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ABSTRACT: A series of heteroleptic functional IrIII complexes bearing diﬀerent
ﬂuorinated aromatic sulfonyl groups has been synthesized. Their photophysical
features, electrochemical behaviors, and electroluminescent (EL) properties have been
characterized in detail. These complexes emit intense yellow phosphorescence with
exceptionally high quantum yields (ΦP > 0.9) at room temperature, and the emission
maxima of these complexes can be ﬁnely tuned depending upon the number of the
ﬂuorine substituents on the pendant phenyl ring of the sulfonyl group. Furthermore,
the electrochemical properties and electron injection/transporting (EI/ET) abilities of
these IrIII phosphors can also be eﬀectively tuned by the ﬂuorinated aromatic sulfonyl
group to furnish some desired characters for enhancing the EL performance. Hence,
the maximum luminance eﬃciency (ηL) of 81.2 cd A−1, corresponding to power
eﬃciency (ηP) of 64.5 lm W−1 and external quantum eﬃciency (ηext) of 19.3%, has
been achieved, indicating the great potential of these novel phosphors in the ﬁeld of
organic light-emitting diodes (OLEDs). Furthermore, a clear picture has been drawn
for the relationship between their optoelectronic properties and chemical structures. These results should provide important
information for developing highly eﬃcient phosphors.
KEYWORDS: iridium complexes, OLEDs, sulfonyl group, electron injection/transporting, ﬂuorination, functionalization

■

INTRODUCTION
Recently, aromatic sulfonyl groups have received much interest
in the ﬁeld of organic light-emitting diodes (OLEDs) owing to
their inherent electronic features.1−5 According to their
chemical structures, sulfonyl groups can show the potential of
furnishing electron injection/transporting (EI/ET) abilities to
the concerned organic semiconductors which would improve
the electroluminescent (EL) performances of the concerned
OLEDs.1,5,6 Representing one of the revolutionary advances in
OLEDs, phosphorescent (triplet) emitters have substantially
improved the EL eﬃciencies of OLEDs by employing both
singlet and triplet excitons for the EL process.7−12 However,
the phosphorescent emitters should be doped into a host
material at a low doping level, typically less than 10 wt %, in
order to fabricate OLED devices to avoid exciton quenching
problems due to their relatively long lifetime on the order of
© 2015 American Chemical Society

microseconds. On the basis of the working mechanism of
OLEDs, charge carrier injection/transporting abilities together
with the balanced charge injection/transport for both kinds of
charge carriers of the host materials are crucial to the EL
performances of phosphorescent OLEDs (PHOLEDs).9,13
Owing to their good electron injection/transporting (EI/ET)
abilities, aromatic sulfonyl groups should be attractive building
blocks for constructing host materials in PHOLEDs. Hence,
some novel host materials with phenylsulfonyl groups have
been developed to make highly eﬃcient PHOLEDs through
enhancing the EI/ET properties of the concerned hosts.2−4
Furthermore, by combining aromatic sulfonyl groups with
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Ltd., (FLSP920) ﬂuorescence spectrophotometer using the software
package provided by Edinburgh Instruments. The phosphorescent
quantum yields (ΦP) were determined in CH2Cl2 solutions at 293 K
against fac-[Ir(ppy)3] (ΦP = 0.40). The ΦP of the phosphorescent
complexes in doped CBP ﬁlm (10 wt %) obtained by vacummn
deposition on quartz substrate was measured in a integration sphere
associated with FLSP920 ﬂuorescence spectrophotometer. Cyclic
voltammetry was performed using a Princeton Applied Research
model 273A potentiostat at a scan rate of 100 mV s−1. All experiments
were carried out in a three-electrode compartment cell with a Pt-sheet
counter electrode, a glassy carbon working electrode, and a Ag/AgCl
reference electrode. The supporting electrolyte used was 0.1 M
[nBu4N]BF4 solution in acetonitrile. Fast atom bombardment (FAB)
mass spectra were recorded on a Finnigan MAT SSQ710 system. The
surface morphology for the doped ﬁlms is obtained on the
Dimension3000 Atomic Force Microscope, Digital Instrument.
X-ray Crystallography. Single crystal of IrS-5F of suitable
dimensions was mounted in thin glass ﬁber for collecting the intensity
data on a Bruker SMART CCD diﬀractometer (Mo Kα radiation and
λ = 0.71073 Å) in Φ and ω scan modes at 293 K. The structure was
solved by direct methods followed by diﬀerence Fourier syntheses and
then reﬁned by full-matrix least-squares techniques against F2 using
SHELXL-9720 program on a personal computer. The positions of
hydrogen atoms were calculated and reﬁned isotropically using a riding
model. All other non-hydrogen atoms were reﬁned isotropically.
Absorption corrections were applied using SADABS.21
Computational Details. Geometrical optimizations were conducted using the popular B3LYP density functional theory (DFT).
The basis set used for C, H, O, N, F, and S atoms was 6-311G(d, p),
whereas eﬀective core potentials with a LanL2DZ basis set were
employed for Ir atom.22,23 The energies of the excited states of the
complexes were computed by TD-DFT based on all the ground-state
geometries. All calculations were carried out by using the Gaussian 09
program.24
General Procedure for the Synthesis of the Ligands with
Sulfonyl Group. Under a N2 atmosphere, the corresponding
bromo(ﬂuorophenylsulfonyl)benzene compound (1.0 equiv) and 2(tributylstannyl)pyridine (1.0 equiv) were mixed in toluene. Then, Pd
(PPh3)4 (0.05 equiv) was added as a catalyst for the Stille crosscoupling reaction. The reaction was allowed to proceed at 110 °C for
16 h. After cooling to room temperature, the solvent was removed
under reduced pressure. The dark residue was puriﬁed by silica gel
column chromatography eluting with CH2Cl2.
LS-1F (yield, 85%) 1H NMR (400 MHz, CDCl3): δ (ppm) 8.72
(m,1H), 8.15 (s, 1H), 8.13 (d, J = 1.6 Hz,1H), 8.03−7.96 (m, 4H),
7.82−7.74 (m, 2H), 7.33−7.29 (m, 1H), 7.20−7.17 (m, 2H). 13C
NMR (100 MHz, CDCl3): δ (ppm) 155.24, 150.05, 144.14, 141.39,
137.04, 130.51, 130.42, 128.08, 127.81, 123.32, 121.06, 116.73, 116.51.
19
F NMR (376 MHz, CDCl3): δ (ppm) −104.09 (s, 1F); FAB-MS
(m/z): 313 [M]+. Anal. Calcd for C17H12FNO2S: C, 65.16; H, 3.86; N,
4.47. Found: C, 64.93; H, 3.68; N, 4.12%.
LS-2F (yield, 86%) 1H NMR (400 MHz, CDCl3): δ (ppm) 8.73 (d,
J = 4.4 Hz,1H), 8.17−8.13 (m, 3H), 8.10 (d, J = 8.4 Hz, 2H), 7.81−
7.76 (m, 2H), 7.33−7.30 (t, J = 5.2 Hz,1H), 7.08−7.04 (t, J = 7.6 Hz,
1H), 6.89−6.84 (t, J = 8.4 Hz,1H). 13C NMR (100 MHz, CDCl3): δ
(ppm) 167.83, 165.26, 161.40, 158.82, 155.18, 150.03, 144.56, 140.58,
137.03, 131. 65, 128.55, 123.35, 121.11, 112.27, 106.09, 105.83. 19F
NMR (376 MHz, CDCl3): δ (ppm) −98.97 (d, 1F), −102.27 (d, 1F).
FAB-MS (m/z): 331 [M]+. Anal. Calcd for C17H11F2NO2S: C, 61.62;
H, 3.35; N, 4.23. Found: C, 61.35; H, 3.43; N, 3.98%.
LS-3F (yield, 90%) 1H NMR (400 MHz, CDCl3): δ (ppm) 7.82 (d,
J = 4.4 Hz, 1H), 8.18 (d, J = 8.4 Hz, 2H), 8.02 (d, J = 8.4 Hz, 2H),
7.83−7.75 (m, 2H), 7.63 (t, J = 6.4 Hz, 2H), 7.33−7.30 (m,1H). 13C
NMR (100 MHz, CDCl3): δ (ppm) 154.85, 150.09, 144.81, 139.91,
137.09, 128.32, 128.03, 123.50, 121.11, 112.94, 112.87, 112.78, 112.70.
19
F NMR (376 MHz, CDCl3): δ (ppm) −128.83 (d, 2F), −150.62 (t,
1F); FAB-MS (m/z): 349 [M]+. Anal. Calcd for C17H10F3NO2S: C,
58.45; H, 2.89; N, 4.01. Found: C, 68.27; H, 2.71; N, 3.89%.
LS-5F (yield, 83%) 1H NMR (400 MHz, CDCl3): δ (ppm) 8.75 (d,
J = 4.8 Hz,1H), 8.23−8.15 (m, 4H), 7.85−7.78 (m, 2H), 7.36−7.33

triphenylamine (TPA) group, novel host materials with
ambipolar features have be prepared to fulﬁll balanced charge
carrier injection/transporting in PHOLEDs by taking advantages of both hole injection/transporting (HI/HT) ability of
the TPA group and EI/ET ability of the aromatic sulfonyl
groups.5
Apart from being introduced to the host materials, aromatic
sulfonyl groups have been employed to develop functionalized
phosphorescent emitters with unique electronic features. In our
previous reports,1,14−16 the phenylsulfonyl group has been
attached to the 2-phenylpyridine (ppy) ligand of the IrIII and
PtII complexes to develop novel functionalized phosphorescent
emitters with EI/ET characters. Beneﬁting from their EI/ET
ability, the ppy-type IrIII phosphorescent emitters can furnish
attractive EL eﬃciencies in both monochromatic and white
OLEDs.1,6,14−16 In addition, ppy-type ligands bearing phenylsulfonyl group have been employed to synthesize novel
asymmetric IrIII phosphorescent emitters with either EI/ET
behaviors or ambipolar features, which can give very high EL
eﬃciencies to the concerned PHOLEDs.17,18
All these encouraging EL performances achieved have clearly
indicated that aromatic sulfonyl groups can show great
potential in developing novel materials for highly eﬃcient
OLEDs. Clearly, the advantages associated with the aromatic
sulfonyl groups should come from their good EI/ET ability,
which is more preferable over the HI/HT features because
organic semiconductors typically exhibit much higher HI/HT
ability.19 Hence, organic semiconductors with good EI/ET
ability are more desirable to fulﬁll balanced charge carrier
injection/transport in OLEDs. Accordingly, developing functional materials with good EI/ET ability should represent a very
important research area in the ﬁeld of OLEDs. However, for
the time being, functional materials with aromatic sulfonyl
groups are still limited in number.1−6,14−16 Considering the
great potential aﬀorded by the aromatic sulfonyl groups,
developing more EL materials with these groups should be very
important for promoting the development of the OLEDs.
Bearing this in mind, a series of ppy-type IrIII phosphorescent
emitters bearing aromatic sulfonyl groups has been developed
by employing diﬀerent ﬂuorophenyl moieties. All these
phosphorescent emitters not only show exceptional phosphorescent quantum yields (ΦP) close to 100%, but also furnish
very decent EL performances aﬀorded by their EI/ET ability. In
this contribution, it provides a very simple strategy to optimize
EI/ET properties of the IrIII phosphorescent emitters with great
potential for practical application in the ﬁeld of OLEDs.

■

EXPERIMENTAL SECTION

General Information. All commercially available starting materials
were used directly with no further puriﬁcation. The solvents were
carefully dried prior to use. All reactions were monitored using thinlayer chromatography (TLC) purchased from Merck & Co., Inc. Flash
column chromatography and preparative TLC were made from silica
gel bought from Shenghai Qingdao (300−400 mesh). 1H, 13C, and 19F
NMR spectra were recorded in CDCl3 on a Bruker Avance 400 MHz
spectrometer and chemical shifts were referenced to the solvent
residual peak at δ 7.26 ppm for 1H and 77.0 ppm for 13C, respectively.
Elemental analyses were performed on a Flash EA 1112 elemental
analyzer. The thermal gravimetric analysis (TGA) and diﬀerential
scanning calorimetry (DSC) data were collected on a NETZSCH STA
409C instrument and a NETZSCH DSC 200 PC unit, respectively.
UV−vis absorption spectra were measured at room temperature on a
Shimadzu UV-2250 spectrophotometer. Emission spectra and lifetimes
of these compounds were recorded on an Edinburgh Instruments,
24704

DOI: 10.1021/acsami.5b07177
ACS Appl. Mater. Interfaces 2015, 7, 24703−24714

Research Article

ACS Applied Materials & Interfaces
Scheme 1. Synthetic Protocols of the IrIII Complexes with Fluorinated Aromatic Sulfonyl Groups

(m, 1H). 13C NMR (100 MHz, CDCl3): δ (ppm) 154.83, 150.17,
145.98, 145.63, 143.51, 143.38, 140.52, 139.23, 137.13, 128.36, 128.00,
123.62, 121.21. 19F NMR (376 MHz, CDCl3): δ (ppm) −135.27 to
−135.40 (m, 2F), −143.68 to −143.83 (m, 1F), −157.93 − −158.09
(m, 2F). FAB-MS (m/z): 385 [M]+. Anal. Calcd for C17H8F5NO2S: C,
52.99; H, 2.09; N, 3.64. Found: C, 62.83; H, 1.94; N, 3.39%.
General Procedure for the Synthesis of the Phosphorescent
Complexes. Under a N2 atmosphere, the corresponding organic
ligand (2.2 equiv) and IrCl3·nH2O (1.0 equiv, 60 wt % Ir content)
were heated to 110 °C in a mixture of 2-ethoxyethanol and water (3:1,
v/v) for 16 h. Then, the reaction mixture was cooled to room
temperature and water was added. The cyclometalated IrIII μchlorobridged dimer was formed as a precipitate which was collected
and dried under vacuum. The IrIII μ-chloro-bridged dimer,
acetylacetone (5.0 equiv) and Na2CO3 (10.0 equiv) were added to
2-ethoxyethanol and the mixture was heated to 110 °C for 15 h. After
cooling to room temperature and the addition of water, the colored
precipitate was collected by ﬁltration, washed with water, and dried.
The crude product was puriﬁed on a silica gel column using CH2Cl2 as
eluent to obtain the pure sample as an orange solid.
IrS-1F (yield, 58%) 1H NMR (400 MHz, CDCl3): δ (ppm) 8.47 (d,
J = 5.6 Hz, 2H), 7.92−7.85 (m, 4H), 7.60−7.56 (m, 6H), 7.33−7.28
(m, 4H,), 7.02−7.96 (m, 4H), 6.54 (d, J = 2.0 Hz, 2H), 5.26 (s, 1H),
1.83 (s, 6H); 13C NMR (100 MHz, CDCl3): δ (ppm) 185.07, 166.33,
163.77, 149.77, 148.66, 147.71, 139.73, 137.87, 130.68, 130.20, 123.82,
123.42, 120.07, 119.86, 116.15, 115.93, 100.72, 28.59. 19F NMR (376

MHz, CDCl3): δ (ppm) −105.09 (s, 2F. FAB-MS (m/z): 916 [M]+.
Anal. Calcd for C39H29F2IrN2O6S2: C, 51.14; H, 3.19; N, 3.06. Found:
C, 50.93; H, 3.01; N, 2.93%.
IrS-2F (yield, 53%) 1H NMR (400 MHz, CDCl3): δ (ppm) 8.50
(d,J = 5.2 Hz, 2H), 7.92−7.87 (m, 4H), 7.83−7.78 (m, 2H), 7.59 (d, J
= 8.4 Hz, 2H), 7.35−7.31 (m, 4H), 6.91−6.87 (m, 2H), 6.64−6.59 (m,
4H), 5.28 (s, 1H), 1.80 (s, 6H). 13C NMR (100 MHz, CDCl3): δ
(ppm) 185.05, 166.31, 150.34, 148.67, 147.34, 138.96, 137.84, 131.37,
131.27, 131.10, 123.65, 123.53, 120.39, 119.95, 111.69, 111.44, 105.52,
100.73, 28.62. 19F NMR (376 MHz, CDCl3): δ (ppm) −100.23 (d,
2F), −102.21 (d, 2F). FAB-MS (m/z): 952 [M]+. Anal. Calcd for
C39H27F4IrN2O6S2: C, 49.20; H, 2.86; N, 2.94. Found: C, 49.01; H,
2.95; N, 2.85%.
IrS-3F (yield, 62%) 1H NMR (400 MHz, CDCl3): δ (ppm) 8.50 (d,
J = 5.2 Hz, 2H), 7.97−7.91 (m, 4H), 7.62 (d, J = 8.0 Hz, 2H), 7.39−
7.36 (m, 2H), 7.30−7.28 (m, 2H), 7.25−7.19 (m, 2H), 6.46 (d, J = 1.6
Hz, 2H), 5.28 (s, 1H), 1.81 (s, 6H). 13C NMR (100 MHz, CDCl3): δ
(ppm) 185.19, 166.05, 152.16, 150.40, 149.60, 148.76, 147.99, 143.91,
141.33, 138.55, 137.96, 130.75, 123.85, 120.30, 112.64, 100.85, 28.59.
19
F NMR (376 MHz, CDCl3): δ (ppm) −129.63 (d, 4F), −151.55 (t,
2F); FAB-MS (m/z): 988 [M]+. Anal. Calcd for C39H25F6IrN2O6S2: C,
47.41; H, 2.55; N, 2.84. Found: C, 47.33; H, 2.61; N, 2.72%.
IrS-5F (yield, 66%) 1H NMR (400 MHz, CDCl3): 8.53 (d, J = 4.8
Hz, 2H), 7.98−7.91 (m, 4H), 7.64 (d, J = 8.0 Hz, 2H), 7.42 (t, J = 9.2
Hz, 4H), 6.65 (s, 2H), 5.32 (s, 1H), 1.83 (s, 6H). 13C NMR (100
MHz, CDCl3): δ (ppm) 185.19, 166.80, 151.52, 148.70, 147.88,
24705
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IrIII complexes with ﬂuorinated aromatic sulfonyl groups are
shown in Scheme 1 and Figure S1 in Supporting Information.
As the key compounds, the organic cyclometalating ligands
were prepared by Stille cross-coupling of 2-(tributylstannyl)pyridine with the appropriate ﬂuorinated aromatic sulfonyl
compounds in high yields. All the heteroleptic complexes were
obtained via a two-step procedure. The relevant organic ligands
reacted with the metal source IrCl3·nH2O to aﬀord the μchloro-bridged precursor complexes, which were then converted into the ﬁnal complexes by reaction with acetylacetone
in the presence of Na2CO3.25 These air-stable compounds were
isolated in high purity as orange solids by column
chromatography on silica gel with the proper eluent.
The chemical structures of all these new IrIII complexes have
been fully characterized with 1H, 13C, and 19F NMR spectra. In
their 1H NMR spectra, the resonance signals with chemical
shifts at ca. 5.30 and 1.80 ppm can be assigned to the
acetylacetone auxiliary ligands. The other resonance peaks in
the low ﬁeld region come from the ppy-type ligands with
ﬂuorinated aromatic sulfonyl groups. The 19F NMR spectra also
indicate the expected structural features of these IrIII complexes.
For IrS-1F, the single resonance peak at ca. −105.09 ppm is
induced by the only -F group on the pendant ring of the
sulfonyl block. The two sets of signals at ca. −100.23 and
−102.21 ppm have clearly indicated the two -F substituents at
diﬀerent positions of the ﬂuorinated sulfonyl unit in IrS-2F.
Similarly, IrS-3F also exhibits two sets of resonance peaks at ca.
−129.63 and −151.55 ppm in its 19F NMR spectrum, which is
consistent with the ﬂuoro-substitution pattern in IrS-3F. The
three sets of resonance peaks with integral ratio of 2:1:2 are also
in good agreement with the ﬂuoro-substitution pattern of IrS5F. Hence, all these spectral data can clearly reveal the chemical
structures of these IrIII complexes.
Critically, the structure of IrS-5F has been determined by Xray crystallography (Figure 1). The X-ray data conﬁrmed that
the central iridium center was coordinated by two ppy-type
cyclometalating ligands and one chelating acac ligand. The
coordination around the Ir center is distorted octahedral, with
the cis-O,O, cis-C,C, and trans-N,N chelated disposition (Figure
1, Table S1 and S2). The bonds chelating around the Ir atom
show typical bond lengths as compared with those observed in
similar complexes.1,26
Thermal and Photophysical Properties. The thermal
properties of these IrIII complexes were characterized by both

145.74, 143.27, 142.89, 139.00, 138.21, 136.37, 130.28, 124.04, 120.28,
117.70, 100.91, 28.59; −135.97 to −136.08 (m, 4F), −144.82 to
−144.95 (m, 2F), −158.75 to −158.92 (m, 4F). FAB-MS (m/z): 1060
[M]+. Anal. Calcd for C39H21F10IrN2O6S2: C, 44.19; H, 2.00; N, 2.64.
Found: C, 44.00; H, 2.13; N, 2.70%.
OLED Fabrication and Measurements. The precleaned ITO
glass substrates were treated with ozone for 20 min. The MoO3 was
deposited on the surface of ITO to form a 3 nm thick hole-injection
layer. Then, 4,4′-N,N’-dicarbazole-biphenyl (CBP) layer was begun to
be deposited. When the CBP layer reached ca. 35 nm, the evaporation
source of the IrIII complex was opened to form a doped CBP region
with a thickness of ca. 20 nm. Then, 1,3,5-tris[N-(phenyl)benzimidazole]-benzene (TPBi) (60 nm), LiF (1 nm) and Al cathode
(100 nm) were successively evaporated at a base pressure less than
10−6 Torr. The EL spectra and CIE coordinates were measured with a
PR650 spectra colorimeter. The J−V−L curves of the devices were
recorded by a Keithley 2400/2000 source meter and the luminance
was measured using a PR650 Spectra Scan spectrometer. All the
experiments and measurements were carried out under ambient
conditions.

■

RESULTS AND DISCUSSION
Synthetic Strategies and Structural Characterization.
The chemical structures and detailed synthetic protocols of the

Figure 1. ORTEP drawing of IrS-5F with thermal ellipsoids drawn at
10% probability level. Labels on some atoms are omitted for clarity.

Table 1. Photophysical and Thermal Data for New IrIII Complexes and Their Fluoro-Free Parent Complex IrS-0F
compd
IrS-1F
IrS-2F
IrS-3F
IrS-5F
IrS-0Ff

emission λem (nm)
293 K

Φpb solution/
ﬁlm

τp
(μs)c

τr
(μs)d

ΔT5%/Tg
(°C)e

(4.57), 312 (4.41), 355 (3.81), 390 (3.64),

548, 584

0.96/0.95

1.4

1.5

350/145

(4.61), 312 (4.45), 356 (3.85), 392 (3.68),

554, 590

0.95/0.93

1.1

1.2

315/155

(4.69), 312 (4.51), 360 (3.80), 396 (3.59),

556, 590

0.99/0.98

2.2

2.2

330/165

(4.63), 314 (4.45), 364 (3.84), 400 (3.69),

566, 602

0.97/0.95

1.7

1.8

309/163

(4.61), 354 (3.75), 393 (3.64), 420 (3.57),

547, 580

0.83/0.80

2.4

2.9

375/155

absorption (293 K) λabs (nm)a
260 (4.70), 280 (4.75), 300
416(3.57), 476 (3.41)
260 (4.74), 279 (4.79), 300
418 (3.59), 479 (3.43)
261 (4.72), 280 (4.82), 300
423 (3.49), 486 (3.34)
261 (4.70), 280 (4.79), 300
427 (3.61), 496 (3,46)
261 (4.65), 280 (4.71), 300
475 (3.31)

a
Measured in CH2Cl2 at a concentration of 10−5 M. log ε values are shown in parentheses. bIn degassed CH2Cl2 relative to fac-[Ir(ppy)3] (Φp =
0.40), λex = 360 nm. cMeasured in freeze−pump−thaw degassed CH2Cl2 solutions at a sample concentration of c.a. 10−5 M and the excitation
wavelength was set at 355 nm for all the samples at 293 K. dThe triplet radiative lifetimes were deduced from τr = τP/ΦP. eΔT5% is the 5% weightreduction temperature and Tg is the glass transition temperature. fAll the data obtained from the measurements of this turn is very similar to our
previous results in ref 1.
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Figure 2. (a) Absorption and (b) PL spectra of these IrIII complexes in CH2Cl2 at 293 K.

Figure 3. HOMO (up) and LUMO (down) patterns for the IrIII complexes. (a) IrS-1F (b) IrS-2F (c) IrS-3F (d) IrS-5F.

Table 2. Contribution of the Metal d Orbitals to the HOMO and LUMO Together with the TD-DFT Calculation Results
compd

contribution of
dπ orbitals to
HOMOa

contribution of
dπ orbitals to
LUMOa

IrS-1F

46.10%

3.02%

IrS-2F

46.48%

2.98%

IrS-3F

46.63%

2.68%

IrS-5F

46.84%

2.38%

largest coeﬃcient in
the CI expansion of
theT1 stateb
H→L (0.66112)
510.67 nm
H→L (0.66744)
513.62 nm
H→L (0.66408)
513.83 nm
H→L (0.66318)
517.24 nm

percentage contribution
of H→L transition to
the T1 stateb
87.40%
89.10%
88.20%
88.00%

largest coeﬃcient in
the CI expansion of
the S1 stateb
H→L (0.68215)
458.01 nm
H→L (0.68284)
460.55 nm
H→L (0.68580)
460.47 nm
H→L (0.68534)
462.01 nm

percentage contribution
of H→L transition to
the S1 stateb

oscillator strength
( f) of the S1←S0
transition

93.10%

0.0384

93.30%

0.0365

94.10%

0.0378

93.90%

0.0365

a

The data have obtained by exporting DFT results with the software AOMix. bH→L represents the HOMO to LUMO transition. CI stands for
conﬁguration interaction.

can be ascribed to the fact that the multiple high-polar C−F
bonds can eﬀectively active the complex molecules to make the
complexes incline to decompose. However, the ΔT5% over 300
°C should make them suitable for making devices by vacuum
deposition method.
All of these phosphorescent complexes exhibit two noticeable
absorption bands in their UV−vis spectra (Figure 2a and Table
1). The strong UV absorption bands before 320 nm can be
assigned to the spin-allowed S1 ← S0 transitions of the organic
ligands (i.e., 1π−π* bands). The weaker, low-energy features
are induced by both 1MLCT ← S0 and 3MLCT ← S0 (metalto-ligand charge transfer, MLCT) excitations. The strong spin−
orbit coupling eﬀects induced by the heavy metal center are
conﬁrmed by the similar oscillator strengths (less than a factor
of 2 in their extinction coeﬃcients) for the two MLCT bands

thermogravimetric analysis (TGA) and diﬀerential scanning
calorimetry (DSC) under a nitrogen ﬂow. The TGA data reveal
their good thermal stability with the 5% weight-reduction
temperatures (ΔT5%) ranging from 309 to 350 °C (Table 1).
Analysis of the DSC traces for these complexes indicated their
high glass-transition temperature (Tg) in the range of 145−165
°C, which is typically desirable for high-performance OLEDs.
According to their structural features, the glass-transition
process of these IrIII complexes should be induced by the
motion of the aromatic sulfonyl group. Clearly, the size of the
aromatic sulfonyl groups is quite similar in these IrIII complexes
and their parent complex IrS-0F. So, they possess a Tg of
around 150−160 °C (Table 1). Diﬀerently, with increasing the
number of the C−F bond, the decomposition temperature
ΔT5% of the complexes generally decreases (Table 1), which
24707
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transition is important for the ﬁrst excited state (Table 2).
From the data in Table 2, the molecular orbital (MO)
composition represents the characters for both S1 and T1
excited states in these IrIII phosphorescent complexes. Therefore, the HOMO → LUMO transitions can represent the
features of the lowest-energy excited state T1, which is the
origin of the emission in these complexes. As indicated by the
contribution of metal dπ orbitals to the HOMO and LUMO
(Table 2), the T1 states involved in these complexes exhibit
obvious MLCT characters, which have been corroborated by
the structureless line shape of their PL spectra (Figure 2b) and
the aforementioned weak MLCT absorption bands in their
UV−vis spectra (Figure 2a).
Similar to the MO pattern of our previous ﬂuorine-free
analogue IrS-0F,1 the pendant ﬂuorophenyl moieties can give
noticeable contribution to the LUMO of the IrIII complexes
(Figure 3). It means that the electrons in the MLCT processes
of these complexes can be hosted by the ﬂuorophenyl moieties
besides the pyridyl ring in the organic ligands (Figure 3).
Clearly, increasing the number of the ﬂuorine substituents on
the pendant ﬂuorophenyl moieties will enhance their electronaccepting ability, which has been indicated by the increased
contribution (ca. 5.8% for IrS-1F, 5.9% for IrS-2F, 9.4% for
IrS-3F and 13.9% for IrS-5F) from the pendant ﬂuorophenyl
units to the LUMOs of the IrIII complexes from IrS-1F to IrS5F. Hence, the enhanced electron-accepting ability will
deﬁnitely facilitate the MLCT process from the metal center
to the pendant ﬂuorophenyl moieties and stabilize the MLCT
states accordingly. As a result, the MLCT absorption bands
show bathochromic eﬀect from IrS-1F to IrS-5F (Figure 2a and
Table 1). Owing to the fact that the phosphorescent emission
in these IrIII complexes comes from the 3MLCT states, the
bathochromic eﬀect has also been observed in their PL spectra
(Figure 2b and Table 1). Owing to the fact that one ﬂuorine
group cannot eﬀectively enhance the electron-accepting ability
of the pendant phenyl moiety, IrS-1F shows nearly the same
maximum phosphorescent wavelength to the ﬂuoro-free parent
complex IrS-0F (Table 1).
The phosphorescent quantum yields (ΦP) of these IrIII
complexes have been measured with fac-[Ir(ppy)3] (ΦP =
0.4) as the standard in degassed CH2Cl2 (Table 2). All these
phosphorescent complexes exhibit exceptionally high ΦP > 0.9,
which are noticeably higher than that of the ﬂuoro-free parent
complex IrS-0F (ΦP ca. 0.83, very close to the reported value
ca. 0.861). Furthermore, all these IrIII complexes can show very
high ΦP in the doped solid ﬁlm as well (Table 1). All these
results indicate that ﬂuorination of the pendant phenyl moiety
can exert sound inﬂuence on the PL properties of these
complexes by enhancing their phosphorescent eﬃciency, which
will deﬁnitely beneﬁt their EL performances.
Electrochemical Properties. The electrochemical properties of these IrIII complexes were characterized by cyclic
voltammetry (CV) calibrated with ferrocene/ferrocenium (Fc/
Fc+) redox couple as an internal reference under a nitrogen
atmosphere. The results are presented in Table 3 and Figure 4.
All the complexes show one reversible anodic potential Ea (ca.
0.8 V) which can be assigned to the oxidation of the IrIII center.
Compared with that of the parent complex IrS-0F at ca. 0.7 V,1
the Ea for these complexes are located in slightly more positive
potential region. This can be ascribed to the fact that the
ﬂuorophenyl sulfonyl moieties can accept the electron from the
metal center as aforementioned. Hence, they can reduce the
electron density on the IrIII center, which will deﬁnitely restrain

Table 3. Redox Properties of the Phosphorescent IrIII
Complexes
compd

Ea (V)

IrS-1F

0.77a

IrS-2F

0.77a

IrS-3F

0.78a

IrS-5F

0.80a

Ec (V)
−2.07a, −2.28b,
−2.56b, −2.81b
−2.06a, −2.27b,
−2.52b, −2.77b
−1.98a, −2.21b,
−2.57b, −2.66b,
−2.87b
−1.85b, −1.97b,
−2.27b, −2.30b,
−2.57b, −2.75b

Eg (eV)
Egoptc/Egcvd

EHOMO
(eV)e

ELUMO
(eV)f

2.37/2.71

−5.57

−2.86

2.36/2.70

−5.57

−2.87

2.35/2.63

−5.58

−2.95

2.33/2.54

−5.60

−3.06

a

Reversible. The value was set as E1/2. bIrreversible or quasi-reversible.
The value was derived from the cathodic peak potential. cOptical
energy gap Egopt calculated from the absorption onset of the UV−vis
absorption spectra. dCV energy gap Egcv = LUMO − HOMO.
e
HOMO levels are calculated according to the equation HOMO =
−(4.8 + Ea). fLUMO are obtained from the onset potential of the ﬁrst
reduction wave from the CV data.

Figure 4. Cyclic voltammograms for the IrIII complexes.

(Table 1).27 As indicated by the UV−vis spectral data (Table
1), the absorption maxima of the MLCT bands show slight
bathochromic eﬀect with increasing the number of the ﬂuorine
substituents. Furthermore, the bathochromic eﬀect becomes
more obvious when more ﬂuorine substituents are introduced
to the phenylsulfonyl groups. For example, the bathochromic
shift of the 3MLCT absorption band from the ﬂuoro-free parent
complex IrS-0F to IrS-1F is ca. 1 nm, while that from IrS-1F to
IrS-2F, IrS-2F to IrS-3F and IrS-3F to IrS-5F is ca. 3, 7 and 10
nm, respectively (Table 1).
Under UV light irradiation at 360 nm, all of the complexes
emit intense phosphorescence from 548 to 566 nm in CH2Cl2
(Figure 2b and Table 1). Similar to their absorption behaviors,
these complexes also exhibit bathochromic eﬀect in their
phosphorescence maxima upon introducing more ﬂuorine
atoms to the phenylsulfonyl units. Their photoluminescence
(PL) spectra have virtually identical line shapes, indicating that
similar excited states, ground states, or both are involved in the
phosphorescent transitions. The structureless features associated with the PL spectra indicate their predominantly MLCT
character for the lowest triplet excited states (T1) in all of these
complexes at 293 K, which have been conﬁrmed by the timedependent density functional theory (TD-DFT) results (Figure
3 and Table 2). The TD-DFT calculations show that the
lowest-energy transitions in these IrIII phosphorescent complexes correspond to the HOMO → LUMO transitions with
nonzero oscillator strengths and only the HOMO → LUMO
24708
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Figure 5. AFM images for the surface of the 8 wt % doped CBP with diﬀerent IrIII phosphorescent emitters. (a) IrS-1F, RMS: 2.0 nm. (b) IrS-2F,
RMS: 2.3 nm. (c) IrS-3F, RMS: 2.1. (d) IrS-5F, RMS: 2.4 nm.

1F (ca. −2.07 V) and IrS-2F (ca. −2.06 V) can be assigned to
the reduction of the sulfonyl moiety. The other reversible and
irreversible/quasi-reversible (ill-deﬁned) reduction processes
with Ec below −2.20 V should be induced by the reduction of
the pyridyl moiety in the organic ligands (Figure 4 and Table
3).28 For IrS-3F, it can be seen clearly that there should be a
reversible cathodic peak with Ec ca. −1.98 V, showing a large
degree of overlapping with the irreversible one with Ec of ca.
−2.21 V (Figure 4). With respect to that of IrS-1F and IrS-2F,
the reversible cathodic peak with Ec at ca. −1.98 V should be
induced by the sulfonyl moiety as well. Diﬀerent from IrS-1F
and IrS-2F, IrS-3F can show a large irreversible cathodic peak
with Ec ca. −2.21 V. Similarly, IrS-5F also exhibits large
irreversible cathodic peaks with Ec at ca. −1.85 and −1.97 V,
respectively (Figure 4 and Table 3). The irreversible character
for the cathodic peak with Ec of ca. −1.97 V in IrS-5F should
exclude its origin from the sulfonyl moiety based on the CV
behavior of other analogues. It seems that the cathodic peak for
the sulfonyl moiety in IrS-5F should be totally covered by the
two large cathodic peaks. Hence, these irreversible cathodic
peaks for IrS-3F and IrS-5F should come from the
ﬂuorophenyl moiety due to the fact that more ﬂuorine
substituents with strong electron-withdrawing ability will
make the ﬂuorophenyl moiety much easier to be reduced.
This conclusion has been supported by the less negative
potential for the ﬁrst irreversible cathodic peak with Ec at ca.
−1.85 V for IrS-5F as compared to that of IrS-3F (ca. −2.21 V)
(Figure 4 and Table 3). The absence of these large irreversible
cathodic peaks in IrS-1F and IrS-2F indicates that one or two
ﬂuorine substituents cannot guarantee the reduction of the
ﬂuorophenyl moiety. So, it can be concluded that only
introducing three or more ﬂuorine substituents to the

Figure 6. Conﬁguration of the OLEDs made from these
phosphorescent IrIII complexes with ﬂuorophenyl moieties and the
chemical structures for the functional materials involved.

its oxidation. As a result, the Ea of these complexes move to a
more positive potential region. Along this line, the complexes
bearing phenylsulfonyl moieties with more ﬂuorine groups
should show more positive Ea, which has been conﬁrmed by the
data in Table 3 (0.77 V for IrS-1F and IrS-2F vs 0.78 V for IrS3F and 0.80 V for IrS-5F).
In the cathodic scan, all the complexes exhibit multi
reduction processes (Figure 4 and Table 3). With respect to
that of the ﬂuoro-free analogue IrS-0F,1 the ﬁrst reversible
process with the cathodic potential (Ec) at ca. −2.10 V for IrS24709
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Table 4. EL Performance of the Electrophosphorescent OLEDs
device

dopant

Vturn‑on (V)

luminance Lmax (cd m−2)a

A1

IrS-1F (6.0 wt %)

3.0

35696 (10.9)

A2

IrS-1F (8.0 wt %)

3.1

36056 (10.9)

A3

IrS-1F (10.0 wt %)

3.2

37064 (10.7)

B1

IrS-2F (6.0 wt %)

4.3

29258 (11.5)

B2

IrS-2F (8.0 wt %)

3.6

34062 (10.9)

B3

IrS-2F (10.0 wt %)

3.6

33720 (11.9)

C1

IrS-3F (6.0 wt %)

4.0

31755 (11.9)

C2

IrS-3F (8.0 wt %)

3.8

28464 (11.5)

C3

IrS-3F (10.0 wt %)

3.9

30939 (12.3)

D1

IrS-5F (6.0 wt %)

5.3

13370 (12.3)

D2

IrS-5F (8.0 wt %)

5.1

13446 (12.3)

D3

IrS-5F (10.0 wt %)

4.8

13032 (11.9)

F

IrS-0F (8.0 wt %)

3.4

30467 (15.0)

ηL (cd A−1)

ηext (%)
13.9 (3.4)
13.5b
12.1c
15.1 (3.4)
14.2
12.4
12.4 (4.0)
12.3
11.9
11.1 (5.9)
11
9.7
13.4 (3.8)
12.4
10.9
11.5 (6.1)
11.3
11.1
14.7 (5.1)
13.8
10.7
19.3 (4.2)
16.4
12.5
14.3 (5.1)
12.9
10.2
9.2 (7.1)
9.1
7.2
10.7 (6.5)
10.1
8.2
9.6 (6.3)
9.3
8.2
13.7 (3.8)
13.5
11.9

a

60.1
58.8
52.6
65.2
60.9
54.5
53.9
53.3
51.8
46.7
46.4
40.9
56.6
51.7
46.2
48.3
47.3
46.4
62.1
57.9
44.8
81.2
67.2
51.7
60.1
54.7
43.9
36.6
35.9
28.4
42.5
40.5
32.5
38.1
36.7
31.7
45.7
44.8
39.7

(3.4)

(3.4)

(4.0)

(5.9)

(3.8)

(6.1)

(5.1)

(4.2)

(5.1)

(7.1)

(6.5)

(6.3)

(3.8)

ηp (lm W−1)
60.6
46.4
35.6
65.9
50.3
37.2
43.6
43.5
36.7
25.5
25
19.4
53.2
29.2
22.2
27.2
26.9
22.4
39.1
31.1
20.5
64.5
36
24.1
39.5
30
19.8
16.5
15.6
11.3
21.4
17.9
12.9
20.6
16.5
12.8
41.9
29.3
16.9

λmax (nm)d

(3.0)

544 (0.42, 0.56)

(3.0)

544 (0.42, 0.56)

(3.8)

544 (0.42, 0.56)

(5.7)

548 (0.44, 0.55)

(3.2)

548 (0.44, 0.55)

(5.1)

548 (0.44, 0.55)

(4.8)

552 (0.44, 0.55)

(3.8)

552 (0.44, 0.55)

(4.6)

552 (0.44, 0.55)

(6.9)

556 (0.46, 0.52)

(6.1)

556 (0.46, 0.52)

(5.5)

556 (0.46, 0.52)

(3.4)

544 (0.43, 0.53)

Maximum values of the devices. Values in parentheses are the voltages at which they were obtained. bValues were collected at 100 cd m−2. cValues
collected at 1000 cd m−2. dValues were collected at 8 V and CIE coordinates (x, y) are shown in parentheses.
a

ﬂuorophenyl moiety can eﬀectively inﬂuence the CV behaviors
of these complexes. Compared with the ﬁrst reduction potential
of the parent complex IrS-0F (ca. −2.26 V),1 all the ﬂuorinated
analogues exhibit obviously less negative ﬁrst reduction
potential (Table 3). Generally, the reduction processes of a
molecule refer to the injection of electrons into it. The less
negative ﬁrst reduction potentials associated with these IrIII
phosphorescent complexes indicate that ﬂuorination of the
phenyl sulfonyl unit can facilitate the EI process eﬀectively.
Taking both the oxidation and reduction potentials into
consideration, it seems that ﬂuorination of the phenyl sulfonyl
unit can make much stronger impact on the reduction
processes with respect to the redox behavior of the parent
complex IrS-0F due to the direct bounding the ﬂuorine groups
to the phenyl sulfonyl units which are responsible for the ﬁrst
reduction process of these complexes. In addition, the LUMO
level decreases from IrS-1F to IrS-5F with increasing the
number of the ﬂuorine groups (Table 3). Hence, the eﬀect of

the number of ﬂuorine groups on the EI ability of these IrIII
phosphorescent complexes can be seen clearly as well. Thus, all
the ﬂuorinated complexes possess much improved EI capability
compared with their parent complex IrS-0F, especially for IrS3F and IrS-5F. Obviously, these CV results should provide very
important information for improving the EI properties of these
phosphorescent emitters.
As the LUMO level decreases and HOMO level remains
nearly unchanged from IrS-1F to IrS-5F, the energy gap (Eg)
should decrease from IrS-1F to IrS-5F. This trend has been
shown by the Eg values from the LUMO and HOMO levels
(i.e., Egcv) obtained from the CV data (Table 3). Clearly, the
Egcv data correlate well with the values calculated from the UV−
vis absorption onsets (i.e., Egopt). However, the Egcv is slightly
larger than Egopt for these IrIII phosphorescent complexes, which
might be ascribed the overpotential on the surface of the
working electrode in the CV measurement.
24710

DOI: 10.1021/acsami.5b07177
ACS Appl. Mater. Interfaces 2015, 7, 24703−24714

Research Article

ACS Applied Materials & Interfaces

electron-transporting and hole-blocking because of its relatively
low HOMO level. With the aim to optimize their EL
performances, we doped the phosphorescent emitters in the
electrophosphorescent OLEDs with diﬀerent doping levels
(Figure 6). Table 4 summarizes the important EL performance
data for these devices.
After applying a proper voltage, these OLEDs exhibited
intense yellow electroluminescence. As depicted in Figure 7,
the EL spectral proﬁle of each optimized device is identical to
the PL spectrum of the corresponding IrIII complex, suggesting
that the EL emission indeed originates from the triplet excited
states of the IrIII phosphors. Additionally, no residual emission
from CBP is observed in these devices, implying the eﬃcient
forward energy transfer from the host excitons to the
phosphorescent molecules and eﬀective conﬁnement of the
excitons on the IrIII phosphors to guarantee the high EL
eﬃciencies.
The current density−voltage−luminance (J−V−L) characteristics and EL eﬃciency−luminance curves for the OLEDs are
shown in Figures 8 and 9 and in the Supporting Information
(Figures S2 and S3). All the devices show the turn-on voltages
in the range from 3.0 to 5.3 V (Table 4). Owing to the high ΦP
and EI/ET ability associated with these IrIII phosphors, all our
phosphorescent OLEDs can show exceptional EL performances. For all the phosphoescent emitters, their maximum EL
ability has been achieved at the doping level of ca. 8 wt %. The
optimized device (device C2) doped with IrS-3F can exhibit
the best EL performance with a turn-on voltage (Vturn‑on) of 3.8
V, and a maximum luminance (Lmax) of 28464 cd m−2 at 11.5
V, a peak luminance eﬃciency (η L) of 81.2 cd A−1,
corresponding to a peak power eﬃciency (ηP) of 64.5 lm
W−1 and a peak external quantum eﬃciency (ηext) of 19.3%
(Table 4). Obviously, the peak ηL of 81.2 cd A−1 for device C2
will deﬁnitely set IrS-3F among the state-of-the-art highly
eﬃcient yellow phosphors. In addition, device A2 with IrS-1F
as emitter can also exhibit remarkable EL performances with
Lmax of 36056 cd m−2 at 10.9 V, ηL of 65.2 cd A−1, ηP of 65.9 lm
W−1, and ηext of 15.1% (Table 4). Despite their lower EL
eﬃciencies with respect to those of devices A2 and C2, devices
B2 and D2 still can show attractive EL data. The peak EL
eﬃciencies for device B2 are 56.6 cd A−1, 53.2 lm W1−, and
13.4%, while 42.5 cd A−1, 21.4 lm W1−, and 10.7% have been
achieved in device D2 (Table 4).
Compared with the maximum EL eﬃciencies of 45.7 cd A−1,
41.9 lm W−1, and 13.7% achieved by the ﬂuoro-free parent
complex IrS-0F by the same device conﬁguration (Table 4 and
Figure S4), the optimized devices A2, B2, and C2 can furnish
substantially improved EL performances. Hence, it can be seen
clearly that introducing ﬂuorine substituents to the pendant
phenyl moiety should represent very convenient and eﬀective
strategy for enhancing the EL abilities of the IrIII phosphors
functionalized with the sulfonyl unit. The ﬂuorine substituents
attached to aromatic units can show both inductive and
resonance eﬀects. Owing to the much stronger electronegativity
of ﬂuorine than that of carbon, the inductive eﬀect of ﬂuorine
substituents exhibits strong electron-withdrawing features
which will enhance the EI/ET capability. However, the
resonance eﬀect induced by the ﬂuorine substituents will
donate electrons to the aromatic units attached, which will
beneﬁt the HI/HT ability. On the basis of the mechanism of
the EL process, all these features will deﬁnitely beneﬁt the EL
performances of the concerned emitters. Hence, these
ﬂuorinated IrIII phosphors can show very high EL eﬃciencies

Figure 7. EL spectra for the optimized OLEDs at ca. 8 V.

Figure 8. Current density−voltage−luminance (J−V−L) curves for
the optimized OLEDs.

Electrophosphorescent OLEDs. To evaluate the EL
properties of these phosphorescent IrIII complexes, we
constructed OLEDs using them as dopants by vacuum
deposition approach. In these OLEDs, the well-known CBP
was employed as the host material for the phosphorescent
emitters. With the aim to show the quality of the doped ﬁlms,
the atomic force microscopy (AFM) images for the surface of
the 8 wt % doped CBP ﬁlms with the concerned
phosphorescent emitters have been obtained (Figure 5). It
seems that all the doped CBP ﬁlms possess high quality by
showing smooth surfaces with low root-mean-square roughness
(RMS) of ca. 2.0 nm, which is quite desirable for furnishing
high-performance devices.
The devices based on these IrIII phosphorescent emitters
possess the conﬁguration of ITO/MoO3 (3 nm)/CBP (35 nm)
CBP/iridium complex (x wt %, 20 nm)/TPBi (65 nm)/LiF (1
nm)/Al (100 nm) (Figure 6). In this device conﬁguration, the
hole transporting layer (HTL) and doped emission layer
(EML) are formed through regional doping the IrIII complex in
CBP with a thickness of 55 nm. The undoped CBP region (ca.
35 nm thick) can play the role of hole transporting, while the
doped region (ca. 20 nm thick) serves as EML (Figure 6).
Clearly, this strategy will not only simplify the device
fabrication but also reduce structural heterogeneity of the
device to facilitate charge injection and transport from the HTL
to EML.29,30 In these OLEDs, TPBi serves the function of
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Figure 9. Relationship between the EL eﬃciency and luminance for the optimized OLEDs.

According to their molecular orbital energy levels, these IrIII
phosphors share very similar HOMO levels (Table 3). So, the
eﬀect of the molecular orbital energy levels of these IrIII
phosphors on their EL performances should mainly come
from the LUMO levels. From the CV results aformentioned
(Figure 4 and Table 3), IrS-3F possesses lower LUMO level
and hence shows better EI ability as compared with both IrS1F and IrS-2F. Among all these IrIII phosphors, IrS-3F should
also possess the best ET ability in view of its highest current
density in the electron-only devices (Figure S5b). It means that
IrS-3F can exhibit higher EI/ET ability than IrS-1F and IrS-2F
to maintain its more balanced charge carrier injection/
transporting capacity. So, it should be reasonable that the
optimized device doped with IrS-3F can furnish higher EL
eﬃciencies than those made from IrS-1F and IrS-2F (Table 4).
Considering both the chemical structure and CV results (Figure
4 and Table 3), IrS-5F should outperform IrS-3F in OLEDs
because IrS-5F exhibits even lower LUMO level than IrS-3F
(Table 3) to furnish IrS-5F with even enhanced capacity of
achieving balanced charge carrier injection/transporting and
hence higher EL eﬃciencies. However, the devices with IrS-5F
as emitter cannot provide the expected EL eﬃciencies (Table
4) and the current density in its electron-only device is also
lower than that of IrS-3F (Figure S5b). This might be caused
by the decomposition of IrS-5F in the process of the device
fabrication due to its lower ΔT5% of 309 °C (Table 1) induced
by the multiple C−F bonds.32 Obviously, the impurity
produced in the decomposition process should seriously
hamper the EL performance of IrS-5F. Also, the slightly
inferior EL performance of IrS-2F with respect to that of IrS1F might be assigned to the same reason due its relatively lower
ΔT5% (ca. 315 °C). Hence, these results should provide very
important information for optimizing the EL performances of

as aformentioned. However, it is well-known that the electronwithdrawing inductive eﬀect of the ﬂuorine substituents is
much stronger than their electron-donating resonance eﬀect.
Hence, the enhanced the EL properties for these IrIII phosphors
should be mainly ascribed to their improved EI/ET ability
aﬀorded by the sulfonyl unit with ﬂuorophenyl group. To
support this conclusion, we fabricated the hole- and electrononly devices for these IrIII phosphors and their mother
complexes. From the current density−voltage (J−V) curves
for the hole-only devices (Figure S5a), the introduction of
ﬂuorine substituents can only have minor eﬀect on the HI/HT
abilities of these IrIII phosphors for their quite similar current
density under the same driving voltage. However, the ﬂuorine
substituents can eﬀectively enhance the EI/ET properties of
these IrIII phosphors, since all the IrIII phosphors can show
noticeably higher current density under the same driving
voltage in their electron-only devices with respect to that of
their ﬂuoro-free mother complex IrS-0F. (Figure S5b).
Typically, the organic semiconductors possess much higher
HT ability as compared with their ET property,19 which should
induce their unbalanced injection/transporting ability for holes
and electrons. Clearly, the enhanced EI/ET properties of these
IrIII phosphors will beneﬁt their more balanced charge carrier
injection/transporting behavior. So, these IrIII phosphors can
show much better EL eﬃciencies with respect to those of their
ﬂuoro-free mother complex as aforementioned. In addition, the
high ΦP shoud also be a key factor to furnish high EL
eﬃciencies to these IrIII phosphors.31 From all the aformentioned results, ﬂuorination can deﬁnitely play a critical role in
improving the EL performances of the IrIII phosphors with
aromatic sulfonyl group through optimizing both the charge
carrier injection/transporting behaviors and ΦP.
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the ﬂuoro-containing phosphorescent emitters. There are
highly eﬃcient yellow phosphorescent emitters reported,33−35
including the ones with dibenzothiophene-S,S-dioxide-2-yl unit
(58.4 cd A −1).35 Our recently reported asymmetric phosphors
with the ﬂuoro-free sulfonyl moiety can achieve high EL
eﬃciency of 69.4 cd A−1.17,18 In view of the attractive EL
performances achieved by these documented yellow phosphors,
the exceptional EL eﬃciencies associated with these functionalized triplet emitters (ηL of 81.2 cd A−1, ηP of 64.5 lm W−1 and
ηext of 19.3%) will deﬁnitely show their great potential in
OLEDs. To the best of our knowledge, these phosphores have
furnished the highest EL eﬃciencies for the phosphorescent
complexes bearing the functional sulfonyl groups.

CONCLUSION
In conclusion, new functional IrIII phosphors with ﬂuorinated
sulfonyl units have been successfully developed. Critically, these
phosphorescent emitters not only show exceptionally high ΦP
(>0.9) at room temperature, but also furnish outstanding EL
performances with maximum luminance eﬃciency (ηL) of 81.2
cd A−1, corresponding to power eﬃciency (ηP) of 64.5 lm W−1
and external quantum eﬃciency (ηext) of 19.3% with the CIE
coordinates of (0.44, 0.55). All these encouraging data will
certainly guarantee the great potential of these phosphorescent
emitters with improved EI/ET abilities in the ﬁeld of
electroluminescence. Furthermore, this investigation will
provide very important information about the critical role
played by the ﬂuorinated sulfonyl moieties in tuning the
optoelectronic behaviors of these phosphorescent emitters.
Hence, the obtained results should aﬀord valuable clues for
developing highly eﬃcient triplet emitters with great potential
for practical application.
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