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a b s t r a c t

Two new blue emitting cationic iridium complexes with N-heterocyclic carbene–pyridine
as the ancillary ligand, namely, [Ir(ppy)2(pymi)]PF6 and [Ir(dfppy)2(pymi)]PF6 (pymi is
1-pyridyl-3-methylimidazolin-2-ylidene-C,C20 , ppy is 2-phenylpyridine, dfppy is
2-(2,4-difluorophenyl)pyridine and PF�6 is hexafluorophosphate), have been prepared, and
the photophysical and electrochemical properties together with X-ray crystal structures
have been investigated. In CH3CN solutions, [Ir(ppy)2(pymi)]PF6 and [Ir(dfppy)2(pymi)]PF6

exhibit blue light emission with the peaks at 472 and 451 nm, respectively. Both photo-
physical properties and quantum chemical calculations indicate that photoluminescences
of these complexes are mainly from ppy- or dfppy-based 3p ? p⁄ states. Solution-
processed organic light-emitting diodes (OLEDs) based on [Ir(ppy)2(pymi)]PF6 and
[Ir(dfppy)2(pymi)]PF6 give blue–green electroluminescence (506 and 482 nm, respec-
tively). At a doping concentration of 5 wt.%, the device based on [Ir(ppy)2(pymi)]PF6

reaches a maximum efficiency of 5.2 cd A�1, which indicates that this complex is a prom-
ising phosphor for achieving efficient electrophosphorescence in the blue–green region.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In the past two-plus decades, organic light emitting
diodes (OLEDs) have received great attention for their
application in flat panel display (FPD) and solid state light-
ing (SSL) as they offer several advantages for self-emitting
displays, a wide viewing angle (almost 180�), a thin panel
(<2 mm), light weight, a fast response time (microseconds
and less), high contrast, flexible display, bright emission
and surface emitting [1–9]. Compared with other compo-
nents in OLEDs, e.g., electrodes, electron/hole transports,
hosts, light emitting materials are considered to be the
core of OLEDs [10], because their photophysical properties
have a direct impact on the performance of OLEDs. Since
influential and pioneering work made by Forrest et al.
. All rights reserved.
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[11], heavy transition metal complexes have been attract-
ing increasing attention due to their harvesting both sin-
glet and triplet excitons for phosphorescence emission to
present internal quantum efficiency of 100% in OLED
[12–15], which are superior to fluorescent emitters, for
which only singlet excitons can be harvested, giving an
upper efficiency limit of 25%. Compared with other transi-
tion metal complexes [16–27], iridium(III) complexes are
interesting candidates for OLEDs owing to their short ex-
cited-state lifetimes, high photoluminescence quantum
yields and pronounced ligand-field-splitting effects of the
trivalent iridium ion.

Currently, among the three primary RGB colors, red and
green phosphorescent materials have been or are being
commercialized, respectively [10,28,29]. However, the
development of highly efficient and long-term stable blue
phosphors and corresponding devices is still an ultimate
challenge to commercialization of full color displays and
white light resources. In 2001, Thompson et al. first
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demonstrated high-efficiency sky-blue OLEDs based on
phosphorescent dopant Firpic [30]. Ever since then, some
endeavors were made to search for better blue phosphors
by modifying the ancillary chelate of FIrpic, and developed
some dfppy-based iridium(III) complexes, e.g., FIr6 [31,32],
FIrtaz and FIrN4 [33]. In order to achieve true-blue and
near-UV phosphorescence emission, pyridylazole- and car-
bene-based iridium(III) complexes were developed by Chi
et al. [34–37], Thompson et al. [38,39], respectively. All
these complexes with molecular formula [Ir(C^N)3] or
[Ir(C^N)2(L^X)] (C^N and L^X stand for cyclometalated li-
gand and anionic ancillary ligand, respectively) are neutral,
and most of the OLEDs based on these complexes were fab-
ricated by vacuum deposition technique due to their good
volatility. However, this greatly increases the complexity
of OLED process technologies and manufacturing costs. Re-
cently, cationic blue-emitting iridium(III) complexes
[Ir(C^N)2(L^L0)]+ (L^L0 stands for neutral ancillary ligand)
have been developed and corresponding light-emitting
electrochemical cells (LECs) [40–44], a new type of organic
electroluminescent device, were fabricated due to their
good thermal and photophysical stabilities. In this research
direction, our group have been interested in design and
synthesis of blue- and blue–green-emitting cationic irid-
ium(III) complexes in order to meet the necessary require-
ments of full-color display and solid-state lighting
applications. Some cationic iridium(III) complexes, e.g.,
[Ir(ppy)2(pzpy)]PF6, [Ir(dfppy)2(pzpy)]PF6, [Ir(ppy)2(bid)]
PF6, [Ir(dfppy)2(pyim)]PF6 and [Ir(dfppz)2(tp-pyim)]PF6,
were synthesized and LECs based on these complexes were
fabricated, which gave blue and blue–green electrolumi-
nescence [45–47]. Taking into account the good solubilities
in organic solvents and excellent film-forming properties
doped in polymers, we fabricated solution-processed
OLEDs based on these complexes [48,49]. Our work indi-
cated that the ionic nature of these complexes is beneficial
in reducing aggregations of dopants in the polar host and
thus producing less severe triplet–triplet annihilations at
high current densities. Moreover, in comparison with the
vacuum evaporation, the solution processing technique to
fabricate OLEDs greatly simplified the manufacturing pro-
cess and reduced manufacturing costs. Along this line of
research, we report here photophysical and electrochemi-
cal properties of two new cationic iridium complexes
[Ir(ppy)2(pymi)]PF6 (1) and [Ir(dfppy)2(pymi)]PF6 (2)
(Scheme 1), based on 1-pyridyl-3-methylimidazolin-2-
ylidene-C,C20 (pymi) as the ancillary ligand containing a
carbene moiety. Carbene moiety is a neutral, two electron
donor, and can afford a much stronger ligand-to-metal
dative interaction. Complex 1 and complex 2 show blue
light emission (472 and 451 nm, respectively), in degassed
CH3CN solutions, which exhibit slightly blue-shift with
respect to our previously reported complexes [Ir(ppy)2-
(pzpy)]PF6 (475 nm) and [Ir(dfppy)2(pzpy)]PF6 (452 nm)
[45], respectively. Although LECs based on cationic iridium
complexes with carbene derivatives as ancillary ligands
were reported [44,50], to the best of our knowledge, there
is no report on corresponding OLEDs till now. Complexes 1
and 2 are suitable for solution processing to make doped
polymer films due to their good solubilities in organic
solvents. Therefore, solution-processed OLEDs using
complexes 1 and 2 as dopants in poly(N-vinylcarbazole)
(PVK) were fabricated and exhibit efficient blue–green
electrophosphorescence with maximum efficiencies of 5.2
and 0.85 cd A�1, maximum brightnesses of 5249 and
906 cd m�2, CIE (Commission Internationale de l’Éclairage)
coordinates of (0.21, 0.45) and (0.21, 0.33), respectively.
2. Experimental

2.1. General experiments

All reactants and solvents were used as received, and
were purified or dried by standard methods when
required. 1H-NMR spectra were recorded on a JOEL JNM-
ECA600 NMR spectrometer with tetramethylsilane (TMS)
as the internal standard. Mass spectrometry was per-
formed with an Esquire-LC_00136 mass spectrometer. Ele-
mental analysis for carbon, hydrogen and nitrogen were
determined on an Exeter Analytical CE-440 Elemental Ana-
lyzer. UV absorption spectra were obtained from CH3CN
solutions were recorded with a UV–vis spectrophotometer
(Agilent 8453). PL spectra were recorded with a fluoro-
spectrophotometer (Jobin Yvon, FluoroMax-3). The PL
decay lifetimes were recorded on a transient spectrofluo-
rimeter (Edinburgh Instruments, FLSP920) with a
time-correlated single-photon counting technique. The
photoluminescent quantum yields (PLQYs) of the com-
plexes were measured in degassed CH3CN solutions with
quinine sulfate (Up = 0.545 in 1 M H2SO4) as the standard
[51]. The solutions were degassed by three freeze–pump-
thaw circles before measurements. The PLQYs in thin films
were measured with an integrating sphere on a fluorospec-
trophotometer (Jobin Yvon, FluoroMax-3) according to a
reported procedure [52]. Cyclic voltammetry was per-
formed on a Princeton Applied Research potentiostat/gal-
vanostat model 283 voltammetric analyzer in CH3CN
solutions (2 � 10�3 M) at a scan rate of 100 mV/s, with a
platinum plate as the working electrode, a silver wire as
the reference electrode and a platinum wire as the counter
electrode. The supporting electrolyte was tetrabutylammo-
nium hexafluorophosphate (0.1 M) and ferrocene (Fc) was
used as the internal standard. The solutions were degassed
with argon before measurements.
2.2. Preparation and composition analysis

Synthesis of 1-pyridyl-3-methylimidazolium bromide
(pymi+Br�). This ligand was synthesized by a previously re-
ported procedure with a yield of 38% [53].

Synthesis of [Ir(ppy)2(pymi)]PF6 (1). The cationic
iridium complex [Ir(ppy)2(pymi)]PF6 was synthesized
according to the reference [50]. A mixture of pymi+Br�

(0.48 g, 2 mmol), Ag2O (0.92 g, 4 mmol), and the dichloro-
bridged cyclometalated iridium complex [(ppy)2Ir(l-Cl)]2

(1.07 g, 1 mmol) in 2-ethoxyethanol (30 mL) was heated
to reflux at 130 �C for 12 h in the dark. After cooling to
room temperature, the solution was filtered through a
sintered-glass frit and an excess (10 equiv) of NH4PF6 (in
100 mL of H2O) was added to induce precipitation. The
yellow precipitate was collected by filtration, washed with



Scheme 1. The synthetic routes and structures of complex 1 and complex 2.
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excess H2O, and then dried under vacuum. The solid was
separated using silica gel column chromatography
(CH2Cl2/CH3OH = 50:1), giving a light-yellow complex 1
(1.03 g, 1.28 mmol, 64% yield). 1H NMR (600 MHz, ace-
tone-d6, d): 8.36 (d, J = 2.0 Hz, 1H), 8.29 (d, J = 8.2 Hz, 1H),
8.23 (m, 4H), 7.95 (t, J = 8.2 Hz and 7.6 Hz, 2H), 7.88 (t,
J = 7.6 Hz and 6.2 Hz, 2H), 7.84 (t, J = 6.8 Hz and 6.2 Hz,
2H), 7.46 (m, 2H), 7.15 (m, 2H), 7.04 (t, J = 7.6 Hz, 1H),
6.95 (m, 2H), 6.84 (t, J = 6.8 Hz and 8.3 Hz, 1H), 6.46 (d,
J = 7.6 Hz, 1H), 6.30 (d, J = 7.6 Hz, 1H), 3.29 (s, 3H).
ESI-MS [m/z]: 660.2 (M�PF6)+. Anal. found: C 46.54, H
3.17, N 8.45. Anal. Calcd. for C31H25N5PF6Ir: C 46.27, H
3.13, N 8.70.

Synthesis of [Ir(dfppy)2(pymi)]PF6 (2). The synthesis of
complex 2 was similar to that of complex 1 except that
the dichloro-bridged cyclometalated iridium complex
[(ppy)2Ir(l-Cl)]2 was replaced with [(dfppy)2Ir(l-Cl)]2.
Yield: 68%. 1H NMR (600 MHz, acetone-d6, d): 8.36 (m,
6H), 8.06 (m, 2H), 7.95 (d, J = 5.5 Hz, 1H), 7.92 (d,
J = 5.5 Hz, 1H), 7.56 (s, 1H), 7.52 (m, 1H), 7.23 (m, 2H),
6.73 (m, 2H), 5.90 (m, 1H), 5.73 (m, 1H), 3.41 (s, 3H). ESI-
MS [m/z]: 732.2 (M–PF6)+. Anal. found: C 42.30, H 2.43, N
7.70. Anal. Calcd. for C31H21N5PF10Ir: C 42.47, H 2.41, N
7.99.

2.3. X-ray crystallography

Single crystals of complexes 1 and 2 were grown from
slow evaporation of ethanol/acetone (1:1) solutions. The
room temperature single-crystal X-ray experiments were
performed on a RIGAKU SATURN 724+CCD diffractometer
equipped with a graphite monochromatized Mo Ka radia-
tion. The structures were solved by direct methods and re-
fined with a full-matrix least-squares technique based on F2

with the SHELXL-97 crystallographic software package
[54].

Selected Crystal Data of complex 1: Space group Pbca
with a = 11.016(2) Å, b = 16.330(3) Å, c = 31.732(6) Å,
a = 90.00�, b = 90.00�, c = 90.00�, V = 5709(2) Å3, Z = 8,
dcalcd = 1.873 g cm�3, R1 = 0.0436, xR2 = 0.1143 for 5105 ob-
served reflections [I � 2r(I)]. Selected Crystal Data of com-
plex 2: Space group P21/c with a = 14.740(3) Å, b = 25.102
(5) Å, c = 9.3763(19) Å, a = 90.00�, b = 107.08(3)�, c =
90.00�, V = 3316.2(11) Å3, Z = 4, dcalcd = 1.870 g cm�3, R1 =
0.0353, xR2 = 0.0703 for 5820 observed reflections
[I � 2r(I)]. More crystallographic data can be found in
CCDC 856217 and CCDC 856218, which can be obtained free
of charge from the Cambridge Crystallographic Data Center
from http://www.ccdc.cam.ac.uk/conts/retrieving.html.

2.4. Quantum chemical calculations

Density functional theory (DFT) and time-dependent
DFT (TD-DFT) calculations on the ground and excited elec-
tronic states of complex 1 and complex 2 were carried out
at the B3LYP level [55,56]. ‘‘Double-n’’ quality basis sets
were employed for the C, H, N, and F (6-31G⁄⁄) and the Ir
(LANL2DZ). An effective core potential (ECP) replaces the
inner core electrons of Ir leaving the outer core (5s)2(5p)6

electrons and the (5d)6 valence electrons of Ir(III). The ini-
tial ground-state geometries were directly obtained from
the X-ray single-crystal structures. The geometries of the
singlet ground state (s0) were fully optimized with C1 sym-
metry constraints. All calculations were performed with
Gaussian 03 software package using a spin-restricted for-
malism [57].

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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2.5. Fabrication and characterization of OLEDs

Indium-tin-oxide (ITO) substrates with sheet resistance
of 15 X/h were sufficiently cleaned using chemical and
UV-ozone methods before the deposition of the organic lay-
ers. The poly-(3,4-ethylenedioxy-thiophene:poly-(styrene
sulfonate) (PEDOT:PSS) layer was spin-coated onto the ITO
substrate in air and baked at 200 �C for 10 min. The light-
emitting layers was then spin-coated onto the PEDOT:PSS-
coated substrate from a mixed solution of poly(N-vinylcar-
bazole) (PVK): 1,3-bis(5-(4-tert-butylphenyl)-1,3,4-oxa-
diazol-2-yl)benzene (OXD-7): complex 1 (or complex 2) in
1,2-dichloroethane in a nitrogen atmosphere glove box
and baked at 80 �C for 30 min. The substrate was then
transferred into an evaporation chamber, where the 1,3,5-
tris[N-(phenyl)benzimidazole]-benzene (TPBI) was evapo-
rated at an evaporation rate of 1–2 Å/s under a pressure of
4 � 10�4 Pa and the Cs2CO3/Al bilayer cathode was evapo-
rated at evaporation rates of 0.2 and 8–10 Å/s for Cs2CO3

and Al, respectively, under a pressure of 1 � 10�3 Pa. The
Fig. 1. Crystal structures of complexes 1 (a) and 2 (b). Thermal ellipsoids are dr
atoms have been omitted for clarity.
current–voltage–brightness characteristics of the devices
were recorded with Keithley 4200 semiconductor charac-
terization system. The electroluminescent spectra were
collected with a Photo Research PR705 Spectrophotometer.
All measurements of the devices were carried out in ambi-
ent atmosphere without further encapsulations.

3. Results and discussion

3.1. Synthesis and structural characterization

Scheme 1 shows the synthetic routes and structures of
complexes 1 and 2. The ancillary proligand pymi+Br� was
readily synthesized from the reaction of 2-bromopyridine
with 1-methylimidazole keeping neat at 160 �C for 48 h
according to the general procedure of Concepcion et al. re-
ported [53]. The reaction of pymi+Br� with the chloro-
bridged dimers [(ppy)2Ir(l-Cl)2Ir(ppy)2] and [(dfppy)2

Ir(l-Cl)2Ir(dfppy)2] in 2-ethoxyethanol using silver(I) oxide
as catalyst followed by a counter ion-exchange reaction
awn at 50% probability. The PF�6 counter anions, solvent molecules, and H



Fig. 2. Absorption and emission spectra of complexes 1 (top) and 2 (bottom) in dilute CH3CN solutions and neat films.
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from Br� to PF�6 yielded complexes 1 and 2, respectively,
according to the literature method [50]. These complexes
were fully structurally characterized by ESI (electron spray
ionization) mass spectroscopy, NMR and elemental analy-
sis (see Experimental Section).

To further confirm their molecular structures, single
crystals of complexes 1 and 2 were grown from slow evap-
oration of methanol/acetone solutions and characterized
using X-ray crystallography (see Experimental Section).
As shown in Fig. 1, these complexes exhibit distorted octa-
hedral geometries of three nitrogens and three carbons
from the cyclometalated ligands and pymi ancillary ligand
in a meridional arrangement. In complex 1, the Ir-N bonds
of the mutually trans pyridyl groups (Ir-N4 = 2.055(5) Å
and Ir-N5 = 2.045(5) Å) are similar to those of complex 2
(Ir-N4 = 2.051(4) Å and Ir-N5 = 2.044(4) Å). The bond
lengths of Ir-Cppy and Ir-Cdfppy trans to carbene moiety
(Ir-C20 = 2.039(7) Å and Ir-C16 = 2.038(5) Å, respectively)
are significantly greater than those of both Ir-C trans to
the pyridyl groups (Ir-C31 = 2.013(6) Å and Ir-C16 = 2.015
(5) Å, respectively) and Ir-Cppz trans to pyrazolyl group in
mer-Ir(ppz)3 (Ir-C3 = 1.993(2) Å) [39], illustrating the
stronger trans influence of the carbene group than those
of pyridyl and pyrazolyl moieties.



Table 1
Photophysical characteristics of complexes 1 and 2 in CH3CN solutions.

kabs (nm) (e [104 M�1 cm�1])a PL at room temperatureb PL at 77 Kc

kem (nm) UPL [s (ls)] kem (nm) s (ls)

1 253 (5.36), 381 (0.69), 408 (0.40) 472, 501 (sh) 0.0052 [0.032] 470, 504 (sh), 532 (sh) 4.32
2 247 (5.15), 359 (0.61), 395 (0.16) 451, 480 (sh) 0.0086 [0.072] 446, 477 (sh), 503 (sh) 4.94

a In1 � 10–5 M CH3CN solution.
b In degassed CH3CN solution; the symbol sh denotes the shoulder wavelength.
c In CH3CN glass at 77 K.

Table 2
Photophysical characteristics in thin films and electrochemical characteristics in solutions of complexes 1 and 2.

Neat filma 5 wt.% doped PMMA filma Electrochemical datac

kem (nm) UPL [s (ls)]b UPL [s (ls)]b Eox (V) Ered (V)

1 480 (sh), 508 0.24 [0.31 (33%) 0.043 (67%)] 0.26 [2.74 (65%) 0.94 (35%)] 0.82 �2.40
2 457 (sh), 482 0.073 [0.39 (31%) 0.092 (69%)] 0.23 [3.67 (82%) 0.88 (18%)] 1.20 �2.30

a Films were deposited on quartz substrates with thicknesses of about 100 nm.
b The percentage in parentheses denotes the percentage of each lifetime.
c In degassed 2 � 10–3 M CH3CN solutions. Potentials were recorded versus Fc+/Fc.

Fig. 3. Cyclic voltammograms of complexes 1 and 2 in CH3CN solutions
(10�3 M). Potentials were recorded versus Fc+/Fc.
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3.2. Photophysical properties

The absorption and PL spectra of complexes 1 and 2 in
dilute CH3CN solutions and thin films are shown in Fig. 2
and detailed photophysical characterizations are summa-
rized in Tables 1 and 2. The strong absorption bands in
the ultra-violet up to around 350 nm attributed to spin-al-
lowed p ? p⁄ transitions from the ligands. The relatively
weak absorption bands from 350 nm extending to the vis-
ible region are assign to excitations to 1MLCT (metal-to-li-
gand charge-transfer), 1LLCT (ligand-to-ligand charge-
transfer), 3MLCT, 3LLCT, and ligand-centered (LC) 3p ? p⁄

transitions [45].
As depicted in Fig. 2, complexes 1 and 2 exihibit blue

light emission (475 and 451 nm, respectively) in degassed
CH3CN solutions at room temperature, which exhibit
slightly blue-shift with respect to our previously reported
complexes [Ir(ppy)2(pzpy)]PF6 (475 nm) and [Ir(dfp-
py)2(pzpy)]PF6 (452 nm) [45]. respectively. Both complex
1 and complex 2 exhibit structured emission spectra,
which can be fitted by the Huang–Rhys factor, S, of 0.92
and 0.87, respectively [58]. This indicates that the struc-
ture of emission spectra is due to the different vibrational
levels of the ground states. At 77 K in CH3CN glass, both
complex 1 and complex 2 show much more structured
emission spectra (Fig. 2), which present little rigidochro-
mic blue-shifts (4–6 nm) with respect to their emission
spectra at room temperature. For complex 1, the photolu-
minescence lifetime of 32 ns was obtained, from which
the radiative lifetime is estimated as 6.15 ls using the
measured PLQY of 0.0052. Similarly, the radiative lifetime
of complex 2 was deduced to be 8.37 ls, confirming their
phosphorescence origin in nature.

In degassed CH3CN solution, complexes 1 and 2 exhibit
low photoluminescence quantum yields (PLQYs) of 0.0052
and 0.0086, respectively, as have been observed for the
previously reported pyridine-carbene based iridium
complexes [44]. The low PLQYs of these complexes are
attributed to non-negligible non-radiative process (energy
transfer) to solvent with PF6 anion. This is confirmed by
observation of much higher PLQY in film (vide infra), and
also by previous observation that no PLQY difference be-
tween solution and film for non-cationic phosphors like
PtOEP and Ir(ppy)3 [59,60].

As depicted in Fig. 2, the emission maxima of complexes
1 and 2 in neat films are 508 and 482, respectively. Com-
pared with the peaks at 472 and 451 nm in solution, the
intensities at 480 and 457 nm in neat films are significantly
decreased with small red-shifts (6–8 nm). This phenome-
non for PL spectra in neat films are related to both self-
absorption and strong intermolecular interactions [61]. In
sharp contrast to the PLQYs in solutions, the doped films
of complexes 1 and 2 in polymer poly(methyl methacry-
late) (PMMA) exhibit significantly better PLQYs of 0.26



Fig. 4. Molecular orbital surfaces of cationic iridium complexes. (a) HOMO orbital of complex 1. (b) LUMO orbital of complex 1. (c) HOMO orbital of
complex 2. (d) LUMO orbital of complex 2. All the MO surfaces correspond to an isocontour value of |w| = 0.02.

Table 3
Selected triplet states for complex 1 and complex 2 calculated from TDDFT approach.

States Ea (eV) Dominant excitationsb Nature

1 T1 2.69 H ? L (0.97) dp(Ir)-p(ppy) ? p⁄(pymi)
T2 2.79 H-1 ? L+1 (0.22)

H ? L+1 (0.39)
dp(Ir)-p(ppy) ? p⁄(ppy)-p⁄(pymi)
dp(Ir)-p(ppy) ? p⁄(ppy)-p⁄(pymi)

T3 2.88 H ? L + 3 (0.49) dp(Ir)-p(ppy) ? p⁄(ppy)

2 T1 2.89 H ? L (0.82) dp(Ir)-p(dfppy) ? p⁄(pymi)
T2 2.96 H-1 ? L+1 (0.25)

H ? L (0.19)
H ? L+1 (0.19)

dp(Ir)-p(dfppy) ? p⁄(dfppy)-p⁄(pymi)
dp(Ir)-p(dfppy) ? p⁄(pymi)
dp(Ir)-p(dfppy) ? p⁄(dfppy)-p⁄(pymi)

T3 3.07 H-2 ? L+3 (0.30)
H ? L+3 (0.30)

dp(Ir)-p(dfppy) ? p⁄(dfppy)
dp(Ir)-p(dfppy) ? p⁄(dfppy)

a Excitation energies calculated for the triplet states.
b H and L denote HOMO and LUMO, respectively; data in parentheses are the contributions of corresponding excitations.
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and 0.23, respectively, accompanied by a remarkable
increase of excited state lifetimes (Table 2). This enhance-
ment in quantum yield and excited state lifetime plausibly
result from the great restriction of rotations and vibrations
in rigid polymer [62].

3.3. Electrochemical properties

The electrochemical properties of complex 1 and com-
plex 2 were investigated by means of cyclic voltammetry
(CV) mesaurement by using ferrocene as intermal standard,
and the redox potentials are listed in Table 2. As shown in
Fig. 3, complex 1 and complex 2 both show quasi-reversible
oxidation processes and irreversible reduction processes in
CH3CN solutions. The oxidation potential of complex 1
(0.82 V) is almost the same as those of other ppy based irid-
ium complexes [45,62]. It is confirmed that the oxidation
occurred mainly at the iridium metal center. The oxidation
potential (1.20 V) of complex 2 is largely shifted anodically
compared to that of complex 1, indicating that the HOMO of



Fig. 5. Device architecture and chemical structures of the materials used
in these OLEDs.

Fig. 6. EL spectra of the OLEDs based on complexes 1 (top) and 2 (bottom)
at different doping concentrations (under 7 V).
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complex 2 is significantly stabilized by introducing the
electron-withdrowing F substituents on the phenyl rings.
At the same time, the reduction potential of complex 2
(�2.30 V) is slightly shifted cathodically compared to that
of complex 1 (�2.40 V).

3.4. Quantum chemical calculations

DFT calculations at the B3LYP/(6-31G⁄⁄+LANL2DZ) level
were carried out to gain more insight into the photophys-
ical and electrochemical properties of the complex 1 and
complex 2 (see Experimental Section). Electronic ground
states of complex 1 and complex 2 were directly calculated
based on the geometries obtained from their single-crystal
structures. Fig. 4 displays the atomic orbital composition of
the HOMOs and LUMOs for complexes 1 and 2. As ex-
pected, the HOMO orbitals of all complexes were com-
posed of a mixture of Ir dp orbitals and phenyl p orbitals
distributed among the cyclometalated ligands, while their
LUMO orbitals were mainly located on the pymi ancillary
ligands. For complexes 1 and 2, HOMO-1 and HOMO-2
orbitals still resided on the cyclometalated ligands (mainly
on the phenyl groups) and the iridium ions with small
changes of the atomic orbital composition. However, their
LUMO+1 and LUMO+2 orbitals were mainly located on the
pyridine rings of both the cyclometalated ligands and pymi
ancillary ligands, and LUMO+3 orbitals only resided on the
pyridine rings of the cyclometalated ligands. The calcu-
lated energy gaps (LUMO–HOMO) of complexes 1 and 2
are 3.43 eV and 3.63 eV, respectively, which are consistent
with the experimentally obtained electrochemical band
gaps (3.22 eV and 3.50 eV, respectively).

Complex 1 and complex 2 have the same pymi ancillary
ligands on which their LUMOs are localized, which pro-
vides the rationale for nearly the same reduction potentials
(�2.40 and �2.30 V, respectively). However, owing to the
present of the electron-withdrawing fluorine atoms which
sequently stabilizes the HOMO, complex 2 shows the
anodically shifted oxidation potential and blue-shifted
emission spectra relative to complex 1.

To further confirm the nature of the emitting exicited
state, DFT calculations were performed to determine the
low-lying triplet states of complex 1 and complex 2. Table
3 summarizes the vertical excitation energies and orbitals
involved in the excitations for calculated triplets below
3.10 eV. TDDFT calculations predict that the low-lying trip-
let states shows a similar nature for complex 1 and complex
2, and calculated T1, T2, and T3 states are relatively close in
energy (within 0.19 and 0.18 eV, respectively) and, in prin-
ciple, emission might occur from any of them [63]. For
the two complexes, the T1 states mainly result from the
HOMO ? LUMO monoexcitation, which correspond to the
3MLCT (dp(Ir) ? p⁄(pymi)) and 3LLCT (p(ppy) or
p(dfppy) ? p⁄(pymi)) characters. However, the T2 states
mainly originate the HOMO-1 ? LUMO+1 and HOMO ?
LUMO+1, which correspond to the 3LC p ? p⁄ (p(ppy) or
p(dfppy) ? p⁄(ppy) or p⁄(dfppy)), 3MLCT (dp(Ir) ? p⁄(pymi))
and 3LLCT (p(ppy) or p(dfppy) ? p⁄(pymi)) characters. The
T3 states mainly originate the HOMO ? LUMO+3 and
HOMO-2 ? LUMO+3, which correspond to the nature of
3LC p ? p⁄ (p(ppy) or p(dfppy) ? p⁄(ppy) or p⁄(dfppy))
with some 3MLCT (dp(Ir) ? p⁄(pymi)) character. By taking
into account the observed structured emission spectra
(Fig. 2) and fast nonradiative multi-phonon (NMP) transi-
tions from the upper T2 and T3 levels to the lowest T1 lev-
els, it can be concluded that the observed spectra are due to
the transition from the T1 states.



Fig. 7. The luminance-voltage-current density characteristics of the OLEDs based on complexes 1 (top) and 2 (bottom) at different doping levels.

Table 4
Electrical characteristics of devices based on complexes 1 and 2.

Phosphor dopant Vturn-on (V) Lmax (cd m�2, V)a gL (cd A�1, V)a kem (nm) CIE (x,y)

1 (2 wt.%) 4.2 4629, (13.6) 4.1, (7.1) 506 (0.21,0.45)
1 (5 wt.%) 4.9 5249, (14.0) 5.2, (7.4) 506 (0.22,0.46)
1 (8 wt.%) 5.1 4667, (13.7) 3.6, (9.2) 506 (0.22,0.46)
1 (10 wt.%) 6.0 4203, (15.0) 3.6, (8.3) 506 (0.24,0.46)
2 (2 wt.%) 6.0 906, (15.0) 0.85, (7.7) 482 (0.22,0.30)
2 (5 wt.%) 6.0 748, (15.0) 0.85, (8.5) 483 (0.23,0.35)
2 (8 wt.%) 6.2 726, (15.0) 0.82, (8.4) 482 (0.21,0.33)
2 (10 wt.%) 7.0 748, (15.0) 0.57, (8.8) 483 (0.24,0.35)

a Maximum values of the devices. Values in parentheses are the voltages at which they were obtained.
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3.5. Electroluminescent properties of OLED devices

In order to evaluate the electroluminescent properties
of these complexes, 1 and 2 were employed as doped emit-
ters to fabricate the OLEDs by solution process. The device
architecture and chemical structures of the materials used
are shown in Fig. 5. PEDOT:PSS acts as hole-injecting layer.
To facilitate electron transport in the light-emitting layers,



Fig. 8. Energy level (unit: eV) diagrams of the devices. The HOMO and
LUMO levels of complexes 1 and 2 were calculated from their redox
potentials.

Fig. 9. The luminance efficiency-current density characteristics of the
OLEDs based on complexes 1 (top) and 2 (bottom) at different doping
levels.
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OXD-7 is mixed into the PVK as co-host. TPBI acts as both
an exciton-blocker and an electron-transporter, and
Cs2CO3/Al as the electron-injection layer and cathode. For
optimization purposes, the doping level of each iridium
phosphor was varied at four different concentrations (2%,
5%, 8% and 10%, respectively).

Fig. 6 depicts the EL spectra of the OLEDs based on com-
plexes 1 and 2 at different doping concentrations (under
7 V). Devices based on complex 1 as the dopant show
bright blue–green light emission with the emission peak
at about 506 nm and a shoulder peak at 480 nm. The Com-
mission International de L’Eclairage (CIE) color coordinates
of the four devices vary a little from (0.21, 0.45) to (0.24,
0.46) and the turn-on voltage (Vturn-on) are about 4.2–
6.0 V. Furthermore, in the EL spectra, the emission from
PVK: OXD-7 (around 410 nm) disappears completely even
at low doping concentrations, indicating that the complete
energy transfer occurs from PVK: OXD-7 to the complex 1.
Devices based on complex 2 exhibit blue–green light emis-
sion with the emission peak at about 484 nm and a shoul-
der peak at 458 nm. The CIE color coordinates of the four
devices vary a little from (0.21, 0.33) to (0.24, 0.35), which
present much blue-shift with respect to the electrophos-
phorescence based on complex 1. However, at low doping
concentrations of the dopant (2% and 5%), the weak emis-
sion from PVK: OXD-7 was observed, indicating incom-
plete energy transfer from PVK: OXD-7 to complex 2.
With the increase of doping concentration, emission from
PVK: OXD-7 is disappeared, and accompanied by a de-
crease in the intensity of the shoulder peak at 458 nm. In
addition, the emission wavelengths of EL spectra of com-
plexes 1 and 2 closely resemble those of PL spectra in solu-
tions or thin films, indicating that electroluminescence
originated from the doped cationic iridium complexes 1
and 2 [45,49].

Fig. 7 shows the luminance-voltage-current density
characteristics of devices with different doping concentra-
tions of complexes 1 and 2. Detailed electrical characteris-
tics of the devices are summarized in Table 4. As depicted
in Fig. 7, the best performances of the devices are achieved
at the low doping level of 5 wt.% for complex 1 and 2 wt.%
for complex 2. For complex 1, a maximum luminance
(Lmax) of 5249 cd m�2 at 14 V and a maximum luminance
efficiency (gL) of 5.2 cd A�1 at 7.4 V are achieved at a dop-
ing concentration of 5 wt.%. For complex 2, a maximum
luminance (Lmax) of 906 cd m�2 at 15 V and a maximum
luminance efficiency (gL) of 0.85 cd A�1 at 7.7 V are
achieved at a doping concentration of 5 wt.%. The devices
based on complex 2 exhibit inferior electroluminescent
properties compared with those of complex 1. This is
mainly because that the HOMO level of complex 2
(�5.9 eV) is much lower than those of complex 1
(�5.6 eV) and the host PVK (�5.8 eV) due to the fluorine
atoms attached to the cyclometalated ligands in complex
2 (Fig. 8). In the devices doped with complex 2, holes can-
not be easily injected into the HOMO of complex 2 from
PVK, which leads to difficulties of combination with elec-
trons to form excitons along the HOMOs. This phenome-
non resemble our previously reported devices doped with
pyrazole and imidazole based cationic iridium complexes
[48,49]. Fig. 9 shows the dependence of the luminance
efficiency–current density characteristics of devices based
on complexes 1 and 2 at different doping concentrations.
As depicted in Fig. 9, these devices exihibit very low roll-
off at high current densities, which is also observed in
other phosphorescent OLEDs based on cationic iridium
complexes [49]. The PF�6 anions in the lattice can separate
the cations so as to reduce aggregations of dopants in the
polar host, which may play a role in reducing efficiency
roll-off in devices by suppression of triplet–triplet annihi-
lation. It should be noted that the relatively low values
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for the luminance and luminance efficiency of the devices
based on these complexes compared to those of other cat-
ionic iridium complexes [48,49,64] can mainly be attrib-
uted to their relatively low photoluminescence quantum
yields in solution and film. We firmly believe that the over-
all performances of the OLEDs are expected to be improved
greatly by modifying the ligands of these cationic iridium
complexes with appropriate substituents and further opti-
mizing the OLED device structures. Ongoing novel cationic
iridium complexes and corresponding device studies are
currently in progress.

4. Conclusion

In conclusion, two novel blue-emitting cationic iridium
complexes, [Ir(ppy)2(pymi)]PF6 (1) and [Ir(dfppy)2(py-
mi)]PF6 (2), have been synthesized and fully characterized.
With pymi as the ancillary ligand, [Ir(ppy)2(pymi)]PF6 and
[Ir(dfppy)2(pymi)]PF6 have significantly destabilized LUMO
orbitals and, therefore, show blue light emission with the
peaks at 472 and 451 nm, respectively, in CH3CN solution.
Due to the good solubilities in organic solvents and excel-
lent film-forming properties doped in polymers, blue–
green OLEDs were fabricated by spin coating the emitting
layer with these complexes doped in the PVK: OXD-7 host.
The maximum efficiency of 5.2 cd A�1, maximum bright-
ness of 5249 cd m�2 with CIE coordinates of (0.21, 0.45),
respectively, were obtained by using compex 1 as the
doped emitter, which suggests that this complex is a prom-
ising phosphorescent dopant in solution-processed blue–
green OLEDs.
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