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ABSTRACT: A series of cationic iridium complexes (1—6)
were synthesized using alkylated imidazole-based ancillary
ligands, and the photophysical and electrochemical properties
of these complexes were subsequently evaluated. Light-
emitting electrochemical cells (LECs) were fabricated from
these complexes, and the effects of the alkyl chain length on
the electroluminescent properties of the devices were
investigated. The LECs based on these complexes resulted in
yellow emission (complexes 1, 3, and 5) and green emission
(complexes 2, 4, and 6) with Commission Internationale de
L’Eclairage (CIE) coordinates of (0.49, 0.50) and (0.33, 0.59),

1TO

respectively. Our results indicate that the luminance and efficiency of the LECs can consistently be enhanced by increasing the
alkyl chain length of the iridium complexes as a result of suppressed intermolecular interaction and self-quenching. Subsequently,
a high luminance of 7309 ¢d m™ and current efficiency of 3.85 cd A~ were achieved for the LECs based on complex 5.
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1. INTRODUCTION

Light-emitting electrochemical cells (LECs) are the next
generation of optoelectronic devices and commonly employ
ionic transition metal complexes (iTMCs) or conjugated
polymers as the light-emitting material.' > LECs typically
consist of ionic species, which are fabricated in solution and
utilize air-stable electrodes, allowing the nonrigorous encapsu-
lation of the devices.® This simple device architecture employs
ionic species that migrate toward the respective electrodes
under an external bias; subsequent carrier injection and
recombination results in the emission of light. These features
make LECs a superior candidate for the next generation of
display and lighting applications compared to sophisticated
multilayered organic light-emitting diodes (OLEDs), which are
composed of neutral molecules and require multiple evapo-
ration processes that cause the fabrication of such devices to be
quite expensive.

The first solid-state LEC was reported in 1995 and consisted
of a polymer blend sandwiched between two electrodes." The
polymer blend was composed of a mixture containing an
emissive conjugated polymer, an ion conducting polymer, and
an inorganic salt. More recently, LECs based on iTMCs have
attracted significant attention owing to their various advantages
over polymer-based LECs. In general, iTMCs possess desirable
thermal and photochemical stabilities. Additionally, iTMCs
exhibit high luminance efficiencies owing to the phosphor-
escent nature of the metal complexes. They are also intrinsically
ionic and contribute to both charge transport and emissive
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recombination processes and subsequently eliminate the need
for the ion-conducting materials used in polymer-based devices.
Unlike iTMCs, polymer-based LECs containing multiple
components may result in aggregation or phase separation
that negatively affects the thin film morphology and limits the
device performance. These characteristics make iTMCs the
most promising ionic emitter for the fabrication of optoelec-
tronic devices. The first solid state LECs based on iTMCs were
reported in 1996 and utilized an ionic ruthenium polypyridyl
Extensive effort has since been carried out to
enhance the device performance of LECs incorporating iTMCs.

LECs based on various iTMCs such as ionic Ru(II),>*"~!'?
Os(I1),"'* and Cu(I)"™'® complexes have been previously
reported. However, these complexes are unable to tune the
emission colors to shorter wavelengths because of their limited
ligand field splitting energies (LFSEs) and therefore have
limited applications in LECs. LECs based on iridium complexes
were fabricated for the first time in 2004 with the intention of
producing emission wavelengths in the blue region, but they
subsequently produced a yellow emission with an efficiency of
5%." The larger LFSEs of Ir(IIT) makes it a superior material
over other iTMCs, and it can produce multicolor devices
through the selection of appropriate organic ligands.”*~** The
structural modification was performed by introducing electron

complex.”
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Scheme 1. Synthetic Routes and Structures of Cationic Iridium Complexes 1—6
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R=H, R'=Octyl, [Ir(ppy)>(Oct-pybi)]PF,  (5)
R=F, R'=Octyl, [Ir(dfppy)(Oct-pybi)]PFs (6)

withdrawing groups into the cyclometalated ligand or by
attaching electron donating groups to the ancillary ligand.
These methods resulted in the enlarged energy gaps through
the stabilization of the highest occupied molecular orbital
(HOMO) and destabilization of the lowest unoccupied
molecular orbital (LUMO).

In addition to tuning the emission colors, it is also necessary
to produce a device that exhibits high luminance and efficiency.
Steric hindrance is the best strategy because it decreases the
intermolecular interaction between the metal complexes.”* The
active layer is composed of neat films; therefore, self-quenching
will occur and produce an unbalanced carrier injection/
recombination that diminishes the performance of the devices.
In order to suppress the intermolecular interactions and self-
quenching, the complexes should be as far away from each
other as possible throu§h the selective design of organic ligands.
In 2013, Zhang et al.** reported yellow light-emitting LECS
based on cationic iridium complexes using 1,3,4-oxadiazole
(OXD) derivatives as the cyclometalated and ancillary ligands.
LECS based on these complexes exhibited a maximum
brightness of 22.0 cd m™ and a current efficiency of 0.18 cd
A7, Recently, we reported two cationic iridium complexes
using the imidazole-based ancillary ligand 2-(4-ethyl-2-pyridyl)-
1H-imidazole (EP-Imid), which resulted in blue-green emission
for [Ir(ppy),(EP-Imid)]PFs (C1) and green emission for
[Ir(dfppy),(EPImid) ]PF, (C2) (where ppy is 2-phenylpyridine
and dfppy is 2-(2,4-difluorophenyl)pyridine).*> Although color
tuning was achieved using these complexes, the complexes only
produced a maximum current efficiency of 1.0 cd A™" and 0.88
cd A7! for C1 and C2, respectively, owing to the strong
intermolecular interactions within the thin solid films. To
reduce these interactions, as well as self-quenching, we
purposefully designed ancillary ligands with various chain
lengths containing methyl, ethyl, and octyl groups.

In this study, we report a series of cationic iridium complexes
(1-6) using imidazole-based ancillary ligands, which were
prepared by the alkylation of 2-(pyridin-2-yl)-1H-benzo[d]-
imidazole (Hpybi) with various alkyl halides of varying chain
lengths. The effects of the alkyl chain lengths on the
electroluminescent properties of LECs were investigated. The
device based on complexes 1, 3, and 5 produced yellow
emissions, while complexes 2, 4, and 6 resulted in green
emission colors with respect to the selection of cyclometalating
ligands such as ppy or dfppy. Although the increase in alkyl
chain length did not yield any significant color tuning, it
resulted in enhanced luminance from the methyl to the octyl

group. Consequently, a luminance of 7309 c¢d m™ and a
current efficiency of 3.85 cd A~ were achieved for the LECs
containing complex 5. Our results reveal the necessity of
reduced intermolecular interactions in cationic iridium
complexes for the fabrication of highly efficient LEC devices.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. All reactants and solvents were
purchased from Sigma-Aldrich, South Korea, except iridium(III)
chloride hydrate, 99.9% (IrCl,-«H,O) that was purchased from Alfa
Aesar and used without further purification. 'H and "*C NMR spectra
were recorded on a Varian Unity Inova 500 MHz FT—NMR
spectrometer, and the chemical shifts § (in ppm) were measured
relative to the residual CD,Cl, solvent peak with tetramethylsilane as
an internal standard. Elemental analyses were performed on Elementar
Vario EL CHN elemental analyzer. Solution UV—visible (UV—vis)
absorption spectra and photoluminescence (PL) emission spectra of
the iridium complexes were acquired in a 1 cm path-length quartz cell
using an Agilent 8453 spectrophotometer and an F-7000 FL
spectrophotometer, respectively. PL quantum yields (PLQYs) were
measured in acetonitrile solutions at an excitation wavelength of 420
nm with quinine sulfate (CI)P = 0.545 in 1 M H,SO,) as the reference
substance. Electrochemical measurements of the complexes (107> M)
were performed using cyclic voltammetry and recorded using a
potentiostat/galvanostat (Iviumstat) voltametric analyzer with a scan
rate of 100 mVs™". The electrolytic cell contained platinum as the
working electrode, platinum wire as the counter electrode, and Ag/
AgCl as the reference electrode. The supporting electrolyte was a 0.1
M solution of tetrabutylammonium hexafluorophosphate (TBAPF) in
acetonitrile. The redox potentials of each measurement were recorded
against the ferrocenium/ferrocene (Fc*/Fc) couple that was used as an
internal standard. The HOMO/LUMO energy levels and the energy
gap (Egap) of the complexes were calculated from the oxidation (E,,)

and reduction (E.g) potentials using the empirical relations: *>*¢

Enomo = [—e(Eo (vs Ag/AgC) ~ B2 (Be/Fe +vs Ag/AgCl))] — 4.8 eV; Eymo
= [~e(Ewea — E1p)] — 48 €V and Egp = Egomo — Erumos where
E\ /3 (Be/be + vs ag/agen) 18 the redox potential of ferrocene, which was
found to be 0.43 V. Eyonmo and Ejyyo are the energy levels of the
HOMO and LUMO, respectively.

2.2. Synthesis of Ancillary Ligands. 2.2.1. 1-Methyl-2-(pyridin-
2-yl)-1H-benzo[d]imidazole (Me-pybi). Me-pybi was synthesized
from the precursor 2-(pyridin-2-yl)-1H-benzo[d]imidazole (Hpybi)
with a yield of 79%. A solution of 35% NaOH was added to a solution
of Hpybi (1 g, 5.12 mmol) in 12 mL of DMF. The resulting mixture
was stirred at room temperature for 30 min, and then iodomethane
(6.14 mmol) was added dropwise with constant stirring for 12 h. The
reaction mixture was subsequently extracted with water and ether to
remove DMF and excess NaOH. The organic layer was isolated, dried
over anhydrous Na,SO,, and filtered. The solvent was then removed
under reduced pressure. The purification of the crude product was
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carried out by column chromatography on silica gel (200—300 mesh)
with hexane/ethyl acetate (9:1) as the eluent to yield brown oil that
crystallized into a brown solid after a week of standing. "H NMR (500
MHz, CD,CL,) & (ppm): 8.65 (d, ] = 4.64 Hz, 1H), 8.37 (d, ] = 7.99
Hz, 1H), 7.88—7.84 (m, 1H), 7.77—7.75 (m, 1H), 7.47—7.45 (m, 1H),
7.37—7.28 (m, 3H), 4.27 (s, 3H).

2.2.2. 1-Ethyl-2-(pyridin-2-yl)-1H-benzo[d]imidazole (Eth-pybi).
Eth-pybi was synthesized following the same procedure as Me-phybi,
except that iodomethane was replaced with iodoethane. Yield: 74%. 'H
NMR (500 MHz, CD,Cl,) § (ppm): 8.69 (d, ] = 4.62 Hz, 1H), 8.43
(d, J = 8.01 Hz, 1H), 7.86—7.81 (m, 2H), 7.47—7.44 (m, 1H), 7.36—
7.29 (m, 3H), 4.87 (q, ] = 7.13 Hz, 7.13 and 7.12 Hz, 2H), 1.49 (t, ] =
7.13 and 7.13 Hz, 3H).

2.2.3. 1-Octyl-2-(pyridin-2-yl)-1H-benzo[d]imidazole (Oct-pybi).
Oct-pybi was synthesized using 1-bromooctane as the alkylating agent
to yield a colorless oil after column chromatography. Yield: 80%. 'H
NMR (500 MHz, CD,Cl,) § (ppm): 8.68 (d, ] = 4.65 Hz, 1H), 8.38
(d, J = 8.02 Hz, 1H), 7.84—7.80 (m, 2H), 7.45—7.42 (m, 1H), 7.34—
7.26 (m, 3H), 4.82—4.78 (m, 2H), 1.89—1.82 (m, 4H), 1.40—1.30 (m,
6H), 1.34—1.22 (m, 2H), 0.85 (t, ] = 6.92 and 6.92 Hz, 3H).

2.3. Synthesis of Cationic Iridium Complexes. The dimeric
Ir(I11) intermediates, [Ir(CN),(u-Cl)],, were synthesized by refluxing
IrCl;-xH,0 with 2.5 eq of specific cyclometalated ligands (CN) such
as 2-phenylpyridine (ppy) or 2-(2,4-difluorophenyl)pyridine (dfppy)
according to previously reported procedures.*” All cationic iridium
complexes were synthesized in the same manner in which the dimeric
Ir(IlI) intermediates underwent facile reaction with alkylated
imidazole-based ancillary ligands followed by ion exchange with
ammonium hexafluorophosphate (NH,PF) to afford phosphorescent
iridium complexes in high yields.*® The resulting complexes were then
characterized by various spectroscopic, photophysical, and electro-
chemical methods. The synthetic routes including the structures of the
cationic iridium complexes are shown in Scheme 1. The synthesis of
[Ir(ppy),(Me-pybi) JPF¢ (1) is described in detail, and all the other
complexes were synthesized by following a similar procedure.

2.3.1. Synthesis of [Ir(ppy),(Me-pybi)]PF4 (1). The chloro-bridged
dimeric iridium complex [Ir(ppy),Cl], (108 mg, 0.1 mmol) and Me-
pybi (52 mg, 0.25 mmol) were dissolved in a mixture of CH,Cl, (15
mL) and MeOH (1S mL) that was heated to reflux under nitrogen
with constant stirring for 16 h. Upon cooling to room temperature,
solid NH,PF, (65 mg, 0.4 mmol) was added into the reaction mixture
and stirred for 1 h. The solvent was removed under reduced pressure
following the addition of dichloromethane to remove any insoluble
inorganic impurities. The addition of hexane to the filtrate yielded the
desired product as a yellow solid, which was then filtered and dried in a
vacuum oven for 24 h. The crude material was subsequently
recrystallized from an acetonitrile/hexane mixture. Yield: 141 mg,
0.17 mmol, 82%. 'H NMR (500 MHz, CD,Cl,) § (ppm): 8.59 (d, J =
8.20 Hz, 1H), 8.21-8.17 (m, 1H), 8.10 (d, 4.56 Hz, 1H), 7.95 (d, ] =
7.87 Hz, 1H), 7.89 (d, ] = 7.86 Hz, 2H), 7.78—7.67 (m, 4H), 7.61—
7.58 (m, 2H), 7.52—7.42 (m, 2H), 7.13—7.03 (m, 3H), 6.99—6.91 (m,
4H), 6.43—6.33 (m, 3H), 4.43 (s, 3H). *C NMR (126 MHz, CD,Cl,)
5 (ppm): 168.3, 152.6, 151.4, 149.9, 149.1, 147.6, 147.4, 144.7, 144.5,
139.9, 1384, 137.2, 132.7, 131.9, 131.1, 130.4, 128.5, 126.6, 125.7,
125.0, 123.7, 122.8, 120.1, 1187, 111.7, 33.8. Anal. calcd (%) for
CysH,NyPFr: C 49.18, H 3.18, N 8.19; found, C 49.21, H 3.15, N
8.24.

2.3.2. Synthesis of [Ir(dfppy),(Me-pybi)]PFs (2). Complex 2 was
synthesized from [Ir(dfppy),Cl], (122 mg, 0.1 mmol) and Me-pybi
(52 mg, 0.25 mmol) in a mixture of CH,Cl,/MeOH under nitrogen
followed by ion exchange from CI™ to PF4". Yield: 166 mg, 0.18 mmo],
90%. 'H NMR (500 MHz, CD,Cl,) & (ppm): 8.64 (d, ] = 8.19 Hg,
1H), 8.32 (d, ] = 8.35 Hz, 1H), 8.28—8.24 (m, 3H), 8.07 (d, ] = 1.74
Hz, 1H), 7.83=7.75 (m, 2H), 7.60 (d, ] = 8.46 Hz, 1H), 7.53—7.48
(m, 2H), 7.18—7.15 (m, 2H), 7.05—6.97 (m, 3H), 6.83—6.89 (m, 3H),
6.38 (d, ] = 8.28 Hz, 1H), 4.45 (s, 3H). >*C NMR (126 MHz, CD,Cl,)
5 (ppm): 164.7, 163.2, 161.1, 155.1, 152.4, 151.1, 150.1, 149.3, 147.4,
140.7, 139.5, 139.4, 139.3, 137.1, 128.8, 126.9, 1262, 1242, 124.0,
123.8, 118.1, 114.9, 114.2, 112.1, 99.5, 33.9. Anal. caled (%) for

CysH,NGPF Ir, C 45.36, H 2.50, N 7.56; found, C 45.41, H 2.55, N
7.65.

2.3.3. Synthesis of [Ir(ppy),(Eth-pybi)]PFs (3). The synthesis of 3
was similar to that of 1, except that Me-pybi was replaced by Eth-pybi.
Yield: 148 mg, 0.17 mmol, 85%. "H NMR (500 MHz, CD,CL,) &
(ppm): 8.43 (d, J = 7.1 Hz, 1H), 8.25—8.22 (m, 1H), 8.12 (d, 4.3 Hg,
1H), 7.96 (d, ] = 8.0 Hz, 1H), 7.90 (d, ] = 7.95 Hz, 2H), 7.78—7.70
(m, 4H), 7.65—7.60 (m, 2H), 7.50—7.44 (m, 2H), 7.14—7.04 (m, 3H),
6.99—6.90 (m, 4H), 6.42—6.30 (m, 3H), 4.98 (q, ] = 7.18 Hz, 7.17 and
7.17 Hz, 2H), 1.71 (t, J = 7.32 and 7.32 Hz, 3H). 3C NMR (126
MHz, CD,CL) & (ppm): 1684, 152.6, 151.7, 149.9, 149.0, 147.4,
147.3, 144.6, 144.5, 140.0, 138.4, 137.2, 132.7, 1319, 131.1, 1304,
128.5, 126.6, 125.7, 125.1, 123.7, 122.8, 120.1, 118.7, 111.9, 39.8, 24.7.
Anal. caled (%) for C;3H,oNPFIr, C 49.77, H 3.36, N 8.06; found, C
49.79, H 3.39, N 8.01.

2.3.4. Synthesis of [Ir(dfppy),(Eth-pybi)]PFs (4). Complex 4 was
synthesized by reacting [Ir(dfppy),Cl], and Eth-pybi. Yield: 174 mg,
0.19 mmol, 92%. 'H NMR (500 MHz, CD,Cl,) § (ppm): 8.63 (d, J =
4.76 Hz, 1H), 8.48 (d, ] = 8.3 Hz, 1H), 8.34—8.26 (m, 3H), 8.16 (d, |
= 1.74 Hz, 1H), 8.10—8.07 (m, 2H), 7.84—7.64 (m, 4H), 7.56—7.47
(m, 2H), 7.06—6.97 (m, 2H), 6.69—6.60 (m, 3H), 6.51 (d, 8.35 Hz,
1H), 4.98 (q, ] = 7.22 Hz, 7.22 and 7.21 Hz, 2H), 1.71 (t, ] =7.32 and
7.32 Hz, 3H). *C NMR (126 MHz, CD,Cl,) § (ppm): 164.7, 1632,
161.0, 155.1, 152.4, 151.1, 150.1, 149.3, 147.4, 140.7, 139.5, 139.4,
139.2, 137.1, 128.9, 126.9, 1262, 1242, 124.0, 123.8, 118.1, 114.9,
1142, 112.1, 99.5, 39.8, 24.7. Anal. calcd (%) for CyH,NPF,Ir, C
4596, H 2.68, N 7.44; found, C 45.93, H 2.73, N 7.49.

2.3.5. Synthesis of [Ir(ppy),(Oct-pybi)lPFs (5). Complex S was
synthesized by reacting [Ir(ppy),Cl], and Oct-pybi. Yield: 162 mg,
0.17 mmol, 85%. 'H NMR (500 MHz, CD,Cl,) & (ppm): 8.37 (d, ] =
823 Hz, 1H), 8.24—8.20 (m, 1H), 8.1 (d, 5.43 Hz, 1H), 7.96 (d, ] =
7.92 Hz, 1H), 7.89 (d, ] = 7.88 Hz, 2H), 7.78—7.69 (m, 4H), 7.64—
7.62 (m, 1H), 7.59 (d, ] = 8.44 Hz, 1H), 7.49-7.43 (m, 2H), 7.14—
7.04 (m, 3H), 6.99—6.90 (m, 4H), 6.42—6.32 (m, 3H), 4.84—4.74 (m,
2H), 2.12—1.98 (m, 4H),1.54—1.43 (m, 6H), 1.39—1.19 (m, 2H), 0.86
(t, J = 6.88 and 6.88 Hz, 3H). 3C NMR (126 MHz, CD,Cl,) §
(ppm): 168.3, 152.7, 151.8, 151.5, 149.7, 148.9, 147.5, 144.6, 144.4,
140.1, 1384, 136.9, 132.6, 131.9, 131.1, 130.5, 128.5, 126.7, 125.8,
1252, 123.7, 122.9, 120.1, 118.8, 111.9, 46.6, 32.1, 302, 29.5, 27.1,
22.9, 14.2. Anal. caled (%) for C,,H, N¢PFr, C 52.93, H 4.34, N
7.35; found, C 52.97, H 4.36, N 7.42.

2.3.6. Synthesis of [Ir(dfppy),(Oct-pybi)]PFs (6). Complex 6 was
synthesized by reacting [Ir(dfppy),Cl], and Oct-pybi. Yield (186 mg,
0.18 mmol, 91%). 'H NMR (500 MHz, CD,Cl,) 5 (ppm): 8.44 (d, ] =
822 Hz, 1H), 8.24—8.20 (m, 3H), 8.11 (d, J = 5.36 Hz, 1H), 7.85—
7.77 (m, 3H), 7.66—7.62 (m, 2H), 7.56—7.47 (m, 3H),7.19 (t, ] = 7.79
and 7.79 Hz, 1H), 7.05—6.96 (m, 2H), 6.68—6.60 (m, 3H), 6.51 (d,
8.38 Hz, 1H), 4.87—4.76 (m, 2H), 2.09—1.98 (m, 4H),1.49—1.43 (m,
6H), 1.40—1.19 (m, 2H), 0.90 (t, J = 6.99 and 6.99 Hz, 3H). *C NMR
(126 MHz, CD,CL,) & (ppm): 164.8, 162.8, 161.0, 155.2, 152.6, 151.7,
151.3, 149.8, 149.1, 147.1, 140.9, 139.5, 139.4, 1392, 1369, 128.9,
127.0, 125.8, 124.3, 124.1, 1239, 118.3, 114.9, 1142, 112.2, 99.5, 46.7,
32.1, 30.2, 29.5, 27.1, 22.9, 14.2. Anal. calcd (%) for C,,Hy,NPF,Ir,
C 4922, H 3.64, N 6.83; found, C 49.25, H 3.68, N 6.78.

2.4. Fabrication and Characterization of LEC Devices. LEC
devices were fabricated using poly(3,4-ethylenedioxythiophene):poly
styrenesulfonate (PEDOT:PSS) as the buffer layer and iridium
complexes as light emitting layer materials. PEDOT:PSS (Clevios Al
4083) solutions were also used as hole conducting materials to smooth
the anodic indium tin oxide (ITO) surfaces.*” Prior to the fabrication
process, ITO glass plates were cleaned in an ultrasonic bath containing
mixed solvents such as ethanol, acetone, and isopropyl alcohol for 30
min followed by UV—ozone treatment for 20 min. The PEDOT:PSS
solutions were then spin coated onto the ITO surfaces at 2000 rpm for
20 s and baked at 120 °C for 10 min. The active layer solutions were
prepared separately in acetonitrile using 20 mg of the complexes (1—
6) with a concentration of 0.022 M. The solutions were kept inside the
shaking incubator for 24 h and then filtered using a 0.1 ym PTFE
filter. These solutions were then spin coated onto the top of the ITO/
PEDOT:PSS layer and subjected to an annealing process at 70 °C for
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1 h in a vacuum oven. The samples were then transferred to a thermal
evaporator where aluminum (100 nm) deposition was conducted
using a shadow mask under high vacuum. The resulting devices
exhibited the structure of ITO/PEDOT:PSS/iTMCs/Al. The electro-
luminescent properties of these devices were evaluated using Keithley
characterization systems. The current density and luminance versus
voltage sweeps were measured using a Keithley 2400 source meter and
calibrated with a silicon photodiode. An Avantes luminance
spectrometer was used to measure the EL spectrum and Commission
Internationale de L’Eclairage (CIE) coordinates.

3. RESULTS AND DISCUSSION

3.1. Photophysical Properties. The room-temperature
UV—vis absorption spectra of complexes 1—6 in acetonitrile are
shown in Figure 1. The absorption spectra of complexes 1, 3,

O hAWN-=

' \
0.4
0.2 1

0.0 T . , \\

T T

250 300 350 400 450 500
Wavelength (nm)

Absorbance (a. u.)

Figure 1. UV—vis absorption spectra of cationic iridium complexes 1—
6 in acetonitrile at room temperature.

and § show similar absorption bands that vary from those of
complexes 2, 4, and 6 and differ from one another according to
the length of the alkyl chain on the ancillary ligand. However,
complexes 1—6 all displayed broad and intense absorption
bands in the UV region of the spectrum (200—350 nm). These
bands were attributed to the spin-allowed ligand-centered (LC)
'7—n* transitions of both the cyclometalated and ancillary
ligands. Weak absorption bands were observed starting at 360
nm and extending into the visible region, and they
corresponded to the spin-allowed metal-to-ligand charge
transfer ('MLCT), spin-forbidden metal-to-ligand charge
transfer (*MLCT), ligand—to—ligand charge-transfer (*LLCT
and 'LLCT), and ligand-centered (LC) *z—x* transitions of
the complexes.49 The absorption spectra of complexes 2, 4, and
6 were significantly blue-shifted by approximately 20 nm
compared to those of phenylpyridine complexes such as 1, 3,
and §, because of the presence of electron withdrawing fluorine
atoms on the cyclometalated ligands. Although different alkyl
groups were present on the ancillary ligand, the ligand did not
display any significant differences in the absorption properties
of the complexes, indicating that the absorption spectra were
independent of the alkyl chain length.

Figure 2 displays the PL emission spectra of complexes 1—6
in acetonitrile (107> M) at room temperature. The emission
spectra of the complexes exhibited broad and featureless
emission peaks for complexes 1—6, which indicated that the
emissive excited states have *MLCT or *LLCT characteristics
instead of LC *7—n* characteristics.”*" The photophysical
characteristics of complexes 1—6 are summarized in Table 1.
The emission spectra of complexes 1 (572 nm), 3 (579 nm),
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Figure 2. Photoluminescence (PL) emission spectra of cationic
iridium complexes 1—6 in acetonitrile at room temperature.

and 5 (576 nm) exhibited similar emission characteristics with
yellow emission, despite three different sizes of alkyls groups
being attached to the imidazole-based ancillary ligand. These
results confirm that the addition of the alkyl groups with
varying chain lengths do not affect the emission maxima of
these complexes. Similar trends were also observed for
complexes 2, 4, and 6 with emission maxima at 522, 527, and
526 nm, respectively, which correspond to green emission. The
emission spectra of complexes 2, 4, and 6 were blue-shifted
approximately 50 nm compared to those of complexes 1, 3, and
S, because of the presence of electron withdrawing fluorine
atoms on the cyclometalated ligands, which significantly
affected the energy levels of these complexes. In addition, PL
quantum yields (PLQYs) of complexes 1—6 were measured
and show high quantum yields of 0.40—0.54 in acetonitrile
solutions. Among the complexes, 5 exhibits higher PLQYs of
0.54, indicating that the rigidity of octyl group in the imidazole
based ancillary ligand, which is beneficial for reducing
nonradiative deactivation processes.

3.2. Electrochemical Properties. The electrochemical
properties of complexes 1—6 were evaluated by cyclic
voltammetry and the redox potentials were measured versus
ferrocenium/ferrocene (Fc*/Fc) using 0.1 M TBAPF; in
acetonitrile. The measured redox potentials are listed in
Table 1. As shown in Figure 3, complexes 1—6 exhibited
reversible oxidation and reduction processes in acetonitrile,
attributed to the transportation of both holes and electrons,
which are beneficial for the incorporation of these complexes
into LECs.”> Complexes 1, 3, and § show almost the same
oxidation peaks with corresponding peak potentials of 1.18,
1.16, and 1.18 V, respectively, which can be attributed to the
oxidation of Ir(III) to Ir(IV) with minor contributions from the
cyclometalated ligand. Alternatively, the oxidation potentials of
complexes 2, 4, and 6 are anodically shifted to 1.49, 1.49, and
1.51 V, respectively. The higher oxidation potentials of these
complexes are attributed to the presence of electron with-
drawing fluorine atoms that reduce the electron density around
the iridium center and therefore inhibit the oxidation of
complexes.*>** Similarly, the complexes exhibited reversible
reduction peaks at —1.63 V (1), —1.53 V (2), —1.61 V (3),
—1.56 V (4), —1.64 V (5), and —1.49 V (6) because of the
reduction of the ancillary ligands. Additionally, each complex
exhibited a peak at approximately —1.10 V that can be
attributed to the reduction of the cyclometalated ligand. The

dx.doi.org/10.1021/am5058426 | ACS Appl. Mater. Interfaces 2014, 6, 17416—17425



ACS Applied Materials & Interfaces

Research Article

Table 1. Photophysical and Electrochemical Properties of Cationic Iridium Complexes 1—6

electrochemical data

complex absorbance, 4 (nm) PL emission, 4, (nm) PL quantum yield (®,) E, (V) E.q (V) B,
1 248, 317, 385, 420 572 0.45 1.18 -1.63 2.81
-1.12
2 242, 275, 312, 400 522 0.40 1.49 —1.53 3.02
-1.05
3 249, 319, 383, 421 579 0.43 116 ~1.61 277
-1.10
4 242, 276, 310, 397 527 0.41 1.49 —1.56 3.0
-1.10
N 249, 319, 381, 420 576 0.54 118 —1.64 2.82
-1.11
6 242, 276, 312, 403 526 0.50 1.51 —1.49 3.0
-1.02
0.20 were 2.81V (1),3.02V (2),2.77V (3),3.05V (4),2.82V (5),
— 1 and 3.0 V (6). The E,, of complexes 1, 3, and § were similar,
0151 —2 which indicates the alkyl chain lengths do not significantly affect
o - 3 the electrochemical properties of the complexes, as seen in
__0.10 1 5 complexes 2, 4, and 6. However, a large difference in energy
< \\ j‘;/’ 6 gaps was observed between these two classes of complexes,
E 0.05 1 \\b\ arising from the electron withdrawing fluorine atoms, which
b5 N g caused significant HOMO stabilization compared to that in
0.00 \ ’“‘AR*‘ complexes 1, 3, and S.
\}?&Fﬁ 3.3. Density Functional Theory (DFT) Calculations. To
-0.05 1 /NG gain insight into the photophysical and electrochemical
properties of the iridium complexes, we performed DFT
-0.10 T T T T T

3 -2 -1 0 1 2
Potential (V vs. Fc*/Fc)

Figure 3. Cyclic voltammograms of cationic iridium complexes 1—6 in
acetonitrile (107> M). The potentials were recorded versus Fc*/Fc (Fc
is ferrocene).

HOMO and LUMO energies and the electrochemical energy
gaps (Egap) of the complexes were calculated from their
corresponding oxidation and reduction potentials. The
calculated HOMO—LUMO energy gaps of the complexes

calculations using the Gaussian 09 suite of programs. The
geometries of the complexes were optimized by using the
B3LYP functional, and the Ir atom was treated by the
LANL2DZ basis set, while all other atoms were treated by
the 6-31G(d,p) basis set. The energy and electron density
contours calculated for the HOMO and the LUMO of
complexes 1—5 in the ground state are displayed in Figure 4.
As shown in Figure 4, the HOMOs of all complexes were
located on the t,, orbitals of iridium ion and phenyl 7 orbitals
of cyclometalated ligands, which were consistent with other
previously reported complexes.*>*” However, complexes 2 and

2P 2%
2 9, 9
e L - J& 2,
"“J‘\J 9 J J“‘J
e s %
4.90
I~ romo | — 31
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Figure 4. Energy and electron density contours calculated for the HOMOs and the LUMOs of complexes 1—S5 in the ground state.
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18.27A

Figure S. Arrangement and intermolecular distance of optimized packing structure of four molecules of complexes (A) 2 and (B) 6 in tetragonal

form.

4 exhibited a significant stabilization of the HOMO by lowering
its energy due to their electron withdrawing fluorine atoms. In
contrast to HOMO, the electron density contribution of the
LUMOs of all complexes lies on the 7* orbital of the ancillary
ligand. The LUMO+1 were calculated for all complexes, which
are slightly above the LUMO orbitals and exhibited similar
electron density distributions as the LUMO orbitals. However,
the LUMO+2 orbitals of all complexes differed from the
LUMO orbitals, which were located on the t,, orbitals of

iridium ion and phenyl 7 orbitals of cyclometalated ligands. The
HOMO-LUMO energy gaps were calculated for the series of
complexes and exhibited the same trend that was observed in
the electrochemical energy gaps: 1 (2.77 eV), 2 (2.99 eV), 3
(2.80 eV), 4 (3.01 eV), and 5 (2.82 eV). These results confirm
that the alkyl chain length does not significantly increase the
energy gaps of the complexes; however, a blue-shift in energy
levels was observed only by replacing the cyclometalated
ligands from ppy to dfppy.

dx.doi.org/10.1021/am5058426 | ACS Appl. Mater. Interfaces 2014, 6, 17416—17425



ACS Applied Materials & Interfaces

Research Article

To study the intermolecular interactions between iridium
complexes having varying chain lengths, we performed
theoretical calculations using semiempirical method (PM6
method). The interaction energies were measured for the
optimized structures and were found to decrease from methyl
to octyl group with energies of 56.68 kJ/mol for the complex
having methyl side chain, 55.84 kJ/mol for ethyl side chain, and
37.6 kJ/mol for octyl side chain. This indicates the decreased
intermolecular interaction for the complexes containing octyl
side chain. The intermolecular distances for the optimized
geometry were also calculated. The intermolecular distance of
optimized packing structure of the tetramer for both methyl
and octyl substituted complexes are shown in Figure 5. In the
structures, the Ir atoms are at the corners of a rhombus for
methyl substituted compound (complex 2) and at the corners
of a trapezium for the octyl substituted compound (complex 6).
In the case of complex 6, the Ir—Ir distances between diagonal
molecules are 18.04 and 22.75 A, which has greatly increased
compared to that of complex 2 (13.93 and 22.43 A,
respectively) indicating the reduced steric interactions of the
complex containing octyl side chains.

3.4. Electroluminescent Properties of LECs. LECs were
fabricated for studying the effects of the alkyl chain length on
the electroluminescent properties of complexes 1—6. The
resulting devices had a structure of ITO/PEDOT:PSS(40 nm)/
iTMC(75 nm)/Al Figure 6 displays the EL spectra of the
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Figure 6. Electroluminescence (EL) spectra of the ITO/PE-
DOT:PSS/cationic iridium complexes 1—6/Al

LECs incorporating the cationic iridium complexes 1—6, which
produced broad and unstructured emission peaks that
resembled the PL spectra in acetonitrile. The detailed electrical
characteristics of the complexes are shown in Table 2. LECs

Table 2. Electrical Characteristics of the LECs Containing
Cationic Iridium Complexes 1—6.

maximum maximum

maximum current current EL
luminance density efficien Amax CIE
complex  (cd m™?) (mA cm™2) (cd Aj; (nm)  coordinates
1 2842 263.94 148 578 (0.49, 0.50)
2 1520 135.48 112 527 (0.33, 0.60)
3 2933 253.98 123 574 (0.49, 0.50)
4 1642 196.71 0.83 529  (0.33,0.59)
S 7309 243.13 3.85 566 (0.47, 0.52)
6 3112 248.99 2.16 527 (0.32,0.61)

incorporating complexes 1 and 3 exhibited similar emission
properties with the maximum emission at 575 nm; however, a
blue shift in the emission spectra was observed for complex $§
(which contained an octyl side group) due to the reduced
intermolecular interaction compared to complexes 1 and 3.*°
The CIE coordinates of complexes 1, 3, and § were (0.49,
0.50), (0.49, 0.50), and (0.47, 0.52), respectively, and
corresponded to yellow emission. However, the complexes
containing dfppy cyclometalated ligands significantly shifted the
emission spectra to the shorter wavelength region. LECs based
on these complexes emit green light (527 nm) with CIE
coordinates of (0.33, 0.60), (0.33, 0.59), and (0.32, 0.61) for
complex 2, 4, and 6, respectively. The blue shift in the emission
spectra of these complexes resulted from the electron
withdrawing fluorine atoms that more effectively stabilized
the HOMO and therefore shifted the emission color to a
shorter wavelength region.

To determine any additional effects of alkyl chain length, we
evaluated the electrical properties of the LECs. Figure 7
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Figure 7. (2) Luminance and (b) current density versus voltage curves
of ITO/PEDOT:PSS/cationic iridium complexes 1—6/Al.

displays the luminance and current density versus the voltage
curves of the LEC devices with a sweep rate of 0.5 V/sec. As
shown in Figure 7, the luminance and current density of the
devices containing cationic iridium complexes slowly increased
as the voltage increased, which is a typical characteristic of
LECs."" The stagnant nature of the LECs results from the
slow mobility of counterions toward the electrode surface,
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delayed carrier injection, and recombination. However, a
gradual increase in luminance and current density was observed
after a specific voltage was obtained, and the system
subsequently reached a maximum intensity. It is important to
note that the luminance of all devices increased as the chain
length increased, which is due to the decreased intermolecular
interactions between the molecules. When we increased the
chain length from the methyl group to the octyl group, a
prominent increase in luminance intensity was observed for
complexes containing octyl groups as a result of the decreased
intermolecular interaction between the two complex molecules.
Consequently, an increased carrier injection and recombination
occurred as the voltage increased. Additionally, the 2-phenyl-
pyridine-based complex () exhibited better performances than
the corresponding difluorophenylpyridine complexes because
of the lower charge injection barrier of complex 5, which
promoted a more balanced charge recombination compared to
that of complex 6.

Detailed device performances are shown in Table 2. LECs
incorporating complex 1 resulted in a luminance of 2842 cd
m~, a current density of 263.94 mA cm ™, and a peak current
efficiency of 1.48 cd A™'. However, the device containing 2
exhibited a luminance, current density, and current efficiency of
1520 cd m™?, 135.48 mA cm™? and 1.12 cd A™', respectively.
Similarly, the performance of the device containing 3 or 4
exhibited enhanced performances with a luminance of 2933 and
1642 ¢cd m™?, respectively. However, the current efficiencies of
the LECs based on these complexes were lower than that of 1
and 2 because of the higher current density generated for these
complexes. When moving from the methyl group to the octyl
group, the luminance increased 2-fold with current efliciencies
of 3.85 and 2.16 cd A™" for 5 and 6, respectively. Our results
suggest that the alkyl chain lengths have a significant impact on
the electroluminescent properties of LECs, which reduce the
intermolecular interactions between the molecules, therefore
greatly enhancing the device performance of systems containing
compounds with longer chains compared to that of systems
containing compounds with shorter alkyl chains.

4. CONCLUSIONS

Six cationic iridium complexes with imidazole-based ancillary
ligands containing various alkyl chain lengths were synthesized
and incorporated into LEC devices, and the effects of chain
length on the electroluminescent properties of the devices were
evaluated. LECs based on these complexes resulted in yellow
electroluminescence when utilizing complexes containing the
ppy cyclometalated ligand (complexes 1, 3, and §). However,
green emission was produced from the complexes containing
dfppy cyclometalated ligands (complexes 2, 4, and 6). Although
the chain length did not influence the color of the complexes, it
did play a pivotal role in the device performance by reducing
the intermolecular interactions between iridium molecules.
Consequently, a very high luminance of 7309 cd m™2, current
density of 243.13 mA cm™2, and current efficiency of 3.85 cd
A~ were observed for LECs containing complex 5.
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