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To explore the relationship between the electronic properties of a host/dopant system and obtain a high-
efficiency single-dopant white polymer light-emitting device two novel blue-emitting cyclometalated
iridium (III) complexes of (dfppy),Ir(Tfl-pic) and (dfppy).Ir(Brfl-pic) have been synthesized and char-
acterized, where dfppy is 2-(2,4-difluorophenyl)pyridine, Tfl-pic and Brfl-pic are picolinic acid deriva-
tives containing trialkylfluorene and dibromoalkylfluorene units bridged with an alkoxy chain,

respectively. Both iridium (III) complexes exhibited blue emission in dichloromethane solution and their
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neat films, and possessed good dispersibility and thermal properties. Two different devices using
(dfppy)2Ir(Tfl-pic) as a single component emitter and a blend of poly(N-vinylcarbazole) and 2-(4-
biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole as the host matrix were fabricated. Improved white
emission was obtained by adjusting the electron injection layer leading to efficient exciplex emission.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

White organic light-emitting diodes (WOLEDs) are of growing
interest for the next generation of displays and solid-state lighting
technologies owing to their low-cost, high-efficiency and flexible
properties [1—7]. Among the reported WOLEDs, some fluorescent
[8—11] or phosphorescent materials [12—15] are used as emitters in
the emitting layer. Compared to fluorescent materials, phospho-
rescent materials exhibit high luminescent efficiency as they can
harvest single and triplet excitons leading to 100% internal
quantum efficiency in theory [16,17]. Therefore, Os'- [18], Ir'-
[13,15] and Pt'- [14,19] based heavy transition metal complexes
have been significantly developed for wide application in WOLEDs.
Among these organometallic phosphors, iridium (III) complexes
have become the most promising candidates for WOLEDs owing to
their good stability, high photoluminescence (PL) quantum yields,
short triplet state lifetimes and non-planar configuration.
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To date, most of the WOLEDs based on iridium (III) complexes
have a multiple-emissive-layer (MEL) structure [20—22] and
a single-emissive-layer (SEL) structure with multi-emitters [23].
For example, Thompson and Forrest et al. made an eight-layer
WOLEDs with a power efficiency of 24 ImW~! and an external
quantum efficiency of 18%, which harvested singlet excitons from
the blue-emitting fluorescent material and triplet excitons from
both red-emitting (piq);Ir(acac) and green-emitting Ir(ppy)s
complexes, respectively [21]. Eom et al. recently reported another
class of WOLEDs with a p-i-n structure comprising two adjacent
emissive layers co-doped with three phosphorescent emitters of
iridium (III) complex (red, green, and blue) [22]. Ma and co-workers
co-doped blue-emitting and orange-emitting iridium (III)
complexes into a host of 4,4',4”-tris(N-carbazolyl)triphenylamine
(TCTA) to achieve a type of SEL-based WOLEDs [23]. At the same
time, some polymer derivatives with an iridium (III) complex
chromophore have also been investigated in white polymer light-
emitting diodes (WPLEDs) by Slugovc and Cao et al. [24,25]. To
the best of our knowledge, there is no report on WPLEDs with a SEL
structure utilizing a blue-emitting iridium (III) complex as a single
doping emitter.

In our previously work [26], we reported that an iridium (III)
complex containing an alkylfluorene-based picolinic acid derivative
exhibited a significantly red-shifted emission in both its neat film
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and polymer light-emitting diodes (PLEDs). In this regard, we
expect this class of iridium (IlI) complexes with the same alkyl-
fluorene-based picolinic acid derivative can achieve white emission
in SEL-based PLEDs used as a single doping emitter if we tune
the cyclometalated ligand structure. Therefore, we use the
alkylfluorene-based picolinic acid derivatives of Tfl-picH and Brfl-
picH [26] as the ancillary ligand and 2,4-difluorophenylpyridine
(dfppy) instead of 1-phenyliso-quinoline as the cyclometalated
ligand to design a class of blue-emitting iridium (III) complexes
of (dfppy)Ir(Tfl-pic) and (dfppy).Ir(Brfl-pic) where Tfl-picH
ligand is 6-(6’-(9”-octyl-2",7"-bi(9, 9-dioctylfluoren-2-yl)fluoren-
9”-yl)hexyloxy)picolinic acid and Brfl-picH ligand is 6-(6'-
(2",7"-dibromo-9”-octylfluoren-9”-yl)hexyloxy)picolinic acid. Their
thermal, dispersible, electrochemical, optophysical and electrolu-
minescent properties were investigated. White emission was
obtained in the SEL-based PLEDs with a single dopant of (dfppy),
Ir(Tfl-pic) and a cathode of LiF/Al

2. Experimental section
2.1. Materials and equipment

All reagents were purchased from Aldrich, Acros or TCI
companies. All reactions and manipulations were carried out under
an inert gas atmosphere. 'H NMR spectra were measured in CDCl3
solution on a Bruker DPX (400 MHz) NMR spectrometer using
tetramethylsilane(TMS) as the internal standard. Cyclic voltam-
mograms (CV) were performed with a three electrode electro-
chemical cell in a 0.1 M tetra(n-butyl)-ammonium hexafluoro
phosphate (TBAPFs) solution in acetonitrile with a scan 100 mV s~
at room temperature under argon atmosphere. A platinum wire
and a KCl saturated Hg/HgO were used as counter electrode and
reference electrode, respectively. A microplatinum (&= 0.8 mm)
was used as the working electrode.

PLEDs were fabricated according to the reported procedures [27].
The devices have the following structures: i) ITO/PEDOT:PSS
(50 nm)/iridium (III) complexes + PVK—PBD (45 nm)/Ca (4 nm)/Al
(150 nm), ii) ITO/PEDOT:PSS (50 nm)/iridium (III) complex-
es + PVK—PBD (45 nm)/LiF (4 nm)/Al (150 nm), in which PEDOT:PSS
is poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate), PVK is
poly(N-vinylcarbazole) and PBD is 2-(4-biphenyl)-5-(4-tert-butyl-
phenyl)-1,3,4-oxadiazole. ITO is used as the anode, PEDOT:PSS is
used as a hole-injection layer and Ca/Al or LiF/Al is employed as
a cathode. PBD weight ratio is 30 wt% in the PVK—PBD blend. The
doping concentrations for the iridium (III) complex were from 1 wt%
to 8 wt¥%.

2.2. Synthesis of (dfppy ).Ir(Brfl-pic)

To a mixture of IrCl3-3H,0 (0.3 g, 0.85 mmol) and water (5 mL)
was added 2-(2,4-difluorophenyl)pyridine (0.5 g, 2.62 mmol) and
2-ethoxyethanol (15 mL). The mixture was heated under reflux
under an inert gas atmosphere for 20 h. After cooled to tempera-
ture, the colored precipitate was filtered off and was washed with
water, followed by hexane. The resulting dimer of [(dfppy).IrCl],
was obtained as a yellow solid (0.35 g, 67.7%).

A mixture of the foregoing dimer of [(dfppy)IrCl]; (0.15¢g,
0.12 mmol), compound Brfl-picH (0.2 g, 0.31 mmol) and Na;CO3
(131 mg) was heated under reflux under an inert gas atmosphere in
2-ethoxyethanol (15mL) for 12—15h. After cooled to room
temperature, the mixture was extracted with dichloromethane
(DCM) and the combined organic layer was dried over anhydrous
magnesium sulfate. The crude product was purified by dry flash
silica gel column with petroleum ether (PE)/ethyl acetate (EA)
(2:1-0:1) as eluent to gain the target product (0.24 g, 79.2%) as

a yellow solid. TH NMR (400 MHz, CDCl5, TMS), & (ppm): 8.64
(d, J=4.88 Hz, 1H), 8.26 (d, J=8.7 Hz, 1H), 8.08 (d, ] = 8.9 Hz, 1H),
7.99 (d, J=6.9 Hz, 1H), 7.89 (t, 1H), 7.74 (t, 1H), 7.66 (t, 1H), 7.57
(t,3H), 7.50—7.43 (m, 4H), 7.11 (t,1H), 6.89 (t, 1H), 6.77 (d, ] = 8.4 Hz,
1H), 6.39 (t, 1H), 6.21 (t, 1H), 5.65 (t, 1H), 5.41 (t, 1H), 3.56 (t, 2H),
1.92 (t, 4H), 1.25-0.75 (m, 20H), 0.59—0.48 (m, 3H). °C NMR
(100 MHz, CDCl3, TMS), & (ppm): 173.27, 165.43, 164.06, 159.65,
154.24, 152.40, 151.26, 148.92, 148.24, 141.52, 139,15, 137.93, 137.85,
130.31, 126.17, 123.32, 123.12, 122.34, 122.15, 121.67, 121.56, 121.26,
121.04, 114.07,109.50, 98.01, 95.97, 69.53, 55.65, 40.35, 40.09, 31.76,
29.93, 29.84, 29.48, 29.16, 27.46, 25.48, 23.70, 23.60, 22.60, 14.06.
Anal. Calcd. for Cs5H50BraF4IrN3O3: € 53.75, H 4.10, N 3.42. Found: C
53.51, H 4.20, N 3.38%.

2.3. Synthesis of (dfppy )2Ir(Tfl-pic)

This compound was prepared according to the synthetic proce-
dure described for (dfppy),Ir(Brfl-pic). A yellow solid was obtained
with a yield of 78.2%. TH NMR (400 MHz, CDCl3, TMS) 3 (ppm): 8.59
(d,J]=6.4Hz,1H),8.17(d,J=7.2 Hz,1H), 8.07 (d,] = 7.6 Hz, 1H), 7.96
(d,J=7.6 Hz, 1H), 7.86—7.52 (m, 18H), 7.36 (t, 6H), 7.06 (t, 1H), 6.83
(t, 1TH), 6.69 (d, J=7.6Hz, 1H), 6.34 (t, 1H), 6.20 (t, 1H), 5.62
(d,J=9.2 Hz,1H), 5.38 (d,J = 6.8 Hz, 1H), 3.53 (t, 2H), 2.12—2.03 (m,
12H), 1.18—1.06 (m, 68H), 0.81—0.71 (m, 15H). 13C NMR (100 MHz,
CDCl3, TMS), § (ppm): 173.30, 165.35, 164.03, 154.26, 151.63, 151.58,
151.20, 150.99, 150.59, 148.89, 148.19, 141.47, 140.71, 140.68, 140.62,
140.50, 140.35, 140.30, 140.06, 137.86, 127.12, 126.87, 126.29, 126.0,
123.30, 123.01, 122.11, 121.64, 121.41, 121.34, 121.0, 120.04, 119.92,
119.77,114.07,113.70,109.47,98.02, 95.98, 69.55, 55.32, 55.22, 55.43,
40.64, 40.36, 31.79, 30.03, 29.72, 29.21, 27.54, 25.55, 24.03, 23.87,
22.60,14.07. Anal. Calcd. for C113H132F4IrN303: C73.42,H7.20,N2.27.
Found: C 72.91, H 7.20, N 2.26%.

3. Results and discussion
3.1. Syntheses and characterization

The synthetic route used to access the two iridium (III)
complexes is shown in Scheme 1. Ancillary ligands of Brfl-pic and
Tfl-pic were prepared according to our reported procedures [26].
The iridium (III) complexes (dfppy).Ir(Brfl-pic) and (dfppy)2Ir(Tfl-
pic) were obtained by a chloride cleavage of the [(dfppy).IrCl],
dimer with the ancillary ligands in a moderate yield. These iridium
(Ill) complexes were characterized by NMR spectroscopy and
elemental analysis.

3.2. Optophysical properties

Fig. 1 shows the UV/vis absorption and photoluminescence (PL)
spectra of the (dfppy)Ir(Brfl-pic) and (dfppy).Ir(Tfl-pic)
complexes in DCM at room temperature, and their data are
summarized in Table 1. Two intense absorption bands at around
250 nm and 325 nm, as well as a weak low-lying absorption band
at 372 nm are observed for the (dfppy)aIr(Brfl-pic) complex. The
two intense absorption bands are assigned to the T—m™ transitions
of the dfppy and Brfl-pic ligand, respectively. The low-lying
absorption band is attributed to the spin-allowed singlet metal-
to-ligand charge transfer (\MLCT), spin-forbidden triplet metal-
to-ligand charge transfer (MLCT) and 3m—m* transitions.
Compared to the (dfppy),Ir(Brfl-pic) complex, the (dfppy),Ir(Tfl-
pic) complex exhibits an increased absorption band from the
ancillary ligand at 347 nm and a decreased MLCT absorption band
at 410 nm. As the ancillary ligand absorption significantly
increases, the MLCT absorption of the (dfppy).Ir(Tfl-pic) complex
becomes much weaker [28].
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Scheme 1. Synthesis route of the (dfppy),Ir(Brfl-pic) and (dfppy).Ir(Tfl-pic) complexes.

It is interesting that both alkylfluorene-containing iridium (III)
complexes exhibit nearly identical PL profiles in DCM solution and
their neat films. An intense and structured peak at 471 nm, with an
intense shoulder at 498 nm are observed for these two iridium (III)
complexes, which is assigned to a blend of 'MLCT and 3MLCT
transitions [29]. It implies that introducing a trialkylfluorene or
dibromoalkylfluorene unit into picolinic acid has a minor effect on
the PL property of their iridium (III) complexes in DCM. In contrast,
the PL spectra in neat films exhibit different red-shifted emission
for both iridium (III) complexes. However, the introduction of
dibromoalkylfluorene and trialkylfluorene groups into iridium (III)
complex should induce a better energy transfer which can improve
their PL quantum efficiency. The PL quantum yield (®p.) was
determined to be 0.48 for (dfppy).Ir(Tfl-pic) and 0.43 for
(dfppy)2Ir(Brfl-pic) in degassed DCM solution at room temperature
by using (dfppy),Ir(pic) as the standard (®p; = 0.42) [30] (Table 1).

3.3. Thermal and dispersible properties

The thermal stability of the two iridium (IlI) complexes of
(dfppy).Ir(Tfl-pic) and (dfppy)2Ir(Brfl-pic) was evaluated by ther-
mogravimetric analysis (TGA) under N, stream at a scanning rate of
20°Cmin~, and their TGA curves are shown in Fig. S1. The decom-
position temperature (Tq) values are 361 °C for (dfppy).Ir(Brfl-pic)
and 367 °C for (dfppy).Ir(Tfl-pic), which corresponds to a 5% weight
loss. Both iridium (III) complexes present high thermal stability.

In order to make clear their dispersibility in a polymer matrix, the
films of two iridium (III) complexes doped with a blend of PBD—PVK
at 8 wt% doping concentration were made. Their surface morphol-
ogies were recorded by atomic force microscopy (AFM), and the AFM
images are shown in Fig. 2. The (dfppy),Ir(Brfl-pic)-doped film

displays a roughness with R, = 0.200 nm and the (dfppy ),Ir(Tfl-pic)-
doped film exhibits a roughness with R;=0.228 nm. Both of the
iridium (IIT) complexes exhibit a good dispersibility in the PVK—PBD
matrix.

3.4. Electrochemical properties

The electrochemical behavior of the cyclometalated iridium (III)
complexes was studied by cyclic voltammetry, and the data
are listed in Table 1. Both of the (dfppy)Ir(Brfl-pic) and
(dfppy)2Ir(Tfl-pic) complexes showed a sole reversible reduction

—=— (dfppy), I (Brfl-pic)

; 1.0 .."' —e— (dfppy),Ir(Tfl-pic) | 1.0 g
& ‘ o (dfopy) rBrikpic)
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Fig. 1. Normalized UV—vis and PL spectra of the (dfppy),Ir(Brfl-pic) and (dfppy),Ir(Tfl-
pic) complexes in DCM and their neat films at room temperature.
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Table 1

UV—vis absorption, PL, electrochemical, and thermal properties of (dfppy).Ir(Brfl-pic) and (dfppy),Ir(Tfl-pic).
Compounds UV—vis/nm Emission®/nm Emission®/nm DpL Ered/mV HOMO/eV LUMO/eV EgleV
(dfppy)Ir(Brfl-pic) 257,299 372, 420 471, 498 484 0.43 -1.78 -5.36 —2.56 2.8
(dfppy)2Ir(Tfl-pic) 252, 325, 345, 418 471, 498 485 0.48 -1.71 -5.54 -2.62 2.92

@ Measured in DCM at room temperature.
b Measured in the neat film at room temperature.
¢ As 10~ M solutions in CH3CN containing 10~ M NBu4PF; as electrolyte.

wave (Ereq) at —1.78V and —1.71V, respectively. No oxidation
waves (Eq,x) were observed for these iridium (III) complexes. As
aresult, the Eqx has to be calculated by the energy band gap (Eg) and
Ereq according to the formula of Eox=Eg+ Ereq, in which Eg is
generally estimated from the low-lying absorption edge data.
According to the empirical formula of E;ymo = —(Ereq + 4.34) and
Enomo = —(Eox + 4.34) [31], the highest occupied molecular orbited
(HOMO) and the lowest unoccupied molecular orbital (LUMO)

nm

20.000

Fig. 2. Atomic force microscope images for: (a) the (dfppy).Ir(Brfl-pic)-doped
PVK—PBD film; (b) the (dfppy),Ir(Tfl-pic)-doped PVK—PBD film. The film thickness was
about 80 nm and the dopant concentration was 8 wt%.

energy levels (Egomo and Epymo) are calculation to be —5.36eV
and -2.56eV for the (dfppy).Ir(Brfl-pic) complex, —5.54¢eV,
and —-2.62eV for the (dfppy),Ir(Tfl-pic) complex, respectively.
Introduction of a trialkylfluorene group instead of a dibromoalkyl-
fluorene group is responsible for increasing the energy gap of its
iridium (III) complex.

3.5. Electroluminescent properties

As (dfppy)2Ir(Tfl-pic) exhibited better optophysical and thermal
properties than (dfppy),Ir(Brfl-pic), we specially studied the elec-
troluminescent property of (dfppy).Ir(Tfl-pic) in two classes of
single-emitting devices (A and B).

Device A doped with 1-8 wt% (dfppy).Ir(Tfl-pic) as the emitting
layer was fabricated first, where Ca/Al was used as the cathode. The
electroluminescent (EL) spectra of these devices at 13 V are shown
in Fig. 3. A maximum emission peak at 475 nm with a shoulder at
430 nm and a longer wavelength band at 570 nm are observed
under the given dopant concentrations, in which the 475 nm band
is attributed to the iridium (III) complex emission and the 430 nm
band is assigned to the PVK emission. The longer wavelength band
at 570 nm, more red-shifted compared to its PL profiles, may result
from the exciplex emission of iridium (III) complex/PVK + PBD [32].
With increasing dopant concentrations from 1 wt% to 8 wt%, the
emission intensity at about 430 nm decreases gradually and that of
the longer wavelength band increases gradually. Furthermore, the
emission colors have changed from blue to near-white light with
increasing dopant concentrations. As shown in Fig. 3, the CIE
coordinate diagram displays the emission color located in the near-
white light region for the device A at dopant concentrations from
4 wt% to 8 wt%. The current density—voltage—brightness (J—V—B)
characteristics of device A is shown in Fig. 4. The luminance

CIE 1931 Chromaticity Diagram

Normalized EL intensity (a.u.)

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 3. EL spectra and CIE 1931 chromaticity diagram of the device A at the dopant
concentrations from 1 wt% to 8 wt%.
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Fig. 4. ]-V—B curves of the device A at the dopant concentrations from 1 wt% to 8 wt’%.

increases with the increasing dopant concentrations from 1 wt% to
4wt% and then gradually decreases from 4 wt% to 8 wt’%. The
highest luminance of 252 cd m~2 at 16 V is achieved in device A at
4 wt% doping level. On the other hand, the current density—voltage
(J—V) curves show an increasing trend of current density with
increasing dopant concentration. These results may imply that the
phosphorescent site of (dfppy),Ir(Tfl-pic) serves as a charge trap-
ping site [33].

In order to obtain improved white light, device B was fabricated,
where LiF/Al was used as the cathode. The dopant concentrations
remained at 1-8 wt%. Fig. 5 shows the EL spectra of device Bat 13 V
with different dopant concentrations. All EL spectra exhibit a broad
emission with three emission peaks at 430 nm, 480 nm and
520 nm, respectively, in which the former is attributed to PVK
emission, the second is assigned to the iridium (IlI) complex
emission and the last is attributed to the exciplex emission of
iridium (IlI) complex/PVK + PBD. It is observed that their corre-
sponding CIE coordinates located in near-white light region from
(0.26,0.32) to (0.31, 0.41). The emission intensities at about 430 nm
and 520 nm are obviously increased at dopant concentrations of
1-8 wt% compared to the device A, which is the result of the
exciton recombination zone has a shift to host matrix because LiF
should be enhance the electron transition property [34].

CIE 1931 Chromaticity Diagram
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Fig. 5. EL spectra and CIE 1931 chromaticity diagram of the device B at the dopant
concentrations from 1 wt% to 8 wt%.

400 -

4600
1 ey

— 4500 g

o~

300 1

g Ja00 <

8 | E

—~ 4300 -,

@ 200 ] £

f‘E-’ {200 &

i == 1 o

=) 4100 =

= 100+ ] E
,0 !5
. O

04 1-100
T T ¥ T T

Y Y Y LN S N B B B S
0 2 4 6 8 10 12 14 18 18 20
Voltage (V)

Fig. 6. ]—V—B curves of the device B at the dopant concentrations from 1 wt% to 8 wt’%.
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Fig. 7. EL spectra of device B under different applied voltages at a 4 wt% dopant
concentrations.

Fig. 6 shows the current density—voltage—brightness (J—V—B)
characteristics of device B. The change of luminance and current
density versus voltage is identical to that of device A. The maximum
luminance of 382 cd m~2 (17 V) and a maximum current efficiency
of 0.3 cd A~ at ] = 97 mA cm 2 were obtained in device B at 4 wt%
dopant concentration. Device B exhibited higher luminance than
device A. It is suggested that the device performance can be
improved by tuning the cathode.

To further investigate the white emission based on device B, the
EL spectrum under different applied voltages at the dopant
concentration of 4 wt% were recorded (Fig. 7). While the applied
voltage increased, the emission in the high-energy region is grad-
ually decreased and the emission in the low-energy region grows
strong. Accordingly, the color change from the blue to white region
and the CIE coordinates varied from (0.19, 0.21) to (0.36, 0.46)
(Fig. S2). We presumed that the change of CIE coordinates results
from a ratio of exciplex at different applied voltages, which is in
accord with a literature report [32].

4. Conclusions

In conclusion, two blue-emitting iridium (II) complexes con-
taining trialkylfluorene picolinic acid derivatives were obtained.



500 Y. Wang et al. / Dyes and Pigments 91 (2011) 495—500

Utilizing the mono-molecular and exciplex emission of the blue-
emitting (dfppy).Ir(Tfl-pic) complex, the single-emitting layer
devices exhibited near-white emission. By further tuning the
cathode, the device presented a more stable white emission. To the
best of our knowledge, this is the first report on the application of
exciplex emission used an iridium (IlI) complex as an unitary
component in single-emitting layer white PLEDs.
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