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Two new orange-red emitting ruthenium complexes, [Ru(bpy)2(4,4’-bis(3-ethylheptyl)-2,2’-bipyr-
idine)](PFg)2 and [Ru(bpy)2(4-dihexylmethyl-4'-heptyl-2,2’-bipyridine)](PFs), with branched alkyl side
groups on the bipyridyl ligand have been synthesized and used as dopants in an organic light emitting
device. The device that contains the complex containing the 4-dihexylmethyl-4’-heptyl-2,2’-bipyridine
ligand 1.0 wt.% doped polymer blends of poly(vinylcarbazole) and 2-tert-butylphenyl-5-biphenyl-1,3,4-
oxadiazol as the emitting layer reached to a luminous efficiency of 7 cd/A, and a maximum brightness
of 3824 cd/m? with an electroluminescence spectral peak at 600 nm and Commission Internationale de
L’Eclairage chromaticity coordinates of (0.57, 0.39). The swallow-tail alkyl substituent in this complex
played a significant role in lowering the tendency to aggregate and presenting a better electrolumi-
nescence efficiency than that of the complex derived from the 4,4’-bis(3-ethylheptyl)-2,2’-bipyridine)
ligand in a device.

Orange-red
Electroluminescence

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The efficiency of an organic light emitting diode (OLED) strongly
depends on the choice of molecules and the design of device
structure. Recently, considerable progress has been achieved with
electrophosphorescent OLEDs that involve the transition metal
complexes as emitters [1—3]. The presence of transition metals
provides the advantages of controlling and tuning of photophysical,
photochemical and redox properties of materials [4]. Among them
Os, Pt and Ir complexes have been subject of many reports in the
field of OLED technology [5—8] to obtain red, green and blue colors.
However, the cost of a technology is the major factor that will affect
its commercialization. In this aspect for a red color, Ru(Il) complexes
are alternatives of those precious noble metal complexes that
provide advantages of being a transition metal complexes [9—11].

Generally, Ru(ll) complexes have been used in light emitting
electrochemical cells (LECs) both in solution and solid state [12—20].
Stabilities of these cells are generally very low and response times
are rather long when compared with the organic EL devices.
Recently, there has been much effort to use these complexes as
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dopants in a proper matrix to overcome these hindrances [21—-27].
In principle, a molecular dispersion of Ru(Il)complexes in a semi-
conductor material surpasses the problems associated with counter
ion mobility, self-quenching and triplet—triplet annihilation that is
derived from the strong interaction between the molecules.

In this study, two Ru(Il) complexes that contain symmetric and
asymmetric branched alkyl chains on their bipyridyl (bpy) ligands
were synthesized and used as a dopant in a wide band gap PVK:PBD
blend host. As is well-known from the literature, a doping strategy
may increase the EL performance through energy transfer or direct
charge trapping [26]. The presence of branched alkyl groups on the
bpy ligand may increase the compatibility between the polymer
and the complexes [23,28]. The device that contains the complex
with asymmetric swallow-tail alkyl group on one of its bpy ligands
provides a good alternative for red-orange light generation.
Nonetheless, according to our knowledge, luminous efficiency of
7 cd/A at a current density of 10 mA/cm?, is one of the best results
obtained by the use of Ru(Il) complexes [24,29,30].

2. Experimental
2.1. Materials

Ruthenium(IIl) chloride hydrate and 1-bromohexane, were
purchased from Fluka. n-Butyllithium (1.6 M in hexane),
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Fig. 1. Molecular structures of the complexes CS91, CS93 and Ru(bpy),(dmbpy) (PFg),.

4,4'-dimethyl-2,2’-bipyridine (dmbpy) and 2,2’-bipyridine were
provided from Aldrich. Diisopropylamine and analytical
grade solvents were obtained from Merck. [Ru(bpy),Cly]-2H,0
and [Ru(bpy)(dmbpy)](PFs), were prepared according to the
literature methods [31,32]. All reactions were carried out using
standard Schlenk techniques under argon atmosphere. Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS),
poly (N-vinylcarbazole) (PVK) (M, 1.100.000), 2-(4-Biphenylyl)-5-
phenyl-1,3,4-oxadiazole (PBD), 4-(dicyanomethylene)-2-methyl-
6-(4-dimethylaminostyryl)-4H-pyran (DCM), tetrabutylammo-
niumhexafluorophosphate (TBAPFg) and 2,2,2-(1,3,5-benzenetriyl)
tris-(1-phenyl-1H-benzimidazole) (TPBi) were purchased from
Aldrich and Lum Tec Co., respectively and were used as received.
ITO glass substrates were purchased from Delta Technologies.

2.2. Instruments

NMR spectra were recorded at probe temperature on Varian
Mercury AS 400 NMR instrument at 400 MHz (1H), 100.56 MHz
(13C) 162 MHz (31P), 376 (19F). Elemental analyses were per-
formed by using a Carlo Erba 1106 elemental analyzer. Mass spectra
were recorded on a Bruker Esquire 6000 ESI spectrometer and
methanol was used as the mobile phase. Electrochemical data were
obtained by using a CH Instrument 660 B Model electrochemical
workstation. The thermal properties of the complexes were
measured by thermal gravimetric analyzer (Perkin Elmer Pyris 6
TGA) and differential scanning calorimeter (Perkin Elmer Pyris 6
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Fig. 2. Device illustration (a) and corresponding HOMO—LUMO energy diagram (b).

DSC) under nitrogen atmosphere. The absorption and photo-
luminescence (PL) properties were investigated with Analytik Jena
S 600 UV and PTI-QM1 Iuminescence spectrophotometers,
respectively. Fluorescence microscope images of thin films on glass
were taken with Olympus IX71 inverted fluorescence microscope.
The current—voltage (I-V) characteristics were measured with
a Keithley 2400 programmable power source controlled by a Lab-
View™ program. The EL spectra were obtained through the trans-
parent glass substrate by the use of an Ocean Optics USB4000 fiber
optic spectrometer with an optical fiber that was attached above
the OLED normal to the glass substrate. Devices were tested in
a glove box at room temperature without encapsulation.

2.3. Synthesis of ligands and corresponding complexes

2.3.1. Synthesis of 4,4'-bis(3-ethylheptyl)-2,2'-bipyridine (L;)

4,4'-(3-ethylheptyl)-2,2’-bipyridine was prepared according to
the literature [33]. The product was chromatographed on neutral
Al,O3 by the use of hexane/ether (10:1, v/v) as an eluent. Light
yellow oily L; was obtained as the first fraction collected from
column. Yield: 11%. "H NMR (CDClz) 6 ppm: 8.56 (d, ] = 5.2 Hz, 2H),
8.24 (s, 2H), 7.14 (dd, ] = 1.2 Hz, 2H), 2.67 (m, 4H), 1.64 (m, 4H), 1.34
(m, 18 H), 0.89 (m, 12 H). *C NMR (CDCl3) 6 ppm: 156.5,153.6,149.2,
124.1,121.5, 39.0, 344, 33.0, 29.1, 25.9, 23.3, 14.3, 11.0.

2.3.2. Synthesis of 4-dihexylmethyl-4'-heptyl-2,2'-bipyridine (L)

4-Dihexylmethyl-4’-heptyl-2,2’-bipyridine was synthesized
according to the literature [34]. The product was purified on neutral
Al;03 by the use of hexane/ether (20:1, v/v) as an eluent. The light
yellow oily L, was obtained as the second fraction collected from
column. Yield: 25%. "TH NMR (CDCl3) 6 ppm: 8.56 (d, ] = 5.2 Hz, 2H),
8.25(s,1H), 8.19 (s, 1H), 7.12 (dd, J = 1.6 Hz, 1H), 7.09 (dd, ] = 1.6 Hz,
1H), 2.69 (t, 2H), 2.59 (m, 1H), 1.64 (m, 6H), 1.22 (m, 24H), 0.85
(m, 9H). 13C NMR (CDCl3) 6 ppm: 158.8, 156.9, 156.5, 156.4, 153.1,
149.2,124.1,123.4,121.6,120.9, 46.3, 36.5, 35.8, 32.0, 31.9, 30.7, 29.6,
29.5,29.3,27.8, 22.8, 22.8, 14.3,14.2.

2.3.3. Synthesis of [Ru(bpy)(L1)](PFs)> (CS91)

[Ru(bpy)2Cl2]-2H20 (50 mg, 0.1 mmol) and L; (42 mg, 0.1 mmol)
were heated under reflux in ethanol (15 ml) for 4 h under argon
atmosphere. After cooling to room temperature, saturated aqueous
solution of NH4PFg was added into the reaction mixture and the
precipitate was collected by filtration. The crude product was
washed with water and diethyl ether. The orange solid was
obtained with a yield of 96%. Melting point: 136 °C. FTIR (KBr,
cm™1): 2956, 2926, 2859 (C—H), 1614, 1538, 1420, 1375 (bpy). 'H
NMR (DMSO-dg) 6 ppm: 8.82 (d, J = 8.2 Hz, 4H), 8.75 (s, 2H), 8.15
(t, ] = 7.6 Hz, 4H), 7.70 (d, J = 5.2 Hz, 4H), 7.52 (m, 6H), 7.38
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Fig. 3. '"H NMR (solv. CD;0D) and ESI mass spectra (inset) of CS91 dissolved in methanol.

(d,J =4.9Hz, 2H), 2.74 (t,] = 8.1 Hz, 4H), 1.58 (m, 4H), 1.24 (m, 18H),
082 (m, 12H). F NMR (Acetone-ds) & ppm: -—68.6
(d, Yp_g = 708 Hz). 3'P NMR (Acetone-dg) & ppm: 78.9 (sept.,
1p_p = 708 Hz). ESI-MS (m/z) [M—PFg | "967.36, [M—2PF5 |** 411.20.
Elemental distribution calculated for C4gHgoNgP2F12Ru: C, 51.84%;
H, 5.44%; N, 7.56%, and found: C, 51.81%; H, 5.38%; N, 7.60%.

2.3.4. Synthesis of [Ru(bpy)(L2)](PFs)2 (CS93)
CS93 was synthesized using the same reaction conditions and
purification steps of CS91 except that; L, was used instead of L;.
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Fig. 4. DSC thermograms of CS91 and CS93.

Yield 97%. FTIR (KBr, cm‘l): 2926, 2855 (C—H), 1614, 1540, 1422,
1376 (bpy). 'H NMR (DMSO-dg) 6 ppm: 8.82 (m, 5H), 8.71 (s, 1H),
8.15 (m, 4H), 7.70 (d, 4H), 7.52 (m, 6H), 7.35 (t, 2H), 2.75 (m, 3H),
1.64 (m, 6H), 1.22 (m, 24H), 0.80 (m, 9H). "°F NMR (Acetone-dg)
6 ppm: —68.6 (d, Jp_g = 708 Hz). >'P NMR (Acetone-dg) 6 ppm: 78.9
(sept., Jp_p = 708 Hz). ESI-MS (m/z) [M—PFg]+995.39, [M—2PFs |>*
425.21. Elemental distribution calculated for CsgHgsNgP2F12Ru: C,
52.68%; H, 5.66%; N, 7.37%, and found: C, 52.78%; H, 5.65%; N, 7.42%.

Structures of the synthesized complexes are given in Fig. 1
together with the structure of Ru(bpy),(dmbpy) (PFg),.
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Fig. 5. UV—Vis absorption spectra of CS91 and CS93 at the same concentration in 1,2-
dichlorobenzene and normalized PL spectra of them together with the bare PVK and
PVK:PBD (40 wt.%) in thin film.
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Fig. 6. Photoluminescence spectra of (a) PVK:PBD:x wt.% CS91 and (b) PVK:PBD
(40 wt.%) PVK:PBD:x wt.% CS93 thin films (x: 0.25, 0.5, 1, 2, 3) and (c) corresponding
Stern—Volmer plots.

2.4. Preparation and characterization of OLEDs

ITO coated glass substrates (p = 4—10 Q/0) were etched and
ultrasonically cleaned in acetone and isopropanol for 15 min
each, and blow dried with high purity nitrogen. Prior to coating

Table 1
The electrochemical data of the complexes in acetonitrile.
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Fig. 7. Cyclic voltammograms of the CS91 and CS93 measured in acetonitrile and inset
is the five consecutive cyclic voltammograms of complex CS91 in acetonitrile solution;
scan rate is 100 mV s~

the organic materials, they were treated by O, plasma for 2 min.
Conductive polymer layer (PEDOT:PSS) was coated onto ITO
substrates at 4000 rpm which yields a 40 nm film thickness. Light
emitting layer (80 nm) was spin-coated from 1,2-dichlorobenzene
solution that contains 30 mg/ml of x wt.%CSy (x: 0.25, 0.5, 1, 2,
3 wt.%; y: 91 or 93) in PVK:PBD (40 wt.%) host on PEDOT:PSS
coated ITO glass. TPBi (40 nm) was deposited by thermal evap-
oration (Nanomaster NTE3000) at a rate of 0.4 A/s. Finally, Ca
(40 nm) and Al (100 nm) cathodes were deposited through
a shadow mask by the use of a vacuum evaporator, attached to
a MBRAUN 200B glove box system, at a rate of 0.5 A/s and 0.8 A/s,
respectively. Before the deposition of TPBi, the films were heat
treated at 80 °C for 1 h in a vacuum oven. A control device that
would contain [Ru(bpy),(dmbpy)](PFg), was also planned but low
solubility (solubility = 0.7 mg/ml in 1,2-dichlorobenzene) of
this material forestalled its film studies and OLED application.
The active area was 4 x 3 mm? and five parallel measurements
were performed for each device. The device illustration and
the corresponding HOMO—LUMO energy diagram are shown in
Fig. 2.

3. Results and discussion
3.1. Structural, spectral and electrochemical analysis

3.1.1. Structural characterization

The ratios of aromatic resonance peaks in the 'H NMR spectra of
CS91 (Fig. 3) and CS93 proved the presence of three bipyridine
ligands. The resonance peak at 0.81 ppm is assigned to 12 protons
of 4 methyl groups in CS91, while aliphatic resonance peak of 3
methyl groups in CS93 appeared at 0.82 ppm. The presence of PFg
anion is confirmed with 3'P and °F NMR spectroscopies. 3'P NMR
spectrum gave septet peak observed at 78.9 ppm corresponding to
the P atom due to the interaction of P and F atoms and '°F NMR also
shows doublet peak at —68.6 ppm for CS91 and CS93. The ESI mass
spectrum of complex CS91 is shown in Fig. 3. The measured values
of CS91 for [M—PFg]* and [M—2PFg]** are at 967.3572 and,

Complex ERet (V) ESRIS (V) Ereaz (V) Ereas (V) HOMO (eV) LUMO (eV) Band gap (AE,)(V)
[Ru(bpy)z(dmbpy)](PFe), 136 ~1.09 ~1.38 ~1.65 —5.67 322 2.45
CS91 1.33 -1.12 —-1.42 -1.70 —-5.64 -3.19 245
CS93 1.29 -1.16 —-1.45 -1.73 -5.60 -3.15 245
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411.1950 m/z which are in agreement with the calculated values of
967.3582 and 411.1962 m/z, respectively.

TGA thermograms of CS91 and CS93 present weight losses
starting at 248 °C and 257 °C, respectively. DSC thermograms of
both of the complexes give crystallization peak at 84 °C but
a melting point of 136 °C is observed only for CS91. Furthermore,
CS91 gives a broad peak between 156 °C and 176 °C (maximum
point of peak at 171 °C) which is attributed to temperature
dependent aggregation of CS91 (Fig. 4) [34]. Regarding the
stereochemistry there is a structural difference between CS91 and
CS93 as the former has a chirality that is located in lateral alkyl
chains of 4,4’-bis(3-ethylheptyl)-2,2’-bipyridine. Such chiral alkyl
chains may be the reason of higher tendency to form aggregates
[35,36].

3.1.2. Absorption and emission studies

UV—Vis absorption and normalized PL spectra of CS91 and CS93
in 1,2-dichlorobenzene solutions and films are shown in Fig. 5
together with bare PVK and PVK:PBD (40 wt.%) blend films. The
absorption spectra of the two complexes are almost the same. The
strong absorption peaks centered at 297 nm generated from
the w—m* ligand centered charge transfer (LC) transitions of bpy
ligands and broad absorption bands between 380 and 550 nm are
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Fig. 8. Influence of doping ratio on electroluminescence of CS91 (a) and CS93 (b) based
devices (Vpr. = 15 V).

assigned to metal to ligand charge transfer (MLCT) [37]. Both of the
complexes give orange-red 3MLCT emission centered at 598 nm in
solution. Independent from the dopant nature a negligible bath-
ochromic shift is observed in their films due to the T—m stacking of
the molecules in solid state. The relative fluorescence quantum
yields (®¢) of CS91 and CS93 in 1,2-dichlorobenzene are calculated
by the use of equation given in literature [38] and 4-(dicyano-
methylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM) as reference (@Mehan0!l — 038 at dexe = 460 nm) [39]. The PL
of Ru(ll)bpy type materials are known to be oxygen sensitive
[40,41], therefore N, saturated solutions were used in the
measurements. The calculated &¢values were 0.14, 0.16 and 0.14 for
CS91, CS93 and [Ru(bpy)2(dmbpy)](PFg),, respectively. Structural
difference in alkyl chains of CS91 and CS93 did not make a signifi-
cant effect on photoluminescence properties. However, the molar
absorptivity constants (¢) that corresponds to the MLCTs of CS91
and CS93 were slightly different; 1.56 x 10* M~' cm™! and
119 x 10* M~! cm™, respectively.

The blend of PVK and PBD which have balanced charge trans-
porting ability is selected as the host [29]. The reason for choosing
PVK:PBD blends, rather than PVK itself, is the better overlap of the
PL of the blend with the absorption spectra of complexes (Fig. 5). A
better match in the donor PL and acceptor absorption would result
in a better energy transfer. The red shift observed in the blend
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Fig. 9. Influence of doping ratio on current density—voltage characteristics of CS91 (a)
and CS93 (b) doped devices.
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Table 2

Performance characteristics for ITO/PEDOT:PSS/PVK:PBD(40 wt.%):x%CSy/TPBi/Ca/Al devices.

X conc. [wt.%] Luminance® Luminous Power efficiency Quantum Turn-on Amax [nm] CIE (x,y)

[cd m~—2] efficiency [cd A™'] [Im w1 efficiency [%] voltage [V]

CS91 CS93 CS91 CS93 CS91 CS93 CS91 CS93 CS91 CS93 CS91 CS93
0.25 1157 395 14 1.8 03 0.4 0.1 0.12 9.0 9.5 427,603 (0.53,0.35) 427, 600 (0.44,0.31)
0.50 1507 1215 28 3.6 0.5 0.8 0.17 0.21 9.2 9.0 427,603 (0.56,0.37) 427,600 (0.55,0.37)
1 1529 3824 2.7 7.0 04 1.7 0.13 0.39 11.0 8.5 427,603 (0.59,0.38) 427, 600 (0.57,0.39)
2 789 3536 1.2 5.8 0.2 13 0.07 0.34 11.2 8.7 607 (0.60,0.38) 600 (0.59,0.39)
3 344 3426 03 32 0.07 0.7 0.03 0.2 115 9.8 612 (0.61,0.37) 600 (0.59,0.39)

2 Values at the driving voltage of 15 V.

compared to bare PVK is due to the exciplex tendency of oxadiazole
and carbazole groups [42].

Photo-induced donor—acceptor relationship between PVK:PBD
blend and CSy is observed by increasing wt.%CSy in the blend film
(Fig. 6). A drastic decrease in overall intensity of the PVK:PBD
emission and a simultaneous peak evolution at 590 nm is
observed which implies an energy transfer from PVK:PBD to CSy.
With increasing the concentration of complexes (from 0.25 to
3 wt.%), further decrease in the emission peak of PVK:PBD host is
observed. However PVK:PBD emission in PVK:PBD:Ru film could
not be completely quenched which indicates that a complete
energy transfer did not take place. Still, the slightly higher ¢ value
of CS91 denotes the probability of a better energy transfer as the
overlap integral of PVK:PBD blend photoluminescence and
CS91 absorption is higher than that of CS93. This is supported by

the application of PL quenching data in the Stern—Volmer equa-
tion [43]:

Iv/lgm = 1+ Kqml[Q]

where I\i/Igum is the ratio of measured PL intensity of PVK:PBD blend
in the absence and presence of CSy, Kqm is the Stern—Volmer
coefficient and [Q] is the concentration of CSy in the film. There-
fore, the slope of Iw/Iqm vs. [Q] curve is equal to Kqom. The obtained
Kqm values were 1.249 and 1.181 for the quenching experiments
performed with CS91 and CS93, respectively (Fig. 6¢).

3.1.3. Electrochemical properties

Electrochemical properties of the materials used in photo-
chemical molecular devices, including OLEDs, are very important
for the design of the device structure. The electrochemical studies

Fig. 10. Fluorescence microscope images of spin-coated (a) 1 wt.%, (b) 3 wt.% CS91 doped and (c) 1 wt.%, (d) 3 wt.% CS93 doped PVK:PBD blend thin films.
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of CS91 and CS93 were performed by using glassy carbon working
electrode, Pt wire counter electrode and Ag wire reference elec-
trode in acetonitrile solvent that contains 0.1 M TBAPFs. The redox
potentials are summarized in Table 1. The cyclic voltammograms of
CS91 and CS93 (Fig. 7) showed one reversible oxidation peak and
three reduction peaks. The reversible oxidation peak of CS91 and
CS93 are observed at 1.33 V and 1.29 V vs. Ag/Ag", respectively
and are assigned to Ru(II)/Ru(Ill) couple. Three reversible reduction
peaks of the complexes are attributed to each of the two bpy
ligands and bpy ligand with alkyl groups (L; and L), respectively.
The oxidation and reduction potentials of CS93 are slightly shifted
to the cathodic area due to the presence of more donor L, which
contains the branched swallow-tail alkyl substituent at the first
exocyclic carbon of 4,4’-dimethyl-2,2’-bipyridine when compared
to CS91. The onset of the first oxidation and reduction potentials
and ferrocene as an internal standard are used to determine the
HOMO and LUMO energy level of complexes [44]. The onset of the
ferrocene peak is at 0.49 V vs. Ag/Ag™. The calculated HOMO and
LUMO energy levels for CS91 and CS93 are 5.64 eV, 5.60 eV and
3.19 eV, 3.16 eV, respectively. If the overall evaluation of the data
given in Table 1 is made, one may conclude that with the increase in
electron donor ability of the alkyls on bpy ligand, both HOMO and
LUMO energy levels come closer to the vacuum level; however the
electrochemical band gap does not change. In order to control
electrochemical stability of CSy several consecutive voltammo-
grams were performed and no significant change in peak currents
and potentials of anodic and cathodic areas are observed (Fig. 7 —
inset).
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Fig. 11. Luminance—voltage curves of CS91 (a) and CS93 (b) based devices.

3.2. OLED performance

The electroluminescence spectra and current density—voltage
(J—V) curves of the devices that contain CS91 and CS93 are shown
in Figs. 8 and 9, respectively. Fig. 8 shows the actual values of
spectral irradiance obtained from the devices at applied voltage of
15 V. The maximum EL intensity at around 600 nm is 4 times higher
in CS93 doped device than that of CS91. The weak emission in the
region of 350—500 nm originated from the PVK:PBD exciplex. The
350—500 nm region of Fig. 8b is enlarged as an inset in order to
make it easier to notice that the EL intensities of PVK:PBD in both of
the devices were almost the same. Therefore, regarding the energy
transfer efficiency, unlike the situation in PL, donor—acceptor
relationship between PVK:PBD and CSy are the same. A complete
quenching of emission obtained from the host system was reached
at 1 wt.%CSy doping. The mechanism of EL obtained from similar
systems that presents different PL and EL properties is proposed as
charge trapping and supported by turn-on voltage (Viurn-on)
increase and current density (J) decrease with the increase in
dopant concentration [26]. This behavior is valid in the case of CS91
from 0.25 wt.% up to 3 wt.% and CS93 following 1 wt.% doping. For
doping concentrations of higher than 1 wt.% in CS91 based devices
no significant change in J and Viym-on Values is detected. However,
EL maximum of these devices made a bathochromic shift of 9 nm
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Fig. 12. Power efficiency—current density curves of CS91 (a) and CS93 (b) based
devices.
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while that of CS93 remained constant (Table 2). This indicates that
the branching of the alkyl substituent at the first exocyclic carbon of
bpy ligand, lowers the tendency of the Ru(Il) complex to aggregate
and increase its compatibility with the host. In addition to the
discussions made on DSC thermograms, this conclusion is also
supported by higher | obtained in CS93 based devices [45].

Recently, the use of optical microscopy techniques has made it
possible to study physical properties of materials [46,47]. Fig. 10
shows the fluorescence microscope images of 1 and 3 wt.% CS91
and CS93 doped PVK:PBD films prepared at the same conditions
used in device preparation, and excited with blue light
(Aext = 470—490 nm). Aggregates are clearly seen in all images,
whereas the image spots are much bigger in CS91 doped PVK:PDB
films than that of CS93. The image spots increase with increasing
dopant concentration. This feature indicates that relatively poor
efficiencies of CS91 doped devices (Table 2) may have been induced
by phase separation, and highly aggregated CS91 molecules act as
trapping centers for the injected charges [47].

The performance characteristics of ITO/PEDOT:PSS/
PVK:PBD(40 wt.%):x wt.%CSy/TPBi/Ca/Al devices are listed in
Table 2. The highest luminous and power efficiency and lowest
turn-on voltage values are obtained from the 1 wt.% CS93 doped
device as 7.0 cd/A and 1.7 Im/W at 10 mA/cm? and 8.5 V, while that
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Fig. 13. Luminous efficiency—current density curves of CS91 (a) and CS93 (b) doped
devices.

of 0.5 wt.% CS91 doped device are 2.8 cd/A and 0.5 Im/W at 10 mA/
cm? and 9.2 V, respectively. The efficiencies gained from the 1 wt.%
CS93 doped device are one of the best results obtained from the
devices with similar structures [26,28,30]. The maximum bright-
ness obtained from this device is 3824 cd/m? which is 2 folds higher
than the best value that could be reached with CS91 doped
examples. The high turn-on and driving voltages may be due to the
relatively high thickness of the emissive layer (80 nm) and large
hole barrier at the PEDOT:PSS/PVK:PBD interface [48]. However,
the obtained turn-on and driving voltages are comparable and
lower than with those of literature values [23—26,29]. All devices
emit orange-red light and Commission Internationale de L’Eclairage
color coordinates (CIE) remained constant with applied voltage.
The luminance — V, power and luminous efficiency — J charac-
teristics of the devices are shown in Figs. 11—13, respectively.
Compared with CS91 doped devices, higher luminance, power and
luminous efficiency are observed at the same applied voltage
withCS93 doped devices. The power and luminous efficiency of
CS93 decreases faster with the increase in J which may be attrib-
uted to the faster increase of triplet—triplet (T—T) annihilation and
field-induced quenching effects [26]. However, even at high current
densities, the power efficiency values of the 1 wt.% CS93 doped
device is higher than that of the best device performance that could
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Fig. 14. External quantum efficiency—current density curves of CS91 (a) and CS93 (b)
doped devices.
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be reached by CS91 doping. This shows that, CS93 is a better
electroluminescent phosphor for OLED devices.

Fig. 14 shows the external quantum efficiency (EQE) vs. J char-
acteristics of the devices. The device with 0.5 wt.% CS91 and the
device with 1 wt.% CS93 achieved an EQE of 0.17% and 0.39% at
10 mA/cm?. The slow decrease in EQE of both devices can be
attributed to the alkyl chain on the bipyridyl ligand which suppress
the T-T annihilation due to better chemical compatibility and more
homogenous distribution of the ruthenium molecules in the
PVK:PBD matrix [26]. The higher EQE observed for CS93 doped
devices are due to decreased aggregation and self-quenching of the
CS93 with branched alkyl substituents from the first exocyclic
carbon of bpy ligand.

4. Conclusion

In this paper, the synthesis, photophysical, thermal and elec-
trochemical properties of two new Ru(Il) complexes and their
electroluminescence (EL) characteristics when employed as
a dopant in ITO/PEDOT:PSS/PVK:PBD(40 wt.%):x%CSy/TPBi/Ca/Al
device are reported. Although the difference of the alkyl substituent
on the bpy ligand did not have a significant effect on ground state
absorption and PL properties, EL efficiencies were more than 2 folds
higher for the complex that contained the swallow-tail alkyl
substituent at the first exocyclic carbon. However, the significance
of this study should be supported by further transient studies.
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