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Tris-Cyclometalated Iridium(III) Complexes of Carbazole(fluorenyl)pyridine
Ligands: Synthesis, Redox and Photophysical Properties, and
Electrophosphorescent Light-Emitting Diodes
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Hameed Al-Attar,™ and Andrew P. Monkman*™™

Abstract: Using ligands synthesized by
Suzuki cross-coupling methodology,
new phosphorescent homoleptic tris-cy-
clometalated complexes have been ob-
tained, namely fac-[Ir(Cz-2-Fl,Py);]
(1d-f) and fac-[Ir(Cz-3-F1,Py);] (2d-f),
which are solution-processible triplet
emitters (Cz denotes N-hexylcarbazole,
n is the number of 9,9'-dihexylfluorene
(Fl) units (n=0,1,2) and Py is pyri-
dine). In all cases, Py and Fl are substi-
tuted at the 2- and 2,7-positions, re-
spectively, and Cz moieties are substi-
tuted by either Py or Fl at the 2- or 3-
positions, in series 1 and 2, respectively.
The oxidation potential of 1d studied
by cyclic voltammetry (£7),=0.14V,
versus Ag/AgNO;, CH,Cl,) is less posi-
tive (i.e. raised HOMO level) com-
pared to that of the isomer 2d (EY),=
0.30 V), where the Cz-nitrogen is meta

to the Ir center. Ligand-centered oxida-
tions occur at more positive potentials,
leading to 74 oxidation states with
good chemical reversibility and electro-
chemical quasi-reversibility, for exam-
ple, for 2f E}} =045 (le), 0.95 (3e),
1.24V (3e). Striking differences are
seen in the solution-state photophysical
data between complexes [Ir(Cz-2-Py);]
(1d) and [Ir(Cz-3-Py);] (2d), in which
the Cz moiety is bonded directly to the
metal center: for the latter there is an
85 nm blue-shift in emission, a decrease
in the luminescence lifetime and an in-
crease in the PLQY value. Organic
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light emitting devices were made by
spin-coating using polyspirobifluorene:-
bis(triphenyl)diamine (PSBF:TAD) co-
polymer as host and the complexes 1d
or 2d as dopants. Turn-on voltages are
low (34 V). With 1d orange light is
emitted at A,,,=590 nm with an EQE
of 1.3% (at 7.5 mAcm™?) and an emis-
sion intensity (luminance) of
4354 cdm™ (at 267 mA m~?). The green
emission from 2d devices (Ap=
500 nm) is due to the reduced electron-
donating ability of the carbazole unit
in 2d. Recording the EL spectra of the
1d device at 6V (current density,
100 mA cm~2) established that the time
to half brightness was about 9 h under
continuous operation with no change
in the spectral profile, confirming the
high chemical stability of the complex.

Introduction

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Highly conjugated molecules, especially multi-directional ar-
chitectures, are of great interest as advanced materials.")
The core unit is generally a multi-functional organic moiety
or a coordinated metal center around which the spacial ge-
ometry suppresses self-aggregation effects, thus favoring
good solubility and affording optoelectronic properties of
importance for fundamental studies and for device applica-
tions. Homoleptic cyclometalated metal complexes have re-
ceived only limited attention as cores in m-extended archi-
tectures. There is scope to develop new materials of this
type as many cyclometalated complexes are both redox-
active and highly emissive, especially as their facial isomers.
A broad selection of ligands, principally based upon 2-phe-
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nylpyridine,” have been utilized to form phosphorescent
bis-? and tris-cyclometalated™ iridium(III) complexes. The
photophysical properties of these phosphors can, to some
extent, be tuned by varying the ligand® or its substituent
groups and also by the use of additional ancillary ligands.
Many such complexes serve as active components in electro-
phosphorescent organic/polymer light emitting devices (O/
PLEDs) where they are normally used as an emitting guest
in a blend with a host material.”! Mixing of the electrogener-
ated singlet and triplet excited states by intersystem crossing
removes the spin-forbidden nature of the radiative relaxa-
tion of the triplet excited state so singlet and triplet excited
states both contribute to light emission. Additionally, the
triplet state lifetime is shortened, thereby suppressing trip-
let-triplet annihilation. Solution processing techniques offer
a simple route for device fabrication.®

We were attracted by the prospect of incorporating carba-
zole units into the ligands of cyclometalated complexes, in-
cluding m-extended systems. Carbazole-containing linear
conjugated oligomers and polymers are important in organic
materials chemistry due to their high stability, processability
and the hole-transporting properties of the carbazole unit:
examples include 3,6-carbazole-benzo-2,1,3-thiadiazole co-
polymers,” 2,7-carbazolenevinylene systems and fused-ring
derivatives (e.g. diindolocarbazoles)."”! There are recent re-
ports of emissive carbazole-fluorene co-oligomers and poly-
mers,'!l and cyclometalated iridium complexes with attached
carbazole units,"? including phenylcarbazole dendrons.!™

Our targets were two new series of conjugated carbazole-
(fluorenyl)pyridine ligands: Cz-2-Fl,Py (la—¢) and Cz-3-
FL,Py (2a—c), where the N-hexylcarbazole (Cz) moiety is
substituted at the C-2 and C-3 positions by the fluorene (F1)
(n=1, 2) or pyridine (Py) unit, respectively.

Series 1
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Series 2: Cz-3-F|,Py: 2ac

a(n=0),bn=1),¢c(n=2)

The six new triply cyclometalated iridium(III) complexes
1d-f and 2d-f were synthesized to study their optoelectron-
ic properties. Complexes 1d and 2d are very rare examples
of iridium(III) systems where the metal is directly bonded
to a carbazole unit'’ and we are not aware of any previous
examples of triply cyclometalated carbazole-containing sys-
tems. A comparison of the iridium(III) complexes in series 1
(2-substituted carbazole) and series 2 (3-substituted carba-
zole) has provided a unique opportunity to probe the effect
of carbazole substitution on the redox and photophysical
properties of this family of materials.

Results and Discussion

Synthesis of ligands and their iridium(III) complexes: The li-
gands are represented as CzFl, Py, where Cz denotes N-hex-

Series 2
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ylcarbazole, n equals the number of 9,9'-dihexylfluorene (F1)
units and Py is pyridine. In all cases, Py and FI are substitut-
ed at the 2- and 2,7-positions, respectively, and carbazole
moieties are substituted by either Py or Fl at the 2- or 3-po-
sitions, in series 1 and 2, respectively. The key starting mate-
rials for ligands in both series 1 and 2 were the correspond-
ing N-hexylcarbazol-2-yl and -3-yl boronic acids™ 3 and 4,
and the bromo-(fluorenyl),_,,-pyridine intermediates"® 6
and 7 (Scheme 1). The ligands in series 1 and 2 were synthe-
sized in good yields by the Suzuki-Miyaura cross-coupling
reactions!'”! of the corresponding carbazolylboronic acids 3

CGH13

CsHis
5 6

Series 1

Br
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and 4 utilizing bromo compounds 5, 6, and 7, as shown in
Scheme 1. The detailed synthetic procedures and characteri-
zation data are given in the Supporting Information.

In these reactions, since bromo-(fluorenyl),_;,-pyridine
intermediates!" 6 and 7 have very similar polarities to those
of the ligands 1b—c and 2b—¢, we opted to use an excess of
the carbazolyl boronic acid due to its ease of removal from
the crude product mixture and in order to force the reaction
to completion. Trace amounts of unreacted free bromo-(flu-
orenyl),_,,-pyridine intermediates 6 and 7 were successfully
removed by repeated column chromatography.

io/ B(OH»
\ ’ N
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Scheme 1. Synthesis of ligands Cz-2-Fl,Py 1a-c¢ and Cz-3-F1,Py 2a—c. Reagents and conditions: i) 5, [Pd(PPh;),Cl,], 2mM Na,CO; (aq.), toluene, 90°C, 20—
40 h; ii) 6, [Pd(PPh,),] or [Pd(PPh,),CL,], 2m Na,CO, (aq.), toluene, 90°C, 5060 h; iii) 7, [Pd(PPh,),] or [Pd(PPh,),CL], 2 Na,CO; (aq.), toluene, 90°C,

50-60 h.
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The triply cyclometalated iridium(III) complexes, 1d-f (2-
substituted) and 2d-f (3-substituted) were prepared by re-
acting iridium(III) acetylacetonate, [Ir(acac);], with
1.7 equivalents of the corresponding cyclometalating ligand
in glycerol at 220°C for 48 h under an argon atmosphere!'®!
and were obtained in 4-60 % yields. The considerably higher
yield for the 3-substituted complex 2d (60 %) compared to
that of the 2-substituted complex 1d (20 % ), may stem from
the fact that the loss of a proton from the ligand 2a, during
the cyclometalating reaction, is further stabilized by the
meta-positioned carbazole nitrogen in ligand 2a compared
to that in ligand 1a. In addition to this, thermal gravimetric
analysis showed that complex 1d undergoes a 5% by weight
thermal decomposition at 196°C indicating that there may
be some loss of the complex during the cyclometalation at
220°C. This is not unexpected for cyclometalation reactions
such as these that utilize small ligands."”) Each complex was
unambiguously characterized by 'H and *C NMR spectros-
copy and MALDI-TOF mass spectrometry. The relative
simplicity of the '"H NMR spectra indicates that all the iso-
lated complexes exist exclusively as the fac isomers around
the Ir center.'® The fac structure of 2d was further con-
firmed by single-crystal X-ray analysis.”” The MM3 opti-
mized geometry of the fac-2f structure is shown in Figure 1.

Cyclic voltammetry: Cyclic voltammetric (CV) studies were
carried out at 298 K using a Ag/AgNO; (CH;CN) reference
electrode and the ferrocene/ferrocenium couple! as a sec-
ondary reference. Dichloromethane solutions of the com-
plexes containing 0.1 M tetra(n-butyl)ammonium hexafluoro-
phosphate (nBu,NPF,) as the supporting electrolyte were
scanned at 100 mVs~'. The CVs of all the complexes studied
(1d-f and 2d-f) display cleanly reversible oxidation poten-
tials assigned to the metal-centered Ir'/Ir"V couple. The
data for 1d—f and 2d-f are summarized in Table 1 and CV
traces for all six complexes are shown in Figure SI-1. Owing
to the electron-donating effect of the carbazole-nitrogen in
the carbazole-2-pyridine ligand, where the nitrogen atom is
para to the metalated Ir-phenyl center, the oxidation poten-
tial of 1d (E7),=0.14 V) is less positive (i.e. raised HOMO
level) compared to that of 2d (£7),=0.30 V), where the car-
bazole-nitrogen atom is meta to the metalated Ir-phenyl
center in the carbazole-3-pyridine.’” The raised oxidation
potential of the I'"/Ir"Y couple in both series with increasing
ligand size is consistent with carbazole acting as a stronger
electron donor than fluorene. A shielding effect of the core
by the larger ligands may also contribute to raising the
value of EY),. This effect is most noticeable upon incorpora-
tion of the first fluorenyl unit. The positive shifts are 0.26
and 0.10V in the sequence 1d—le—1f, and 0.70 and
0.50 V in the sequence 2d—2e—2f.

The ligand-centered oxidations in the complexes (ob-
served as two, three-electron waves) have more positive po-
tentials than the Ir"™/Ir"Y couple and this is clearly exempli-
fied by 2 f (Figure 1). The processes show good chemical re-
versibility and are electrochemically quasi-reversible® (es-
pecially the ligand waves); the current ratios for the three

1426 —— www.chemeurj.org
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Figure 1. a) Molecule 2f and b) the MM3-optimized geometry of the fac
structure (color code: Ir red; N blue; C cyan (for two ligands) and green
(for third ligand); hydrogen atoms are omitted for clarity). ¢) Cyclic vol-
tammogram of 2f in 0.1 nBu,NPF, dichloromethane solution at 298 K,
scan rate 100 mVs~! (first two scan cycles shown). Scan 1: E‘IZ 0.45, 0.95,
1.24; E77 038, 0.86, 1.15 V.

oxidation waves reflect the metal-to-ligand ratio of 1:3.
These complexes are, therefore, highly redox-active systems,

Chem. Eur. J. 2007, 13, 1423 -1431
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Table 1. Summary of the half-wave oxidation potentials for the Ir'"/Ir"
couple (E7), [V]) obtained by cyclic voltammetry for complexes [Ir(Cz-2-
FL,Py);] 1d-f and [Ir(Cz-3-Fl,Py);] 2d-f and ferrocene versus Ag/
AgNO, [

Complex EY, [V]
[Ir(Cz-2-Py);] (1d) + 0.14
[Ir(Cz-2-F1,Py);] (1e) + 0.40
[Ir(Cz-2-FL,Py);] (1 1) + 0.41
[Ir(Cz-3-Py);] (2d) + 0.30
[Ir(Cz-3-F1,Py);] (2¢) + 0.37
[Ir(Cz-3-FL,Py);] (2f) + 0.42
ferrocene + 0.28

[a] 0.1m (nBu,NPF,) in dichloromethane at 298 K, scan rate =100 mVs".

and the 74 redox states are cleanly obtained within a readi-
ly-accessible potential window. Full experimental details,
graphical illustrations (Figure SI-1 and SI-2) and additional
CV data (Table SI-2) of the complexes and the free (uncom-
plexed) ligands are in the Supporting Information.

Differential scanning calorimetry (DSC) and thermal gravi-
metric analysis (TGA): The thermal properties of the com-
plexes were also investigated by DSC and TGA. DSC analy-
sis revealed that all of the complexes are amorphous solids,
whose states are influenced by their ligand frameworks. For
instance, 1d exhibits no phase transition at all from 50 to
300°C. This is in contrast to 1e and 1f, which first undergo
crystallization at 170°C and 221 °C, respectively, followed by
broad melting transitions at 284°C and 288°C, respectively.
On the other hand, complexes 2d and 2 f show only a melt-
ing point at 297°C (sharp) and 254°C (broad), respectively,
whereas 2e undergoes crystallization at 91 °C, followed by a
glass transition at 157 °C and melting at 281 °C (broad).

The TGA indicates that complexes 1e, 1f, 2d, and 2 f ex-
hibit good thermal stability with 5% weight loss tempera-
tures (ATsy) ranging from 399°C to 410°C. These ATs,
values are similar to those reported for [Ir(ppy);] (ppy= 2-
phenylpyridine) (ATs,,,=413°C).¥ However, complexes 1d
and 2e have lower ATj5o, values at 196°C and 270°C, respec-
tively. The DSC and TGA data are summarized in the Sup-
porting Information in Table SI-2.

Solution-state photophysical properties

Absorption: The absorption spectra of complexes, [Ir(Cz-2-
Fl,Py);] 1d-f and [Ir(Cz-3-F1,Py);] 2d-f, in toluene are
shown in Figure 2 and Figure 3, respectively. For all six com-
plexes the strongest absorbance bands are assigned as 'm—m*
transitions that lie in the range 1~300—-400 nm. Overlapping
these, the weaker absorptions above 1~400 nm are assigned
as singlet metal-to-ligand charge transfer ('"MLCT) transi-
tions and at even longer wavelengths, absorption bands with
much lower intensities are assigned as ‘MLCT bands. These
assignments are made by analogy with previously reported
Ir complexes>** and the calculations of Hay.”™ The ab-
sorption data for these complexes are summarized in Table
SI-1. As illustrated in Figure 2 and Figure 3, by altering only

Chem. Eur. J. 2007, 13, 14231431
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Figure 2. Absorbance spectra of complexes 1d—f in toluene at 298 K.
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Figure 3. Absorbance spectra of complexes 2d—f in toluene at 298 K.

the position of the pyridyl substitution on the carbazole unit
from C-2 in 1d to C-3 in 2d, significantly different absorp-
tion spectra are observed. The C-3 substitution of the carba-
zole unit, which possesses a greater degree of electron-den-
sity in the HOMO,”!”) as opposed to the 2-position, gener-
ates a higher energy ligand and hence blue-shifts the absorp-
tion bands for complex 2d, compared to 1d. Combined with
this effect, for complex 1d the carbazole nitrogen is posi-
tioned para to the metal center and can destabilize the
ground state of the complex by electron-donation. The
higher energy ground state, in relation to the unaltered ex-
cited state, contributes a red shift in the absorption bands
for complex 1d. The larger complexes 1e and 1f, when com-
pared with their isomeric complexes 2e and 2 f, respectively,
show essentially identical absorption profiles over the range
A=300-550 nm, but with significantly different ¢ values. Al-
though the substitution of carbazole, when not directly
bound to the metal center, has little effect on the spectral
profile, the conjugation length on increasing from one fluo-
rene unit in 1e to two in 1f (or from 2e to 2f) red shifts
both the 'm-m* transitions and MLCT bands (to a smaller
extent) to lower energies.””! Extinction coefficients (&) are
listed in Table SI-1 and are of the expected order of magni-
tude for these types of complexes.”

1427
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Emission: The degassed photoluminescence (PL) spectra for
the [Ir(Cz-2-Fl,Py);] 1d-f and [Ir(Cz-3-F],Py);] 2d-f com-
plexes in toluene are shown in Figure 4 and Figure 5, respec-

1e 1f 1d 1d = [Ir(Cz-2-Py),]
1.0 1 1e = [Ir(Cz-2-Flpy);]
5 1f= [Ir(Cz-2-F1,Py);]
= 0.8
2
@
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=
5
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£
W02 4
0.0 ‘ | \
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Wavelength / nm

Figure 4. Normalized PL spectra for [Ir(Cz-2-F1,Py);] 1d-f in degassed
toluene at 298 K, 1.,=355 nm.

2d 2e 2f 2d = [In(Cz-3-Py);]
1.0 1 2e = [Ir(Cz-3-FIPy);]
5 2f=  [Ir(Cz-3-FI,Py),]
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Figure 5. Normalized PL spectra for [Ir(Cz-3-F1,Py);] 2d-f in degassed
toluene at 298 K, 4.,=355 nm.

tively. The emission intensities increase dramatically upon
degassing but the spectral profiles remain unchanged. This
is indicative of phosphorescent species which are susceptible
to oxygen quenching.**! The emission maxima, A, for
these complexes are presented in Table 2 and range from
505 nm (2d) to 590 nm (1d). The most notable observation
is the 85 nm difference in 4., between complexes 1d and
2d. This is due to the Cz-substitution at the 2-position. Car-

Table 2. Summary of emission data for complexes 1d-f and 2d-f in de-
gassed toluene at 298 K.

[Ir(Cz-2-F1,Py);]

Degassed toluene [Ir(Cz-3-FL,Py);]

1d le 1f 2d 2e 2f
Al [nm] 590 560 565 505 560 565
CIE coordinates
X 0.63 0.55 0.57 0.25 0.54 0.57
y 0.37 0.45 0.43 0.64 0.46 0.43
7,0 [us] 32 48 74 1.9 44 6.6
ol 0.28 0.30 0.39 0.39 0.32 0.31
[a] Ax=355nm, [b]A,=355nm, 7, +10% and [c]A,=450nm, @
+10%.
1428 www.chemeurj.org
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bazole, when directly bound to the metal center, donates
electrons from its nitrogen lone pair to the metal center via
the para-position, raising the HOMO level and thus contri-
buting to a red shift for 1d. On the other hand, for com-
plexes le—f and 2e-f, regardless of the Cz substitutions,
when the number of fluorene units increases from one in 1e
and 2e to two in 1f and 2f, only a small red-shift of 5 nm is
observed, indicating a stabilization of the triplet states at
565 nm. This type of stabilization has been previously repor-
ted™®® and occurs as the conjugation length increases. All
the emission spectra show some degree of vibrational fine
structure and this suggests that these complexes emit from a
mixed *MLCT/Ara—n* state.™ Emission spectra for com-
plexes 1d and 2d show the least vibrational fine structure.
We suggest that due to the smaller ligands in 1d and 2d the
*MLCT/ n—n* state contains less *m—m* character.”” The
Commission Internationale de L’Eclairage (CIE) chromatic-
ity coordinates® for the spectra of the complexes in de-
gassed toluene are listed in Table 2.

Phosphorescence lifetimes and photoluminescence quantum
yields: Time-resolved luminescence decay measurements for
the complexes (OD <0.1 at A,,=355 nm) were performed at
298 K in degassed toluene. The emission was collected at
Amax fOr €ach complex and the phosphorescence decays were
all found to follow first order kinetics. The solution-state
phosphorescence lifetimes (z,) for complex series 1 are
32ps (1d), 48 pus (1e) and 7.4 ps (1f), and for complex
series 2 are 1.9 us (2d), 4.4 ps (2e) and 6.6 ps (2f). The life-
times increase with the size of the complexes (e.g. from
3.2 ps in [Ir(Cz-2-Py);] 1d to 7.4 ps in [Ir(Cz-2-F1,Py);] 1f).
This indicates a weakening of the spin-orbit coupling and
hence an increasing amount of *t—m* character in the lowest
energy excited state, consistent with previously reported
data®” and our observation of vibrational fine structure in
the emission spectra of the larger complexes (e.g. complexes
le,f and 2e,f, Figure 4 and Figure 5).

The photoluminescence quantum yields (@) of the six
complexes were recorded in degassed toluene at 298 K using
fac-[Ir(ppy)s] in degassed toluene as the standard (@=
0.40),2471 3 =450 nm. The & values obtained for the com-
plexes in series 1 are 0.28 (1d), 0.30 (1e), and 0.39 (1f), and
for complex series 2 are 0.39 (2d), 0.32 (2e), and 0.31 (2f),
with £10%. The @ values are of the expected order of mag-
nitude for these types of complexes.>*>**'%¥l The 7, and ®
values are summarized in Table 2.

OLEDs: Preliminary studies have been made on devices
with the following configuration: ITO/PEDOT:PSS/(PSBF:-
TAD):Ir complex/Ba/Al, all containing identical concentra-
tions (2.44x107*m) of iridium guest in polyspirobifluorene:-
bis(triphenyl)diamine (PSBF:TAD) copolymer host.?! The
structure of the PSBF:TAD copolymer is shown in the Sup-
porting Information. Figure 6 shows the normalized electro-
luminescence (EL) spectra of devices containing solely the
PSBF:TAD copolymer and the PSBF:TAD copolymer devi-
ces doped with [Ir(Cz-2-Py);] (1d) and [Ir(Cz-3-Py);] (2d).

Chem. Eur. J. 2007, 13, 14231431
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Figure 6. Normalized electroluminescence spectra of the PSBF:TAD co-
polymer host (A), [Ir(Cz-2-Py);] (1d) and [Ir(Cz-3-Py);] (2d) and inset
the normalized EL spectra of [Ir(Cz-3-Py);] (2d) and fac-[Ir(ppy);] under
the same conditions. Note the presence of host emission (peaks at 420—
450 nm) for devices containing [Ir(Cz-3-Py);] (2d) and especially fac-[Ir-
(ppy)s]-

The EL spectrum of complex 1d (4,,,, 590 nm) is the same
as observed in solution PL; however, for complex 2d the
Amax Value for the EL (500 nm) is blue-shifted by 5 nm com-
pared to its PL. This is most likely due to emission from
both the host and guest species (2d). The lower energy
shoulders seen in the solution PL spectra of 1d and 2d
(Figure 4 and Figure 5), which are typical of vibrational
energy levels of mixed MLCT/n—n* transitions, are dimin-
ished in the solid-state matrix device environment
(Figure 6), giving rise to narrower EL bands and hence
purer colors.

For a comparison, devices doped with fac-[Ir(ppy)s] (fac-
[tris(2-phenylpyridine)iridium(IIT)]) were also prepared
under identical conditions, the EL of which is depicted to-
gether with that of [Ir(Cz-3-Py);] (2d) in Figure 6 (inset).
Both the devices containing 2d and fac-[Ir(ppy);] show host
emission (Figure 6, inset: shoulders/peaks at about 420-
450 nm), but to a considerably greater extent with fac-[Ir-
(ppy);]. This is an unusual EL spectrum for fac-[Ir(ppy)s]
compared to the standard EL spectrum obtained after ther-
mal treatment (Figure SI-4) and could result from aggregate
formation. The increased solubility of 1d and 2d imparted
by the N-hexyl chains would diminish this effect by facilitat-
ing homogeneous film formation.

In addition to this advantageous solubility effect, under
the same doping levels, the 3-substituted carbazole unit in
2d may enhance charge trapping, hence maintaining the
green color of the emitted light. In marked contrast, the
device containing 1d is an orange emitter. The striking dif-
ference in color between 1d and 2d is a consequence of the
electron donating ability of the carbazole unit in complex
1d (enhanced by the 2-substituted Cz unit placing the nitro-
gen atom para to the Ir center). The CIE coordinates of the
devices are as follows: 1d (x=0.58, y=0.39) and 2d (x=
0.22, y=0.60) compared to fac-[Ir(ppy)s] (x=0.35, y=0.60)
as reported by Yang et al.’” and are shown on a color CIE
diagram in the Supporting Information.
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The current-voltage (I-V) characteristics of the doped de-
vices are shown in Figure 7, where [Ir(Cz-2-Py);] (1d) has
the higher turn-on voltage (~4 V) and lower device conduc-

250 - + 4000 1d
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1 @
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£ 150 1 § o—o—o—o—0—00
2 1T o
8 0 50 100 150 200 250 300
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Voltage / V

Figure 7. Current density (mA cm™?) versus voltage (V) and inset the lu-
minance (Cdm™2) versus current density (mA cm™2) for the devices con-
taining [Ir(Cz-2-Py);] (1d) and [Ir(Cz-3-Py);] (2d).

tivity (167 mAcm 2 at 7 V). This indicates a greater degree
of exciton trapping for complex 1d, compared to complex
2d, due to the presence of the lower energy triplet excited
states as also indicated by the PL and EL spectra in Figure 4
and Figure 6, respectively. This is reflected by the higher
emission intensity (luminance) (4354 cdm™) for complex
[Ir(Cz-2-Py);] (1d; Figure 7,inset) and the higher external
quantum efficiency (1.3 %), shown in Figure 8.

1.4 -
12
1.0

0.8

EQE /%
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0.2 1 2d

0.0 ¥ T 7 T T
0 50 100 150 200 250
Current Density / mA cm?

Figure 8. The external quantum efficiency (EQE) versus current density
(mAcm™) for the devices containing [Ir(Cz-2-Py);] (1d) and [Ir(Cz-3-
Py)s] (2d).

The lower turn-on voltage (/3 V) and the higher device
conductivity (267 mAcm 2 at 5.6 V) for [Ir(Cz-3-Py);] (2d)
indicate that the holes and electrons are passing into the
active layer without forming excitons—this is partly due to
the lower trapping efficiency. As a consequence a low exci-
ton population is generated inside the active layer, yielding
a low luminance (437 cdm2) and low EQE (0.06 %) for this
device. Furthermore, the low lying triplet level of the host
polymer will act to quench excitons on the [Ir(Cz-3-Py);]

1429

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

M. R. Bryce, A. PMonkman et al.

A EUROPEAN JOURNAL

(2d) dopant via energy transfer, further reducing the EQE.
To optimize the performance of the [Ir(Cz-3-Py);] dopant, a
high triplet energy host material is required to avoid this
quenching mechanism. The EL spectra of the devices (color
purity and intensity) remained unchanged at 6 V (current
density, 100 mA cm ™) with the time to half brightness of 9+
3 h (variation from device to device) under continuous oper-
ation with no change in the spectral profile, confirming the
high chemical stability of complexes. Detailed studies on the
effect of varying device thickness, doping concentration and
the use of additional blocking layers etc. would be expected
to enhance performance. Encapsulation could further im-
prove the durability of the devices.

Conclusions

We have synthesized two new series of ligands 1a—¢ and 2a—
¢, respectively, of the type Cz-Fl1,Py (n=0, 1, 2) which pos-
sess carbazole moieties bonded at the C-2 and C-3 positions,
and obtained their corresponding homoleptic tris-cyclometa-
lated complexes fac-[Ir(Cz-2-F1,Py);] 1d-f and [Ir(Cz-3-
F1,Py);] 2d-£, which are solution-processible triplet emitters.
For complexes 1d and 2d, in which the Cz moiety is bonded
directly to the metal center, on changing the Cz substitution
from C-2 to C-3, marked changes are seen in the solution-
state photophysical data: namely an 85 nm blue-shift in
emission, a decrease in the luminescence lifetime and an in-
crease in the PLQY value. However, for complexes le,f
and 2e,f, where the carbazole unit is not directly bonded to
the metal center, the effect of changing from C-2 to C-3 sub-
stitution is greatly diminished. We have established that car-
bazole-based iridium complexes are suitable dopants for
OLEDs with turn-on voltages of about 3-4 V. The marked
difference in performance between the devices containing
complexes 1d and 2d is attributed to the relative degree of
energy transfer between the host and guest species. The
device containing complex [Ir(Cz-2-Py);] (1d) has an emis-
sion peak at A,,=590 nm, an EQE of 1.3%, and an emis-
sion intensity (luminance) of 4354 Cdm2, which is compara-
ble to devices utilizing electrophosphorescent polymers con-
taining carbazole moieties."*! Future work will involve fine-
tuning of the chemical structure and photophysical proper-
ties of pyridine-carbazole-fluorene hybrid species by adapt-
ing the synthetic strategies described herein. Particularly in-
teresting targets will be cyclometalated Py-Cz-X arrays (X=
(F1),, or (Cz), n=1-3). Additionally we will use different
host materials (e.g. a host possessing a higher triplet energy
for [Ir(Cz-3-Py);] (2d)) to build on the promising results re-
ported in this article and to probe deeper into the funda-
mental properties of this fascinating class of materials.
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