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A deep-red phosphorescent ionic iridium(1ir) complex is prepared and incorporated into a polymer.
Both the complex (1) and the polymer (2) were used as the single active material in solid-state
light-emitting electrochemical cells (LECs). The devices built up using 1 and 2 emit in the deep-red
region of the visible spectrum with CIE coordinates x = 0.710; y = 0.283 and x = 0.691; y = 0.289,
respectively, making them one of the deepest-red emitting LECs reported. It is the first example of a
polymeric LEC incorporating an ionic iridium complex, which exhibits increased stabilities compared

with the device based on the small molecular weight complex.

Introduction

Solid-state light-emitting electrochemical cells (LECs) have at-
tracted considerable interest in the past few years."> LECs are
single-component electroluminescent devices basically consisting
of a film of a charged luminescent material deposited between
two electrodes.”® In its simplest form, LECs are made up of a
single active layer composed of an ionic transition-metal complex
(ATMC).>** The presence of mobile counterions facilitates the
formation of ionic junctions that lower the barrier for electron
and hole injection and makes LECs independent of the work
function of the electrode material.*” These characteristics make
them suitable for low-cost lighting and signing applications.® The
compounds most widely used in these single-component devices
are cationic ruthenium(ir) and iridium(iir) complexes.? Recently, a
breakthrough in the stability of LECs was reported by the use of
Ir-ITMCs that form supramolecular cages via intramolecular mt—r
stacking.*™

A wide range of emission colours, including white,"* and
efficiencies as high as 36 Im W' have been reached.’*'* However,
only few examples of deep-red emitting LECs are reported.”*®
Deep-red emitting LECs are of interest as they can be used in
low-cost sensing applications.”* The deep-red emitting LECs
make use of cationic ruthenium(i) complexes exhibiting low
photoluminescence quantum efficiencies (PLQE) that hence result
in low-efficiency devices. Ir-iTMCs have much higher PLQEs than
Ru-iTMCs and hence they are more interesting to be used in LECs.
Ir-iITMCs can be tuned to emit in the deep-red region via proper
selection of the ligands. A route towards a deep-red emitting Ir-
iTMC is described in this work.
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The iTMCs used in LECs have, in general, molecular weights
below 1000 g mol™'. Their low molecular weights allow for a good
solubility in a wide range of solvents but sometimes complicate the
formation of amorphous thin films. In some cases, it is possible to
obtain transparent films from these low molecular weight iTMCs
using solution-based processes that on a macroscale appear to be
amorphous glasses. On a microscopic scale, however, the presence
of nanoscale crystalline domains was revealed by grazing incident
X-ray analysis for a film of tris(2,2’-bipyridine)-ruthenium(ir)
hexafluorophosphate ([Ru(bpy);][PF],).*

When the film formation is not straightforward, small amounts
of an inactive polymer or ionic liquid must be added to improve
film quality. Works on polymeric organic light-emitting diodes
(OLEDs) have shown that the stability of the devices based on
blends of active molecules is lower than that when these active
components are covalently linked to each other. In analogy, it can
be then expected that the stability of LECs can be improved by
attaching iTMCs covalently to polymer chains. In such polymer-
based LECs (PLECs) the iTMCs potential tendency to aggregate
is strongly hindered hence ensuring easy solution processing. This
concept of polymeric iTMCs has been applied to LECs only in the
case of a ruthenium complex containing polymer,? but as yet has
not been adopted for Ir-ITMCs.

In this work, both a low molecular weight deep-red light-
emitting Ir-iTMC and a polymer incorporating that Ir-iTMC
are prepared. The performance of the LEC devices prepared
using them as the main active components is described. Both
the small molecular complex (1) and the polymer (2) are capable
of transporting electronic charges, both holes and electrons, and
emit light. They are specially designed to have a short band
gap, thus emitting in the deep-red of the visible spectrum, by
the introduction of electron-withdrawing groups in the bipyridine
(bpy) ligand. These groups stabilize the LUMO of the complex
which is primarily located on the bpy ligand. The stability of the
LECs is in the range of what is typically observed (24 to 48 h).
The LECs based on the polymer have a notably longer stability
(reaching a half life of 37 h) than those using the small molecular
iTMC.
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Scheme 1

Results and discussion
Synthesis

The synthetic procedures used to obtain both the ionic iridium(1ir)
complex 1 and the related polymer 2 are displayed in Scheme 1.
A hexyl chain is used to link the iridium complex to the polymer.
This increases the solubility and reduces the interactions among
Ir centres in the solid state, thus decreasing the excited-state self-
quenching. 2

The synthesis of the iridium complex 1 was achieved in ca.
50% yield by a standard procedure from the diester 3*?¢ and
the organometallated dimer [Ir(Tpy),Cl], (where Tpy denotes
tolylpiridine).

A statistical condensation was carried out to prepare the
asymmetrically substituted bipyridine 4 in 42% yield, by reac-
tion of the diacyl chloride derivative of the 2,2’-bipyridine-4,4'-
dicarboxylic acid with a mixture of ethanol and 6-[(tetrahydro-2 H-
pyran-2’-yl)oxy]-1-hexanol. In this reaction, compound 3 (21%)
and the di(THPO-hexyl) ester (13%) were also isolated as by-
products. Deprotection of 4 in acidic medium to afford the alcohol
5, followed by treatment with methacryloyl chloride yielded
compound 6 in good yield. Reaction of the latter compound with
the [Ir(Tpy),Cl], dimer led to the monomeric mixed-macroligand
iridium(11r) complex 7 by a bridge-splitting reaction. Finally, the
ionic homopolymer 2 was obtained as a red powder in 43%
yield by a general synthetic procedure for the polymerization of
methacrylates in the presence of AIBN, followed by precipitation
with a saturated NH,PF, solution using a counterion exchange
process.

The formation of the polymer was easily demonstrated by
comparing the "H-NMR spectra of the iridium monomer 7 and
the iridium polymer 2, because in the latter no signals attributable
to olefinic protons, at 5.54 and 6.08 ppm, were found (see ESI).t
The assignation of the protons of the iridium complexes were
done by DQF-COSY and HSQC (see ESI).T Gel permeation
chromatography (GPC) was used to measure the molecular weight
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Synthesis of iridium complex 1 and iridium polymer 2.

of the polymer. Using NH,PF,-containing DMF as eluent with a
flow rate of 1 mL min™ at 70 °C (using polystyrene standards),
M, and M, values of 38000 and 53000 Da and PDI of 1.4
were calculated. Thermal analysis using DSC was performed for
polymer 2 showing a glass transition temperature of 174 °C.

Photophysical characterization

Fig. 1 displays the absorption and emission spectra recorded for
the iridium complex 1 and the iridium polymer 2 at room tem-
perature. The absorption spectrum of both 1 and 2 in acetonitrile
shows an intense band in the UV zone at 270-300 nm, and a second
less-intense band centred around 377 nm. The appearance of the
absorption spectrum is typical of heteroleptic iridium complexes
and shows that the complex is nearly colourless, with only a slight
yellowish hue due to the absorption bordering the blue region
of the visible spectrum. The high-energy absorption bands are
attributed to ligand centred © — m* transitions, whereas the broad
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Fig. 1 (a) UV-vis spectra of complex 1 (open triangles) and polymer 2

(closed squares) in acetonitrile. (b) Phosphorescence emission of complex
1 (open triangles) and polymer 2 (closed squares) in acetonitrile.
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Table 1 Photophysical properties of iridium complex 1 and iridium
polymer 2 at room temperature

Emission® 298 K

A/nm [ [ T/ns?
Iridium complex 1 687 0.02 0.18 69
Iridium polymer 2 687 0.01 0.09 47

* Aexe= 350 nm. * De-aerated CH;CN solution (10~ M). ¢ 5 wt% in PMMA.
4 Luminance emission lifetime in de-aerated CH;CN solution (10° M), £
10%.

absorption band at lower energies (~377 nm) is attributed to typical
spin-allowed metal-to-ligand charge-transfer transitions (‘MLCT
dn(Ir) — m¥).1327:28

The room-temperature emission spectra recorded in dilute, de-
aerated acetonitrile solution upon excitation at 350 nm are also
shown in Fig. 1. All the photophysical data are summarized in
Table 1. The emission spectra exhibit a broad structureless band
with a maximum at 687 nm for both complex 1 and polymer
2. The CIE coordinates of both emission spectra are x = 0.665;
y = 0.334, which correspond to a deep-red colour.?® The broad
emission band can be assigned, in a first approach, to a strong
mixing between metal-to-ligand charge transfer (MLCT) and
*m—m* transitions. This mixed character is typical of complexes
containing a combination of orthometallating and neutral diimine
ligands.’***32 Identical emission spectra were obtained for the
aerated solutions. The strong red shift observed for the emission of
complex 1 (687 nm), when compared to that of the parent complex
[Ir(ppy),bpyl[PF¢] (580 nm), is attributed to the stabilization of
the LUMO. The introduction of the electron withdrawing ester
groups in the bipyridine moiety, where the LUMO primarily
resides, stabilizes this orbital and reduces the optical band gap.*3*
The shape and position of the absorption and emission bands is
practically the same for both complex 1 and polymer 2 indicating
that the polymer backbone does not influence the energy of the
electronic states involved in the absorption and emission processes.

As listed in Table 1, the photoluminescence quantum yields
(@) in de-aerated acetonitrile solution are low for both complex
1 (0.02) and polymer 2 (0.01). The low ¢ values are similar to
those reported for other iTMCs emitting in the deep-red region
of the visible spectrum,”*® and are corroborated by excited-state
lifetimes of a few tens of nanoseconds (see Table 1).3* In a recent
work, Rothe et al. demonstrated that PLQE values measured in
solution are not adequate to estimate the efficiency of the iTMC
in LEC devices, and that this efficiency should be evaluated from
PLQE measurements in thin films.** Measurements carried out on
thin film of 1 and 2 diluted in polymethylmethacrylate (PMMA)
yielded high ¢ values of 0.18 and 0.09, respectively. These PLQE
values suggest that these compounds can be used as efficient
luminescent materials for deep-red LECs. The PLQE recorded
for the polymer is a half of that obtained for the free complex
both in solution and in thin film. The polymer approach therefore
seems to play a negative role in the photoluminescence properties
of the complex.

Device characterization

Simple solid-state light-emitting devices were prepared using the
iridium complex 1 and the iridium polymer 2 (LEC and PLEC,

respectively). Prior to the deposition of the active layer, a thin layer
(100 nm) of poly(ethylene dioxythiophene): polystyrene sulfonic
acid (PEDOT:PSS) was spin-coated to increase the reproducibility
of the devices. The active layer consisted primarily of either
complex 1 or polymer 2, which were spin-coated from an ace-
tonitrile solution to yield a thickness of approximately 60-70 nm.
In addition, small amounts of the ionic liquid (IL) 1-butyl-3-
methylimidazolium hexafluorophosphate were added to decrease
the turn-on time of the device. The molar ratio between the active
iridium complex units and the IL molecules (Ir compound : IL)
was 2 : 1. Previous to the deposition of aluminium as the cathode,
the spin-coated films were heated on a hot plate at 80 °C during
5 hinside an inert atmosphere glove box. The aluminium electrode
was thermally evaporated under vacuum (<2 x 10° mbar) to a
thickness of 80 nm. Structured ITO-containing glass plates were
used as the substrates. Device characterization was performed
under inert atmosphere inside a glove box (< 0.1 ppm H,O and
< 0.1 ppm O,).

Upon application of an external field of 3 V to the LEC and
PLEC devices, a rapid increase in the current density and the
luminance is observed (see Fig. 2A). The PLEC device exhibits a
turn-on time—time needed to achieve maximum luminance—of
5.7 h that is much larger than that observed for the LEC device
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Fig. 2 A: Current density and luminance vs. time for the LEC de-
vice ITO/PEDOT:PSS/1:IL/Al (open squares) and the PLEC device
ITO/PEDOT:PSS/2:IL/Al (dotted line). B: Efficiency vs. time at an
applied voltage of 3 V for the LEC device ITO/PEDOT:PSS/1:1L/Al
(open squares) and the PLEC device ITO/PEDOT:PSS/2:IL/Al (dotted
line).
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(0.17 h). The higher turn-on time indicates a lower mobility of the
PF,~ counter ions in the PLEC device.

Both devices show current density and luminance maximum
values in the range of 90-140 A m™ and 30-40 cd m™, respec-
tively. These values result in similar current efficiencies of 0.83
and 0.68 cd A™' and maximum power efficiencies of 0.87 and
0.71 Im W' for LEC and PLEC devices, respectively (see Fig. 2B).

As observed in Fig. 2A, the main difference between the LEC
and the PLEC devices concerns the device stability. The PLEC
device exhibit a lifetime—time required to reach the half of
the maximum luminance (¢,,,)—of 37 h, which is almost two
orders of magnitude longer than that recorded for the small-
molecule based LEC device (0.52 h). The degradation mechanisms
of LEC devices are not well understood but depend on the
driving voltage, the film morphology and the complex used.'?
The only complex studied in detail in a LEC is [Ru(bpy);]**.
Kalyuzhny et al. and Solzberg et al. concluded that the limited
lifetime of [Ru(bpy);]**-based devices is most likely originated
from a first-order degradation reaction involving the excited-state
[Ru(bpy);]*** species and water molecules.*** When a polymer-
based [Ru(bpy);]** compound was used, it was found that the
stability was enhanced compared with the pure complex LEC
device.”> A similar effect is found here for the iridium complex 1
when it is attached to a polymer chain as in 2. The increase in the
lifetime originates from the spatial distribution of the complexes
in the polymer that reduces the interaction between adjacent
iTMCs and protects the complex against degradation reactions.
Thus, although the photoluminescence efficiencies of the iridium
polymer 2 are lower than those found for the iridium complex 1,
the incorporation of the polymer in a LEC device as the active
component leads to better electroluminescent properties.

Fig. 3 shows the electroluminescence spectra recorded for the
LEC and PLEC devices. The electroluminescence spectra show
a shape similar to the photoluminescence spectra displayed in
Fig. 1, indicating that the same optical transition is responsible
for the light emission. The LEC device presents an emission
maximum around 630 nm, whereas the PLEC device shows its
maximum emission around 660 nm. The electroluminescence
spectra therefore imply a blue shift of 57 nm (LEC device) and
27 nm (PLEC device) with respect to the photoluminescence
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Fig. 3 Electroluminescence spectra for the LEC device ITO/PEDOT:
PSS/1:IL/Al (open squares) and the PLEC device ITO/PEDOT:PSS/
2:1L/Al (solid line) at an applied bias of 3 V.

spectra of the active compounds 1 and 2 in acetonitrile solution
both emitting at 687 nm. The blue shift indicates that the excited
state of the complex is destabilized in the device especially for 1.
The CIE coordinates® of the LEC and PLEC electroluminescence
spectra are x = 0.710; y = 0.283 and x = 0.691; y = 0.289,
respectively. These values are in the near-infrared range, an optical
region where only few examples of emitting LEC devices have
been reported.’s® The most striking one uses an osmium complex
doped in a ruthenium-based active layer, for which slightly-higher
efficiencies were obtained.” This is expected as in that case
the emitter is isolated, but very poor morphological stability is
foreseen for such a structure in contrast to the one presented in
this work.

Conclusions

A deep-red phosphorescent ionic iridium(1r) complex has been
synthesized and has been incorporated in a polymer. LEC devices
using both the complex and the polymer as the electroluminescent
active materials have been built up. The polymer version of the
complex gives rise to devices with higher stabilities that emit light
at longer wavelengths in the red (660 nm) than the devices using
the small molecular weight complex (630 nm). The improved
stability and the longer emission wavelength are attributed to
a more uniform distribution of the active ionic transition-metal
complexes imposed by the chemical linkage to the polymer
backbone. This is one of the first examples of a polymeric iTMC-
based optoelectronic device incorporating iridium(111) complexes
that shows bright electroluminescence in a simple sandwiched
architecture using air-stable electrodes. The synthetic strategy used
can easily be adopted for the development of yellow-, green- and
blue-light emitting cationic polymers by using slightly modified
ligands in the iTMC. The work directed toward this goal is
currently in progress.

Experimental
Materials and characterization methods

All reagents were purchased from commercial suppliers and
used without further purification unless otherwise noted. 2,2’-
bipyridine-4,4’-dicarboxylic acid,’” 6-[(tetrahydro-2 H-pyran-2-
yl)oxy]-1-hexanol*® and [Ir(Tpy),Cl], (Tpy: Tolylpyridine)* were
synthesized according to already published procedures. Commer-
cial TLC plates (silica gel 60 F254, SDS) were used to monitor
the progress of the reaction, with spots observed under UV light
at 254 and 365 nm. Column chromatography was performed with
silica gel 60A (particle size 40-63 um, SDS).

NMR spectra were taken using either a 500 MHz Bruker
Avance DRX 500, a 300 MHz Bruker Avance 300 or a Bruker
AC-300. Gel permeation chromatography (GPC) analyses were
carried out using an Agilent 1100 Series quaternary pump coupled
to an Agilent 1100 series UV-vis detector with 5 mM NH,PF,
in DMF as the eluent on 10 um particle size Phenogel 10u
50A and 10u 10A3A (300 x 7.8 mm) columns at 70 °C and
1 mL min™' flow. The GPC was calibrated using poly(styrene)
standards. Ultraviolet-visible (UV-vis) absorption measurements
were taken on a ThermoSpectronic Helios y spectrophotometer.
Differential scanning calorimetry (DSC) data were collected
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using a PerkinElmer Instruments model Pyris 1 DSC with a
ThermoHaake K20 refrigerator and a DC 30 controller. It was
calibrated with indium and tin patrons. Infrared measurements
were taken with a Fourier Transform (FT-IR) ThermoNicolet
model IR 200 Spectrometer in attenuated total reflexion (ATR)
with a germanium window. Mass spectra were obtained from a
Bruker Reflex III matrix-assisted laser desorption/ionization time
of flight (MALDI-TOF) spectrometer using dithranol as a matrix,
or with a VG AutoSpec from Waters to record Positive-ion Fast
Atom Bombardment (FAB*) mass spectra using 3-nitrobenzyl
alcohol (NBA) as the matrix solvent.

Synthesis

Diethyl-2,2’-bipyridine-4,4’-dicarboxilate (3). An alternative
synthesis to the previously described® is used. A mixture of thionyl
chloride (20 mL) and 2,2’-bipyridine-4,4’-dicarboxylicacid (2.32 g,
9.5 mmol) was refluxed 15 h under argon atmosphere. After all the
solid was dissolved, the excess of SOCI, was distilled off and the
residue redissolved in 60 mL of dry toluene. Then, a solution of
absolute ethanol (1.1 mL, 874 mg, 19 mmol) and triethylamine
(5.2 mL, 3.84 g, 38 mmol) in 10 mL of dry toluene was added.
After heating for 4 h at 60 °C, the solvents were distilled off and the
residue was chromatographed (silica gel, hexane—ethyl acetate =
3:1, Ry = 0.41) to afford 2.17 g (76%) of 3 as a white solid.
04(500 MHz; CDCl;; Me,Si) 1.45 (6 H, t, J = 7.1 Hz), 4.47 (4 H,
q,J =7.1Hz),791 (2H, dd, J =4.9 and 1.5 Hz), 8.87 (2 H, dd,
J=49and 0.7 Hz), 8.95 (2 H, dd, J = 1.5 and 0.7 Hz).*

Iridium(11) complex (1). A solution of compound 3 (104.5 mg,
0.348 mmol) and [Ir(Tpy),Cl], (157.1 mg, 0.139 mmol) in 15 mL
of DCM was heated in the dark at 45 °C for 72 h. Elimination
of the solvent and column chromatography (silica gel, DCM-
MeOH = 93 : 7, R; = 0.25) of the crude yielded 112.0 mg (47%)
of a dark red solid. This solid (60 mg, 0.069 mmol) underwent
anion exchange with NH,PF, (337 mg, 2.07 mmol) in dry DMF
(7 mL) at room temperature. The mixture was dissolved in DCM,
and the organic phase was washed with water and dried over
anhydrous Na,SO,. Elimination of the solvents at low pressure
yielded a red solid (67 mg, quantitative). Mp (°C) 267-269. UV-
vis (CHCL,): Ay /nm (log &) 274, (4.61), 296 sh (4.53), 381 (3.97)
and 525 (2.90). v,../cm™ 1739, 1721, 1476, 1295, 1274, 1233, 878,
838, 773, 761 and 639. 6,(300 MHz; CDCl;; Me,Si) 1.43 (6 H, t,
J=7.1Hz),213 (6 H,s),449 (4 H, q, J = 7.1 Hz), 6.07 (2 H,
d, J = 1.0 Hz), 6.86 (2 H, dd, J/ = 7.9 and 1.0 Hz), 7.03 (2 H,
ddd,J =79, 5.4 and 1.3 Hz), 7.50 (2 H, dd, J/ = 5.4 and 1.3 Hz),
7.58 (2 H,d,J =79 Hz), 772 2 H, td, J = 7.9 and 1.3 Hz),
7.84 (2 H, dd, J = 7.9 and 1.3 Hz), 8.00 (2 H, dd, / = 5.6 and
1.4 Hz),8.11 (2H, d, J =5.6 Hz) and 8.99 (2 H, d, J = 1.4 Hz).
dc(75 MHz; CDCl;; Me,Si) 14.12, 21.85, 62.96, 119.23, 123.27,
124.12, 124.20, 124.62, 127.93, 132.42, 138.23, 140.46, 140.66,
141.17, 148.78, 149.44, 151.33, 156.13, 163.02 and 167.29. MS
MALDI-TOF m/z 829 ([M*], calcd for C, H;sN,O,Ir 829).

Ethyl-6"-[(tetrahydro-2H-pyran-2""-yl)oxy]hexyl-2,2’-bipyri-
dine-4,4’-dicarboxylate (4). A mixture of 2,2’-bipyridine-4,4'-
dicarboxylic acid (2.32 g, 9.5 mmol) and thionyl chloride (20 mL)
was refluxed for 15 h under an argon atmosphere. Then, the
excess of SOCI, was distilled off and the residue was dissolved
in 60 mL of dry toluene and heated at 60 °C. Then, a solution of

6-[(tetrahydro-2 H-pyran-2’-yl)oxy]-1-hexanol (1.93 g, 9.5 mmol),
absolute ethanol (0.55 mL, 9.5 mmol) and dry Et;N (5.2 mL,
38 mmol) in 20 mL of dry toluene was added dropwise. After
4 h, the solvent was evaporated and the residue chromatographed
(silica gel, n-hexane-EtOAc = 3 : 1, R; = 0.39) to give 4 (1.86 g,
42%) as a white solid. Mp (°C) 51-53. v,../cm™ 2945, 1727, 1593,
1559, 1464, 1358, 1291, 1259, 1244, 1202, 1131, 1090, 1076, 1024,
980, 918, 864, 813, 762, 724, 695 and 667. 5,;(500 MHz; CDCl;;
Me,Si) 1.45(3H,t,J =7.1 Hz), 1.50 (8 H, m), 1.65 (2 H, m), 1.71
(1H,m), 1.84 (3 H, m), 3.41 (1 H, m), 3.50 (1 H, m), 3.76 (1 H, m),
387(1H,m),440(2H,t,J =6.7Hz),447(2H, q,J =7.1 Hz),
4.58 (1 H, m), 7.91 (2 H, m), 8.87 (2 H, d, J/ = 4.9 Hz) and 8.95
(2 H, s). 6c(125 MHz; CDCl;; Me,Si) 14.19, 19.61, 25.40, 25.77,
25.90,28.52,29.55,30.68, 61.79, 62.27, 65.86, 67.34, 98.80, 120.42,
120.46, 123.13, 138.85, 150.0, 156.41, 156.45, 165.04 and 165.09.
MS MALDI-TOF m/z 457 (IM + H]*, calcd for C,sH3;,N,O, 456).

From this chromatography, the diethyl ester 3 could also be
separated (R; = 0.48, 0.59 g, 21%). The other isolable by-product
was the di(THPO-hexyl) ester (R; = 0.33, 0.71 g, 13%). Mp (°C)
48-50. V. /cm™ 2947, 1729, 1360, 1306, 1292, 1259, 1245, 1203,
1217, 1023, 1075, 763 and 696. 6,,(500 MHz; CDCl;; Me,Si) 1.44—
1.74 (22 H, m), 1.84 (6 H, m), 3.41 (2 H, m), 3.50 (2 H, m), 3.76 (2
H, m), 3.86 2 H, m),440 (4 H,t,J =6.7Hz),458 2H,t,J =
3.5Hz),791(2H,dd,J=4.9and 1.4Hz),8.87(2H,d,J=4.9Hz)
and 8.95 (2 H, d, J = 1.4 Hz). 6.(125 MHz; CDCl;; Me,Si) 19.62,
25.14,25.79,25.91, 28.53, 29.57, 30.70, 62.31, 65.92, 67.38, 98.83,
120.56, 123.19, 138.94, 150.00, 156.40 and 165.11. MS MALDI-
TOF m/z 613 ((M + HJ*, caled for C;,Hy,N,O; 612).

Ethyl-6"-hydroxyhexyl-2,2’-bipyridine-4,4’-dicarboxylate  (5).
A solution of HCI in EtOH (0.321 g of 35% HCI diluted with
ethanol to a total volume of 3 mL) was added to a solution of
4 (913 mg, 2.0 mmol) in 15 mL of DCM. After 4 h at room
temperature, the reaction mixture was extracted with 20 mL of
DCM, washed with water and brine, and dried with anhydrous
Na,SO,. Evaporation of the solvent and chromatographic
purification (silica gel, n-hexane-EtOAc = 1 : 1, R, = 0.45)
yielded 5 (528 mg, 1.4 mmol, 71%) as a white solid. Mp (°C)
73-75. Vo /cm™ 3266, 2927, 2858, 1731, 1722, 1559, 1475, 1361,
1309, 1289, 1259, 1240, 1230, 1138, 1116, 1062, 1019, 993, 861,
763, 723, 696 and 668. 6,(500 MHz; CDCl;; Me,Si) 1.45 (3 H,
t, J = 7.1 Hz), 1.50 (4 H, m), 1.62 (2 H, m), 1.84 (2 H, m), 2.01
(1H, brs),3.68 2H,t,J =6.5Hz),441 2H,t,J = 6.7 Hz),
447 (2H,q,J =7.1 Hz),791 (2 H, m), 8.87 (2 H, m) and 8.94
(2 H, m). 6.(125 MHz; CDCl;; Me,Si) 14.19, 25.33, 25.71, 28.43,
32.44, 61.85, 62.54, 65.83, 120.44, 120.53, 123.18, 123.19, 138.86,
138.92, 149.99, 150.02, 156.39, 156.40, 165.05 and 165.12. MS
FAB* m/z 373 (M + HJ*, caled for C,0H,,N,O; 372).

Ethyl-6"-methacryloxyhexyl-2,2’-bipyridine-4,4’-dicarboxylate
(6). A solution of methacryloyl chloride (0.087 mL, 0.916 mmol)
in 2 mL of dry THF was added dropwise under argon atmosphere
to a solution of hydroxybipydirine 5 (84.4 mg, 0.227 mmol) in
dry THF (8 mL) and dry Et;N (0.120 mL, 0.916 mmol). The
reaction mixture was stirred for 1 d at 50 °C to obtain a brown
solution which was cooled to room temperature. After addition of
AcOEt, the precipitated triethylamine hydrochloride was filtered
off and the solution was washed successively with NaOH 10%,
HCI 10% and water and dried with anhydrous Na,SO,. Column
chromatography (silica gel, n-hexane-EtOAc = 5 : 1, R; = 0.29)
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gave 71.2 mg (71% yield) of a slightly yellowish viscous liquid.
Vaa/cm™' 2939, 2855, 1726, 1556, 1448, 1363, 1286, 1256, 1166,
1131, 1090, 1063, 1017, 764, 724, 693 and 659. 64(500 MHz;
CDCl;; Me,Si) 145 3 H, t, J = 7.1 Hz), 1.51 (4 H, m), 1.73
(2H, m), 1.85(2 H, m), 1.94 (3H, s),417 2 H, t, J = 6.6 Hz),
441 2H,t,J =6.7Hz), 447 (2H, q,J = 7.1 Hz), 5.54 (1 H,
m), 6.10 (1 H, m), 7.91 (2 H, m), 8.87 (2 H, m) and 8.95 (2 H,
m). 6c(125 MHz; CDCl;; Me,Si) 14.21, 18.25, 26.61, 25.66, 28.47,
61.82, 64.48, 65.74, 120.46, 123.12, 123.17, 125.18, 136.38, 138.81,
138.89, 150.02, 156.40, 156.48, 165.05 and 165.10. MS FAB* m/z
441 (M + HJ*, calcd for C,,HN,O, 440).

Iridium(i) monomer (7). A solution of 6 (51.2 mg,
0.116 mmol) and [Ir(Tpy),Cl], (52.7 mg, 0.047 mmol) in 5 mL of
DCM was stirred in the dark at 45 °C for 12 h. After elimination
of the solvent, chromatography of the residue (silica gel, DCM-
MeOH = 93 : 7, R; = 0.42) yielded a dark red solid in 48%. Mp
(°C) 147-149. A,,.x(CHCl;)/nm (log &) 275 (4.61), 298 sh (4.54), 385
(3.93) and 530 (2.85). vV /cm™ 2923, 2855, 1724, 1606, 1589, 1561,
1478, 1464, 1429, 1407, 1370, 1319, 1298, 1263, 1234, 1167, 1140,
1068, 1019, 932,859, 819, 777,763, 722,702 and 639. 6,(500 MHz;
CDCl;; Me,Si) 1.42-1.50 (7 H, m), 1.71 (2 H, m), 1.83 (2 H, m),
1.92(3H,s),2.13(6 H,s),4.14 2 H, t, J = 6.6 Hz), 4.45 (2 H,
m), 4.51 2 H, q, J = 7.1 Hz), 5.54 (1 H, s), 6.06 (2 H, s), 6.08
(1H,s),687(2H,d,J =79 Hz),7.16 2H, dd, J =7.9 and
5.0Hz),7.53(2H,d,J=5.0Hz),7.60 2H,d,J =79 Hz), 7.82
(2H,t,J=79Hz),788(2H,d,J =79 Hz),804(1H,d,J =
5.6 Hz),8.05(1H,d,J=5.6Hz),8.17(1 H,d, J = 5.6 Hz), 8.18 (1
H, d, J = 5.6 Hz) and 9.07 (2 H, s). 6(125 MHz; CDCl;; Me,Si)
14.22,18.33,21.89,25.43,25.64,28.48, 63.16, 64.44, 66.95, 119.54,
123.57, 124.10, 124.30, 124.85, 125.34, 128.00, 128.15, 132.37,
136.34, 138.73, 140.15, 140.28, 140.62, 141.32, 148.59, 149.10,
151.75, 156.00, 156.13, 162.83, 162.95, 167.31 and 167.51. MS
MALDI-TOF m/z 969 ([M*], calcd for C,sH s N,OqIr 969).

Iridium(1r) polymer (2). A solution of iridium complex 7
(140 mg, 0.140 mmol) and 2.8 mg of AIBN in 0.140 mL of
dry DMF was heated at 60 °C under argon atmosphere for 23 h
in a glass tube. Then, a DMF saturated solution of ammonium
hexafluorophosphate was added maintaining the temperature for
1 h. The mixture was cooled to room temperature obtaining a red
solid that was solved in CH,Cl, and precipitated with cold MeOH
three times. After drying at high vacuum, 2 was obtained (66 mg,
43% yield) as a red powder. A,,.(CHCL;)/nm (log &) 273 (4.56),
294 sh (4.49), 382 (3.98), 526 (3.10). v, /cm™ 2940, 1728, 1605,
1590, 1558, 1478, 1458, 1427, 1408, 1318, 1254, 1230, 1165, 1141,
1068, 840, 767 and 731. 64(500 MHz; CD,Cl,; Me,Si) 0.80-2.20
(22 H), 3.80-4.50 (6 H), 6.05-6.15 (2 H), 6.75-7.05 (4 H), 7.35-
8.25 (12 H) and 8.95-9.05 (2 H). 6.(125 MHz; CDCl;; Me,Si)
13.94,21.59,25.52,25.74, 28.39, 44.90, 62.95, 64.94, 66.80, 119.65,
123.21, 124.10, 124.17, 124.88, 124.96, 127.87, 127.97, 132.32,
138.43, 140.41, 140.99, 141.20, 148.64, 149.45, 151.74, 156.17,
156.23, 163.09, 163.20 and 167.29. GPC M, = 38000, M, =
53000, PDI = 1.4; DSC T, (°C) 174.

Photophysical characterization

UV-vis absorption spectra were recorded using a Hewlett-
Packard 8453 spectrophotometer. Room-temperature photo-
excited fluorescent spectra were measured using a Varian-

Carry Eclipse spectrofluorimeter. Quantum efficiencies were
determined using the optically diluted method. Solutions of
tris(2-phenylpyridine)iridium(1r) in degassed acetonitrile and
tris(bipyridine)ruthenium(ir) in an aerated aqueous solution were
used as references (0.40% and 0.028%, respectively).?”** The thin
film quantum yield measurements were performed in air, using
the quantum yield measurement system from Hamamatsu model
C9920-01, using thin layers of the materials spin-coated on quartz
substrates. 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 spectrometer.

The excited state lifetimes were measured from fresh acetonitrile
solutions, which were degassed by Ar bubbling for 30 min.
They were deduced from time-resolved absorption spectroscopy
utilising a laser flash-photolysis system based on a pulsed Nd:YAG
laser, using 355 nm as exciting wavelength. The single pulses were
approximately 10 ns duration and the energy was approximately
15 mJ 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 77348 PMT power supply. The oscilloscope was a
TDS-640A Tektronix. The output signal from the oscilloscope
was transferred to a personal computer.

Device preparation and characterization

PEDOT:PSS was purchased from HC-Starck and solvents used
were obtained from Aldrich. Indium tin oxide (ITO)-coated
glass plates (15 Q per square) were patterned using con-
ventional photolithography (obtained from Naranjosubstrates,
www.naranjosubstrates.com). The substrates were extensively
cleaned using sonification in subsequently water-soap, water, and
2-propanol baths. After drying, the substrates were placed in a
UV-ozone cleaner (Jelight 42-220) for 20 min.

The electroluminescent devices were prepared as follows. Trans-
parent thin films of the active layer containing a polymer and the
ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate
molecules with molar ratio 2 : 1 were prepared. The active
layer was obtained by spinning from acetonitrile solutions using
concentrations of 20 mg mL™" at 1000 rpm for 20 s, resulting in a
90 nm thick film. Prior to the deposition of the emitting layer, a
100 nm layer of PEDOT:PSS was deposited to increase the device
preparation yield. The thickness of the films was determined using
an Ambios XP1 profilometer. After spinning the organic layers,
the samples were transferred to an inert atmosphere glovebox
(< 0.1 ppm O, and H,0, MBraun) and dried on a hot plate at
80 °C for 1 h. Aluminium metal electrodes (80 nm) were thermally
evaporated using a shadow mask under vacuum (< 1 x 10 mbar)
using an Edwards Auto500 evaporator integrated into an inert
atmosphere glove box.

Current density and luminance vs. voltage were measured using
a Keithley 2400 source meter and a photodiode coupled to a
Keithley 6485 pico-ampmeter using a Minolta LS100 to calibrate
the photocurrent. An Avantes luminance spectrometer was used
to measure the EL spectrum. Lifetime data were obtained by
applying a constant voltage over the device and monitoring
the current flow and simultaneously the current generated by a
Si-photodiode calibrated using a Minolta LS100 luminance meter.
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