls, & [ppm]):
8.67 (d,J =8.0 Hz, TH), 8.41 (t, J = 7.0 Hz, TH), 8.23 (d, ] = 7.0 Hz, 2H),
8.14 (d,) =55 Hz, 1H), 7.97 (d, ] = 9.0 Hz, 2 H), 7.92 (d, J = 8.5 Hz, 2H),
7.57-7.69 (m, 4H), 7.56 (t, 7.5 Hz, 2H), 6.98 (m, 4H), 6.68-6.75 (m, 2H),
6.28 (m, 2H), 3.87 (s, 3H), 3.86 (s, 3H), 3.75 (s, 3H), 3.73 (s, 3H). MS
(MALDI-TOF) [m/z]: 978.2 (M-PFg)*. Anal. Calcd. for CysH35F¢IrN;O;P:
C 48.13, H 3.14, N 8.73. Found C 48.09, H 3.21, N 8.67.

[Ir(dmOXD) 5(ptop)]* (PF¢) (complex 6): The synthesis of complex 6
was similar to that of complex 5 except that the ancillary ligand pop was
replaced with ptop. Complex 6 was obtained as a yellow solid (0.067 g,
78% yield). "H NMR (500 MHz, CDCl;, & [ppm]): 8.63 (d, J = 7.5 Hz,
TH), 8.40 (t, ) = 7.0 Hz, TH), 8.13 (d, J = 5.0 Hz, TH), 8.10 (d, / = 8.0 Hz,
2H), 7.96 (d, J = 9.0 Hz, 2 H), 7.93 (d, J = 8.5 Hz, 2H), 7.65-7.70 (m,
3H), 7.35 (d, 7.5 Hz, 2H), 6.98 (t, J = 8.0 Hz, 4H), 6.68-6.74 (m, 2H),
6.29 (d, J = 2.5 Hz, TH), 6.27 (d, J = 2.0 Hz, TH), 3.87 (s, 3H), 3.86 (s,
3H), 3.75 (s, 3H), 3.73 (s, 3H), 2.44 (s, 3H). MS (MALDI-TOF) [m/z]:
992.2 (M-PF¢)*. Anal. Caled. for CygHssFelrN;O;P: C 48.59, H 3.28,
N 8.62. Found C 48.43, H 3.33, N 8.70..

[Ir(ppy) 2(ptop)]* (PFs) (complex 7): A mixture of dichloro-bridged
diiridium complex [Ir(ppy),Cl],1**3 (0.2152 g, 0.20 mmol) and

)
)
)
)
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2-(5-p-tolyl-[1,3,4]oxadiazol-2-yl)-pyridine (ptop) (0.095 g, 0.4 mmol) in
methanol/ dichloromethane (40 mL) (1:1 v/v) was refluxed under an
inert atmosphere of nitrogen in the dark for 4 h. The yellow solution
was then cooled to room temperature, and KPF¢ (75 mg, 0.4 mmol)
was added. The mixture was stirred for 30 min at room temperature
and then evaporated to dryness. The yellow solid was dissolved in
dichloromethane and purified by column chromatography on alumina
(CH,Cl; + 1% MeOH as eluent) to yield complex 7 as a yellow powder
(0.125 g, 68% yield). "H NMR (500 MHz, DMSO-dq, & [ppm]): 8.68 (d,
J =8.0 Hz, TH), 8.38-8.41(m, TH), 8.28 (d, J = 5.5 Hz, TH), 8.24 (d, | =
8.0 Hz, 2H), 8.03 (d, J = 8.5 Hz, 2H), 7.96 (t, J = 7.5 Hz, 2H), 7.90 (d,
J = 8.0 Hz, 1H), 7.83-7.86 (m, 3H), 7.65 (d, J = 5.5 Hz, 1H), 7.46 (d,
J = 8.5 Hz, 2H), 7.19-7.22 (m, 2H), 7.03 (t, / = 8.0 Hz, TH), 6.95-6.97
(m, TH), 6.91 (t, ] = 7.5 Hz, 1H), 6.81-6.84 (m, TH), 6.11-6.14 (m, TH),
2.42 (s, 3H). MS (MALDI-TOF) [m/z]: 738.2 (M-PF¢)*. Anal. Calcd. for
Ci6H27F6IrNsOP: C 48.98, H 3.08, N 7.93. Found C 48.54, H 3.12, N
7.89. Crystals for X-ray analysis were obtained by slow evaporation of a
dichloromethane-methanol solution of 7.

[Ir(ppy) 2(pop)]* (PFs) (complex 8): Following the procedure for
complex 7, [Ir(ppy),Cl]; (0.2152 g, 0.2 mmol) and 2-(5-phenyl-[1,3,4]
oxazdiazol-2-yl)-pyridine (pop) (0.095g, 0.4 mmol) in methanol/
dichloromethane (40 mL) (1:1 v/v), followed by KPFg (75 mg, 0.4 mmol)
gave complex 8 as a yellow powder (0.120 g, 65%). '"H NMR (500 MHz,
DMSO-d, § [ppm]): 8.70 (d, J = 7.5 Hz, TH), 8.39-8.42(m, TH), 8.28(d,
J=5.0 Hz, TH), 8.24 (d, J = 8.5 Hz, 2H), 8.14 (d, / = 7.5 Hz, 2 H), 7.96
(t,) = 7.5 Hz, 2H), 7.90 (d, ] = 7.0 Hz, 1H), 7.86 (t, J = 2.5 Hz, 3H), 7.74
(t, ] = 8.0 Hz, 1H), 7.65 (t, ) = 8.0 Hz, 3H), 7.18-7.22 (m, 2H), 7.03 (t,
J =70 Hz, TH), 6.95-6.98 (m, TH), 6.91 (t, J = 7.5 Hz, TH), 6.83 (t,
= 7.5 Hz, TH), 6.13(t, J = 7.5 Hz, 1H). MS (MALDI-TOF) [m/z]: 724.2
(M-PFg)*. Anal. Calcd. for C3sH,sFgIrNsOP: C 48.39, H 2.90, N 8.06.
Found: C 48.42, H 2.88, N 8.12. Crystals for X-ray analysis were obtained
by slow evaporation of a dichloromethane-methanol solution of 8.

X-Ray Crystallography: Crystallographic data (excluding structure
factors) have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication numbers 886442 (complex
1), 886443 (complex 2), 890732 (complex 7) and 890723 (complex 8).
Copies of the data can be obtained free of charge from www.ccdc.cam.
ac.uk/conts/retrieving.html or on application to The Director, Cambridge
Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge CB2
1EZ, UK. E-mail: deposit@ccdc.cam.ac.uk; www.ccdc.cam.ac.uk.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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