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ABSTRACT: Two new cationic iridium complexes, [Ir-
(ppy).(phpzpy)]PFy (complex 1) and [Ir(dfppy),(phpzpy)]-
PFs (complex 2), bearing a 2-(3-phenyl-1H-pyrazol-1-yl)-
pyridine (phpzpy) ancillary ligand and either 2-phenylpyridine
(Hppy) or 2-(2,4-difluorophenyl)pyridine (Hdfppy) cyclo-
metalating ligands, were synthesized and fully characterized.
The photophysical and electrochemical properties of these
complexes were investigated by means of UV—visible spec-
troscopy, emission spectroscopy, and cyclic voltammetry.
Density functional theory (DFT) and time dependent DFT
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(TD-DFT) calculations were performed to simulate and study the photophysical and electrochemical properties of both
complexes. Light-emitting electrochemical cells (LECs) were fabricated by incorporating complexes 1 and 2, which respectively
exhibit blue-green (488 and 516 nm) and blue (463 and 491 nm) emission colors, achieved through the meticulous design of the
ancillary ligand. The luminance and current efficiency measurements recorded for the LEC based on complex 1 were 1246 cd
m 2 and 0.46 cd A7, respectively, and were higher than those measured for complex 2 because of the superior balanced carrier

injection and recombination properties of the former.
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1. INTRODUCTION

As state-of-the-art solid-state lighting devices, light-emitting
electrochemical cells (LECs) have aroused widespread
attention due to their simple device structure and low-cost
production.'™ In contrast with conventional organic light-
emitting diodes (OLEDs), of which the active layer consists of
an emitting material with a neutral charge, the active layer of
LECs contains ionic species. The active layer is deposited by a
solution process via spin coating and its mobile ions drift
toward the respective electrodes under an external bias and
execute the process of electroluminescence (EL) through
charge injection, transportation, and emissive recombination, a
process which is quite different from that of OLED. Moreover,
the migrant ions in the active layer allow LECs to use air-stable
electrodes, permitting the nonrigorous encapsulation of the
devices, which enables them to function under application of a
low operating voltage.”~* With the aforementioned advantages,
LECs have emerged as promising candidates for next
generation display and lighting applications ahead of
sophisticated OLEDs. OLEDs, which consist of a multilayered
stack structure deposited by multiple vacuum sublimation
processes, require rigorous encapsulation, which increases their
manufacturing cost to an extent that it prevents the technology
from penetrating the lighting industry.
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The luminescent materials used in LECs generally consist of
conjugated polymers or ionic transition metal complexes
(iTMCs). The concept of an LEC was first proposed by
Heeger in 1995, who used an emissive conjugated polymer,
along with an ion conducting polymer, and an inorganic salt.'
Thereafter, in 1996, an LEC utilizing iTMCs, which employed
an ionic ruthenium complex containing a 4,7-diphenyl-1,10-
phenanthroline ligand bearing charged sulfonate groups on the
para position of the phenyl groups was reported.® Subsequently,
LECs based on iTMCs have attracted significant attention after
their phosphorescent nature became known. Compared to
polymer-based LECs, iTMC-LECs have a simple composition,
because they require neither an ion-conducting polymer nor an
inorganic salt for charge injection purposes.”>>®~'> The use of a
single component as a light-emitting material avoids the
undesired aggregation or phase separation associated with
polymer LECs, thereby resulting in a smooth film morphology
for improved device performance. An essential advantage of
iTMCs is their processability, that is, their solubility in most
polar solvents, which allows these materials to be applied to
large areas by the spin coating process. Moreover, iTMCs
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possess good thermal and photochemical stabilities and, in
addition, they exhibit exceptional phosphorescent quantum
yields. Furthermore, high luminance efficiency is customary for
LECs based on iTMCs by virtue of their phosphorescent
nature.

To date, the operational mechanisms proposed for LECs are
the electrodynamical (ED)'*™"* and electrochemical doping
(ECD)"'®'” models, of which iTMC-based LECs follow the
former model because of their intrinsic ionic nature. The ED
model assumes that the mobile ions in the active layer are
transported and accumulate at the respective electrodes under
the application of an external bias to form an electrical double
layer, which generates strong interfacial electric fields at the
electrode surfaces responsible for facilitating the injection of
charge carriers. These charge carriers transport and recombine
in the bulk, thereby resulting in the emission of light.

A large number of iTMCs were reported soon after the
introduction of a Ru(1I) complex for LEC applications.">*
The well-known phosphorescent emitters used in the early
stages of LEC applications were based on ionic Ru(11)%'8~*
and Os(I1)*** complexes. However, the low ligand—field
splitting energies (LFSEs) of these complexes result in red or
orange-red emissions, which limit their application in LEC
devices. Furthermore, LECs based on these complexes exhibit
low luminescent efficiencies. Thereafter, ionic Cu(I) complexes
were utilized in LECs to take advantage of their low cost and
low toxicity,® "2 although the low LESEs of these complexes
impede their performance. Moreover, it is not possible to tune
the emission colors of LECs employing these complexes in the
short-wavelength region; thus, they are not good candidates for
lighting applications. The utilization of cationic iridium
complexes in lighting devices offered a tremendous improve-
ment over other metal complexes, because of their higher
LESEs. The high LFSE of an iridium complex is a consequence
of the large size and charge of the heavy iridium atom endowed
by strong spin—orbit coupling.

The first LEC based on an ionic iridium complex was
reported by Slinker et al. in 2004.”” This LEC emitted yellow
light and exhibited a peak brightness of 300 cdm™ and a peak
power efficiency exceeding 10 Im W'~ under 3 V.*” Soon after
this a wide variety of iridium complexes were reported, thereby
exploiting the large LFSEs of these complexes. ! 12628733
The large LESE of iridium complexes renders the dissociate e
orbitals less accessible compared to those of Ru(II) complexes.
These features enhance the photochemical stability and result
in a high photoluminescent quantum yield (PLQY). An
important peculiarity of an iridium complex is its versatility in
terms of the adjustment of the emission colors through
structural modification of its organic ligands. These features
have since earned iridium complexes a prominent position in
LEC research. However, for solid-state lighting applications,
LECs emitting the colors blue, green, and red are very
important, because of the scarcity of compounds with these
properties. Apart from this, the combination of these primary
colors to produce white is a prerequisite for display and lighting
applications.>*

This paper proposes a new strategy to shift the emission
color of cationic iridium complexes to the blue region of the
visible spectrum by using a new ancillary ligand, 2-(3-phenyl-
1H-pyrazol-1-yl)pyridine (phpzpy), which was synthesized by a
noncatalyzed C—N coupling reaction in the presence of a
base.>® The corresponding heteroleptic cationic iridium

complexes, [Ir(ppy),(phpzpy)]PFs (complex 1) and [Ir-
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(dfppy),(phpzpy)]PFs (complex 2) were synthesized from
the Hppy (2-phenylpyridine) and Hdfppy (2-(2,4-
difluorophenyl)pyridine cyclometalating ligands using previ-
ously reported procedures.*®*” The synthesis, structural,
photophysical, and electrochemical properties of the complexes
are presented in detail. Density functional theory (DFT) and
time dependent DFT (TD-DFT) calculations are simulated for
both complexes, and the results are corroborated with the
photophysical and electrochemical behavior. Both of the new
complexes were incorporated to fabricate LEC devices to
enable an investigation of their electroluminescent properties.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Apart from iridium(III) chloride
hydrate, 99.9% (IrCl;xH,0), all other reactants and solvents were
purchased from Sigma-Aldrich, South Korea, whereas the former
material 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. 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 an Elementar Vario EL CHN elemental analyzer. Mass
spectra were recorded on an Agilent, Q-TOF 6530 MS/MS system.
The UV-—visible absorption spectra and photoluminescence (PL)
emission spectra of the complexes were recorded in a 1 cm path-length
quartz cell using an Agilent 8453 spectrophotometer and an F—7000
FL spectrophotometer, respectively. The PLQYs were measured in
acetonitrile solutions at an excitation wavelength of 395 nm with
quinine bisulfate (®p = 0.545 in 1 M H,SO,) as the reference
substance. The surface morphology of the films was investigated using
atomic force microscopy (AFM). Electrochemical measurements of
the complexes were performed using cyclic voltammetry and recorded
using a potentiostat/galvanostat (Iviumstat) voltametric analyzer in
acetonitrile solutions (107> M) with a scan rate 100 mVs™. The
electrolytic cell consists of glassy carbon as the working electrode,
platinum wire as the counter electrode, and Ag/AgCl as the reference
electrode. The supporting electrolyte was 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,.4) potentials using the empirical relations:***° Eyono =
[_e(on(vsAg/AgCI) - El/Z(Fc/Fc+vsAg/AgCl))] — 4.8 ¢eV; ELUMO = [_e(Ered -
Ei)] — 48 eV, and Eg,p = Enomo — ELumos where E\ /2 (kc/pervsag/age)
is the redox potential of ferrocene, which was found to be 0.43 V.
Enomo and Ejyyo are the energy levels of the highest occupied and
lowest unoccupied molecular orbitals, respectively.

2.2. Synthesis of 2-(3-Phenyl-1H-pyrazol-1-yl)pyridine
(phpzpy). The ancillary ligand, phpzpy, was synthesized by using
the reported procedure, which involves a noncatalyzed C—N coupling
reaction in the presence of base.’® 3-Phenyl-1H-pyrazole and
potassium tert-butoxide were dissolved at room temperature in dry
DMSO (S mL). To the basic solution, 2-bromopyridine was added
slowly under constant stirring. The reaction mixture was refluxed at
140 °C for 12 h under nitrogen and then cooled to room temperature,
after which it was extracted with water and ether. The organic layer
was washed with water and ether to remove DMSO as well as excess
potassium tert-butoxide. The organic layer was then isolated, dried
over anhydrous Na,SO,, and filtered. The solvent was then removed
under reduced pressure. The crude product was purified by column
chromatography on silica gel (200—300 mesh) with hexane/ethyl
acetate (9:1) as the eluent, to yield colorless oil that crystallized into
colorless solid crystals after a while. "H NMR (500 MHz, CD,CL,) §
(ppm): 8.59 (d, J = 8.29 Hz, 1H), 8.41 (d, ] = 4.73 Hz, 1H), 8.10 (d, ]
= 829 Hz, 1H), 7.92 (d, J = 7.67 Hz, 2H), 7.82 (t, ] = 7.81 and 7.81
Hz, 2H), 7.43 (t, ] = 7.48 and 7.48 Hz, 1H), 7.34 (t, ] = 7.32 and 7.32
Hz, 1H), 7.21 (t, ] = 7.41 and 7.41 Hz, 1H), 6.78 (d, ] = 2.51 Hz, 1H).
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Scheme 1. Synthetic Routes and Structures of the Cationic Iridium Complexes”
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“Conditions: (i) 1,2-ethanediol (15 mL), 150°C for 16 h; (ii) NH,PF, (1 g in 10 mL water), 1 h.

2.3. Synthesis of [Ir(ppy),(phpzpy)IPFs (Complex 1). The
cyclometalated dichloro-bridged dimeric iridium [Ir(ppy),Cl], (108
mg, 0.1 mmol) and neutral pyrazole-based ancillary ligand, phpzpy (51
mg, 0.23 mmol), were dissolved in 1,2-ethanediol (15 mL). The
reaction mixture was heated to reflux at 150 °C for 16 h under
nitrogen atmosphere with constant stirring and then cooled to room
temperature. A concentrated solution of NH,PF, (1 g, 6.13 mmol) in
deionized water (10 mL) was added slowly to the reaction mixture
under stirring for 1 h, resulting in a yellow suspension. The suspension
was filtered and the resultant precipitate was washed with plenty of
deionized water. The yellow precipitate obtained was dried under
vacuum at 100 °C for 12 h. The crude material was subsequently
crystallized from dichloromethane/hexane, yielding a yellow powder.
Yield: 139 mg, 0.16 mmol, 80%. 'H NMR (500 MHz, CD,CL,) &
(ppm): 8.71 (d, J = 3.05 Hz, 2H), 8.32 (d, J= 5.47 Hz, 1 H), 8.18 (d, ]
= 1.57 Hz, 2H), 8.16—8.10 (m, 2H), 7.95—7.90 (m, 2H), 7.83 (d, ] =
1.11 Hz, 1H), 7.81-7.78 (m, 2H), 7.72—7.62 (m, 4H), 7.30 (d, ] =
7.84 Hz, 2H), 7.27—7.24 (m, 2H), 7.07—6.99 (m, 3H), 6.88—6.81 (m,
4H). ®C NMR (126 MHz, CD,Cl,) § (ppm): 160.19, 149.99, 149.23,
14822, 146.88, 144.01, 143.82, 141.91, 138.74, 133.14, 132.04, 131.51,
131.14, 130.24, 129.69, 128.42, 128.14, 125.24, 125.04, 124.01, 123.32,
122.38, 120.33, 119.88, 113.50, 112.58. ESI-MS (m/z): 722.2 [M —
PF¢]*. Anal. Calcd (%) for C;6H,,NPFIr: C 49.88, H 3.14, N 8.08;
Found: C 49.82, H 3.18, N 8.13.

2.4. Synthesis of [Ir(dfppy),(phpzpy)IPF; (Complex 2).
Complex 2 was synthesized by reacting [Ir(dfppy),Cl], (122 mg,
0.1 mmol) and phpzpy (51 mg, 0.23 mmol) in 1,2-ethanediol (15 mL)
under nitrogen followed by ion exchange to replace CI™ with PF4".
Yield: 164 mg, 0.17 mmol, 87%. 'H NMR (500 MHz, CD,Cl,) &
(ppm): 8.74 (d, ] = 3.3 Hz, 2H), 8.33 (d, J = 5.60 Hz, 1 H), 7.99 (d, J
= 4.99 Hz, 2H), 7.90~7.85 (m, 1H), 7.71 (d, ] = 5.34 Hz, 2H), 7.64—
7.60 (m, 3H), 7.35—7.31 (m, 2H), 7.23—7.17 (m, 2H), 7.11-7.01 (m,
3H), 6.88—6.83 (m, 4H), 6.80 (d, J = 3.01 Hz, 1H). ®C NMR (126
MHz, CD,ClL) & (ppm): 165.33, 164.98, 162.28, 160.40, 151.63,

7743

149.42, 148.87, 148.02, 142.71, 139.73, 138.31, 133.88, 130.28, 128.63,
128.062, 125.39, 124.38, 123.38, 114.08, 112.89. Anal. Calcd (%) for
Ci6H,,NyPFIr: C 49.88, H 3.14, N 8.08; Found: C 49.75, H 3.19, N
8.19. ESI-MS (m/z): 7941 [M — PF]*. Anal. Caled (%) for
Cy6H,3N PE,ilr: C 46.06, H 2.47, N 7.46; Found: C 46.13, H 2.43, N
7.52.

2.5. Fabrication and Characterization of LEC Devices. The
buffer layer material, poly(3,4-ethylenedioxythiophene)/poly styrene-
sulfonate (PEDOT:PSS) was purchased from H. C. Starck (Clevios Al
4083) and used as the hole conducting material. Indium tin oxide
(ITO) coated glass plates, patterned using conventional photo-
lithography, were purchased from Samsung Corning, South Korea.
Prior to the fabrication process, the ITO glass plates were extensively
cleaned by sonication in a solvent mixture consisting of ethanol,
acetone, and isopropyl alcohol (1:1 v/v) for 30 min followed by UV—
ozone treatment for 30 min.

The LEC devices were fabricated as follows. Primarily, the
PEDOT:PSS solution was spin coated at 2000 rpm for 20 s onto
the precleaned ITO surfaces to give film thickness of 50 nm and baked
at 120 °C for 10 min. Prior to the spin coating procedure,
PEDOT:PSS was filtered using a 0.2 ym hydrophilic PTFE—filter.
The PEDOT:PSS is used as a buffer layer with the purpose of
increasing the yield and reproducibility of the LEC devices. The active
layer solution was then spin coated at 2000 rpm for 20 s onto the
ITO/PEDOT:PSS layer and baked at 70 °C for 1 h in a vacuum oven.
The active layer solution was prepared from 20 mg of the complex in 1
mL of acetonitrile solution. Before spin coating, the active layer
solution was maintained inside the shaking incubator for 24 h and then
filtered using a 0.1 pm hydrophobic PTFE—filter. The substrate
containing the spin-coated active layer (7S nm) was then transferred
into a metal-evaporating chamber, for deposition of the aluminum
(100 nm) cathode using a shadow mask under high vacuum. The layer
structure of the resulting devices had the configuration ITO/
PEDOT:PSS/iTMCs/Al The light-emitting area of the device was 4
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mm X 5 mm. The electroluminescent properties of these devices were
evaluated using Keithley characterization systems in ambient
conditions. 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. Synthesis and Characterization. The ancillary
ligand, phpzpy, was synthesized in dry DMSO solution by
combining 3-phenyl-1H-pyrazole and 2-bromopyridine using a
noncatalyzed C—N coupling reaction in the presence of
potassium tert-butoxide as a base.>> The targeted iridium
complexes were synthesized in two steps. The first step
involved the synthesis of the cyclometalated Ir'™ y-dichloro
bridged dimer, [Ir(CAN),(u-Cl)], starting from IrCl;-xH,0O
with 2.5 equiv of the required cyclometalating ligands (CAN),
namely, 2-phenylpyridine (Hppy) or 2-(2,4-difluorophenyl)-
pyridine (Hdfppy) in a 2-ethoxyethanol/water mixture (3:1, 40
mL).* The second step involved the facile reaction of the
dimeric Ir(II) intermediates with the neutral phpzpy ancillary
ligand to form the cationic iridium complexes as chloride salts.
Subsequently, the chloride complexes were subjected to an ion
exchange reaction to replace CI™ with PF4~ using ammonium
hexafluorophosphate (NH,PF) to produce the cationic iridium
complexes in high yields. These iridium complexes were
characterized by various spectroscopic, photophysical, electro-
chemical, and computational methods. The synthetic routes
showing the structures of the ancillary ligand and cationic
iridium complexes are depicted in Scheme 1.

3.2. Photophysical Properties. The UV—visible absorp-
tion spectra of the complexes were recorded at room
temperature in acetonitrile solutions and are shown in Figure
1. The absorption spectra show intense absorption bands below

~ Complex 1
Complex 2

o o o
ES o ®
. N

Absorbance (a. u.)

©
[N}

0.0
200

300 350 400 450
Wavelength (nm)

250 500

Figure 1. UV-—visible absorption spectra of the cationic iridium
complexes in acetonitrile solutions at room temperature.

340 nm, which are assigned to the spin-allowed ligand-centered
(LC) 'm—x* transitions of the coordinated cyclometalating and
ancillary ligands. These LC bands are accompanied by less
intense absorption bands, which are observed from 350 nm and
extend toward the visible region. These lower energy
absorption bands are ascribed to the spin-allowed metal-to-
ligand charge-transfer (*MLCT), spin-forbidden metal-to-
ligand charge-transfer (*MLCT), ligand-to-ligand charge-trans-
fer PLLCT and 'LLCT), and ligand-centered (LC) *z—z*
transitions of the complexes.” The spin-forbidden transitions,
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such as 3MLCT, *LLCT, and °LC, gain substantial intensity by
mixing with higher lying 'MLCT transitions owing to the
strong spin—orbit coupling of the heavy iridium atom.””*" The
observed blue shift of 28 nm of the absorption spectrum of
complex 2 relative to that of complex 1 is ascribed to the
electron-withdrawing fluorine atoms on the cyclometalated
ligands of the former complex. The main absorption bands and
their molar extinction coefficients of complex 1 and complex 2
are given in Table 1, and the values are fully consistent with the
results of the quantum chemical calculations (section 3.4).

Figure 2 shows the room-temperature PL emission spectra of
the complexes in acetonitrile solutions in which the complexes
show broad and structured emission peaks upon excitation.
These vibronically structured emission spectra indicate that the
emissive excited states have a predominantly LC ‘z—r*
character in addition to MLCT character.***”*' The photo-
physical properties of complexes 1 and 2 are summarized in
Table 1. In acetonitrile solution, complex 1 emits blue-green
light with peak and shoulder emissions at 489 and 508 nm,
respectively. However, the emission spectrum of complex 2
displays a marked shift toward the blue wavelength region
relative to complex 1 with a peak emission at 465 nm and a
shoulder peak at 484 nm. The hypsochromic shift in the
emission spectrum of complex 2 is accomplished by the
significant stabilization of the HOMO as a consequence of the
electron-withdrawing fluorine atoms on the cyclometalated
ligands of this complex. Furthermore, the PLQYs of the
complexes were also measured in degassed acetonitrile
solutions and showed high values of 0.17 and 0.14 for
complexes 1 and 2, respectively. These PLQY values are
comparable irrespective of the distinctive photophysical
behavior of complexes 1 and 2.

The PL emission spectra of neat films of the complexes (see
Figure S1 in the Supporting Information) resemble the
emission spectra in solution with vibronically structured peaks
displaying maximum at 484 nm and a lower intensity shoulder
at 514 nm for complex 1, whereas those of complex 2 occur at
463 and 489 nm, respectively. Compared with the PL emission
spectra of the solutions, the bands of the PL spectra of the neat
films of the complexes are broadened with long tails extending
to 700 nm and red-shifted by 5—6 nm. These features of the PL
spectra of the neat films are indicative of strong intermolecular
interactions. The PLQYs of neat films of complexes 1 and 2 are
shown in Table 1, which are lower than solution PLQYs owing
to the severe excited-state quenching in neat films.

3.3. Electrochemical Properties. The electrochemical
behavior of the complexes was investigated by cyclic
voltammetry (CV) and the redox potentials were measured
versus ferrocenium/ferrocene (Fc*/Fc) using 0.1 M TBAPF in
acetonitrile. The measured redox potentials are summarized in
Table 1. Figure 3 displays the cyclic voltammograms of the
complexes, which demonstrate reversible oxidation and
irreversible reduction waves in acetonitrile solution. During
the anodic scan, the complexes exhibited reversible oxidation
waves at 1.32 and 1.66 V for complexes 1 and 2, respectively.
These anodic waves are accredited to the oxidation of Ir(III) to
Ir(IV) with a substantial contribution from the cyclometalated
ligand. The oxidation potential of complex 2 is anodically
shifted by 340 mV compared to that of complex 1. This
indicates the stabilization of the HOMO of complex 2 owing to
the electron-withdrawing fluorine atoms, which reduces the
electron density around the iridium center. Similarly, in the
cathodic scan, the complexes display irreversible reduction

DOI: 10.1021/acsami.5b00875
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Table 1. Photophysical and Electrochemical Properties of Cationic Iridium Complexes

emission at room
temperature A,

[nm] electrochemical data®
PL excitation wavelength o, o, * E,. E,.
complex Aas” [nm] (e [x10* M~ cm™]) max DM solution” film® solution film [V] E.[V] [ei})]
1 267 (2.81), 292 (2.04), 364 (0.33), 379 (0.30), 391 420 489, S08 484, 514 0.17 0.13 132 —-201 333
(0.27), 419 (0.17) sh sh
2 255 (2.88), 290 (1.89), 344 (0.46), 365 (0.37), 374 390 465, 484 463, 489 0.14 010 166 —198  3.64
(0.31), 391 (0.19) sh sh

“Measured in acetonitrile solution at 1.0 X 1075 M concentration. “Maximum emission wavelength, measured in acetonitrile solution at 1.0 X 107
M; the symbol sh denotes the shoulder wavelength. “Maximum emission wavelength, measured in film state. 4pL quantum yield of solution and neat
films measured versus quinine bisulfate in 1N H,SO,. “Electrochemical data versus Fc*/Fc (Fc is ferrocene) measured in 1.0 X 107> M acetonitrile
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Figure 2. Photoluminescence (PL) emission spectra of cationic
iridium complexes in acetonitrile solutions at room temperature.
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Figure 3. Cyclic voltammograms of the complexes in acetonitrile
solution (107 M). The potentials were recorded versus Fc'/Fc
(ferrocene).

peaks at —2.01 V for complex 1 and —1.98 V for complex 2.
The reduction potentials of the complexes correspond to the
energy of the LUMO (see section 3.4), which is considered to
be caused by the ancillary ligand with only a partial
contribution from the metal center. The fact that similar
reduction potentials were measured for both complexes 1 and
2, confirms that the ancillary ligand, which is present in both of
these complexes, is responsible for the reduction. The HOMO
and LUMO energies of the complexes were calculated from the
oxidation and reduction potentials using the empirical
relations.”®*” The calculated HOMO energies are —5.69 and
—6.03 eV for complexes 1 and 2, respectively, while the LUMO
energies are —2.36 and —2.39 eV, respectively. The electro-
chemical energy gaps (Egap = Eyomo — ELumo) of complexes 1
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and 2 are 3.33 and 3.64 eV, respectively. The higher energy gap
of complex 2 results from the electron-withdrawing fluorine
atoms, followed by significant HOMO stabilization compared
to complex 1.

3.4. Quantum Chemical Calculations. DFT studies of
the two cationic iridium(III) complexes were carried out using
Gaussian 09 (revision B.01) ab initio quantum chemical
program.*” Geometry optimization and the vibrational
frequency analysis of the complexes were performed by
employing a hybrid Becke,*** three-parameter, Lee—Yang—
Parr® exchange—correlation functional (B3LYP). We used 6-
31G(d,p) basis functions for the H, C, N, and F atoms. In
addition, a ““double-£” quality basis set consisting of Hay and
Wadt’s effective core potentials (LanL2DZ ECP)**~*® was used
for the iridium atom. No symmetry constraints were applied
during the geometry optimizations. We performed a vibrational
frequency analysis to confirm that each configuration is indeed
a minimum on the potential energy surface.

On the basis of the optimized structures of the electronic
ground state, the absorption spectra of the two complexes were
obtained in acetonitrile solution by using the TD-DFT method.
The phosphorescence emission data were obtained by using the
ASCF method. We used a self-consistent reaction field (SCRF)
theory, referred to as the integral eft{uation formalism
polarizable continuum model (IEF-PCM)***° to account for
the solvation of the complexes. The TDDFT calculations were
performed by using the B3LYP functional and the mixed basis
set as described above. This combination of the theory and
basis set has been successfully applied to studies of ruthenium
complexes.®'

The DFT/TDDFT calculations were performed for
complexes 1 and 2 to examine their structural, electronic, and
photophysical properties. Both complexes have a pseudo-
octahedral coordination geometry around the metal center. The
optimized geometries of the two complexes are shown in
Figure 4, along with the geometrical parameters around the
metal center. The bond lengths between the cyclometalated
ligands and Ir (Ir—N/Ir—C) are approximately 2.01 A. For the
ancillary ligands, the corresponding distances are slightly
longer, ranging from 2.2 to 2.3 A. The bond angles of the
cyclometalated phenylpyridine and ancillary ligands with Ir
were found to be approximately 80° and 74°, respectively.
These geometrical parameters are not significantly altered upon
replacement of two of the hydrogen atoms with fluorine
substituents on each of the two cyclometalated phenylpyridines
of complex 1 (to give complex 2).

The Kohn—Sham orbitals (isosurface = 0.02 e A™3) of the
complexes are displayed in Figure 5. The HOMO and HOMO
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Figure 4. Optimized molecular structures of complexes 1 (a) and 2
(b). The hydrogen atoms are omitted here for clarity. Bond distances
and angles are in units of A and degrees, respectively.

— 1 are mainly localized on the metal and the two
cyclometalated ligands, whereas the LUMO and LUMO + 1
are localized over the ancillary ligand. As the HOMO is
delocalized across the cyclometalated ligands, any substitution
on these ligands could be expected to affect the HOMO energy
to a larger extent than the LUMO energy. Therefore, the
HOMO is stabilized by the presence of the electron-
withdrawing fluorine substituents on the cyclometalated
ligands. The HOMO s stabilized by 0.31 eV, varying from
—5.68 (complex 1) to —5.99 eV (complex 2). This stabilization
of the HOMO explains the higher oxidation potential that was
measured for complex 2 (1.66 V), compared to that of complex
1 (1.32 V). On the other hand, the LUMO is stabilized by only
0.08 eV, changing from —2.02 (complex 1) to —2.10 eV
(complex 2). As a result, the HOMO—LUMO gap (HLG) of
complex 2 (3.89 eV) is found to be 0.23 eV larger that of
complex 1 (3.66 V). The HOMO and LUMO energies and
the HLG values from the present calculations are in perfect
agreement with the electrochemical data inferred from the CV
measurements. Noticeable hypsochromic shifts in the absorp-
tion and emission spectra are therefore expected in the
transition from complex 1 to complex 2. The percentage
distributions of the HOMO and LUMO are given in Table 2
for both complexes. The HOMO is largely located on the Ir
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Figure S. Electron density contours calculated for the HOMO — 1 to
the LUMO + 1 of complexes 1 and 2 (isosurface = 0.02 e A™%).

(~45%) and the cyclometalated ligands (~50%), whereas the
LUMO is largely located on the ancillary ligand (~94%).

Table 2. Percentage Distribution of HOMO and LUMO in
Complexes 1 and 2

complex 1 complex 2
HOMO LUMO HOMO LUMO
Ir 46.3 2.9 43.8 3.0
cyclometalated ligands 50.3 3.1 52.8 34
ancillary ligand 34 94.0 34 93.5

The UV—visible absorption spectra of the complexes were
simulated in acetonitrile solution and are depicted in Figure 6
where it can be seen that the TD-DFT simulation reproduced
the main bands observed in the experimental UV—visible
spectrum. Theoretically obtained absorption maxima of
complex 1 and 2 in the low energy region are located at 397
and 371 nm, respectively. The observed absorption arises from
the transition of the HOMO to the LUMO + 1 in both cases.
The hypsochromic shift of 26 nm found for complex 2 is
ascribed to the increased HLG upon fluorine substitution on
the cyclometalated ligands (vide supra). Table 3 reports the
calculated excitation wavelengths with the largest oscillator
strengths and coefficient of configuration interaction together
with the dominant contribution to each transition for
complexes 1 and 2. The phosphorescence emission maxima
obtained from the ASCF method are 531 and 507 nm for
complexes 1 and 2, respectively, which are in excellent
agreement with the experimental data. We found both the
absorption and emission spectra of complex 2 blue-shifted by
approximately 25 nm relative to those of complex 1. Spin
density plots of the T, states for complexes 1 and 2 in
acetonitrile were constructed and are depicted in Figure 7.
From the plots, it can be observed that the excited state (T) of
the complex 1 becomes localized on the Ir atom and one of the
cyclometalated ligands as has been seen previously in other
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Figure 6. Simulated absorption spectra of the complexes 1 (top) and 2
(bottom). The vertical bars represent the oscillator strengths, and the
spectra are broadened by using the Gaussian convolution with fwhm =
1000 em ™.

a)

9

Figure 7. UB3LYP spin density contours of the unrestricted triplet
state (T,) (isocontour value = 0.002 e A™®) for (a) complexes 1 and
(b) 2.

derivatives,”>>* whereas the excited state (T,) of the complex 2

becomes fully localized on the Ir atom, two cyclometalated
ligands and also partly localized on the ancillary ligand.

3.5. Electroluminescent Properties of LECs. The
potential practical application of the two cationic iridium
complexes was explored by fabricating LECs with the device
structure ITO/PEDOT:PSS//iTMC/Al, to which the PE-
DOT:PSS layer was added to smoothen the ITO surface.>* To
study the thin film surface morphologies of Complex 1 and
Complex 2, AFM meseauremnts were performed. The films
were prepared as the same method of fabrication process by
spin coating the complexes 1 and 2 on the top of PEDOT:PSS/
ITO layer. As shown in Figure 8, AFM images of complexes 1
and 2 shows smooth surface morphology and are pinhole free
as the previously reported device.** The root—mean—square
(rms) roughness of the films are 0.53 and 0.58 nm for the
device based on complexes 1 and 2, respectively.

The EL spectra of the LECs incorporating the cationic
iridium complexes are depicted in Figure 9. The EL spectra

Table 3. Calculated Excitation Wavelengths (A,;), Oscillator Strengths (f), and Coefficient of Configuration Interaction (CI)
with Dominant Contribution to Each Transition for Complexes 1 and 2%

complex transitions Aea (nm) f b

1 Sy = S, 418 0.0056
Sy — S, 397 0.0844
Se = Sy 382 0.0094
N 349 0.0185
Sy = Ss 340 0.0449
So = T, 453
Sy > Ty 444
So = Ty 421
Sy — T, 401
So = Ts 385

2 Sy = S 387 0.0087
Sy = S, 371 0.0812
So— S5 359 0.0099
N 331 0.0660
So = Ss 326 0.0672
Sy — T, 432
Sy > T, 428
Sy = Ty 400
Sy = T, 387
So = T 369

CI coeflicient

dominant contribution Aemission (M)

0.6893 H — L (95%) 531
0.6828 H— L+ 1 (93%)

0.6941 H— L + 2 (96%)

0.6947 H-L+3(97%)

0.5390 H -2 - L (58%)

0.5130 H— L+ 1 (53%)

0.4636 H-—L+2 (43%)

0.6551 H — L (86%)

0.4679 H -2 = L (44%)

0.3867 H— L+ 1 (30%)

0.6782 H — L (92%) 507
0.6696 H— L+ 1 (90%)

0.6898 H - L+ 2 (95%)

0.5222 H-1- L (55%)

0.4892 H - L+ 3 (48%)

0.4617 H— L+ 1 (43%)

0.4137 H— L+ 2 (34%)

0.4173 H-3->1L(35%)

0.5654 H — L (64%)

0.4244 H— L+ 1 (36%)

“The calculated emission values (Aomission) from ASCF method. H and L denote HOMO and LUMO, respectively. YThe oscillator strengths were
given wherever applicable.

7747

DOI: 10.1021/acsami.5b00875

ACS Appl. Mater. Interfaces 2015, 7, 7741-7751


http://dx.doi.org/10.1021/acsami.5b00875

ACS Applied Materials & Interfaces

Research Article

[km]

(@)

[km]

(b)

Figure 8. AFM images of thin films on the top of PEDOT:PSS/ITO layer: (a) complexes 1 and (b) 2.
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Figure 9. Electroluminescence (EL) spectra of LECs based on cationic
iridium complexes.

resemble the PL spectra in acetonitrile in that they exhibit
broad and structured emission peaks. The vibronically
structured emission peaks indicate the prevalence of the same
emission mechanisms in solution and the solid state, that is,
light emission from the mixed *MLCT and *LC excited states.
The LEC incorporating complex 1 displays a blue-green
emission with an emission peak at 488 nm and a shoulder peak
at 516 nm. However, the EL spectrum of complex 2 emits in
the blue region, and shows an emission peak and a shoulder
peak at 463 and 491 nm, respectively. Compared to complex 1,
the EL spectrum of complex 2 is blue-shifted by 25 nm as a
consequence of the influence of the electron-withdrawing
fluorine atoms on the cyclometalating ligands. The CIE
coordinates of LECs incorporating complexes 1 and 2 are
(0.28, 0.50) and (0.24, 0.42), respectively. The EL spectra of
LECs based on complexes 1 and 2 are comparable with the PL
spectra of thin films of these complexes; however, the EL
spectra are broadened compared to the PL spectra of the
solutions and thin films. The considerable emission in the long-
wavelength region of the EL spectra reflects the existence of
strong intermolecular interaction in the films.

The voltage-dependent luminance and current density curves
of LECs based on complexes 1 and 2 are shown in Figure 10.
The device was scanned by using a single voltage scan with a
sweep rate of 0.5 V/s. The devices incorporating the cationic
iridium complexes exhibited a gradual increase in the luminance
and current density with increasing voltage, a typical LEC
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Figure 10. Luminance and current density versus voltage curves of

LECs based on cationic iridium complexes.

characteristic, which occurs slowly at the starting bias, because
of the slow migration of PF~ counter-anions toward the anode
and the concurrent migration of the positively charged complex
molecules to the cathode."”® The intensity of the luminance
and current density is almost constant up to 8 V and increases
rapidly as the voltage is increased from 8 to 12 V. It is
accomplished by the fast migration of mobile ions as the
voltage increases, followed by increased carrier injection and
recombination. The performance of LECs based on both
complexes is summarized in Table 4. The LEC device based on
complex 1 showed a maximum luminance of 1246 cd m™* and
current density of 339 mA cm™ at 12 V, leading to a peak
current efficiency of 0.46 cd A™'. For complex 2, the
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Table 4. Electrical Characteristics of LECs Based on the Cationic Iridium Complexes

complex  luminance,,,, [cd m™]  current density,,, [mA cm™]  current efficiency (cd A™')  turn on voltage (V)  EL,, (nm)  CIE coordinates
1 1246 339 046 4.0 488, 516 (0.28, 0.50)
2 674 312 0.38 45 463, 491 (024, 0.42)
performance of the LEC device is inferior in comparison, with a EL = electroluminescence
maximum luminance, current density, and current efficiency of PL = photoluminescence
674 cd m™?, 312 mA cm 2, and 0.38 cd A7, respectively. The PEDOT:PSS = poly(3,4-ethylenedioxythiophene):poly styr-
lower luminance and current efficiency of LECs based on enesulfonate
complex 2 is caused by the enlarged energy gap, which would PLQY = photoluminescence quantum yield
result in higher carrier injection barriers and a more unbalanced SCF = spectral correlation function
carrier recombination. SCRF = self-consistent reaction field
HOMO = highest occupied molecular orbital
4. CONCLUSIONS LUMO = lowest occupied molecular orbital
In conclusion, two new cationic iridium complexes containing HLG = HOMO-LUMO gap
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