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Abstract: A novel family of dumbbell-
shaped dinuclear complexes in which
an oligophenyleneethynylene spacer is
linked to two heteroleptic iridium(I1I)
complexes is presented. The synthesis,
as well as the electrochemical and pho-
tophysical characterization of the new
complexes, is reported. The experimen-
tal results are interpreted with the help
of density functional theory calcula-
tions. From these studies we conclude
that the lowest triplet excited state cor-
responds to a ‘m-m* state located on

this state below the *MLCT/LLCT
emitting states of the end-capping Ir™
complexes explains the low quantum
yields observed for the dinuclear com-
plexes (one order-of-magnitude less)
with respect to the mononuclear com-
plexes. The potential application of the
novel dinuclear complexes in optoelec-
tronic devices has been tested by using
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them as the primary active component
in double-layer light-emitting electro-
chemical cells (LECs). Although the
luminance levels are low, the external
quantum efficiency suggests that a
near-quantitative internal electron-to-
photon conversion occurs in the device.
This indicates that the emission inside
the device is highly optimized and that
the self-quenching associated with the
high concentration of the complex in
the active layer is minimized.

the conjugated spacer. The presence of

Introduction

Multifunctional materials are designed to accomplish multi-
ple performance objectives in a single system.™! These objec-
tives are usually related with optical, electrochemical,
charge transport, and magnetic properties of the materials
and with their integration into devices, such as organic pho-
tovoltaics (PVs) or organic light-emitting diodes
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(OLEDs).?! A special type of building block for multifunc-
tional materials is organometallic complexes and, more spe-
cifically, those complexes based on an iridium(III) metal
core. Iridium complexes have been widely utilized in optoe-
lectronics, owing to their relevant luminescent properties,
such as high emission quantum yields, stability, long excited-
state lifetimes, and easy tunability of the emission color.!*!*l

One of the most outstanding applications of ionic transi-
tion-metal complexes (iTMCs) is their use in the fabrication
of a new type of solid-state electroluminescent devices, the
so-called light-emitting electrochemical cells (LECs). LECs
mainly consist of one active layer of a Ru"- or Ir'™-based
iTMC,™ in which the charge of the iTMC is compensated
with small mobile anions, such as hexafluorophosphate
(PF¢7). The presence of mobile ions leads to the formation
of ionic junctions when an external electric field is applied,
which lower the barriers for hole and electron injection and
make LECs independent of the work function of the elec-
trode material.>'"'"] Therefore, air-stable electrodes, such as
gold, silver, or aluminum, can be used in LECs, which
makes its fabrication process cheaper and simpler compared
to OLED:s.

View this journal online at
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LEC devices showing high stabilities®*! and a wide
range of emission colors, including white,'**" have been
reported. However, moderate efficiencies are generally ob-
served because of the high concentration of the iTMCs in
the active layer that leads to an efficient self-quenching."-?!
A useful strategy to enhance the efficiency of the device is
to increase the distance between the iTMCs by attaching
bulky groups in the periphery of the complexes.>*>* This
strategy, however, has an important limitation, as the iTMCs
are responsible for all the processes, such as charge injec-
tion, charge transport by hopping, and emission. Therefore,
if the distances between the ionic complexes in the active
layer are greater than the hopping distances of the charge
carriers, the LEC device does not work properly.>3!

We will show a plausible strategy to control the separation
between the iTMCs by connecting two iridium(III) com-
plexes by a m-conjugated spacer. Two novel dumbbell-
shaped dinuclear iridium complexes (compounds 1a and 1b
in Scheme 1) incorporating the oligophenyleneethynylene
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Scheme 1. Synthesis of the dumbbell-shaped dinuclear complexes.

spacer endowed with two bipyridyl units (6) have been syn-
thesized. The terminal bipyridyl units are used to link two
heteroleptic iridium(III) moieties for which the coordination
sphere is completed with two 2-phenylpyridine (ppy) (com-
pound 1a) or two 2-(2',4-difluorophenyl)pyridine (F,ppy)
cyclometalating ligands (compound 1b). The electrochemi-
cal and photophysical properties measured for the novel di-
nuclear compounds are discussed with the help of density
functional theory (DFT) calculations and in comparison
with those obtained for the mononuclear Ir™ complexes [Ir-

(ppy):bpy][PFs] (8a) and [Ir(F,ppy),bpy][PFs] (8b) (bpy=
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2,2'-bipyridine) and the m-conjugated bridge 6. The electro-
luminescence of LEC devices, built up using compounds 1a
and 1b as the active components, is also presented and is ra-
tionalized in terms of the photophysical properties of the
dumbbell-shaped dinuclear complexes.

Results and Discussion

Synthesis: The synthesis of the dinuclear complexes 1a and
1b was achieved by reacting the corresponding cyclometa-
lated iridium chloro-bridged dimer 70%%"! with the m-conju-
gated spacer 6 in ethylene glycol under argon during 16 h.
Compound 6 was prepared in a two-step synthetic proce-
dure, starting from the nucleophilic substitution of the bro-
mine atoms of commercially available 1-(bromomethyl)-4-
iodobenzene (3) by the carbanion of dimethylbipyridine 2
generated in situ upon addition of LDA at —78°C. The sub-
sequent twofold Sonogashira cross-coupling reaction be-
tween bipyridine 4 and 1,4-di-
ethynyl-2,5-bis-
(hexyloxy)benzene (5) yields
6 in 48%. All compounds were
fully characterized through a
variety of spectroscopic tech-
niques (see the Experimental
Section for details).

Electrochemical features: The
electrochemical behavior of the
dinuclear complexes 1a and 1b
has been studied by cyclic vol-
tammetry in dichloromethane
at room temperature (Figure 1
2+ and Table 1). Table 1 also in-
2PFg cludes the redox potentials
measured for the bridge 6 and
R' the mononuclear complexes 8a
and 8b, which have been inves-
tigated as reference com-
pounds.

The mononuclear complexes
8a and 8b present dissimilar
oxidation behaviors. Although
both complexes show a reversi-
ble first oxidation process, the
potential at which this process appears is highly influenced
by the presence of the fluorine atoms on the ppy ligands
(Table 1). The fluorine substituents make complex 8b
(+1.58 V) a remarkably weaker reducing agent than com-
plex 8a (+1.12 V), and 8a presents a second irreversible ox-
idation wave at +1.74 V that is not observed for 8b. The
electron-withdrawing effect of the fluorine atoms, therefore,
increases the electrochemical E' ;—E'.q gap from 2.70 V in
8a to 3.07 V in 8b. In contrast to 8a and 8b, the two oxida-
tion processes observed for the dinuclear complexes 1a and
1b remain mainly unaffected upon fluorine substitution

Chem. Eur. J. 2010, 16, 9855—-9863
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Figure 1. Cyclic voltammograms of the dinuclear complexes 1 measured
in CH,Cl, at room temperature (scan rate: 100 mVs™).

Table 1. Redox properties of the dinuclear complexes 1, the spacer 6,
and the mononuclear complexes 8.

Compound[“] El'/l red El‘/2 oxid Ezoxid[b]
1a ~1.67 +0.99 +1.73
1b —-158 +1.06 +1.70
6 —1.816 +1.00 +1.50
8a —1.58 +1.12 +1.74
8b —1.49 +1.58 -

[a] V versus Ag/Ag™, CH,Cl, as solvent, GCE as working electrode, Pt
as counter-electrode, Bu,NCIO, (0.1M) as supporting electrolyte; scan
rate 100 mVs™. [b] Very broad and irreversible wave. [c] Very weak and
irreversible wave.

(Table 1) and no appreciable increase of the electrochemical
gap is detected (1a: 2.66 V, 1b: 2.64 V). These results sug-
gest that oxidation in complexes 1a and 1b does not take
place on the end-capping iTMCs and should involve the -
conjugated spacer. Indeed, oxidation of 6 (4+1.00 V) oc-
curs at similar potentials than in 1a (4+0.99V) and 1b
(+1.06 V).

Ground-state molecular and electronic structures: The mo-
lecular and electronic structures of the dinuclear complexes
1, the m-conjugated spacer 6, and the mononuclear com-
plexes 8 were investigated by performing DFT calculations
at the B3LYP/(6-31G**+LANL2DZ) level. To simplify the
calculations the hexyloxy groups of the wire were removed
and all the molecules were fully optimized within C, symme-
try constraints (the Computational Details are described in
the Experimental Section).

The molecular structures calculated for compounds 1 are
almost identical to those obtained for the central bridge and
the mononuclear complexes 8. In Table 2 the values comput-
ed for selected bond lengths of the end-capping iTMCs of
compounds 1 are collected, they show a near octahedral co-
ordination of the Ir'"" metal. The Ir—C,,, and Ir—N,,, bond
lengths shorten by 0.022 and 0.008 A, respectively, in passing

Chem. Eur. J. 2010, 16, 98559863
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Table 2. Selected bond lengths (in A) calculated for complexes 8 and 1.

Selected bonds 8a 8b la 1b

Ir—C,,, 2.024 2.002 2.023 2.002
Ir-N,,, 2.083 2.083 2.083 2.083
Ir—N,,, 2218 2.210 2.219 2.205

from 1a to 1b and evidence the contraction effect that the
electron-withdrawing fluorine groups attached to the ppy li-
gands have on the coordination sphere of the metal. A simi-
lar contraction is computed for 8a and 8b. As expected, the
fluorine groups do not affect the structure of the wire in
compounds 1. The central part of the wire consists of a -
conjugated structure with phenyl rings connected by ethyny-
lene groups (C—C and C=C bonds of 1.42 and 1.22 A, re-
spectively). The oligophenyleneethynylene spacer is linked
to the iTMC moieties by saturated ethylene bridges (C—C
bonds of 1.55 A).

Displayed in Figure 2 are the electronic density contours
calculated for the HOMOs and the LUMOs of 1a, together
with those obtained for the mononuclear complex 8a and
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Figure 2. Schematic diagram showing the electronic density contours
(0.03 ebohr~?) and energies (in eV) calculated for the frontier molecular
orbitals of the mononuclear complex 8a (left), the dinuclear complex 1a
(center), and the central bridge 6 (right). H and L denote HOMO and
LUMO, respectively. Molecular orbital energies correspond to those cal-
culated in acetonitrile solution.

the spacer 6. The HOMO of 8a is composed of a mixture of
iridium dn orbitals (t,,) and phenyl m orbitals distributed
equally among the two ppy ligands, whereas the LUMO re-
sides on the bpy ligand (see Figure 2, left). As the fluorine
groups in 8b are introduced on the phenyl rings of the ppy
ligands, their electron-withdrawing effect stabilizes the
HOMO (—5.96¢eV) in a higher degree than the LUMO
(—2.44 eV) with respect to the frontier molecular orbitals of
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complex 8a. The relative stabilizations of the HOMO
(0.41 eV) and the LUMO (0.11 eV) justify the higher oxida-
tion potential (4+0.46 V) and the lower reduction potential
(+0.09 V) measured for 8b in comparison to those obtained
for 8a (see Table 1). The HOMO-LUMO energy gap in-
creases by 0.30 eV in passing from 8a to 8b in good agree-
ment with the increase experimentally measured for the
electrochemical E' ;—E',.q gap (0.37 V).

Calculations show that the LUMO and LUMO+1 in
compounds 1 reside on the bpy ligands and correspond to
the in-phase and out-of-phase combination of the LUMOs
of the mononuclear complexes (Figure 2, centre). They are
degenerate and appear at slightly lower energies for 1b
(—2.42 eV) than for 1a (—2.35¢eV), as is found for 8b and
8a and in agreement with the lower reduction potential
measured for 1b. The LUMO of the wire appears as the
LUMO+2 and is calculated 0.46 (1a) and 0.51eV (1b)
higher in energy. In contrast to the LUMO, the HOMO in
compounds 1 is found to be located on the conjugated part
of the wire and corresponds to the i-HOMO of 6. This ex-
plains the similar oxidation po-
tentials recorded for com-

Absorption (a.u.)
Phospholuminescence (a.u.)

Wavelength (nm)

Figure 3. Absorption (open symbols) and photoluminescence (full sym-
bols) spectra of Ir'™ complexes 1a (diamonds), 8a (stars), 1b (squares),
and 8b (circles) in de-aerated acetonitrile (=~107°m) and of the central
spacer 6 (black triangles) in o-dichlorobenzene (~10~°m).

Table 3. Photophysical properties of the dinuclear complexes 1, the m-conjugated spacer 6, and the mononu-

pounds 1 (Table 1), as fluorine

clear complexes 8.

substitution has no significant

. Compound Absorption Emission Decay Dynamics!!
effect on the wire and the Ay [nm]® Ao [nm]® Bl 7 [us]® ke [s7'] ke [57']
energy of the HOMO remains 7 217, 270, 372 588 9x1073 0.4 23x10° 2.8x10°
mostly unaffected (1a: 1p 245, 305, 363 521 7x1073 12 0.6x10* 8.5%10°
—5.55¢eV, 1b: —558¢eV). The 6 294, 367" 4430 0.841! 3.0x 1073 2.8x10° 53x%107
calculations support that reduc- 83 222,270 589 0.14 0.6 23x10° 1.4x10°
$b 250, 296 512 0.18 17 1.1x10° 50x10°

tion takes place on the bpy li-
gands of the end-capping
iTMCs, whereas the oxidation
implies the conjugated spacer.
This determines that, in con-
trast with what is found for complexes 8a and 8b, the
HOMO-LUMO gap in compounds 1 remains mainly con-
stant (3.2 eV), in agreement with the electrochemical meas-
urements. The electronic properties calculated for the dinu-
clear complexes 1 suggest that the electronic communication
between the end-capping iTMCs and the central conjugated
structure of the spacer is rather weak.

Photophysical properties and excited electronic states: Dis-
played in Figure 3 are the absorption and photolumines-
cence spectra recorded for the dinuclear complexes 1 to-
gether with those registered for the mononuclear complexes
8 and the m-conjugated spacer 6. Summarized in Table 3 are
the absorption and emission properties. Compound 6 exhib-
its two intense absorption bands at =294 and 367 nm that
are assigned to the m—m* excitations of the central oligophe-
nyleneethynylene spacer on the basis of time-dependent
DFT (TD-DFT) calculations performed for 6 by using the
ground-state optimized structure. The absorption bands ob-
served for compound 1 in the high-energy region (1=250-
300 nm) correlate with the bands recorded for the mononu-
clear complexes 8. These bands are attributed to singlet
spin-allowed ligand-centered ('LC) transitions that imply
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[a] Measured in nitrogen-saturated acetonitrile (298 K, ~10°m). [b] Measured in nitrogen-saturated o-DCB
(298 K, 2 107°M). [c] Aexe=310 nm, ¢, and 7 are £10%.

the phenylpyridine and the bipyridine ligands.'"? Some
contribution of the oligophenyleneethynylene spacer is also
observed in this region for compound 1b. The low-intensity
bands that complexes 8 present in the A=350-400 nm
region, which are associated with the metal-to-ligand charge
transfer ("MLCT) transitions, are reinforced for the dinu-
clear complexes by the m—m* absorptions of the conjugated
spacer and a better-defined band emerges at 1370 nm for
1a and 1b.

The photoluminescence of 6 is characterized by a poor-re-
solved structured band with maximum emission at A=
443 nm (Figure 3). It corresponds to an efficient fluores-
cence process with a high quantum yield (¢,=0.84) and a
short excited-state lifetime (7=3 ns). In contrast, the photo-
luminescence of compounds 1 is described as a broad struc-
tureless band centered at A=588nm (2.11eV) and A=
521 nm (2.38 ¢V) for 1a and 1b, respectively. The shape of
the bands and the emission maxima recorded for com-
pounds 1 agree perfectly with those obtained for the respec-
tive mononuclear complexes 8a and 8b (see Figure 3 and
Table 3). The emission maximum blue-shifts in going from
8a to 8b by 77nm as it is also observed for 1a and 1b.
Therefore, the nature of the emitting excited state should be

Chem. Eur. J. 2010, 16, 9855—-9863
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the same and the emission of compounds 1 can be clearly
ascribed to the phosphorescence of the end-capping iTMCs.

The mononuclear complexes 8 show a strong phosphores-
cence emission with moderate quantum yields (8a: 0.14, 8b:
0.18) and long excited-state lifetimes in the ps scale. In con-
trast, compounds 1 present very low quantum yields (1a: 9 x
1073, 1b: 7x107%), whereas the excited-state lifetimes have
similar values (see Table 3). The photophysical parameters
obtained for compounds 1 yield radiative-rate constants one
order-of-magnitude lower than those determined for the
mononuclear complexes and non-radiative-rate constants
that approximately double those calculated for 8. This pho-
tophysical behavior suggests that compounds 1 should pres-
ent an additional non-radiative deactivation pathway com-
pared with complexes 8. To investigate the origin of the de-
activation pathway, transient absorption experiments in the
us time domain were performed in combination with DFT
calculations.

The transient absorption spectra recorded for 1a and 8a
are compared in Figure 4 (Figure S1 in the Supporting Infor-
mation shows those recorded for 1b and 8b). Instantaneous
formation of broad stimulated emission features are ob-
served at A=600 and 520 nm for the mononuclear com-
plexes 8a and 8b, respectively. Their decay kinetics are ade-
quately fitted to mono-exponential decays with lifetimes of
0.6 (8a) and 1.7 ps (8b) and are assigned to the decay of the
lowest triplet state. Similar transient absorption spectra have
been observed for other ionic ruthenium and iridium com-
plexes.’**” DFT calculations including full-geometry optimi-
zation show that the lowest-energy triplet state of com-
pounds 8a and 8b result from the monoelectronic
HOMO—-LUMO excitation
and implies a mixing of metal-
to-ligand and ligand-to-ligand
charge transfer
(CMLCTPLLCT). This mixed
nature is confirmed by the spin-
density distribution calculated
for 8a (Figure 5) that perfectly
matches the electronic distribu-
tion of the HOMO and the
LUMO.

The transient absorption
spectrum of la presents new
features if compared with that
of 8a (Figure 4). Photoexcita-
tion of compound 1a leads to
us transient signals that include
a broad stimulated emission at
A =600 nm with mono-exponen-
tial decay of 0.4 ps and absorp-
tion bands centered at 1=445
and 520 nm. In compound 1b, the stimulated emission ap-
pears in the same region that the positive absorption band
at A=520nm and only a low-intensity absorption band is
observed (see Figure S1 in the Supporting Information). For
compound 1a, the position of the stimulated emission (A=

poses
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Figure 4. Transition difference spectra obtained by means of laser flash-

photolysis experiments at =310 nm in degassed acetonitrile solutions at

room temperature with low concentration (10°m) of complex 8a (top)
and compound 1a (bottom).

T,

la AE=0.47eV

1b AE=0.61eV

Figure 5. Schematic energy diagram showing the adiabatic energy difference between the T, and T, states
(AE) calculated for compounds 1a and 1b. The electronic nature of the excited states is illustrated by the spin
density contours (0.05 ebohr?) calculated for the T, and T, states of 1a. The spin density of the lowest triplet
of the free ligand 6 (top, left) and the mononuclear complex 8a (top, right) are included for comparison pur-

600 nm) and the fitted decay lifetime (0.4 ps) confirm that
the emitting triplet state is the same than in 8a (=600 nm,
0.6 ps). The absorption bands are fitted to a long mono-ex-
ponential decay of around 19 ps for both 1a and 1b. These
absorption bands are not observed for the mononuclear

— 9859
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complexes and they should be ascribed to the excitation of a
low-energy triplet state that involves the spacer.

To describe the triplet excited-state manifold of com-
pounds 1, time-dependent DFT (TD-DFT) -calculations
were performed for 1a and 1b on the ground-state fully-op-
timized geometries. For both compounds, the lowest-energy
triplet state (T;, °B) results from the monoelectronic
HOMO —LUMO +2 excitation that only implies the wire
and corresponds to the *m—m* HOMO—LUMO transition
of the oligophenyleneethynylene spacer (see Figure 2). The
next two triplets, T, (PA) and T; (°B), are degenerate and
originate in the transitions from the HOMO-1 and
HOMO-2 to the LUMO and LUMO +1. These states cor-
respond to the lowest-energy *MLCT/ALLCT triplet of the
mononuclear complexes. T, is calculated at 2.26 eV above
the ground state and is separated from T, and T; by 0.20
(1a) and 0.56 eV (1b). TD-DFT calculations therefore sug-
gest that the lowest-energy triplet of the dinuclear com-
plexes 1 is the *n—m* state of the wire.

To further investigate the nature of the lowest-energy
triplet state, the geometries of the T, and T, states of com-
pounds 1 were optimized under C, symmetry restrictions.
After full-geometry relaxation, the *m—m* triplet of the wire
continue to be the most stable and is calculated to lie 0.47
(1a) and 0.61 eV (1b) below the "MLCT/LLCT triplets of
the end-capping iTMCs compounds. The nature of T, and T,
is confirmed by the spin-density distributions shown in
Figure 5, which perfectly correlate with the spin densities
calculated for the lowest triplet state of the m-conjugated
central bridge and of the mononuclear complex, respective-
ly. Theoretical calculations, therefore, suggest that the ab-
sorption bands observed in the transient absorption spectra
of compounds 1 result from the excitation of the lowest trip-
let state (T,) centered on the wire. The presence of the *m—
nt* triplet below the emitting states centered on the iTMCs
depopulates these states and explains the lower photolumi-
nescence quantum yield observed for compounds 1 com-
pared with complexes 8.

Electroluminescence properties: Simple two-layer LECs
were built by using the dinuclear complexes 1a and 1b. The
details concerning the device fabrication are described in
the Experimental Section. Upon applying a bias of 3 V, the
build up of the luminance is synchronous with that of the
current density (see Figure S2 in the Supporting Informa-
tion). The observed time-delayed response is a typical fea-
ture of LECs and reflects the mechanism of device opera-
tion for which the PF;~ counter-ions have to reach the inter-
face of the electrodes which enhances the charge-injection
process.[>1°!

The electroluminescence (EL) spectra of compounds 1
consist of a broad structureless band with a shape similar to
the photoluminescence spectra recorded in solution
(Figure 6). As expected, compound la emits in the yellow
region (CIE coordinates: x =0.4527; y=0.4164) with a maxi-
mum at =596 nm, whereas 1b emits in the green region
(x=0.3696; y=0.4625) with a maximum at A=540 nm.""
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Electroluminescence (a.u.)

Wavelength (nm)

Figure 6. Photoluminescence (full symbols) in acetonitrile and electrolu-
minescence (open symbols) spectra of compounds 1a (squares) and 1b
(triangles). The electroluminescence spectra are recorded at a constant
voltage of 3 V.

The EL maxima are red-shifted by 10-20 nm, with respect
to the photoluminescence maxima, which is often observed
in LECs.['>14]

LEC devices based on compounds 1 show low emission
levels with luminance maxima below 10 cdm ™. The low lu-
minance values result from the low emission quantum yield
observed for compounds 1, owing to the quenching of the
phosphorescence of Ir'™ complexes by the *m—mn* state of the
conjugated spacer. Although the luminance level is low, the
external quantum efficiency (EQE) values obtained for
LECs based on 1a (0.16%) and 1b (0.13 %) are rather close
to the maximum EQE values (1a: 0.20%, 1b: 0.16%) esti-
mated from the photoluminescence quantum yields.”*!
This indicates that emission inside the device is highly opti-
mized, as it is nearly as efficient as we can expect from the
photophysical properties of 1a and 1b, and suggests that the
self-quenching due to the high iTMC concentration in the
device has been minimized. To obtain higher luminances,
the low *m—m* state of the m-conjugated bridge linking the
Ir'™ complexes should be shifted to energies above the emit-
ting *MLCT/LLCT iTMC triplets. This will suppress the un-
desired non-radiative deactivation pathway through the wire
and LEC devices with high luminances can be expected.

Conclusion

The synthesis and the electrochemical, photophysical, and
theoretical characterization of a novel family of dumbbell-
shaped dinuclear complexes (1), in which an oligophenyle-
neethynylene spacer is linked with two heteroleptic iridium-
(IIT) complexes, have been reported. From these studies we
conclude that the lowest triplet excited state in the new
complexes corresponds to a *m—m* state located on the con-
jugated spacer. The appearance of this state below the
*MLCT/LLCT emitting states of the end-capping Ir'™ com-
plexes is an efficient quenching pathway, which explains the
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low quantum yields observed for the dinuclear complexes in
comparison with the mononuclear Ir'™ complexes. Although
complexes 1 present poor photophysical properties, their ap-
plication in optoelectronic devices has been tested by using
them as the primary active component in double-layer light-
emitting electrochemical cells (LECs). Electroluminescence
emission in the green and yellow regions is obtained under
applying an external voltage of 3 V. The EQE values ob-
tained for the devices are almost the same that the maxi-
mum EQE values estimated from the photoluminescence
quantum yields of the complexes. This suggests that a near-
quantitative internal electron-to-photon conversion occurs
and that emission inside the device is highly optimized. The
introduction of a molecular spacer to control the separation
of the iTMCs in the active layer is, therefore, a useful strat-
egy to minimize the self-quenching in the operating device.
The design of new dinuclear Ir'™ complexes connected by -
conjugated spacers that do not act as quenchers of the phos-
phorescent emission is of high interest for production of
highly-efficient LECs.

Experimental Section

Materials and solvents: All solvents were dried according to standard
procedures. Reagents were used as purchased. All air-sensitive reactions
were carried out under an argon atmosphere.

Synthesis and characterization: Flash chromatography was performed by
using silica gel (Merck, Kieselgel 60, 230-240 mesh or Scharlau 60, 230-
240 mesh). Analytical thin layer chromatography (TLC) was performed
by using aluminum coated Merck Kieselgel 60 F254 plates. The NMR
spectra were recorded by using a Bruker Avance 300 (‘H: 300 MHz; “C:
75 MHz) and a Bruker Avance III 700 MHz spectrometer at 298 K using
partially deuterated solvents as internal standards. Coupling constants (/)
are denoted in Hz and chemical shifts (6) in ppm. Multiplicities are de-
noted as follows: s=singlet, d=doublet, t=triplet, m=multiplet, br=
broad.

Compound 5, the cyclometalated iridium chloro-bridged dimer 7,4+
and compounds 8" were prepared according to previously reported syn-
thetic procedures and showed identical spectroscopic properties to those
reported therein.

Compound 4: 4-Methyl-2-(4-methylpyridin-2-yl)pyridine (2, 4.03 g,
21.9 mmol) in dry THF was added dropwise to a freshly prepared lithium
diisopropylamide (LDA, 2.3 g, 23.07 mmol) at —78°C and under an
argon atmosphere. The resulting solution was stirred in these conditions
for one hour. After that, this solution was added through a cannula to a
solution of 1-(bromomethyl)-4-iodobenzene (3, 5 g, 16.84 mmol) in dry
THF (50 mL). The solution was stirred in these conditions overnight al-
lowing it to reach room temperature. After that, methanol (20 mL) was
added. After evaporation of the solvent under reduced pressure, the resi-
due was washed with water, extracted with methylene chloride and dried
over MgSO,. After evaporation of the solvent, the residue was purified
by column chromatography (silica gel, chloroform/ethanol (100/1)) yield-
ing compound 4 as a white solid. (4.5g, 66%). 'HNMR (CDCl,,
300 MHz): 6=8.55 (d, J=1.5Hz, 2H; H,+H,), 8.25 (d, /=1.5Hz, 2H;
H;+H,), 7.60 (d, /=9 Hz, 2H; H,), 7.15 (d, /=1.5Hz, 1H; H,), 7.13 (d,
J=15Hz, 1H; H,), 6.92 (d, /=9 Hz, 2H; H,), 2.97 (m, 4H; H.+H,),
2.45 ppm (s, 3H; H); "C NMR (CDCl,, 75 MHz): §=156.8, 156.4, 151.4,
149.5, 149.3, 148.4, 140.9, 137.9, 130.8, 125.1, 124.2, 12.4, 121.5, 91.6, 37.4,
36.5, 21.5 ppm; FTIR (neat): #=3052, 2928, 2860, 2208, 1727, 1595, 1554,
1515, 1461, 1414, 1380, 1276, 1212, 1116, 1019, 941, 895, 827, 761, 723,
694 cm™'; ESI-MS: m/z: [M*]=400.
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Compound 6: Compounds 4 (1.34 g, 3.37 mmol) and 5 (0.5 g, 1.53 mmol)
were dissolved in dry THF (25 mL) under argon atmosphere and diiso-
propylamine (1.3 mL), tetrakis(triphenylphosphine)palladium(0) (0.17 g,
0.15 mmol) and copper(I) iodide (0.03 g, 0.15 mmol) were added. The re-
action mixture was heated at 50°C and stirred overnight. After evapora-
tion of the solvent under reduced pressure, the residue was washed with
NH,CI, extracted with methylene chloride and dried over MgSO,. After
evaporation of the solvent, the residue was purified by column chroma-
tography (silica gel, chloroform/ethanol (200:1) yielding 6 as a yellowish
solid (0.50 g, 48%). '"H NMR (CDCl,;, 300 MHz): 6=8.55 (d, J=1.5 Hz,
4H; H,+H,), 830 (d, J=1.5Hz, 4H; H;+H,), 747 (d, /=9 Hz, 4H;
H,), 7.15 (d, J=9 Hz, 4H; H,), 7.14 (d, J=1.5Hz, 4H; H,), 7.08 (d, J=
1.5Hz, 4H; H,), 7.01 (s, 2H; H;), 4.03 (t, /=9 Hz, 4H; H,), 3.02 (m, 8H;
H.+H,), 245 (s, 2H; H)), 1.85 (m, 4H), 1.54 (m, 4H), 1.38 (m, 4H),
0.92 ppm (t, J=9 Hz, 6H); “C NMR (CDCl,, 75MHz): 6 =159.5, 133.8,
133.5, 124.6, 115.5, 115.1, 90.8, 87.2, 72.3, 71.2, 71.1, 71.0, 70.0, 67.9,
59.5 ppm; FTIR (neat): 7=3050, 3014, 2927, 2958, 1927, 1624, 1594, 1554,
1482, 1456, 1376, 1247, 1195, 1107, 1062, 900, 822, 765, 707 cm™'; ESI-MS:
mlz: [M*]=870.

General procedure for the heteroleptic iridium(III) complexes (1): Com-
plexes 1 were synthesized by mixing of starting iridium complexes 7 (7a:
0.0564 g, 0.05 mmol; 7b: 0.0608 g, 0.05mmol) and spacer 6 (0.04g,
0.055 mmol) in an ethyleneglycol solution heated to reflux during 16 h.
Upon cooling to room temperature, the resulting yellow mixture was
transferred to a separation funnel with water (40 mL) and washed with
diethyl ether (3x30mL). A concentrated solution of ammonium hexa-
fluorophosphate (1 g) in water (10 mL) was slowly added, at 0°C, to the
reaction mixture, yielding a colored suspension. The compound was
transferred to the fridge for 16 h and the precipitate was collected by fil-
tration. The yellow product was recrystallized from acetonitrile/diethyl
ether.

Complex 1a: Yield: 37%. "H NMR (CD,Cl,, 700 MHz): 6 =8.49-8.43 (m,
4H); 7.8-7.82 (m, 4H); 7.71 (d, J=5.1 Hz, 6H); 7.54 (m, 4H); 7.47-7.39
(m, 6H): 7.17-7.09 (m, 9H); 6.98-6.96 (m, 6H); 6.85-6.82 (m, 4H); 6.08
(s, 4H); 3.12-3.04 (m, 8H); 2.60 (s, 6H; Mebpy); 2.13 (s, 12H;
Meppy);1.56-0.88 ppm (m, 26H); CNMR (CDCl;, 175 MHz): 6=
167.86, 160.38, 155.30, 154.97, 150.53, 150.01, 148.27, 141.00, 137.75,
132.33, 129.31, 128.90, 128.72, 128.54, 128.31, 128.17, 128.14, 126.60,
124.77, 124.48, 123.57, 123.50, 122.54, 121.38, 119.37, 119.30, 119.06, 77.53,
41.08, 36.74, 35.75, 31.56, 29.69, 29.36, 29.28, 25.69, 22.64, 21.31,
13.82 ppm; ESI-MS: m/z: [M*?]=966.

Complex 1b: Yield, 63%.'"HNMR (CDCl,;, 700 MHz): 6=8.37 (m, 4H;
2), 7.88 (m, 4H), 7.52 (d, J=7.5 Hz, 4H), 7.48 (d, J=7.5 Hz, 4H), 7.36 (s,
4H), 7.34 (d, J=7.5 Hz, 4H), 7.29 (d, J=7.5 Hz, 4H), 7.24 (d, J=7.5 Hz,
4H), 7.10 (s, br, 4H), 7.06 (s, 4H), 6.65 (t, J=11.9 Hz, 4H), 5.78 (dd, J, =
2Hz, 4H), 407 (t, J=9 Hz, 4H; H,), 3.25 (t, J=7.7 Hz, 4H), 3.1 (t, J=
7.7 Hz, 4H), 2.66 (s, 6H; H), 1.87 (m, 4H), 1.54 (m, 4H), 1.41 (m, 4H),
1.38 (m, 4H), 0.92 ppm (t, J=7 Hz, 6H); "C NMR (CDCl,, 175 MHz):
0=164.44, 164.34, 164.30, 162.31, 160.82, 155.57, 155.32, 155.02, 153.93,
153.56, 153.03, 149.95, 149.76, 148.55, 140.49, 139.12, 131.65, 129.33,
128.72, 128.55, 127.66, 125.78, 125.11, 123.88, 123.76, 123.56, 121.45,
116.71, 114.02, 113.78, 99.98, 69.59, 36.74, 35.75, 31.56, 29.69, 29.28, 25.69,
22.64, 21.31, 13.82 ppm; ESI-MS: mi/z: [M*+]=1008.

Electrochemical characterization: Cyclic voltammetry was performed by
using an Autolab PGStat 30 equipment. These measurements were made
in a low-volume BAS cell. A glassy carbon working electrode (BAS MF-
2012) was used after being polished with alumina (0.3 p) for 1 min, and
platinum wire was used as counter electrode. A Ag/AgNO; electrode was
used as a reference. Tetrabutylammonium perchlorate (0.1 m) was used as
the supporting electrolyte and acetonitrile as solvent. The samples were
purged with argon prior to measurement.

Photophysical characterization: UV/Vis spectra were recorded in a 1 cm
path-length quartz cell by using a 845x UV/Vis Agilent spectrophotome-
ter, operating with UV/Vis ChemStation Software. Steady-state lumines-
cence spectra were measured by using a Photon Technology spectrofluor-
ometer, equipped with a lamp power supply (LPS-220B), working at
room temperature. The excited-state lifetimes and the transient absorp-
tion spectra were measured from fresh solutions, which were degassed by
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nitrogen bubbling for 30 min. The excited-state lifetimes of the molecular
wire 6 and compound 1b were measured in the same setup using a nitro-
gen-laser/dye-laser/frequency-doubler source (PTI). Transient absorption
spectra for complexes 8 and compounds 1 were measured by means of a
laser flash-photolysis system based on a pulsed Nd:YAG laser, using A=
310 nm as the exciting wavelength. The single pulses were approximately
10 ns duration and the energy was approximately 15 mlJ] per pulse. A
L0255 Oriel xenon lamp was employed as the detecting light source. The
laser flash-photolysis apparatus consisted of the pulsed laser, the Xe
lamp, a 77200 Oriel monochromator, and an Oriel photomultiplier
(PMT) system made up of a 77348 PMT power supply. The oscilloscope
was a TDS-640 A Tektronix. The excited-state lifetimes were deduced
from this technique. The quantum yields of 1a and 1b compounds were
determined in de-aerated acetonitrile solutions at an excitation wave-
length of A=310 nm using Equation (1),

ok (D/AL).
O = 0K DA “

for which the subscript x denotes the 1a and 1b compounds for which
the quantum yield is to be determined (10°°m in CH,CN), subscript r
refers to the reference substance bisulfate quinoline (10°°m in CH,CN)
for which the luminescence quantum yield is assumed to be 0.98, D is the
integrated area under the emission spectrum, and A.,. is the absorbance
at the exciting wavelength. The quantum yields for complexes 8 and the
molecular wire 6 were determined in de-aerated acetonitrile solution by
using an integrated sphere (Hamamatsu model C9920-0). The system is
made up of an excitation light source, consisting of a xenon lamp linked
to a monochromator, an integration sphere, and a multi-channel spec-
trometer.

Device preparation: The pre-patterned ITO glass plates were extensively
cleaned, by using chemical and UV-Ozone methods, just before the depo-
sition of the organic layers. Compounds 1 were used as the single active
component in preparing double-layer LECs. A first layer of poly(3,4-eth-
ylenedioxythiophene)/polystyrenesulfonate (PEDOT:PSS) (100 nm) was
deposited on top of a patterned ITO substrate to increase the device
preparation yield. Compounds 1 were then spin-coated from an acetoni-
trile solution (20 mgmL ') incorporating the ionic liquid (IL) 1-butyl-3-
methylimidazolium hexafluorophosphate in a 1:1 iTMC/IL molar ratio to
yield an 80 nm thick layer. The thickness of the films was determined by
using an Ambios XP1 profilometer. The IL helps to enhance the perfor-
mance level of the LEC device.***! On top of the active layer, the metal
cathode (aluminum) was thermally evaporated under high vacuum by
using an evaporator integrated into an inert atmosphere glovebox
(<0.1 ppm O, and H,0). The base pressure for evaporation was <1x
107 mbar. Current density and luminance versus voltage were measured
using a Keithley 2400 source meter and a photodiode coupled to a Keith-
ley 6485 picoampmeter by using a Minolta LS100 to calibrate the photo-
current. An Avantes luminance spectrometer was used to measure the
EL spectrum. Devices were characterized in inert atmosphere.

Computational details: Density functional calculations (DFT) were com-
pleted with the D.02 revision of the Gaussian 03 program package,*’!
using Becke’s three-parameter B3LYP exchange-correlation function-
al“*! together with the 6-31G** basis set for C, H, F, and N atoms™”!
and the “double-L” quality LANL2DZ basis set for the Ir element.’!) An
effective core potential (ECP) replaces the inner core electrons of iridi-
um leaving the outer core (5s)*(5p)° electrons and the (5d)° valence elec-
trons of Ir'. The geometries of the singlet ground state (S,) and of the
lowest triplet excited states were fully optimized by imposing C, symme-
try restrictions. The hexyloxy groups of the wire and the methyl groups
in the bpy and ppy ligands of the end-capping iTMCs were removed.
Triplet states were calculated at the spin-unrestricted UB3LYP level with
a spin multiplicity of 3. Geometry optimization of the lowest triplet
states T; (°B) and T, (*A) of compounds 1 was achieved by imposing
symmetry restrictions to the wavefunction. Solvent effects were consid-
ered within the SCRF (self-consistent reaction field) theory using the po-
larized continuum model (PCM) approach to model the interaction with
the solvent.">* Molecular orbitals were calculated in acetonitrile using
gas-phase optimized geometries. Starting from the closed-shell S, state,
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time-dependent DFT (TD-DFT) calculations®®°! were performed in ace-
tonitrile solution to determine the energies and the electronic nature of
the lowest excited triplet states at the ground-state geometry. Vertical
electronic excitation energies were determined for the lowest 10 triplet
states.
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