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Microwave-assisted one-pot synthesis of
new ionic iridium complexes of [Ir(bzq)2(N^N)]+A−

type and their selected electroluminescent
properties†

B. Orwat,a E. Witkowska,b I. Kownacki, *a M.-J. Oh,a M. Hoffmann,a M. Kubicki,a

I. Grzelak, a B. Marciniec, a,c I. Glowacki,b B. Luszczynska,b G. Wiosna-Salyga,b

J. Ulanski,b P. Ledwond and M. Lapkowskid,e

Iridium C,N-cyclometalated complexes with an ionic structure are considered to be promising candidates

for application in host/guest solid-state phosphorescent single-layer devices because the employment of

such dopants offers the possibility of reducing their concentration in organic matrices as well as allows

obtaining organic light emitting devices (OLEDs) with interesting emission parameters. We report herein a

methodology enabling the synthesis of cyclometalated ionic iridium(III) complexes of the type

[Ir(C^N)2(N^N)]
+A− according to a three-component one-pot strategy involving the acceleration of the

reaction via microwave irradiation. The developed protocol allowed efficient synthesis of a series of new

cationic iridium(III) coordination derivatives, which were isolated and spectroscopically characterized,

while the structures of two of them were determined by the X-ray method. Moreover, the iridium(III)

derivatives were subjected to the cyclic voltammetry studies in order to determine the energies of the

HOMO and LUMO levels as well as to estimate their electrochemical properties and to predict some elec-

tronic properties. Additionally, the ONIOM calculation scheme that was used to predict HOMO–LUMO

gaps for the studied Ir(III) complexes showed a good correlation between the experimental and calculated

values. In order to determine the influence of the structure and nature of the ancillary ligand on the

location of the maximum emission band, the photophysical properties of the synthesized iridium com-

plexes were characterized. Finally, the selected compounds were used as emitters for the construction of

polymer light emitting diodes (PLEDs) based on a poly(N-vinylcarbazole)/2-(4-tert-butylphenyl)-5-(4-

biphenyl)-1,3,4-oxadiazole (PVK/PBD) matrix. The highest luminance, above 10 000 cd m−2, was recorded

for the device containing only 1.0 wt% of [Ir(bzq)2(1,10-phenanthroline)]
+PF6

− in the PVK/PBD. The fabri-

cated PLEDs exhibit current efficiency in the range of 1.0 to 2.2 cd A−1.

Introduction

Organic Light-Emitting Diodes (OLEDs) show great potential
for application as alternatives to traditional inorganic devices,
mainly due to the fact that thin-layer technologies for their fab-
rication are relatively simple, they require a small amount of
organic components, and they can offer significant energy
savings, which makes them environmentally friendly.1 In view
of the above, the synthesis of new phosphorescence emitters
for OLEDs belongs to the hottest research areas on the world
scale in chemistry and materials engineering. The growing
interest in host/guest phosphorescent systems follows from the
fact that the inner quantum yield of OLEDs with an emission
layer made of fluorescence materials cannot be higher than
25%. This restriction can be overcome if the emission source
is a phosphorescent material, in particular those based on

†Electronic supplementary information (ESI) available: X-ray crystallographic
data for 2AA′ and 2FA′ (CIF). Structure refinement data for 2AA′ and 2FA′ as well
as full computational details and Cartesian coordinates (PDF). CCDC 1518625
and 1518624. For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/c7dt01372h
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bDepartment of Molecular Physics, Lodz University of Technology, 90-924 Lodz,

Zeromskiego 116, Poland
cCenter for Advanced Technologies, Adam Mickiewicz University in Poznan,

St. Umultowska 89c, 61-614 Poznan, Poland
dSilesian University of Technology, Faculty of Chemistry, St. Marcina Strzody 9,

44-100 Gliwice, Poland
eCentre of Polymer and Carbon Materials, Polish Academy of Sciences,
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heavy metal coordination compounds in which the central
metal atom is surrounded by organic ligands, mostly
C,N-cyclometalated ligands.2,3 Such compounds are usually
introduced as dopants into the matrix to avoid concentration
induced emission quenching. Among the heavy transition
metals (TM), the metal most often used for this purpose is
iridium but attempts at using other TM such as Pt, Os or Pd
have also been reported.4 Such materials are characterized by a
very strong spin–orbit coupling, which causes a mutual iso-
energetic transition from the singlet to the triplet state and
vice versa, known as intersystem crossing (ISC).5 Because of
this effect, there is a theoretical possibility of getting an inner
quantum yield of 100%. However, at the moment, mainly fluo-
rescent OLEDs are commercially available because as yet no
efficient and stable blue phosphorescence emitter has been
designed; the consequence is the lack of a complete set of red–
green–blue (RGB) or red–green–blue–white (RGBW) displays.6

The reason is that, unfortunately, the hitherto discovered blue
emitters have several tens of thousands of times shorter life-
span than the emitters responsible for other colours, which
means that OLEDs based on such emitters over time signifi-
cantly lose the ability to properly display images.7

Nevertheless, most of the studies concerning this subject
have been focused on the synthesis and photophysical pro-
perties as well as potential applications of neutral iridium
compounds.1–3 However, in view of the recent literature, a
growing interest in ionic TM-complexes as promising candi-
dates for application in host/guest solid-state phosphorescent
devices is observed. The reason for using such systems is like
that in the case of neutral complexes, i.e. to reduce the emitter
concentration in order to avoid the emission quenching
effect.8

However, these studies have been mainly related to the use
of ionic coordination derivatives of osmium(II),9 ruthenium(II),10

and rhenium(I)11 as phosphorescent emitters in single-layer
devices.

Attempts at the application of cationic iridium(III) com-
plexes in electroluminescent devices have been made by
Slinker and co-workers, who observed efficient yellow emission
from a single-layer polymer matrix based on the
[Ir(ppy)2(dtbbpy)]PF6 complex as a phosphorescent dopant
(where ppy = 2-phenylpyridine; dtbbpy = 4,4′-di-tert-butyl-2,2′-
dipyridyl).12 However, in view of the reports published in the
past few years, such iridium coordination compounds have
been intensively studied in the aspect of the possibility of
using them in biological systems as fluorescent markers13 and
light-emitting electrochemical cells (LECs).14 Very recently,
several reports have appeared on the preparation and examin-
ation of organic emission layers in the prototypes of OLEDs15

and LECs14 created on the basis of iridium cationic phospho-
rescent emitters (organometallic soft salts), in which different
types of 2N-donating aromatic compounds as ancillary ligands
were used for the stabilization of the metallic centre bearing
cyclometalated phenylpyridine and its derivatives.

As mentioned above, most of the reports published so far
have focused on the synthesis of neutral and ionic iridium(III)

systems, in particular those stabilized with various types of
cyclometalated ligands built on the basis of phenylpyridine or
phenylpyridine like cores, and their optoelectronic properties.
This fact has prompted us to develop a new and efficient
method for the synthesis of ionic iridium(III) cyclometalated
complexes and extend the studies to the synthesis and
photophysical properties of systems formed on the basis of
bis(benzo[h]quinolino)iridium(III) cores.

Experimental section

All syntheses and manipulations were carried out under argon
using standard Schlenk-line and vacuum techniques. The
microwave-assisted reactions were performed using a CEM
Discover microwave pressure system (max. power 300 W,
magnetron frequency 2455 MHz, max. pressure 20 bars). The
chemicals were obtained from the following sources:
IrCl3·3H2O from Pressure Chemicals, acetone, Et2O, MeOH,
DMSO-D6, CDCl3, 1,2-dichloroethane, THF, 2,2′-bipyridine,
4,4′-dimethyl-2,2′-bipyridine, 6,6′-dimethyl-2,2′-bipyridine, 4,4′-
dimethoxy-2,2′-bipyridine, 2,2′-biquinoline, 1,10-phenanthro-
line, 4,7-diphenyl-1,10-phenanthroline, 2,9-dimethyl-4,7-di-
phenyl-1,10-phenanthroline from Aldrich, and benzo[h]quino-
line (bzqH) from ABCR. The complex [{Ir(µ-Cl)(bzq)2}2] (1)

16,17

and benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine18 were synthesized
according to a published method. All solvents and liquid
reagents were dried and distilled under argon prior to use. The
NMR spectra in liquid phase were recorded in CDCl3 or
DMSO-D6 using a 300 MHz spectrometer and were referenced
to the residual protonated solvent peaks (1H δH = 7.26 ppm,
for CDCl3 and

1H δH = 2.50 ppm for DMSO-D6). TGA measure-
ments were carried out on a Q50-TGA (TA Instruments, Inc.)
thermogravimetric analyser under N2 at a flow rate of
60 mL min−1. Samples (8–10 mg) were loaded on a platinum
pan and heated from ambient temperature to 1000 °C at a rate
of 10 °C min−1. DSC measurements were carried out on a
DSC-1 (Mettler-Toledo) differential scanning calorimeter
under N2 at a flow rate of 20 mL min−1 at a heating/cooling
rate of 10 °C min−1 in the range of 25 to 150 or 250 °C
(depending on the sample). Samples (7–10 mg) were placed in
40 µL aluminum pans with a pierced lid.

X-ray crystallography

Diffraction data were collected at 100(1) K by the ω-scan tech-
nique on an Agilent Technologies Xcalibur four-circle diffract-
ometer with an Eos CCD detector and graphite-monochro-
mated MoKα radiation (λ = 0.71069 Å). The data were corrected
for Lorentz-polarization as well as for absorption effects.19

Precise unit-cell parameters were determined by the least-
squares fit of reflections of the highest intensity (4547 for 1,
5535 for 2), chosen from the whole experiment (see the ESI†).
The structures were solved using SIR9220 and refined by
the full-matrix least-squares procedure on F2 using
SHELXL-2013.21 All non-hydrogen atoms were refined anisotro-
pically, hydrogen atoms were placed at idealized positions and
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refined as a ‘riding model’ with isotropic displacement para-
meters set at 1.2 times the Ueq of appropriate carrier atoms. In
the structure of 1 there are solvent – methanol – molecules,
disordered across the twofold axis of symmetry. The crystals of
2 appeared to be twinned, which was taken into account
during both data reduction and refinement procedures. The
BASF factor, showing relative shares of both components, was
refined at 0.4681(7). Some restraints had to be applied on
ADPs of certain atoms in 2.

Crystallographic data (excluding structure factors) for the
structural analysis have been deposited with the Cambridge
Crystallographic Data Centre, no. CCDC 1518625 (1) and
1518624 (2).

Electrochemical property determination

Cyclic voltammetry (CV) measurements were performed on a
CH Instruments model 620 electrochemical analyser in aceto-
nitrile (MeCN) (Carlo Erba, Acetonitrile RS – For HPLC PLUS
Gradient – ACS – Reag. Ph. Eur. – Reag. USP) using 0.1 M tetra-
butylammonium hexafluorophosphate ([Bu4N]PF6) (TCI,
>98%) as a supporting electrolyte. Measurements were per-
formed in a classic three electrode assembly. A Pt wire was the
working electrode, a Pt spiral was the counter electrode, and
an Ag wire was the pseudo-reference electrode. Potentials were
estimated using ferrocene as an internal standard.

Computational methods

Full geometry optimizations of the iridium compounds in
their singlet ground state were carried out using density func-
tional theory (DFT) with Becke’s three-parameter hybrid
method combined with the Lee–Yang–Parr correlation func-
tional (B3LYP).22,23 The SDD24 basis set was used to treat the Ir
atom, whereas the 6-31G(d)25 basis set was used to treat C, H,
N and O atoms. In order to assess the influence of basis sets
on the results, further calculations were performed with
different basis sets and with ONIOM calculations. To date
many theoretical studies have been carried out using the two-
layer ONIOM scheme for various systems.26,27 This compu-
tational technique models large molecules by defining two
layers within the structure that are treated at different levels of
accuracy. In our studies of the high-level system containing an
Ir(III) central metal atom together with its neighbouring atoms,
the WB97XD functional was used. The SDD basis set was used
for the iridium atom and the 6-311++G(d,p) basis set – for the
remaining atoms. For the low layer, we used the simplest
HF/LanL2MB.28 In order to determine the solvent effects,
calculations were also performed within the self-consistent
reaction field (SCRF) theory using the polarized continuum
model (PCM)29–31 in acetonitrile (CH3CN) medium to analyse
the interaction with the solvent used in experimental measure-
ments. All calculations were performed using the Gaussian 09
software package32 in PL-Grid infrastructure.

Spectroscopic measurements

UV–Vis spectra were recorded on a Carry 5000 (Varian) spectro-
meter, whereas the photoluminescence spectra were recorded

on an FLS980 (Edinburgh Instruments) fluorescence spectro-
meter equipped with a Xe-lamp as an excitation source and an
R-928 photomultiplier detector, featuring a spectral sensitivity
range of 200–870 nm for the detector, respectively. The
absolute fluorescence quantum yields (QY) of the compounds
studied were determined using an integrating sphere, with
BENFLEC inside coating, from Edinburgh Instruments. All
compounds were dissolved in chlorobenzene. In order to elim-
inate luminophore self-quenching effects, dilute solutions of
the investigated molecules were measured. The same equip-
ment was used for the determination of the spectroscopic pro-
perties of thin films of poly(N-vinylcarbazole)/2-(4-tert-butyl-
phenyl)-5-(4-biphenyl)-1,3,4-oxadiazole (PVK/PBD) blends
(70 : 30 weight ratio) doped with iridium complexes. The thin
films (about 100 nm) were deposited on quartz plates by spin
coating. The thickness of the thin films was determined by
means of a profilometer (Dektak XT, Bruker).

Preparation and characterization of PLEDs

The PLEDs were manufactured on glass substrates with
indium tin oxide (ITO) coated with a ∼30 nm layer of poly(3,4-
ethylenedioxythiophene) and poly(styrenesulfonate) (PEDOT:
PSS) mixture. The emissive layers (∼80 nm) were fabricated by
means of the spin coating method from a chlorobenzene solu-
tion of PVK/PBD blends, doped with 1 wt% of emitter mole-
cules. To remove the residual amounts of the solvent, the de-
posited emissive layers were annealed at 90° C for 30 min
under a nitrogen atmosphere. In the next step the cathode was
vacuum evaporated through a shadow mask. The complete
device stack was ITO/PEDOT:PSS/PVK:PBD+emitter/Ca/Ag.
These devices were encapsulated with epoxy resin and glass
inside a glove box under a nitrogen atmosphere. After encapsu-
lation, they were characterized under ambient conditions. The
electroluminescence spectra were recorded using a MicroHR
spectrometer and a CCD camera 3500 (Horiba Jobin Yvon).
Current density–voltage–luminance characteristics were deter-
mined by using a Keithley 2400 source measurement unit and
a Minolta CS-200 camera.

Optimization of the reaction conditions

In a Schlenk reactor of 15 mL capacity, equipped with a
Rotaflo® valve, portions of 100.00 mg (0.086 mmol) of
[{Ir(bzq)2(µ-Cl)}2] (1) and 0.188 mmol of the selected N^N
donating ligand (C, E, H) and 31.35 mg (0.188 mmol) of
Na[PF6] were placed under an inert atmosphere, and then an
anhydrous and deoxygenated solvent (ClCH2CH2Cl or THF)
was introduced. The reaction was conducted for 12 h at 65 °C
or for 10 minutes at 150 °C. After this time, the solvent was
fully evaporated from the post-reaction mixture under reduced
pressure. The remaining crude product was analyzed by
1H NMR.

Synthesis of iridium complexes

[Ir(bzq)2(2,2′-bipyridine)]
+PF6

− (2AA′). In a pressure glass
vessel of 10 mL capacity, portions of 200.00 mg (0.171 mmol)
of [{Ir(bzq)2(µ-Cl)}2] (1), 54.98 mg (0.350 mmol) of 2,2′-bipyri-
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dine (A) and 58.33 mg (0.350 mmol) of Na[PF6] were placed
under an inert atmosphere and then 5 mL of anhydrous and
deoxygenated THF was introduced. The reactor was sealed
using a plastic cap equipped with an elastic membrane and
then placed in the chamber of a microwave radiation source.
The thus prepared reaction system was sealed with the encap-
sulating head, equipped with a pressure sensor. The reaction
was conducted for 10 minutes at 150 °C, irradiating the
mixture with microwaves (150 W and frequency 2445 MHz).
After this time, the solvent was fully evaporated from the post-
reaction mixture under reduced pressure. The remaining
crude product was washed with water (3 × 5 mL), cold MeOH
(2 × 2 mL), and finally with cold Et2O (2 × 2 mL). In the next
step, the remaining solid material was purified by flash-chrom-
atography using a column with silica and acetone as the
eluent. The purified material was dried under vacuum for
4 hours. The desired product 2AA′ was obtained in a yield of
86% (250 mg, 0.294 mmol). Elemental anal. calculated for
C36H24F6IrN4P: C 50.88; H 2.85; found C 50.94 H 2.93;
1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 8.92 (d,
3JH–H = 8.34 Hz, 2H); 8.58 (d, 3JH–H = 7.89 Hz, 2H); 8.25
(m, 3JH–H = 9.00 Hz, 2H); 8.08 (d, 3JH–H = 6.00 Hz, 2H); 7.92
(m, 7H); 7.57 (m, 7H); 6.21 (d, 3JH–H = 6.00 Hz, 2H).

[Ir(bzq)2(4,4′-dimethyl-2,2′-bipyridine)]+PF6
− (2BA′). Following

the procedure used for the preparation of compound 2AA′
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 64.23 mg (0.350 mmol) of 4,4′-dimethyl-
2,2′-bipyridine (B) and 58.78 mg (0.350 mmol) of Na[PF6] (A′).
The desired product 2BA′ was obtained in a yield of 80%
(240 mg, 0.273 mmol). Elemental anal. calculated for
C38H28F6IrN4P: C 51.99; H 3.22; found C 52.06 H 3.28;
1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 8.77 (s, 2H);
8.56 (d, 3JH–H = 9.00 Hz, 2H); 8.07 (d, 3JH–H = 6.00 Hz, 2H); 7.97
(d, 3JH–H = 9.00 Hz, 2H); 7.92 (m, 4H); 7.87 (m, 3JH–H = 9.00 Hz,
2H); 7.62 (m, 4H); 7.53 (m, 3JH–H = 9.00 Hz, 2H); 7.41
(d, 3JH–H = 6.00 Hz, 2H); 7.16 (t, 3JH–H = 9.00 Hz, 2H); 6.21 (d,
3JH–H = 6.00 Hz, 2H); 2.50 (s, 6H, −Me together with residues
protons from DMSO-D6);

1H NMR (300 MHz, CDCl3, 300 K)
δ (ppm) = 2.60 (s, 6H, −Me).

[Ir(bzq)2(6,6′-dimethyl-2,2′-bipyridine)]+PF6
− (2CA′). Following

the procedure used for the preparation of compound 2AA′
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 64.23 mg (0.350 mmol) of C and 58.78 mg
(0.350 mmol) of salt A′. The desired product 2CA′ was obtained
in a yield of 64% (192 mg, 0.226 mmol). Elemental anal. calcu-
lated for C38H28F6IrN4P: C 51.99; H 3.22; found C 52.09 H
3.30; 1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 8.62
(t, 3JH–H = 9.00 Hz, 4H); 8.30 (d, 3JH–H = 6.00 Hz, 2H); 8.09
(t, 3JH–H = 9.00 Hz, 2H); 7.89 (m, 4H); 7.65 (m, 2H); 7.38 (t,
3JH–H = 9.00 Hz, 4H); 6.93 (t, 3JH–H = 6.00 Hz, 2H); 5.81 (d,
3JH–H = 6.00 Hz, 2H); 1.56 (s, 6H, −Me).

[Ir(bzq)2(4,4′-dimethoxy-2,2′-bipyridine)]+PF6
− (2DA′). Following

the procedure used for the preparation of compound 2AA′
(Table 2), the reaction was carried out with 160.00 mg
(0.137 mmol) of 1, 61.00 mg (0.281 mmol) of D and 47.19 mg
(0.281 mmol) of salt A′. The desired product 2DA′ was obtained

in a yield of 80% (200 mg, 0.220 mmol). Elemental anal. calcu-
lated for C38H28F6IrN4O2P: C 50.16; H 3.10; found C 50.23
H 3.19; 1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 8.57
(d, 3JH–H = 9.00 Hz, 3JH–H = 6.00 Hz, 2H); 8.48 (s, 2H); 8.13 (d,
2H); 7.96 (d, 3JH–H = 6.00 Hz, H); 7.88 (d, 3JH–H = 9.00 Hz, 2H);
7.57 (m, 6H); 7.17 (m, 4H); 6.21 (d, 3JH–H = 6.00 Hz, 2H); 3.96
(s, 6H, −OMe).

[Ir(bzq)2(2,2′-biquinoline)]
+PF6

− (2EA′). Following the pro-
cedure used for the preparation of compound 2AA′ (Table 2),
the reaction was carried out with 200.00 mg (0.171 mmol) of 1,
89.36 mg (0.350 mmol) of E and 58.78 mg (0.350 mmol) of salt
A′. The desired product 2EA′ was obtained in a yield of 78%
(254 mg, 0.270 mmol). Elemental anal. calculated for
C44H28F6IrN4P: C 55.63; H 2.97; found C 55.73 H 3.06;
1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 9.10 (d,
3JH–H = 9.00 Hz, 2H), 8.93 (d, 3JH–H = 9.00 Hz, 2H); 8.55
(d, 3JH–H = 9.00 Hz, 2H); 8.24 (d, 3JH–H = 6.00 Hz, 2H); 8.05 (d,
3JH–H = 9.00 Hz, 2H); 7.87 (m, 6H); 7.51 (m, 6H); 7.07 (t, 3JH–H =
9.00 Hz, 2H); 6.92 (t, 3JH–H = 9.00 Hz, 2H); 5.96 (d, 3JH–H =
6.00 Hz, 2H).

[Ir(bzq)2(2,2′-bipyridine)]
+BPh4

− (2AB′). Following the pro-
cedure used for the preparation of compound 2AA′ (Table 2),
the reaction was carried out with 200.00 mg (0.171 mmol) of 1,
54.92 mg (0.350 mmol) of A and 119.78 mg (0.350 mmol) of
the salt Na[BPh4] (B′). The desired product 2AB′ was obtained
in a yield of 63% (220 mg, 0.214 mmol). Elemental anal. calcu-
lated for C60H44BIrN4: C 70.37; H 4.33; found C 70.50 H 4.45;
1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 8.91 (d,
3JH–H = 8.34 Hz, 2H); 8.57 (d, 3JH–H = 7.89 Hz, 2H); 8.25 (t,
3JH–H = 9.00 Hz, 2H); 8.07 (d, 3JH–H = 6.00 Hz, 2H); 7.94 (m,
7H); 7.58 (m, 7H); 7.17 (m, 8H, BPh4

−); 6.91 (t, 3JH–H =
9.00, Hz, 8H, BPh4

−); 6.78 (t, 3JH–H = 6.00 Hz, 4H, BPh4
−); 6.21

(d, 3JH–H = 6.00 Hz, 2H).
[Ir(bzq)2(4,4′-dimethyl-2,2′-bipyridine)]+BPh4

− (2BB′). Following
the procedure used for the preparation of compound 2AA′
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 64.23 mg (0.350 mmol) of B and 119.78 mg
(0.350 mmol) of salt B′. The desired product 2BB′ was obtained
in a yield of 71% (256 mg, 0.243 mmol). Elemental anal. calcu-
lated for C62H48BIrN4: C 70.78; H 4.60; found C 70.91 H 4.71;
1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 8.76 (s, 2H);
8.55 (d, 3JH–H = 9.00 Hz, 2H); 8.06 (d, 3JH–H = 6.00 Hz, 2H); 7.96
(d, 3JH–H = 9.00 Hz, 2H); 7.87 (d, 3JH–H = 9.00 Hz, 2H); 7.65 (d,
3JH–H = 6.00 Hz, 2H); 7.59 (m, 3H), 7.54 (d, 3JH–H = 6.00 Hz,
2H); 7.39 (m, 3H); 7.17 (m, 8H, BPh4

−); 6.91 (t, 3JH–H = 9.00 Hz,
8H); 6.77 (t, 3JH–H = 6.00 Hz, 4H, BPh4

−); 6.21 (d, 3JH–H =
6.00 Hz, 2H); 2.50 (s, 6H, −Me together with residue protons
from DMSO-D6);

1H NMR (300 MHz, CDCl3, 300 K) δ (ppm) =
2.60 (s, 6H, −Me).

[Ir(bzq)2(6,6′-dimethyl-2,2′-bipyridine)]+BPh4
− (2CB′). Following

the procedure used for the preparation of compound 2AA′
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 64.23 mg (0.350 mmol) of C and 119.78 mg
(0.350 mmol) of salt B′. The desired product 2CB′ was obtained
in a yield of 69% (248 mg, 0.236 mmol). Elemental anal. calcu-
lated for C62H48BIrN4: C 70.78; H 4.60; found C 70.88 H 4.67;
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1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 8.61 (t, 3JH–H =
9.00 Hz 4H); 8.29 (d, 3JH–H = 6.00 Hz, 2H); 8.08 (t, 3JH–H =
9.00 Hz, 2H); 7.89 (m, 4H); 7.64 (m, 2H); 7.38 (m, 4H); 7.18 (m,
8H, BPh4

−); 6.91 (t, 3JH–H = 9.00 Hz, 10H, 8H BPh4
− + 2H bzq);

6.78 (m, 3JH–H = 6.00 Hz, 4H, BPh4
−); 5.81 (d, 3JH–H = 6.00 Hz,

2H); 1.58 (s, 6H, −Me).
[Ir(bzq)2(4,4′-dimethoxy-2,2′-bipyridine)]+BPh4

− (2DB′).
Following the procedure used for the preparation of com-
pound 2AA′ (Table 2), the reaction was carried out with
160.00 mg (0.137 mmol) of 1, 61.00 mg (0.281 mmol) of D and
97.16 mg (0.281 mmol) of salt B′. The desired product 2DB′
was obtained in a yield of 80% (240 mg, 0.221 mmol).
Elemental anal. calculated for C62H48BIrN4O2: C 68.69; H 4.46;
found C 68.85 H 4.53; 1H NMR (300 MHz, DMSO-D6, 300 K)
δ (ppm) = 8.56 (d, 3JH–H = 6.00 Hz, 2H); 8.48 (s, 2H); 8.13 (d,
3JH–H = 6.00 Hz, 2H); 7.96 (m, 3JH–H = 9.00 Hz, 2H); 7.87 (d,
3JH–H = 9.00 Hz, 2H); 7.59 (m, 6H); 7.52 (d, 3JH–H = 9.00 Hz,
2H); 7.17 (m, 12H, 8H BPh4

− + 4H); 7.91 (t, 3JH–H = 9.00 Hz,
8H, BPh4

−); 6.78 (t, 3JH–H = 6.00 Hz, 4H, BPh4
−); 6.22 (d,

3JH–H = 6.00 Hz, 2H); 3.96 (s, 6H, −OMe).
[Ir(bzq)2(2,2′-biquinoline)]

+BPh4
− (2EB′). Following the pro-

cedure used for the preparation of compound 2AA′ (Table 2),
the reaction was carried out with 200.00 mg (0.171 mmol) of 1,
89.36 mg (0.350 mmol) of E and 119.78 mg (0.350 mmol) of
salt B′. The desired product 2EB′ was obtained in a yield of
76% (290 mg, 0.257 mmol). Elemental anal. calculated for
C68H48BIrN4: C 72.65; H 4.30; found C 72.85 H 4.40; 1H NMR
(300 MHz, DMSO-D6, 300 K) δ (ppm) = 9.09 (d, 3JH–H = 9.00 Hz,
2H), 8.92 (d, 3JH–H = 9.00 Hz, 2H); 8.54 (d, 3JH–H = 6.00 Hz, 2H);
8.23 (d, 3JH–H = 6.00 Hz, 2H); 8.05 (d, 3JH–H = 9.00 Hz, 2H); 7.85
(m, 6H); 7.49 (m, 6H); 7.16 (m, 8H), 7.07 (t, 3JH–H = 9.00 Hz,
2H); 6.92 (m, 10 H, 8H BPh4

− + 2H); 6.78 (t, 3JH–H = 6.00 Hz,
4H BPh4

−); 6.94 (d, 3JH–H = 6.00 Hz, 2H).
[Ir(bzq)2(1,10-phenanthroline)]

+PF6
− (2FA′). Following the

procedure used for the preparation of compound 2AA′
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 63.07 mg (0.350 mmol) of F and 58.78 mg
(0.350 mmol) of salt A′. The desired product 2FA′ was obtained
in a yield of 76% (290 mg, 0.332 mmol). Elemental anal. calcu-
lated for C38H24F6IrN4P C 52.23; H 2.77; found C 52.33; H 2.80;
1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 8.90 (d,
3JH–H = 9.00 Hz, 2H); 8.51 (d, 3JH–H = 9.00 Hz, 2H); 8.42 (s, 2H);
8.20 (d, 3JH–H = 6.00 Hz, 2H); 7.93 (m, 6H); 7.59 (d, 3JH–H = 9.00
Hz, 2H); 7.45 (d, 3JH–H = 6.00 Hz, 1H); 7.41 (d, 3JH–H = 6.00 Hz,
1H); 7.23 (t, 3JH–H = 6.00 Hz, 2H); 6.35 (d, 3JH–H = 6.00 Hz, 2H).

[Ir(bzq)2(4,7-diphenyl-1,10-phenanthroline)]
+PF6

− (2GA′).
Following the procedure used for the preparation of com-
pound 2AA′ (Table 2), the reaction was carried out with
200.00 mg (0.171 mmol) of 1, 116.34 mg (0.350 mmol) of G
and 58.78 mg (0.350 mmol) of salt A′. The desired product
2GA′ was obtained in a yield of 71% (250 mg, 0.244 mmol).
Elemental anal. calculated for C50H32F6IrN4P C 58.53; H 3.14;
found C 58.68; H 3.23; 1H NMR (300 MHz, DMSO-D6, 300 K)
δ (ppm) = 8.56 (d, 3JH–H = 9.00 Hz, 2H); 8.27 (d, 3JH–H =
6.00 Hz, 2H); 8.22 (s, 2H); 8.11 (d, 3JH–H = 6.00 Hz, 2H); 8.02 (d,
3JH–H = 9.00 Hz, 2H) 7.93 (m, 4H); 7.62 (m, 12H, 10H –Ph +

2H); 7.53 (m, 2H); 7.24 (t, 3JH–H = 9.00 Hz, 2H); 6.34 (d, 3JH–H =
9.00 Hz, 2H).

[Ir(bzq)2(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline)]+PF6
−

(2HA′). Following the procedure used for the preparation of
compound 2AA′ (Table 2), the reaction was carried out with
200.00 mg (0.171 mmol) of 1, 126.16 mg (0.350 mmol) of H
and 58.78 mg (0.350 mmol) of salt A′. The desired product
2HA′ was obtained in a yield of 77% (278 mg, 0.264 mmol).
Elemental anal. calculated for C52H36F6IrN4P C 59.25; H 3.44;
found C 59.50; H 3.52; 1H NMR (300 MHz, DMSO-D6, 300 K)
δ (ppm) = 8.59 (d, 3JH–H = 9.00 Hz, 2H); 8.20 (d, 3JH–H = 6.00
Hz, 2H); 8.06 (s, 2H); 7.91 (m, 4H), 7.76 (m, 4H); 7.59 (m, 10H,
−Ph); 7.42 (d, 3JH–H = 9.00 Hz, 2H); 6.96 (t, 3JH–H = 9.00 Hz,
2H); 5.89 (d, 3JH–H = 9.00 Hz, 2H); 1.93 (s, 6H, −Me).

[Ir(bzq)2(1,10-phenanthroline)]
+BPh4

− (2FB′). Following the
procedure used for the preparation of compound 2AA′
(Table 2), the reaction was carried out with 200.00 mg
(0.171 mmol) of 1, 63.07 mg (0.350 mmol) of F and 119.78 mg
(0.350 mmol) of salt B′. The desired product 2FB′ was obtained
in a yield of 74% (268 mg, 0.256 mmol). Elemental anal. calcu-
lated for C62H44BIrN4 C 71.05; H 4.23; found C 71.34; H 4.34;
1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 8.88 (d, 3JH–H

= 9.00 Hz, 2H); 8.52 (d, 3JH–H = 9.00 Hz, 2H); 8.40 (s, 2H); 8.19
(d, 3JH–H = 6.00 Hz, 2H); 7.95 (m, 6H); 7.60 (d, 3JH–H = 9.00 Hz,
2H); 7.46 (d, 3JH–H = 6.00 Hz, 1H); 7.43 (d, 3JH–H = 6.00 Hz, 1H);
7.20 (m, 10H, 8H BPh4

− + 2H); 6.95 (t, 3JH–H = 9.00 Hz, 8H);
6.79 (t, 3JH–H = 6.00 Hz, 4H); 6.33 (d, 3JH–H = 6.00 Hz, 2H).

[Ir(bzq)2(4,7-diphenyl-1,10-phenanthroline)]
+BPh4

− (2GB′).
Following the procedure used for the preparation of com-
pound 2AA′ (Table 2), the reaction was carried out with
200.00 mg (0.171 mmol) of 1, 116.34 mg (0.350 mmol) of G
and 119.78 mg (0.350 mmol) of salt B′. The desired product
2GB′ was obtained in a yield of 70% (285 mg, 0.237 mmol).
Elemental anal. calculated for C74H52BIrN4 C 74.05; H 4.37;
found C 74.31; H 4.46; 1H NMR (300 MHz, DMSO-D6, 300 K)
δ (ppm) = 8.55 (d, 3JH–H = 9.00 Hz, 2H); 8.27 (d, 3JH–H =
6.00 Hz, 2H); 8.22 (s, 2H); 8.10 (d, 3JH–H = 6.00 Hz, 2H); 8.00 (d,
3JH–H = 9.00 Hz, 2H); 7.91 (m, 4H); 7.62 (m, 12H, 10H –Ph +
2H); 7.50 (m, 2H); 7.24 (t, 3JH–H = 9.00 Hz, 2H); 7.17 (m, 8H,
BPh4

−); 6.90 (t, 3JH–H = 6.00 Hz, 8H, BPh4
−); 6.77 (t, 3JH–H =

6.00 Hz, 4H, BPh4
−); 6.35 (d, 3JH–H = 6.00 Hz, 2H).

[Ir(bzq)2(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline)]+BPh4
−

(2HB′). Following the procedure used for the preparation of
compound 2AA′ (Table 2), the reaction was carried out with
200.00 mg (0.171 mmol) of 1, 126.16 mg (0.350 mmol) of H and
119.78 mg (0.350 mmol) of salt B′. The desired product 2HB′ was
obtained in a yield of 60% (250 mg, 0.203 mmol). Elemental
anal. calculated for C76H56BIrN4 C 71.31; H 4.60; found C 71.46;
H 4.65; 1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) = 8.57 (d,
3JH–H = 9.00 Hz, 2H); 8.19 (d, 3JH–H = 6.00 Hz, 2H); 8.06 (s, 2H);
7.91 (m, 4H), 7.75 (m, 4H); 7.59 (m, 10H); 7.43 (d, 3JH–H =
9.00 Hz, 2H); 7.18 (m, 8H, BPh4

−): 6.97 (t, 3JH–H = 9.00 Hz, 2H);
6.91 (t, 3JH–H = 6.00 Hz, 8H, BPh4

−); 6.77 (t, 3JH–H = 9.00 Hz, 4H,
BPh4

−); 5.89 (d, 3JH–H = 9.00 Hz, 2H); 1.93 (s, 6H, −Me).
[Ir(bzq)2(benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine)]

+PF6
− (2IA′).

Following the procedure used for the preparation of com-
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pound 2AA′ (Table 2), the reaction was carried out with
120.00 mg (0.103 mmol) of 1, 70.13 mg (0.211 mmol) of I and
35.43 mg (0.211 mmol) of salt A′. The desired product 2IA′ was
obtained in a yield of 74% (156 mg, 152 mmol). Elemental
anal. calculated for C48H28F6IrN4P C 56.19; H 2.75; found C
56.39; H 2.82; 1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) =
9.62 (d, 3JH–H = 9.00 Hz, 2H); 9.13 (s, 2H); 8.57 (d, 3JH–H =
9.00 Hz, 2H); 8.36 (m, 2H); 8.25 (d, 3JH–H = 6.00 Hz, 2H); 8.19
(d, 3JH–H = 6.00 Hz, 2H), 8.02 (m, 4H); 7.91 (d, 3JH–H = 9.00 Hz,
2H); 7.72 (m, 2H); 7.61 (d, 3JH–H = 6.00 Hz, 2H); 7.55 (d, 3JH–H =
9.00 Hz, 1H); 7.53 (d, 3JH–H = 9.00 Hz, 1H); 7.25 (t, 3JH–H =
9.00 Hz, 2H); 6.33 (d, 3JH–H = 6.00 Hz, 2H).

[Ir(bzq)2(benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine)]
+BPh4

− (2IB′).
Following the procedure used for the preparation of com-
pound 2AA′ (Table 2), the reaction was carried out with
120.00 mg (0.103 mmol) of 1, 70.13 mg (0.211 mmol) of I and
72.21 mg (0.211 mmol) of salt B′. The desired product 2IB′ was
obtained in a yield of 80% (198 mg, 0.162 mmol). Elemental
anal. calculated for C72H48BIrN6: C 72.05; H 4.03; found C
72.37 H 4.15; 1H NMR (300 MHz, DMSO-D6, 300 K) δ (ppm) =
9.57 (d, 3JH–H = 9.00 Hz, 2H); 9.08 (s, 2H); 8.55 (d, 3JH–H =
9.00 Hz, 2H); 8.31 (m, 2H); 8.24 (d, 3JH–H = 6.00 Hz, 2H); 8.18
(d, 3JH–H = 6.00 Hz, 2H), 8.02 (m, 4H); 7.90 (m, 2H); 7.67 (m,
2H); 7.61 (d, 3JH–H = 6.00 Hz, 2H); 7.52 (m, 2H); 7.22 (m, 10H,
8H BPh4

− + 2H); 6.91 (t, 3JH–H = 9.00 Hz, 8H, BPh4
−); 6.78

(t, 3JH–H = 9.00 Hz, 4H, BPh4
−); 6.34 (d, 3JH–H = 6.00 Hz, 2H).

[Ir(bzq)2{benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine}]
+[B(C6F5)4]

−

(2IC′). Following the procedure used for the preparation of
compound 2AA′ (Table 2), the reaction was carried out with
120.00 mg (0.103 mmol) of 1, 70.13 mg (0.211 mmol) of I and
168.38 mg (0.211 mmol) of salt B′. The desired product 2IB′
was obtained in a yield of 68% (217 mg, 0.139 mmol).
Elemental anal. calculated for C72H28BF20IrN6: C 55.43;
H 1.81; found C 55.56; H 1.93; 1H NMR (300 MHz, DMSO-D6,
300 K) δ (ppm) = 9.56 (d, 3JH–H = 9.00 Hz, 2H); 9.05 (s, 2H);
8.55 (d, 3JH–H = 9.00 Hz, 2H); 8.28 (m, 4H); 8.20 (d, 3JH–H = 6.00
Hz, 2H); 8.00 (m, 4H); 7.90 (m, 4H); 7.59 (d, 3JH–H = 9.00 Hz,
2H); 7.54 (d, 3JH–H = 9.00 Hz, 1H); 7.52 (d, 3JH–H = 9.00 Hz, 1H);
7.24 (t, 3JH–H = 6.00 Hz, 2H); 6.34 (d, 3JH–H = 9.00 Hz, 2H).

Results and discussion

In view of the available literature, most of the C,N-cyclometa-
lated ionic iridium(III) complexes of the type [Ir(C^N)2(N^N)]
PF6 (where C^N = C,N-cyclometalated ligand; N^N = N,N-
donating ligand)13a,b,15,33 have been prepared according to the
methodology reported by Oshawa, which consisted in carrying
out a sequence of consecutive reactions, i.e. transformation of
the initial precursor [{Ir(C^N)2(µ-Cl)}2] into the corresponding
mononuclear intermediate [Ir(C^N)2(N^N)]Cl via a reaction of
the former with an appropriate N^N-donating ligand and then
conversion of the latter in a reaction with AgPF6 salt into the
desired complex such as [Ir(C^N)2(N^N)]PF6.

34 By this method
many different iridium(III) cationic complexes were syn-
thesized, particularly with the employment of 2,2′-pyridine

and 1,10-phenanthroline, including some of their derivatives,
as N^N-donating ligands.12–15,33 From our point of view, the
protocol developed by Oshawa and its further variants33,34

have a fundamental flaw; firstly, it is very time consuming
because it requires to carry out two steps with the separation
of intermediate compounds, in most cases; secondly, it is not
efficient enough, particularly when sterically crowded N^N-
ligands are applied in the reaction because of the thermal
initiation of [Ir(C^N)2(N^N)]Cl derivative formation.

Therefore, in order to improve the methodology for the syn-
thesis of cyclometalated ionic iridium(III) complexes, we deve-
loped a one-pot strategy for [Ir(C^N)2(N^N)]

+A− compound for-
mation, involving acceleration of the reaction via microwave
irradiation that would allow the efficient synthesis of new
cationic iridium(III) coordination derivatives. For many years,
microwave-assisted processes have been commonly used in
organic synthesis and have proved to be very attractive,
because they have brought about spectacular acceleration of
many types of reactions as a result of a high heating rate,
which cannot be achieved by using the classical heating
methods, with a combination of the selective absorption of
electromagnetic radiation by the polar substances.35

Therefore, higher yields can be achieved under milder reaction
conditions and in shorter reaction times; thus many processes
can be improved and even reactions that do not occur on con-
ventional heating can be performed using microwaves.36 The
use of microwave radiation is not limited to organic reactions.
It has been successfully applied for the acceleration of
processes leading to a wide gamut of inorganic compounds
and nanomaterials37 or coordination compounds.38 The above
results encouraged us to apply microwaves as an energy carrier
which is able to promote the transformation of the initial reac-
tion components into desired iridium(III) complexes of the
structure [Ir(bzq)2(N^N)]

+A−, i.e. stabilized with both C,N-cyclo-
metalated ligands and N,N-donating heterocyclic derivatives.

However, at the beginning, our studies focused on the
development of an efficient three-component one-pot route for
the preparation of cationic iridium(III) complexes according to
a literature method under the reaction conditions given
therein34 with various N,N-donating heterocyclic aromatic
compounds used as ligands, e.g. 2,2′-bipyridine (A), 4,4′-
dimethyl-2,2′-bipyridine (B), 6,6′-dimethyl-2,2′-bipyridine (C),
4,4′-dimethoxy-2,2′-bipyridine (D), 2,2′-biquinoline (E), 1,10-
phenanthroline (F), 4,7-diphenyl-1,10-phenanthroline (G), 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (H) and benzo[i]
dipyrido[3,2-a:2′,3′-c]phenazine (I). Therefore, initially the one-
pot reactions were carried out in the pathway, presented in
Scheme 1, that contrary to the reported methods,12–15,33,34 all
the initial solid materials and a polar solvent were placed in a
reactor, which was then heated using a classical source of
heat, i.e. an oil bath.

As shown in the above scheme, the testing reactions of the
initial iridium(III) precursor (1) were conducted with the
selected N,N-donating ligands C, E, H, which are characterized
by a relatively high steric hindrance. In the studied system, the
above-mentioned N,N-based aromatic derivatives as well as the
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salt NaPF6 (A′) were used in a moderate excess in relation to
complex 1, i.e. with 20% molar excess. All the processes were
carried out for 12 hours at 65 °C in two different polar sol-
vents, namely the non-coordinating 1,2-dichloroethane and
coordinating THF. Unfortunately, for all the employed N,N-
bidentate ligands, the yields of the isolated materials of type 2
did not exceed 36% as shown in Table 1. Moreover, the
1H NMR spectra recorded for these substances have indicated
the presence of other iridium species as impurities.

Thus, in view of the above results, we decided to apply, to
the system studied, microwave radiation as a heat carrier as
well as a source of energy increasing the frequency of col-
lisions between polar and non-polar reagents. Therefore, to
improve the efficiency of the one-pot protocol for the prepa-
ration of cationic complexes of the type [Ir(bzq)2(N^N)]

+A− (2),
in the subsequent phase of the study, the reactions of the
initial precursor [{Ir(bzq)2(μ-Cl)}2] (1) with various N,N-donat-
ing compounds, namely 2,2′-bipyridine (A) or 1,10-phenan-
throline (F) and their derivatives (A–E and GI) as well as
selected salts M+A− (A′–C′), were carried out with the support
of microwaves and in a THF environment (see Scheme 2).

This solvent was chosen because of a better solubility of the
initial materials and products in it and its relatively high
absorbance of microwave electromagnetic radiation.
Additionally, we expected that in the studied system, THF,
being in large excess in relation to complex 1, can act as a
ligand, supporting dissociation of the initial precursor
followed by the formation of labile iridium species

[Ir(bzq)2(THF)2]PF6, similarly as takes place in the reactions of
binuclear iridium complexes [{Ir(C^N)2(µ-Cl)}2] with AgBF4 in
an acetonitrile environment, in which [Ir(C^N)2(NCMe)2]BF4
complexes were synthesized.39

A microwave pressure reactor used for testing the one-pot
protocol enabled carrying out the reactions in THF as a solvent
at a temperature higher than its boiling point, i.e. at 150 °C.
The parameters of the process such as the molar ratio of the
starting components, the temperature as well as the process
time were optimized for the model reagent system based on
the initial precursor 1 in combination with 6,6′-dimethyl-2,2′-
bipyridine (C) and the salt Na[PF6] (A′). In a series of attempts
made using the above-mentioned sterically hindered 6,6′-sub-
stituted bipyridine (C) under various conditions, it was found
that the process ran smoothly at 150 °C and the time required
for the complete conversion of the initial components did not
exceed 10 minutes, giving expected product in good yield.

Moreover, in comparison with the previously used classical
heating method, irradiation of the reaction mixture with
microwaves allowed the reduction in the amounts of bidentate
ligand (N^N) and M+A−. Under optimum conditions, complete
transformation of neutral cyclometalated binuclear iridium(III)

Scheme 1 One-pot protocol using a classical source of heat.

Table 1 Optimization of the reaction conditions

Ligand (L) Solvent Molar ratio of reagents 1 : L : NaPF6 Temp. [°C] Time [h] Yield [%]

C ClCH2CH2Cl 1 : 2.2 : 2.2 65 12 26
THF 1 : 2.2 : 2.2 65 12 36

1 : 2.05 : 2.05 150 0.167 12
1 : 2.05 : 2.05 150 0.167 64a

E ClCH2CH2Cl 1 : 2.2 : 2.2 65 12 19
THF 1 : 2.2 : 2.2 65 12 28

1 : 2.05 : 2.05 150 0.167 78a

H ClCH2CH2Cl 1 : 2.2 : 2.2 65 12 24
THF 1 : 2.2 : 2.2 65 12 33

1 : 2.05 : 2.05 150 0.167 77a

HOCH2CH2OH 1 : 2.2 : 5.95 150 18 70b

a The microwave-assisted reaction. b See ref. 33d and e (the reaction was carried out through a two-step protocol).

Scheme 2 The microwave-assisted reaction of precursor 1 with various
N^N ligands.
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precursor into the desired cationic compound [Ir(bzq)2(6,6′-
Me2-2,2′-bpy)]

+PF6
− (2CA′) with the use of C and A′ in a small

excess, i.e. 5 mol% of each compound in relation to complex 1,
allowed obtaining it with a yield of 64%. The results presented
in Table 1 clearly illustrate the advantage of the protocol using
microwave radiation in comparison with the classical method
for obtaining this type of compound as well as those described
in the literature.33d,e Therefore, in the next step, the same con-
ditions were applied to the preparation of cationic complexes
of the type [Ir(bzq)2(N^N)]

+A− (2), using the combinations of
precursor 1 with a wide gamut of N,N-aromatic donors and
salts A′–C′, presented in Scheme 2. The developed one-pot
method has proved to be versatile and quite efficient in the
systems of the components studied, leading to the desired
known (2AA′33d, 2FA′33d,34) as well as a series of new cationic
iridium(III) coordination derivatives 2 with good yields in the
range 60–86% in relatively short times.40

All complexes were isolated and characterized by 1H NMR;
additionally, the structures of two of them were determined by
X-ray methods. In both structures the Ir cation is 6-coordinated
(by four nitrogen and two carbon atoms – cf. Fig. 1) in a
regular, octahedral fashion. In 2FA′, the Ir atom lies on the
twofold axis, and the whole complex therefore has C2-sym-
metry. Bond lengths are typical; Table 2 lists some relevant
geometrical parameters. It should be noted that the very
nature of the complex allows a disorder; in 2AA′ the benzo[h]
quinoline fragment is disordered over two positions, rotated
by 180°. In the crystal structures, besides the cations and PF6
counterions, the solvent molecules (disordered over the centre

of inversion), methanol in 2FA′ and 1,2-dichloroethane in
2AA′, fill the voids (Fig. 2).

Thermal analysis

The thermal properties of type 2 synthesized complexes were
examined by thermogravimetric analysis (TGA) under a nitro-
gen stream and the temperatures of 5% weight loss are com-
piled in Table 3 (see Fig. 2Sa and b in the ESI†). Considering
that the thermal stability of complexes depends on the type of
counterion used, generally for pairs of complexes having the
same ligands, higher stability was observed for the derivatives
with the A′ anion than for the B′ series. While taking into
account the influence of the type of N,N-donating ligand
bonded to the iridium center on the thermal properties of the

Fig. 1 Anisotropic-ellipsoid representation of complexes 2AA’ (a) and 2FA’ (b); ellipsoids are drawn at the 50% probability level; hydrogen atoms are
shown as spheres of arbitrary radii. In 2AA’ only one of the possible positions of Ir-bonded C and N atoms in the benzo[h]quinoline moiety has been
shown for clarity. In 2FA’ the unlabeled atoms are related to the labelled ones by the symmetry operation −x + 1, y, −z + 1/2.

Table 2 A list of some relevant geometrical parameters

2AA′ 2FA′

Ir1-N15A 2.051(6) 2.036(3)
Ir1-C12A 2.013(8) 2.077(4)
Ir1-N1A 2.067(6) 2.084(3)
Ir1-C26A 2.012(8)
Ir1-N29A 2.143(6)
Ir1-N36A 2.129(6)
C12A-Ir1-C12Aa 172.50(12)
N1A-Ir1-N15Aa 173.04(8)
N1A-Ir1-N15A 172.1(3)
C26A-Ir1-N29A 176.1(3)
C12A-Ir1-N36A 176.1(3)

a 1 − x, y, 1/2 − z.
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examined ionic iridium(III) complexes, it was found that the
type 2 compounds with the series of ligands A–E i.e. bearing
bipyridine motifs and A′ counterions are thermally more
stable than those with the F, G, H series. On the other hand,
in a series of cationic iridium compounds stabilized with the
benzo[i]dipyrido[3,2-a:2′,3′-c]phenazine ligand (I), i.e. 2IA′,
2IB′, 2IC′, an increase in thermal stability was observed in the
following order of counterions: A′, B′, C′.

In the next step, selected materials i.e. 2FA′, 2FB′, 2HB′, and
2IC′ were subjected to DSC analysis in order to determine the
melting and crystallization temperatures. Unfortunately,
although for 2FB′ the signal corresponding to the melting
point was observed at ca. 200 °C upon heating, no signal from
the crystallization process was observed upon sample cooling.
When 2FA′, 2HB′, and 2IC′ were subjected to DSC analysis, no
signs of any transitions were observed for these materials in
the temperature range determined by TGA measurements.
This fact may indicate that the samples examined have crystal-
lization points above their degradation temperature or they
undergo irreversible transformations on melting.

Determination of electrochemical properties

Cyclic voltammetry experiments were performed in order to
estimate the electrochemical properties and to predict some
electronic properties of the synthesized iridium(III) derivatives.
The values of potentials allowed the calculation of the
Ionization Potential (IP) and Energy Affinity (EA) which are
related to the energies of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).

Iridium(III) complexes with PF6
− as a counterion were sub-

jected to CV measurements. PF6
− was chosen as a common

anion in Ir complexes and in the supporting electrolyte
Bu4NPF6. Cationic complexes with BPh4

− are not shown and
discussed because of the low oxidation potential of this coun-
terion. BPh4

− underwent the oxidation process in a lower
potential range than most of the studied Ir complexes.

Fig. 2 A crystal packing in the structure of 2AA’ without (a) and with (b) the anions and solvent molecules, shown in van der Waals radii
representation.

Table 3 Data of thermogravimetric measurements (TGA)

Sample
Temperature of 5%
weight loss [°C]

Residue at
996 °C [%]

2AA′ 183.5 38.7
2BA′ 278.3 46.1
2CA′ 308.7 33.8
2DA′ 275.9 50.2
2EA′ 219.1 39.1
2FA′ 174.7 25.8
2GA′ 217.7 46.8
2HA′ 216.9 41.0
2IA′ 131.6 46.9
2AB′ 138.7 35.1
2BB′ 215.0 14.6
2CB′ 158.1 18.5
2DB′ 213.7 43.0
2EB′ 124.3 36.3
2FB′ 181.1 45.9
2GB′ 155.3 26.5
2HB′ 269.2 12.1
2IB′ 180.0 36.7
2IC′ 242.9 10.7
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Therefore, the low oxidation potential excluded the use of
BPh4

− as the anion of the supporting electrolyte. CV curves
recorded in MeCN are presented in Fig. 3. Irreversible or quasi
reversible oxidation peaks for all the studied compounds are
observed in the anodic range. Similar features have been
reported earlier for model 2FA′ and 2AA′ compounds.34 They
are assigned to the redox couple Ir(III)/Ir(IV) with orbitals con-
tributed by the iridium centre and ligands.41,42 Comparison of
the oxidation onset potentials (Eox onset) reveals clear differ-
ences depending on the structure of the complexes (Table 4).
In both the series of 2FA′ and 2AA′ derivatives, the influence of
the ligand substitution with phenyl, methyl and methoxyl
groups was observed. The values 0.2 V and 0.22 V of Eox onset

were observed as a result of the electron donating character of

these groups. Addition of the subsequent groups to 2HA′
results in a further 0.1 V reduction of Eox onset. Ionization
potential (IP) related to the removal of electrons from the
HOMO orbital was estimated from the Eox onset value. The
0.2 eV shift of IP was obtained for both series of 2FA′ and 2AA′
derivatives with two symmetrical groups substituted for the
ligands. The 0.3 eV shift was estimated for 2HA′ with four
groups, two phenyl and two methyl groups. As reported earlier,
a strong contribution of the ligand structure to the HOMO
orbital of Ir complexes was confirmed.41,43,44 In the series of
2FA′ derivatives only a small shift of the reduction onset poten-
tial (Ered onset) was observed. Substitution by phenyl and
methyl groups had a marginal influence Ered onset. A similar
behaviour was observed for 2AA′ derivatives except 2EA′. The
replacement of A by E as the ancillary ligand led to a signifi-
cant shift of Ered onset., which results in a change in the
electron affinity (EA) related to the delivery of an electron to
the LUMO. The EA estimated for all the studied compounds is
3.4 eV except for 2EA′.

The value 3.8 eV of EA indicates that the presence of E
ligand significantly modifies the LUMO. In accordance with
the previously published DFT calculations for similar iridium
complexes, it has been shown that the LUMO orbital is loca-
lized mainly to the ligands. However, it has also been reported
that the contribution of the main cyclometalated ligands and
the ancillary ligand in the LUMO orbital depends on their
structures.42,44–46 The dependences indicate that the modifi-
cation of the ancillary ligand can lead to significant changes
in both the LUMO and HOMO.

Theoretical considerations

Molecular geometries in the ground state. The geometries of
the ground state structures were fully optimized without impo-
sition of symmetry restrictions. Table 1S (ESI†) gives the Ir-
ligand bond lengths and bond angles in the gas phase and the
acetonitrile environment. The maximum difference in bond
distances between coordinating atoms and Ir(III) was 0.003 Å,
while the changes in valence angles were less than 1.0°. This
means that solvent effects have a minor influence on the opti-
mized geometries of these complexes. For the compounds
investigated herein, the use of a more flexible basis set, includ-

Fig. 3 Cyclic voltammetry of compounds with PF6
− as a counterion

recorded in MeCN with 0.1 M Bu4NPF6 as a supporting electrolyte (scan
rate 100 mV s−1; concentration 1 mM) or saturated solutions of com-
pounds with lower solubility at a temperature of 298 K.

Table 4 Electrochemical and electronic properties of the studied compounds

Compound Eox onset [V] Eox [V] Ered onset [V] Ered [V] Eg [eV] IP [eV] EA [eV]

2AA′ 0.69 0.88 −1.71 −1.84 2.40 5.8 3.4
2BA′ 0.47 0.62 −1.74 −1.90 2.21 5.6 3.4
2CA′ 0.47 0.63 −1.73 −1.90 2.20 5.6 3.4
2DA′ 0.49 0.58 −1.75 −1.98 2.24 5.6 3.4
2EA′ 0.47 0.61 −1.26 −1.40 1.73 5.6 3.8
2FA′ 0.73 0.92 −1.67 −1.79 2.40 5.8 3.4
2GA′ 0.51 0.85 −1.66 −1.75 2.17 5.6 3.4
2HA′ 0.41 0.57 −1.68 −1.82 2.09 5.5 3.4

Potentials were estimated using the ferrocene redox couple as an internal standard; Eg – electrochemical energy gap was estimated from the
equation Eg = Eox onset + Ered onset; IP – ionization potential – from the equation IP = |e − |(5.1 + Eox onset); EA – electron affinity – from the equation
EA = |e − |(5.1 − Ered onset).
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ing diffuse functions, showed no significant changes in the
main geometrical features (Table 2S in the ESI†). The represen-
tative optimized structure of complex 2FA′ in the ground state
(S0) at the B3LYP level is shown in Fig. 4 along with the
numbering of the key atoms.

The main optimized geometry parameters for complex 2FA′
in the S0 state and the X-ray crystal structure data are summar-
ized in Table 2. It can be seen that the geometry of each of the
complexes is pseudo-octahedral (see valence angles in
Table 5), similarly to that obtained for other Ir(III) complexes
reported in the literature.33e,44 The optimized bond distances
are in good agreement with the available experimental data
(Table 5); the deviation is less than 2%. However, the differ-
ences between the theoretically calculated and the experi-
mentally obtained geometrical parameters arise not only from
the fact that the former were obtained for complex molecules
in the environment of CH3CN as a solvent, while the latter
were obtained from X-ray analysis of single crystals in which
the molecules are closely packed in the crystal lattice. These
types of differences also stem from the fact that the method

used, B3LYP, overestimates the bond lengths in transition
metal complexes.47

Frontier molecular orbital analysis

It is well known that the photophysical properties of cyclo-
metalated Ir(III) complexes strongly depend on the character of
their frontier molecular orbitals (FMOs), HOMO and LUMO.
Previous results indicated that the selection of the B3LYP func-
tional in DFT calculations yielded good quantitative agreement
with the experiment.33k,48,49 Therefore, we initially adopted
this approach for the preliminary studies and the obtained
results for eight Ir complexes are collected in Table 3S.† The
absolute values of the HOMO and LUMO energies (DFT) are
different from the electrochemical data obtained by us.
Although the earlier work of Skorka and co-workers gives good
correlation between Eteor:g and the experimental ones,49 in our
experiment the results show insufficient correlation between
the variables (R2 = 0.16). The calculated energy gaps between
the HOMO and LUMO decrease from 3.51 eV to 2.84 eV when
the experimental values decrease from 2.40 eV to 1.73 eV. Our
results showed that the B3LYP functional resulted in an
increase in the HOMO–LUMO gap values of approximately
1 eV and in some cases, even more (2EA′: 1.54 eV, 2HA′:
1.25 eV and 2GA′: 1.17 eV). On the basis of these unexpected
results and recent findings from theoretical calculations, the
next calculations were carried out with the M06 functional.50,51

However, after further analysis of the data, a poor correlation
between Eteor:

g and Eexp:g was still observed (R2 = 0.55), and the
detailed data are listed in Table 4S.† Thus, the change in the
functional from B3LYP to M06 did not give reasonable results.
Considering the above, another way of calculation has been
proposed which includes the ONIOM approach. In this paper,
on the basis of the experimental data for eight Ir(III) complexes,
a relationship was established between the ONIOM calculated
HOMO–LUMO gaps at the WB97XD/SDD/6-311++G(d,p) level
and the experimental ones (see eqn (1S) and Table 5S in the
ESI†). The energies were calculated by using the ONIOM
method and are treated at different levels of accuracy. Then we
found good agreement between theory and experiment. As
shown in Fig. 5, the obtained correlation coefficient between
the theoretical energies computed via ONIOM and electro-
chemical data was much higher and equalled 0.79.

Additionally, we tried to model the oxidation potential of
the studied compounds. The linear combination of ONIOM
calculated energies for complexes bearing +1 and +2 charge
resulted in oxidation potentials that correlated well with the
experimental Eoxonset values – the determination coefficient
value was slightly above 0.90 (see Table 14S and Fig. 1S in the
ESI†).

Description of photophysical properties

The absorption spectra of the complexes studied in chloro-
benzene, measured at room temperature, are presented in
Fig. 6a ([Ir(bzq)2(bpy)]

+A− type) and 6b ([Ir(bzq)2(phen)]
+A−

type) complexes.

Fig. 4 Optimized structure of the 2FA’ cation part in the ground state.

Table 5 Selected bond distances and valence angles from the opti-
mized geometries and the experimental values for 2FA’

X-ray B3LYP

Bond lengths (Å)
Ir-N15 2.084 2.104
Ir-N19 2.036 2.073
Ir-N29 2.036 2.073
Ir-N49 2.084 2.105
Ir-C5 2.077 2.123
Ir-C59 2.077 2.123

Valence angles (deg)
N15-Ir-N49 87.84 88.6
C5-Ir-N19 94.26 95.4
C5-Ir-N29 91.45 90.2
N15-Ir-C5 79.51 79.6
N15-Ir-N19 173.04 173.5
N29-Ir-N49 173.04 173.5
C5-Ir-C59 172.49 172.7
N15-Ir-N29 95.85 96.0
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The lowest energy absorption band is observed at ca.
420 nm and is assigned to spin-forbidden MLCT transitions
related to the electron transfer from an Ir-centred d orbital to a
π* orbital localized on one of the ligands. All the spectra
display intense absorption bands below 400 nm which are
assigned to ligand (N^N and C^N) centered 1LC transitions.34

As shown in Fig. 7, the HOMO orbital of the complexes
studied mainly resides on the Ir(d) and benzo[h]quinoline (π)

part of the molecule and the LUMO (π*) is localized on the
ancillary ligand, so the lowest energy HOMO–LUMO transition
may be MLCT or LLCT in character. When the methyl group is
attached at positions 6 and 6′ in both ancillary ligands an
additional weak transition located at 460 nm in the absorption
spectrum appears. The photoluminescence spectra recorded
are depicted in Fig. 8a and b. In Fig. 8a,† the emission band of
complexes 2AA′–2EA′ can be significantly shifted from 550 to
660 nm via modification of the 2,2′-bipyridine ligand. It is well
known that the phosphorescent iridium complexes can emit
light in the full visible spectrum by modification of the ligand
structure and by the incorporation of ancillary ligands.52

The emission of the studied compounds is red shifted with
extension of the conjugation length of the N^N ligand (2EA′).
The fusion of phenyl rings into the ancillary ligand probably
stabilizes the CT states which are mainly responsible for
emission. The emissive, low-lying T1 states can be either MLCT
or LC based excited states, depending on the ligands.

The broad and structureless bands observed for the
compounds studied suggest rather the MLCT character of
emission. The vibrionic structure of the 2DA′ emission spec-
trum indicates electronic mixing between the MLCT and the
LC states, very often observed for iridium(III) complexes,
because of strong spin–orbit coupling.53,54

Fig. 6 Normalized absorption spectra of the investigated compounds in chlorobenzene: 2AA’–2EA’ (a) and 2FA’–2HA’ (b).

Fig. 5 Theoretical Eg calculated via the WB97XD/SDD/6-311++G(d,p)
level of theory by using the ONIOM method vs. experimental values.

Fig. 7 Molecular orbital diagram of iridium(III) complexes along with the HOMO/LUMO plots computed at the WB97XD/SDD/6-31++G(d,p) level of
theory.
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Upon the introduction of methyl groups into positions 4,4′
in 2,2′-bipyridine (2BA′), the triplet excited state experiences a
blue shift of 54 nm in the PL peak. The substitution of the
same groups at positions 6,6′ resulted in an additional blue
shift of a few nm. This may indicate that the substitution of
electron-donating groups on the ancillary ligand leads to
destabilization of the LUMO.55 The colour tuning effect is not
found in complexes 2FA′–2HA′, when the ancillary ligand is
1,10-phenanthroline (F) and modification of this ligand does
not change the position of the emission band. Only a shoulder
in the higher energy range is observed as a consequence of
implementation of phenyl rings and methyl groups into the
N^N ligand.

Complex 2EA′ exhibits the highest QY of emission; however,
as shown in Table 6, the value of QY strongly depends on the
oxygen present in the solvent, which is typical of phospho-
rescent emitters.

Degassing of the solvent results in an increase in QY from
2.8 to 16% and from 3.5 to 28% for 2AA′ and 2FA′, respectively.
The lower emission efficiency of 2DA′ may be related to a stron-
ger contribution of the π–π* emissive state. It is known that
the value of the radiative rate constant of emission from the

3MLCT-based excited state is two or three orders of magnitude
higher than that of the rate constant of emission from the
3π–π* excited state.16,56 Moreover, the determined emission QY
values may suggest that the C–H bonds vibrations in methyl or
methoxyl groups in B, C, D and H ligands may have an impact
on the intensity of emitted light. Generally, from among the
complexes studied, those with F as the N^N ligand seem to
show better emissive properties in solution than those with
2,2′-bipyridine as the ancillary ligand. The comparison of the
emission decay time for the most efficient emitters (2AA′, 2EA′,
2FA′, 2GA′) reveals that the longest living emissive state (1 μs)
was observed for 2FA′. The phosphorescence of 2AA′, 2EA′,
2GA′ decays faster, within 0.4, 0.6, and 0.5 μs, respectively.
Additionally, the negative influence of oxygen on the emissive
properties is best visible for 2FA′. This might suggest a signifi-
cant contribution of the triplet component to the emitting
states.

Selected complexes were tested as emitters in the emission
layer for application in polymer light-emitting diodes (PLEDs).
To avoid the concentration induced emission quenching,
known for iridium complexes, the host–guest systems were
used. Such systems contain a polymer matrix and a small-
molecule emitter.1a A commonly used host matrix is made of a
mixture of poly(N-vinylcarbazole) (PVK) and 2-(4-tert-butylphenyl)-
5-(4-biphenyl)-1,3,4-oxadiazole (PBD).57 The PVK and PVK/PBD
blends are particularly useful as host matrices for the
phosphorescent guest molecules because PVK ensures hole
transport and PBD electron transport, and additionally the
high triplet exciton energy of PVK prevents the crossing of the
triplet guest exciton back to the host triplet state.58

Results for the layers of PVK/PBD blends doped with com-
plexes 2AA′ and 2FA′ are shown in Fig. 9. The PVK/PBD matrix
fulfils the condition of an overlap of its emission spectrum
and the guest absorption spectrum, necessary for the Förster
energy transfer to occur (see Fig. 9).

The values of the spectral overlap integral ( J, calculated
according to a well-known published procedure59) between the
host and the guest were determined to be 8.43 and 7.57 × 1013

nm4 mol−1 cm−1 and consequently the Förster radii (Ro) were
1.8 and 1.9 nm for 2AA′ and 2FA′, respectively. Thus, one can

Fig. 8 Normalized photoluminescence spectra of the investigated compounds in chlorobenzene: 2AA’–2EA’ (a) and 2FA’–2HA’ (b).

Table 6 UV-Vis absorption and photoluminescence spectral data of
the investigated compounds

Compound λmax. abs. [nm] λmax. emission [nm]
Quantum
yield Φ [%]

2AA′ 420, 374, 341, 314 610 2.8
16.0a

2BA′ 420, 374, 327, 314 558 1.0
2CA′ 460, 420, 374, 327 552 0.3
2DA′ 420, 374, 327 552 0.3
2EA′ 420, 374, 357, 341, 327 655 9.0

13.5a

2FA′ 420, 374, 327 588 3.5
28.0a

2GA′ 420, 327 592 6.6
22.3a

2HA′ 460, 420, 374 596 2.8

a In a degassed solution.
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assume a Förster mechanism of energy transfer in the systems.
However, in both cases the exciton transfer from PVK/PBD to
emitter molecules is incomplete.

Upon excitation with light at a wavelength of 340 nm,
corresponding to the lowest energy absorption band of the
PVK/PBD matrix, the photoluminescence spectra of the thin
layers display two emission bands. Besides the emission band
associated with emitter molecules, a band with a maximum
around 430 nm is observed, assigned to the matrix.

Moreover, the maxima of emitter emission are shifted by
about 50 nm toward shorter wavelengths as compared to their
positions in the spectra in solution. The effect can be caused
by the rigidity of the matrix and can be treated as confirmation
of MLCT character of the emissive state. A similar effect was
usually observed for transition metal complexes.41,60

Studies on the determination of basic work parameters of
the single-layer PLEDs with an emitting layer created on the
basis of the PVK/PBD matrix with the synthesized cationic
iridium(III) complexes as dopants confirm their potential appli-
cation as emitters.

Electroluminescence (EL) spectra recorded for PLEDs with
selected emitters correspond to their PL spectra (cf. Fig. 8
and 10). The colour tuning effect is clearly observed for the
modified bipyridine complexes. In contrast to the PL spectra,
in the EL spectra no matrix emission is observed, which
indicates the influence of charge carrier trapping in the EL
phenomenon.58a The basic characteristics of the constructed
PLEDs are shown in Fig. 11. The so-called switching voltage of
the diodes (the value for which the luminance reaches
1 cd m−2) is about 7 V and the devices work stably up to

Fig. 10 Normalized electroluminescence spectra of PLEDs with an
emitting layer created on the basis of the PVK/PBD matrix doped with
1 wt% of emitter molecules (2AA’, 2EA’, 2FA’ or 2GA’).

Fig. 11 Current density–luminance–voltage (J–L–U) characteristics of PLEDs with the emitting layer made of PVK/PBD doped with 1 wt% of
emitter molecules: 2AA’ (a), 2EA’ (b), 2FA’ (c) or 2GA’ (d). Insets present their current efficiency–luminance dependencies.

Fig. 9 Normalized absorption spectra of 2AA’ and 2FA’ compounds
recorded in chlorobenzene and normalized photoluminescence spectra
of thin layers: the neat PVK/PBD matrix and PVK/PBD doped with 1 wt%
of emitter molecules (excitation with light of 340 nm).
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18 volts. The highest luminance values, exceeding 8000 and
10 000 cd m−2, were recorded for the device based on
[Ir(bzq)2(2,2′-bipyridine)]

+PF6
− (2AA′) and [Ir(bzq)2(1,10-

phenanthroline)]+PF6
− (2FA′), respectively (see Fig. 11a and c).

The fabricated PLEDs exhibit current efficiency in the range of
1.0 to 2.2 cd A−1. These parameters were obtained for the
device containing only 1.0 wt% of emitter molecules.
Increasing the emitter’s concentration to 2 wt% did not
improve the performance of the devices. Hence, it can be
assumed that optimal concentrations are in the range of 1 to
2 wt%. It should be underlined that these preliminary results
were obtained for PLEDs with a simple structure, without
additional transporting and/or charge carrier blocking layers.

Conclusions

Comparing the synthetic protocols described in the literature,
leading to iridium complexes with an ionic structure in which
the metallic centre is stabilized with both C,N-cyclometalated
and N^N-donating ligands, with the method proposed by us, it
seems that our methodology for the preparation of such
iridium derivative ([Ir(C^N)2(N^N)]

+A−) structures based on a
one-pot protocol with the support of microwave radiation is
definitely more efficient and less time-consuming, requiring
up to 10 min reaction time. The microwave-assisted synthetic
pathway successfully enabled the synthesis of a wide range of
iridium(III) ionic complexes bearing in their structure co-
ordinated molecules such as 2,2′-bipyridine or 1,10-phenan-
trioline and their sterically hindered derivatives besides two
bonded cyclometalated benzo[h]quinoline ligands as well as
various counterions. All of the synthesized complexes were
characterized by NMR spectroscopy; moreover, the structures
of two of them were determined by single crystal X-ray analysis.
Additionally, cyclic voltammetry experiments (CV) allowed the
calculation of Ionization Potential (IP) and Energy Affinity
(EA), thereby the determination of the HOMO and LUMO ener-
gies and consequently the band gap. However, it was possible
only for iridium compounds with PF6

− counterions, because
for complexes with BPh4

−, the oxidation process of this anion
took place in a lower potential range than most of the iridium
coordinating cations stabilized with N^N ligands. Employing
the ONIOM approach at the WB97XD/SDD/6-311++G(d,p) level
for the energy calculations of the HOMO/LUMO orbitals we
found good agreement between theory and experimental data,
obtaining satisfactory correlation coefficient between theore-
tical energies of the above-mentioned orbitals and those calcu-
lated on the basis of electrochemical experiments. The con-
structed simple PLEDs based on the selected emitters molecu-
larly dispersed in the PVK/PBD matrix exhibit luminance in
the range from 1500 to above 10 000 cd m−2, which indicates
that these iridium complexes are suitable candidates for host/
guest type light emitting diodes. The EL spectra recorded for
PLEDs with different complexes of the type [Ir(bzq)2(N^N)]

+A−

show that by a simple modification of the bipyridine structure
the colour of emitted light can be tuned.
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Table 1S. Selected optimized ground-state parameters of 2FA’ in gas phase and CH3CN media at 
B3LYP/SDD level.

 gas CH3CN

Bond lengths (Å)

     Ir-N15 2.104 2.104

     Ir-N29 2.070 2.073

     Ir-C49 2.125 2.123
Bond angles (deg)

N15-Ir-N49 88.4 88.6

C5-Ir-N19 96.0 95.4

C5-Ir-N29 89.9 90.2

N15-Ir-C5 79.6 79.6

N15-Ir-N19 174.0 173.5

N29-Ir-N49 173.9 173.5

C5-Ir-C59 172.3 172.5

N15-Ir-N29 96.1 96.0
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Table 2S. Selected optimized ground-state parameters of 2FA’ in CH3CN media using B3LYP 
functional containing different basis sets

Basis sets   Bond lengths (Å)

     Ir-N15
6-31G*

6-31++G**
6-311++G**

2.104
2.104
2.104

     Ir-N29
6-31G*

6-31++G**
6-311++G**

2.073
2.073
2.073

     Ir-C49
6-31G*

6-31++G**
6-311++G**

2.105
2.105
2.105

Basis sets Valence angle (deg)

   N15-Ir-N49
6-31G*

6-31++G**
6-311++G**

88.6
88.6
88.6

   C5-Ir-N19
6-31G*

6-31++G**
6-311++G**

95.4
95.4
95.4

   C5-Ir-N29
6-31G*

6-31++G**
6-311++G**

90.2
90.2
90.2

   N15-Ir-C5
6-31G*

6-31++G**
6-311++G**

79.6
79.6
79.6

   N15-Ir-N19
6-31G*

6-31++G**
6-311++G**

173.5
173.5
173.5

   N15-Ir-N29
6-31G*

6-31++G**
6-311++G**

96.0
96.0
96.0

N29-Ir-N49
6-31G*

6-31++G**
6-311++G**

173.5
173.5
173.5

C5-Ir-C59
6-31G*

6-31++G**
6-311++G**

172.7
172.7
172.7
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Table 3S. The energy levels and Homo-Lumo energy gaps for the studied complexes (in eV) 
calculated at the B3LYP/LANL2DZ/6-311++G(d,p) level of theory together with the experimental 
results. 

compound
HOMO 

[eV]

LUMO

[eV]

Eg
theor.

[eV]

Eg
exp.

[eV]

2AA’        -5,75 -2,48 3,27 2.40

2BA’ -5,72 -2,42 3,29 2.21

2CA’ -5,79 -2,44 3,35 2.20

2DA’ -5,69 -2,38 3,31 2.24

2EA’ -5,59 -2,32 3,27 1.73

2FA’ -5,84 -2,44 3,40 2.40

2GA’ -5,82 -2,47 3,34 2.17

2HA’ -5,77 -2,43 3,34 2.09
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Table 4S. The energy levels and Homo-Lumo energy gaps for the studied complexes (in eV) 
calculated at the M06/LANL2DZ/6-311++G(d,p) level of theory together with the experimental 
results. 

compound
HOMO 

[eV]

LUMO

[eV]

ΔEtheor.

[eV]

ΔEexp.

[eV]

2AA’     -8,06 -5,22 2,84 2.40

2BA’ -8,15 -4,76 3,39 2.21

2CA’ -8,21 -4,82 3,39 2.20

2DA’ -8,10 -4,78 3,32 2.24

2EA’ -8,07 -4,59 3,47 1.73

2FA’ -8,03 -5,14 2,89 2.40

2GA’ -7,92 -4,66 3,25 2.17

2HA’ -8,00 -4,50 3,51 2.09
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Table 5S. The HOMO-LUMO energy gaps for the studied complexes (in eV) calculated by ONIOM 
method using WB97XD functional containing different basis sets.

compound
E1

[eV]

E2

[eV]

E3

[eV]

Eg
teor.

[eV]

Eg
exp.

[eV]

2AA’ 9.62 6.21 9.13 2.17 2.40

2BA’ 9.68 6.23 9.14 2.22 2.21

2CA’ 9.53 6.30 9.05 2.32 2.20

2DA’ 9.73 6.24 9.18 2.27 2.24

2EA’ 9.80 6.04 9.10 1.83 1.73

2FA’ 9.55 6.32 8.84 2.28 2.40

2GA’ 9.46 6.10 8.85 2.32 2.17

2HA’ 9.51 6.22 8.82 2.04 2.09
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Table 6S. Cartesian coordinates from the optimized structures of S0 in CH3CN media for 2FA’.

Atom 
symbol

X Y Z

Ir -0.04074265 -0.00041241 0.00005571
C 0.67372352 -4.39211403 -2.21606153
C 1.39406753 -3.96446035 -1.07822972
C 1.08915394 -2.68275189 -0.54445639
C 0.10531347 -1.81291059 -1.09526249
C -0.57199609 -2.29084914 -2.21677343
C -0.29082481 -3.56320364 -2.76805893
C 2.41340163 -4.75661981 -0.44267781
C 3.09156471 -4.30475701 0.65289019
C 2.80966455 -3.01304571 1.21738014
C 1.80570489 -2.22201657 0.60418346
C 3.46905801 -2.48383757 2.34463729
C 3.12060945 -1.22770838 2.81217491
C 2.11658236 -0.50128657 2.15803636
N 1.47212836 -0.97997218 1.08638983
C -4.00901040 1.60821962 -2.31862031
C -4.07749341 0.79638652 -1.16585796
C -2.85581538 0.39261501 -0.58242881
N -1.63649291 0.75514275 -1.08671679
C -1.60113535 1.52448307 -2.17858177
C -2.77014882 1.96681475 -2.81784162
C -5.30391187 0.35961656 -0.55777116
C -5.29897962 -0.42746080 0.55703077
C -4.06721527 -0.84876013 1.16522816
C -2.85066487 -0.42934244 0.58213160
C -3.98863831 -1.65997311 2.31778287
C -2.74539290 -2.00264540 2.81732881
C -1.58195908 -1.54517343 2.17851968
N -1.62689853 -0.77626206 1.08668482
H -6.23219545 -0.75073552 1.00686437
H -6.24111695 0.67113090 -1.00764493
H -4.92220653 1.94198902 -2.80040629
H -2.67877270 2.58857005 -3.70073132
H -0.62095339 1.79158820 -2.55255440
H -4.89762699 -2.00566890 2.79914611
H -2.64627858 -2.62339995 3.70008768
H -0.59855439 -1.79985557 2.55276980
H 1.81527359 0.48132454 2.49836289
H 3.60768892 -0.79120722 3.67638789
H 4.24395491 -3.06395623 2.83712261
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H 3.85867450 -4.91480942 1.12051728
H 2.64047689 -5.73607918 -0.85545874
H 0.88266770 -5.36655317 -2.64888470
H -0.84287304 -3.89643725 -3.64371120
H -1.33778307 -1.68246109 -2.69471217
C 3.43693632 2.52870959 -2.34399353
C 2.77037254 3.04931242 -1.21696890
C 1.77671841 2.24521752 -0.60395664
N 1.45954937 0.99883809 -1.08611492
C 2.11072466 0.52847086 -2.15743996
C 3.10527026 1.26800247 -2.81136566
C 3.03511372 4.34469264 -0.65258011
C 2.35074257 4.78778331 0.44269967
C 1.34179464 3.98234894 1.07813224
C 1.05397779 2.69662888 0.54450014
C 0.61558762 4.40066362 2.21571410
C -0.33793904 3.55912281 2.76774228
C -0.60207463 2.28303917 2.21665916
C 0.08165168 1.81394165 1.09531037
H 2.56483203 5.77019153 0.85541323
H 3.79432013 4.96468217 -1.12004107
H 4.20425371 3.11890134 -2.83637661
H 3.59841470 0.83781141 -3.67529962
H 1.82282874 -0.45817962 -2.49773007
H 0.81145016 5.37791360 2.64832258
H -0.89459866 3.88520224 3.64316794
H -1.35990245 1.66465013 2.69446558
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Table 7S. Cartesian coordinates from the optimized structures of S0 in CH3CN media for 2GA’.

Atom 
symbol

X Y Z

C -4.37617909 3.71944412 -2.06713798
C -4.05358308 3.05917198 -0.83163171
C -3.03145770 2.07687492 -0.84724833
C -2.33615523 1.74117657 -2.05139728
C -2.67990010 2.41409777 -3.25556031
C -3.71755091 3.41045348 -3.22257271
C -1.97786787 2.06225858 -4.43012443
C -0.99262204 1.08846859 -4.37393084
C -0.67317267 0.43268591 -3.16171160
C -4.69013047 3.32893442 0.39620848
C -4.30264553 2.63827599 1.53223399
C -3.28251566 1.68164496 1.44455978
H -5.15794854 4.47310987 -2.05958374
H -3.97493564 3.92116240 -4.14683913
H 0.10821986 -0.32508513 -3.17959028
H -2.21632791 2.55749423 -5.36733154
H -0.45405827 0.82156975 -5.28020499
H -5.47805399 4.07503284 0.44250431
H -4.77142630 2.82135736 2.49212257
H -2.95166502 1.12595341 2.31289089
C -4.28273688 -2.77769181 -1.34518055
C -4.58169451 -3.48118917 -0.19035300
C -3.29574967 -1.78359940 -1.31229045
C -3.88991456 -3.18658528 1.00137596
C -4.12038824 -3.85661776 2.25216030
C -2.90504404 -2.16759563 0.96196966
C -3.41111477 -3.52256278 3.37005012
C -2.15722683 -1.80574074 2.12640223
C -2.40980046 -2.48938954 3.34691832
C -1.65745926 -2.11115953 4.48148833
C -0.48497154 -0.43583190 3.14511336
C -0.71328885 -1.10179860 4.37235929
H -4.79600701 -2.97922819 -2.27824891
H -5.34232199 -4.25645275 -0.19463921
H -4.87362315 -4.63806984 2.28679702
H -3.03318487 -1.21656017 -2.19654749
H -3.59892199 -4.04107751 4.30661278
H -1.82564159 -2.61399289 5.42984759
H 0.26707362 0.35098572 3.12110101
H -0.13624729 -0.81424956 5.24812829
Ir -1.12792435 -0.01248321 0.00694070
H 1.41614752 4.36406862 1.22299433
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H -0.59781832 2.98863113 0.82502594
C 0.38973913 2.56547041 0.69333912
C 1.53721382 3.33470768 0.90607839
C 2.81068975 2.79271392 0.75299489
N 0.45015056 1.27888660 0.33985270
C 2.89248453 1.42995808 0.33308860
C 1.68423427 0.71638730 0.15303002
N 0.47371427 -1.24753338 -0.41551754
C 1.69697416 -0.65329199 -0.25727238
C 4.11513887 0.74401350 0.02385836
C 0.43748363 -2.52021511 -0.81908104
C 2.91808050 -1.32629359 -0.49656957
H -0.54174014 -2.96595809 -0.93773062
C 4.12711314 -0.56265526 -0.37051255
C 1.59917195 -3.25765893 -1.06499368
C 2.86219526 -2.69615208 -0.89696762
H 1.49774916 -4.29439500 -1.36423153
C 4.00525184 3.63149146 1.02075421
C 4.10186563 4.91233156 0.44978819
C 5.20151436 5.72653229 0.71881023
C 6.21433540 5.27953263 1.57095363
C 6.12224649 4.01310030 2.15329778
C 5.02838078 3.19212520 1.87937289
H 3.32221402 5.25972378 -0.22148557
H 5.26746382 6.70886244 0.26101959
H 7.06882039 5.91531040 1.78209291
H 6.89930232 3.66435211 2.82664397
H 4.95357628 2.21902717 2.35464170
C 4.07286962 -3.52002554 -1.13898159
C 5.09820128 -3.61267831 -0.18131083
C 6.20788642 -4.42608007 -0.41083831
C 6.31388623 -5.15251542 -1.59932734
C 5.29899698 -5.06957721 -2.55577799
C 4.18357064 -4.26498142 -2.32581984
H 5.01343939 -3.06979393 0.75488296
H 6.98671611 -4.49561783 0.34245101
H 7.18079345 -5.78145539 -1.77774455
H 3.40244109 -4.19563279 -3.07692001
H 5.37549362 -5.62973890 -3.48273653
H 5.04769125 1.29072985 0.08596495
H 5.06873732 -1.03666097 -0.61750085
C -1.19599633 -0.76344921 1.99077298
N -2.62050624 -1.48465394 -0.19522153
N -2.65864932 1.40633476 0.29206400
C -1.33181626 0.73457911 -1.96989786
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Table 8S. Cartesian coordinates from the optimized structures of S0 in CH3CN media for 2HA’.

Atom 
symbol

X Y Z

C 4.83341604 2.55261455 -2.98207193
C 3.60503050 1.82072905 -3.14334864
C 2.93255255 1.34474917 -1.98450027
C 3.48538315 1.63050700 -0.69614407
C 4.69325679 2.35877856 -0.55385179
C 5.35804776 2.80653678 -1.74732302
N 2.77513009 1.19288020 0.39386006
C 5.16258940 2.60892313 0.75096788
C 4.43757979 2.14664467 1.83661689
C 3.24661285 1.43990597 1.62149188
C 3.02362346 1.54624680 -4.40115994
C 1.83394929 0.83650504 -4.46490889
C 1.19249623 0.36558147 -3.29546407
C 1.72056300 0.59456553 -2.02402810
H 5.34595632 2.90683395 -3.87258653
H 6.28614708 3.36053468 -1.64292105
H 2.65256639 1.07053408 2.44775655
H 6.08525160 3.16334042 0.89536685
H 4.76871079 2.32240856 2.85355136
H 3.51142170 1.89566192 -5.30689918
H 1.38647478 0.63225116 -5.43480275
H 0.26505339 -0.19279844 -3.40909738
C 4.44506254 -2.82835655 -0.45682533
C 4.40474825 -3.50564168 0.75027681
C 3.49692771 -1.83170773 -0.71928224
C 3.42987290 -3.15907820 1.70623240
C 3.32208387 -3.77550761 3.00013685
C 2.51210627 -2.12823935 1.37730966
C 2.38129715 -3.36267520 3.89891477
C 1.53234810 -1.67644573 2.31552864
C 1.46851384 -2.29299023 3.59538300
C 0.69925707 -0.59256860 1.91798362
C 0.51394261 -1.80538812 4.51523987
C -0.21247268 -0.14731586 2.87602302
C -0.30574276 -0.74797749 4.15335248
N 2.53927425 -1.50310096 0.15585853
H 5.18965112 -3.05783111 -1.21015713
H 5.12143608 -4.29117987 0.97102016
H 4.01439187 -4.57418952 3.24917256
H 3.49256305 -1.29867342 -1.66114451
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H 2.31837165 -3.83616023 4.87517039
H 0.43697844 -2.25666014 5.50056281
H -0.87794455 0.68499935 2.65717883
H -1.03332636 -0.36798745 4.86663913
Ir 1.08957826 0.01983970 -0.08312040
H -1.49592286 4.58352787 0.58551921
C -0.42608828 2.77363356 0.19418142
C -1.59768817 3.51417843 0.44322175
C -2.85472078 2.93937244 0.47815031
N -0.47932877 1.44184962 -0.00696686
C -2.92705083 1.53938440 0.22575913
C -1.71940561 0.84334806 -0.03618865
N -0.56259700 -1.15118584 -0.67600283
C -1.76415420 -0.54520070 -0.39360934
C -4.15225470 0.80055275 0.25903985
C -0.58364594 -2.39773384 -1.18436849
C -3.01112366 -1.21150649 -0.49241347
C -4.19313803 -0.51592941 -0.08451069
C -1.79731615 -3.09878613 -1.32164859
C -3.01876253 -2.55432102 -0.96997688
H -1.75729990 -4.09693239 -1.74192972
C -4.04380441 3.78938134 0.74351712
C -4.05413054 4.63854255 1.86328376
C -5.14288677 5.47500091 2.10853273
C -6.23068274 5.48609945 1.23227500
C -6.22484904 4.65525795 0.10924715
C -5.14198462 3.81012126 -0.13393496
H -3.21354857 4.62817084 2.55076020
H -5.14082972 6.11693942 2.98424954
H -7.07658623 6.13998218 1.42167383
H -7.06126554 4.66777865 -0.58298837
H -5.13664702 3.18419157 -1.02079439
C -4.25662366 -3.35993249 -1.13263767
C -5.34613619 -2.88777666 -1.88522610
C -6.47781455 -3.68318760 -2.06569485
C -6.54147187 -4.95627278 -1.49405494
C -5.46281829 -5.43563747 -0.74707526
C -4.32572738 -4.64691333 -0.57253794
H -5.29714015 -1.90853767 -2.35109143
H -7.30736026 -3.30909943 -2.65803454
H -7.42514956 -5.57189231 -1.63238075
H -3.49193676 -5.02022191 0.01462193
H -5.50550872 -6.42363638 -0.29873200
H -5.05804264 1.30860221 0.56456157
H -5.13135975 -1.05509315 -0.05398862
C 0.87026600 3.52459352 0.13025586
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H 1.45023693 3.22657291 -0.74274729
H 1.47651726 3.35259359 1.02272469
H 0.66891049 4.59485155 0.06539819
C 0.67252988 -3.06682239 -1.65784250
H 1.32205908 -2.35521224 -2.16715246
H 0.41603774 -3.86965414 -2.35158386
H 1.22688066 -3.51182306 -0.82762666
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Table 9S. Cartesian coordinates from the optimized structures of S0 in CH3CN media for 2AA’.

Atom 
symbol

X Y Z

Ir 0.03254530 0.19326957 0.01063120
C -4.40781011 -0.27612737 -2.23171768
C -4.02543670 -1.04112653 -1.11065692
C -2.73261223 -0.81956257 -0.57172360
N -1.87404266 0.09797345 -1.10987770
C -2.26297548 0.80929066 -2.17064157
C -3.52549351 0.65029342 -2.76173665
C -4.86304974 -2.02729205 -0.48630998
C -4.42370088 -2.73349212 0.59593874
C -3.11484716 -2.52368331 1.15687220
C -2.25971739 -1.55354998 0.56500551
C -2.63746290 -3.24061017 2.27640283
C -1.36601551 -2.98324395 2.76232330
C -0.53056653 -2.01344862 2.16330702
C -0.94879567 -1.27129496 1.05815928
C 1.74062658 4.22936232 -2.29096564
C 0.93471352 4.29084265 -1.15759815
C 0.48828695 3.10482767 -0.56623304
N 0.82897336 1.89713429 -1.08531570
C 1.60913933 1.84108888 -2.17737585
C 2.08614319 2.98331863 -2.81189538
C -0.81674984 4.20446533 1.30121678
C -0.36690702 3.05946672 0.63818187
C -1.61675350 4.08233871 2.43261164
C -1.95447424 2.80799733 2.88309884
C -1.48069722 1.70300689 2.18679433
N -0.70505347 1.81622530 1.08996169
H 2.09328410 5.14276162 -2.75748685
H 2.71281795 2.88894568 -3.69103342
H 1.84914825 0.84923388 -2.54246580
H -1.96780542 4.96783942 2.95095123
H -2.57386223 2.65962804 3.75987471
H -1.71016988 0.69298745 2.49931269
H 0.45667541 -1.84807097 2.58439013
H -0.99949540 -3.53683175 3.62323942
H -3.27196834 -3.98731018 2.74554359
H -5.06859361 -3.47642629 1.05778748
H -5.85420017 -2.19873470 -0.89576919
H -5.39082161 -0.41979482 -2.67082026
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H -3.78947668 1.25328036 -3.62296726
H -1.54889336 1.52427356 -2.56542939
C 2.50647574 -3.30448687 -2.33565835
C 3.02612280 -2.64219231 -1.20542620
C 2.22312422 -1.64461171 -0.60215370
N 0.98314252 -1.31552414 -1.08579183
C 0.51197967 -1.96251827 -2.15821870
C 1.24968292 -2.96169484 -2.80852945
C 4.31381924 -2.90727198 -0.62261638
C 4.74469014 -2.21927252 0.47648269
C 3.93605191 -1.20411515 1.09983240
C 2.66121087 -0.92058125 0.54430897
C 4.33552376 -0.46903567 2.23795111
C 3.48333015 0.49033525 2.76482673
C 2.21683690 0.75507708 2.19408860
C 1.76951818 0.05645516 1.07284610
H 5.72127878 -2.43505970 0.90169913
H 4.93926536 -3.66935035 -1.07795794
H 3.09132802 -4.07694222 -2.82617565
H 0.82021984 -3.45250514 -3.67416419
H -0.47290441 -1.67460329 -2.50444729
H 5.30448312 -0.65970651 2.69050987
H 3.79404941 1.05512647 3.64035384
H 1.59209406 1.51621220 2.65398665
H 0.66136402 5.25235260 -0.74257847
H -0.54420620 5.18654814 0.93745912

- 16 -



Table 10S. Cartesian coordinates from the optimized structures of S0 in CH3CN media for 2CA’.

Atom 
symbol

X Y Z

C 5.27918101 0.28711164 0.42432224
C 4.17907582 -0.36984078 1.07909311
C 2.87209388 -0.22317249 0.53886084
C 2.69832385 0.54787492 -0.65373391
C 3.79386260 1.18163261 -1.29225841
C 5.09757042 1.03283455 -0.70483749
N 1.42741003 0.61663091 -1.16686208
C 3.53855863 1.90888561 -2.47182994
C 2.24660318 1.97451942 -2.96648165
C 1.21249238 1.31619594 -2.28725993
C 4.32712802 -1.16243782 2.23890309
C 3.21308323 -1.76709965 2.80104913
C 1.92273439 -1.59562157 2.24734149
C 1.70705221 -0.81408605 1.11132102
H 6.27398568 0.17817924 0.84823525
H 5.93886329 1.52129566 -1.18722931
H 0.19249608 1.34183148 -2.64938165
H 4.35491182 2.40849129 -2.98521525
H 2.01568069 2.52294961 -3.87234719
H 5.31231997 -1.29500557 2.67729973
H 3.33192795 -2.38306232 3.68931306
H 1.08620499 -2.09110815 2.73670000
C 0.64337296 3.60716595 2.02300233
C -0.41615463 4.37253649 1.56635405
C 0.75709055 2.27327811 1.61236833
C -1.34330693 3.80554038 0.67024738
C -2.45736099 4.52155779 0.11219948
C -1.15361726 2.45383992 0.28238045
C -3.29229464 3.92899501 -0.79043954
C -2.01129708 1.82703638 -0.67460214
C -3.08831756 2.57349709 -1.22675699
C -1.70121782 0.48954544 -1.05269188
C -3.89840653 1.94377846 -2.19765553
C -2.52722999 -0.06973805 -2.02847622
C -3.61167929 0.64571983 -2.58859680
N -0.12547042 1.69752012 0.78732139
H 1.38448885 4.01346165 2.70143020
H -0.53274228 5.40513289 1.88207436
H -2.61388425 5.55085000 0.42058790
H 1.56290684 1.64680849 1.97156993
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H -4.12597905 4.48762321 -1.20766428
H -4.73159158 2.48602287 -2.63602334
H -2.35107600 -1.08192159 -2.38549355
H -4.22919219 0.16673910 -3.34472294
Ir -0.04691756 -0.28233910 0.04177989
C 0.45292485 -2.75210429 -1.87029931
C 0.01081435 -3.91737071 -2.50698173
C -1.16895173 -4.53428418 -2.11930495
N -0.27343044 -2.18715098 -0.86606787
C -1.87089547 -3.99294995 -1.05264652
C -1.40012185 -2.83360611 -0.43397174
N -1.44824711 -1.19641687 1.33181503
C -2.04888255 -2.28739124 0.76861542
C -1.87048910 -0.77541525 2.55444880
C -3.16215492 -2.89543207 1.34993114
C -2.97602134 -1.37183147 3.17172754
C -3.65130797 -2.41490114 2.55686822
H -2.77245927 -4.47436525 -0.70203220
H -3.63965501 -3.74201209 0.87715138
H 0.61423331 -4.32772822 -3.30799434
H -1.52297406 -5.42972985 -2.61822787
H -4.52066468 -2.86843511 3.02015676
H -3.28901963 -1.00157791 4.14101074
C 1.75502902 -2.15634553 -2.31581296
H 2.37451839 -1.88756901 -1.46126422
H 1.59910682 -1.26308909 -2.92492733
H 2.29590820 -2.88357886 -2.92345749
C -1.14819869 0.31638006 3.28709456
H -0.07197857 0.24058572 3.13630939
H -1.36164779 0.23420482 4.35474501
H -1.47838086 1.30525229 2.95995454
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Table 11S. Cartesian coordinates from the optimized structures of S0 in CH3CN media for 2BA’.

Atom 
symbol

X Y Z

C 1.66411842 5.00039285 1.03502629
C 1.73466730 3.65929015 1.55409153
C 1.05924286 2.62668700 0.85242268
C 0.33601812 2.94682269 -0.33326767
C 0.27206967 4.26989338 -0.83292894
C 0.96711412 5.29519505 -0.10257846
N -0.28934034 1.89975528 -0.95985974
C -0.46812757 4.48865837 -2.01206735
C -1.09731477 3.41944316 -2.62960856
C -0.98949912 2.13619890 -2.07528561
C 2.43768964 3.30639942 2.72729408
C 2.44403771 1.98443969 3.14753162
C 1.76211603 0.97270663 2.43285508
C 1.04974887 1.26407080 1.26903711
H 2.18206171 5.79060031 1.57208651
H 0.92592688 6.31369340 -0.47683968
H -1.47257118 1.28278795 -2.53474232
H -0.54145618 5.48959641 -2.42709161
H -1.67609473 3.55326412 -3.53613332
H 2.96651623 4.07023048 3.29039389
H 2.98628209 1.71574178 4.05084731
H 1.79969183 -0.04364305 2.81621720
C -3.44367015 1.16547150 2.59058652
C -4.49459114 0.52128400 1.95833241
C -2.12412570 1.08750280 2.09073598
C -4.24929562 -0.23003964 0.78751155
C -5.28746783 -0.92865924 0.07626240
C -2.91572953 -0.29548527 0.29748938
C -5.02516290 -1.65091289 -1.05189156
C -2.65389335 -1.05557099 -0.88925787
C -3.69022475 -1.73791788 -1.57596202
N -1.35865578 -1.08447971 -1.32518156
C -3.34217880 -2.45996439 -2.73614092
C -1.05769456 -1.77646307 -2.42614905
C -2.02435748 -2.47921856 -3.16131932
C -1.81982332 0.35789179 0.94069634
H -3.63425679 1.74444110 3.49090070
H -5.50509246 0.58708598 2.35189359
H -6.30255861 -0.87142135 0.46024885
H -1.33500646 1.60905848 2.62426329
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H -5.82222066 -2.17188496 -1.57421097
H -4.10998532 -2.99456866 -3.28795612
H -0.01772467 -1.76795948 -2.73443481
H -1.72547298 -3.02429151 -4.04934717
Ir -0.01627989 0.06312428 0.01091133
C 2.44289752 0.12251765 -1.98448667
C 3.62378158 -0.32805892 -2.55645868
C 4.21097482 -1.51376449 -2.09290909
N 1.82187705 -0.53624000 -0.99071222
C 3.55704729 -2.18846608 -1.05869253
C 2.36883651 -1.68545869 -0.52149132
N 0.48704817 -1.70748295 0.98651289
C 1.62085917 -2.34141629 0.57259837
C -0.23654676 -2.25875859 1.98280560
C 2.02688838 -3.53844859 1.16671739
C 0.12602504 -3.44365866 2.60300846
C 1.28586919 -4.11798107 2.19868430
H 3.98312089 -3.10795292 -0.67643203
H 2.92944202 -4.02948126 0.82496175
H 4.08024704 0.24436464 -3.35699152
H -0.49883162 -3.83460881 3.39891893
H 1.96632630 1.03556559 -2.32203437
H -1.12465064 -1.71457067 2.27624451
C 5.49366546 -2.03182597 -2.68493042
H 5.38929615 -2.17774529 -3.76499860
H 5.78944369 -2.98133445 -2.23447558
H 6.30452016 -1.31114394 -2.53420810
C 1.71111590 -5.40505828 2.85072475
H 2.61360010 -5.81038588 2.38903520
H 0.91673358 -6.15506633 2.77805631
H 1.90927963 -5.24823917 3.91642521
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Table 12S. Cartesian coordinates from the optimized structures of S0 in CH3CN media for 2DA’.

Atom 
symbol

X Y Z

C -2.73905343 -4.59399362 -1.36086477
C -1.72053156 -3.69581133 -1.83008341
C -1.44210522 -2.53616350 -1.06254711
C -2.14870942 -2.25588328 0.15306591
C -3.15036392 -3.16724909 0.58801040
C -3.42010137 -4.33678702 -0.20629380
C -1.80780534 -1.07301793 0.87866177
C -3.83775436 -2.88183148 1.78852184
C -3.52155718 -1.73729797 2.50213396
C -2.52237010 -0.84351492 2.05547083
C -0.97687662 -3.89343468 -3.01181342
C -0.01659013 -2.96587005 -3.37962911
C 0.19721308 -1.84277071 -2.56595943
N -0.49215290 -1.62964361 -1.44308088
H -2.95607082 -5.48269588 -1.94611404
H -4.18798971 -5.02574055 0.13565257
H -2.31259504 0.03942277 2.65183156
H -4.60735653 -3.56266228 2.14138438
H -4.05169630 -1.51855503 3.42585045
H -1.16291061 -4.77081648 -3.62460766
H 0.57116547 -3.08911119 -4.28209190
H 0.93856719 -1.09549293 -2.82796999
C -3.44962574 1.85917715 -2.49209157
C -3.74512099 3.01668742 -1.78969540
C -2.47229396 0.98088572 -2.00317281
C -3.05652921 3.29507223 -0.59205155
C -3.27202332 4.46015802 0.22281847
C -2.08300263 2.36166389 -0.16185496
C -2.55960019 4.65803841 1.37187937
C -1.33397260 2.55624454 1.03505502
C -1.56724915 3.71574566 1.81970526
C -0.38370279 1.54993469 1.37442890
C -0.80766668 3.87481838 2.99991212
C 0.34044084 1.76081893 2.54854995
C 0.12583292 2.90867525 3.34597534
N -1.80151504 1.22212657 -0.87073493
H -3.96119892 1.61483991 -3.41584865
H -4.49993706 3.70762805 -2.15337638
H -4.01636288 5.18335790 -0.09697948
H -2.22116051 0.06858888 -2.52968778
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H -2.73817548 5.54570174 1.97299857
H -0.95932388 4.74967622 3.62581771
H 1.08280323 1.03710766 2.87551547
H 0.70944788 3.03413762 4.25477673
Ir -0.31967036 0.03529058 0.00938913
C 1.16844214 -1.92485246 1.82724065
C 2.25108140 -2.57450911 2.38299803
C 3.54558805 -2.21322582 1.97508126
N 1.28981212 -0.94508173 0.90241327
C 3.67951762 -1.19682693 1.02116683
C 2.54024333 -0.57907262 0.50496920
N 1.40791588 0.96474447 -0.93535951
C 2.60729880 0.50671457 -0.50243807
C 1.38393370 1.95422542 -1.85063569
C 3.81054715 1.03242478 -0.97758134
C 2.52814451 2.52418972 -2.37281817
C 3.77837782 2.05987807 -1.92981684
H 4.65752693 -0.89266180 0.67992942
H 4.75359579 0.65557182 -0.61029413
H 2.10827297 -3.35459963 3.12093892
H 2.47091509 3.31868729 -3.10706116
H 0.15704001 -2.17651009 2.11785784
H 0.40295834 2.29087603 -2.16489103
O 4.56399273 -2.87880344 2.53758018
O 4.85941080 2.64949053 -2.46177812
C 5.90811793 -2.55229259 2.15357875
H 6.54691610 -3.21353215 2.73710893
H 6.14068281 -1.51013027 2.39310740
H 6.06513488 -2.73663849 1.08634009
C 6.16464544 2.22459277 -2.04356880
H 6.32941055 1.17020094 -2.28591251
H 6.30474099 2.39010746 -0.97093728
H 6.86565554 2.84210841 -2.60322883
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Table 13S. Cartesian coordinates from the optimized structures of S0 in CH3CN media for 2EA’.

Atom 
symbol

X Y Z

C -3.83251042 2.66542632 -2.94478520
C -2.78693262 1.68163963 -3.02719842
C -1.99626259 1.46127990 -1.87365638
C -2.21412387 2.18687782 -0.66588598
C -3.25486799 3.15033226 -0.61233154
C -4.05338635 3.36356358 -1.79124373
C -1.35692396 1.88966634 0.43304461
C -3.44549662 3.84617911 0.60209791
C -2.62263622 3.56998952 1.68395798
C -1.58899686 2.60786175 1.60643884
C -2.49209056 0.92126780 -4.17674290
C -1.45773925 -0.00000162 -4.13713276
C -0.72079938 -0.16519538 -2.95583611
N -0.97870498 0.54307472 -1.85085859
H -4.44585250 2.84175090 -3.82343378
H -4.84975314 4.10192259 -1.74959821
H -0.97295598 2.43878440 2.48556433
H -4.23304931 4.59041058 0.67938933
H -2.77136358 4.10795173 2.61698782
H -3.07411487 1.06206954 -5.08270885
H -1.20397013 -0.59993613 -5.00338858
H 0.09440041 -0.87611353 -2.89793795
C 2.62265508 3.56997079 -1.68397095
C 3.44551638 3.84616183 -0.60211192
C 1.58901214 2.60784720 -1.60644795
C 3.25488501 3.15032070 0.61232038
C 4.05340414 3.36355372 1.79123174
C 2.21413714 2.18687054 0.66587878
C 3.83252548 2.66542200 2.94477607
C 1.99627270 1.46127878 1.87365229
C 2.78694368 1.68163990 3.02719339
N 0.97871113 0.54307784 1.85085835
C 2.49209861 0.92127384 4.17674093
C 0.72080297 -0.16518712 2.95583857
C 1.45774373 0.00000827 4.13713445
C 1.35693624 1.88965768 -0.43305069
H 2.77138464 4.10792848 -2.61700306
H 4.23307197 4.59038991 -0.67940639
H 4.84977381 4.10190945 1.74958325
H 0.97297083 2.43876831 -2.48557283
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H 4.44586829 2.84174776 3.82342391
H 3.07412362 1.06207676 5.08270624
H -0.09439959 -0.87610233 2.89794318
H 1.20397241 -0.59992196 5.00339260
Ir 0.00000261 0.42984503 0.00000032
C -2.47669229 -1.22317591 1.00626712
C -3.27861889 -2.35248569 1.28996988
C -2.72082863 -3.64177647 1.03262552
N -1.24639001 -1.30323149 0.52096437
C -1.40617171 -3.69886556 0.51440568
C -0.68978479 -2.54402686 0.26839498
N 1.24638393 -1.30324171 -0.52095612
C 0.68976822 -2.54403252 -0.26838710
C 2.47668734 -1.22319646 -1.00625769
C 1.40614551 -3.69887718 -0.51439783
C 3.27860449 -2.35251297 -1.28996057
C 2.72080302 -3.64179913 -1.03261737
C -4.59399039 -2.23942096 1.80972067
C -5.32746931 -3.37714723 2.06322875
C -4.77639747 -4.65998226 1.80816167
C -3.50140313 -4.79619954 1.30372228
C 3.50136757 -4.79622876 -1.30371489
C 4.59397706 -2.23945919 -1.80971095
C 5.32744613 -3.37719162 -2.06321983
C 4.77636319 -4.66002210 -1.80815393
H -5.00792835 -1.25391097 2.00097298
H -6.33434724 -3.29859923 2.46029898
H -5.37200862 -5.54365086 2.01506086
H -3.08208109 -5.77860058 1.10935555
H 5.37196676 -5.54369563 -2.01505379
H 3.08203703 -5.77862635 -1.10934912
H 5.00792363 -1.25395265 -2.00096239
H 6.33432486 -3.29865199 -2.46028981
H -2.85759277 -0.22309268 1.18815267
H -0.97257135 -4.67069145 0.31212877
H 0.97253683 -4.67069941 -0.31212122
H 2.85759673 -0.22311645 -1.18814235
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Equation 1S. 

Eg
exp.= 0.228*E1 + 2.144*E2 + 0,349*E3 - 16,532

E1- energies for the real system with the low method 

E2 - energies for the high layer with the high method 

E3 - energies for the high layer with the low method
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Table 14S.

Absolute energies computed within ONIOM scheme for the studied compounds with charge +1 (E1-
E3) and with charge +2 (E4-E6) together with calculated oxidation potential Eox calc. and experimental 
oxidation onset potential Eox onset

Compound E1 a
[hartree]

E2 b
[hartree]

E3 c
[hartree]

E4 d
[hartree]

E5 e
[hartree]

E6 f
[hartree]

Eox calc. 
g

[V]
Eox onset 

[V]

2AA’ -1679,371355 -635,0301737 -624,4302032 -1679,231263 -634,9573767 -624,4800436 0.69 0.69

2BA’ -1756,580234 -635,208135 -624,6914546 -1756,402985 -634,9582285 -624,4798084 0.51 0.47

2CA’ -1756,536345 -635,1744322 -624,662409 -1756,421302 -634,923416 -624,4813829 0.46 0.47

2DA’ -1904,252478 -635,2086723 -624,6926713 -1904,155965 -634,9588083 -624,483638 0.45 0.49

2EA’ -1981,002555 -635,1930058 -624,6733771 -1980,852125 -634,9227543 -624,4621099 0.49 0.47

2FA’ -1754,232229 -635,1960287 -624,6805641 -1754,042816 -634,9388459 -624,5364009 0.71 0.73

2GA’ -2207,703412 -635,1760963 -624,6561876 -2207,513396 -634,9196263 -624,5077704 0.46 0.51

2HA’ -2284,898198 -635,1827756 -624,6702564 -2284,76386 -634,9209821 -624,53894 0.46 0.41

a E1- energy for the real system at the low accuracy method for a complex with charge +1

b E2 - energies for the real system at the high accuracy method for a complex with charge +1

c E3 - energies for the small model system at the low accuracy method for a complex with charge +1

d E4- energies for the real system at the low accuracy method for a complex with charge +2

e E5- energies for the real system at the high accuracy method for a complex with charge +2

f E6- energies for the small model system at the low accuracy method for a complex with charge +2

g Eox calc.  where c0=-2194.95, c1=-0.059, c2=5.085, c3=-3.208, c4=0.059, c5=-17.875, 
= 𝑐0 +

6

∑
𝑖= 1

𝑐𝑖𝐸𝑖

c6=12.698
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Figure 1S. Calculated oxidation potential (vertical) vs experimental oxidation onset potential 
(horizontal) for studied compounds.
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Table 15S. Crystal data, data collection and structure refinement

Compound 2AA’ 2FA’

Formula C36H24IrN4·PF6·C2H4Cl2 C38H24IrN4·PF6·CH3OH

Formula weight 948.71 905.82

Crystal system monoclinic monoclinic

Space group P21/c C2/c

a(Å) 12.7207(5) 12.1984(5)

b(Å) 14.4809(6) 14.8577(5)

c(Å) 18.6448(12) 18.2375(7)

(º) 93.662(5) 101.868(4)

V(Å3) 3427.5(3) 3234.7(2)

Z 4 4

Dx(g cm-3) 1.84 1.86

F(000) 1856 1776

(mm-1) 4.17 4.25

 range (0) 3.13 – 26.79 3.41 – 28.27

Reflections:

collected 7381 11744

unique (Rint) 8471 (0.021) 3565 (0.015)

with I>2σ(I) 7235 3141

R(F) [I>2σ(I)] 0.039 0.021

wR(F2) [I>2σ(I)] 0.089 0.069

R(F) [all data] 0.047 0.025

wR(F2) [all data] 0.091 0.0732

Goodness of fit 1.10 1.04

max/min  (e Å-3) 1.96/-1.63 1.37/-0.96
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Figure 2S. TGA curves

a)

b)
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Effect of fluorine substitution of the b-ketoiminate
ancillary ligand on photophysical properties and
electroluminescence ability of new iridium(III)
complexes†
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Maciej Kubicki, b Blazej Gierczyk,b Michal Dutkiewicz,cd Pawel Cieszko,bc
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Przemyslaw Ledwon e and Mieczyslaw Lapkowskief

In this paper we report studies of the electronic structure as well as photophysical and emissive properties

of a family of new heteroleptic iridium(III) complexes of the general formula [Ir(bzq)2(N4O)] with

N,O-donating b-ketoiminate ligands equipped with different directly fluorinated N-aryl moieties. For this

purpose, a series of suitable b-ketoimines were prepared and successfully employed in the synthesis of

iridium(III) phosphorescent materials. It is worth emphasizing that the developed synthetic strategy,

involving the use of microwaves to accelerate the reaction course, allows reduction of the process time

by up to 10 minutes. All the obtained complexes were characterized by spectroscopic methods and the

structures of three of them were resolved by X-ray methods. The cyclic voltammetry measurements

allowed determination of the energies of HOMO and LUMO levels of the studied complexes. Moreover,

the HOMO–LUMO gaps predicted for these compounds by DFT methods showed a good correlation with

the experimental values. The determined negligible influence of ligand modification on LUMO levels and

only small change of HOMO levels explains the observed slight effect of different directly fluorinated

N-aryl moieties on photophysical properties of the complexes. All Ir complexes were tested in host–guest

type organic light emitting diodes (PhOLEDs) with an poly(N-vinylcarbazole):2-tert-butylphenyl-5-

biphenyl-1,3,4-oxadiazole matrix. The PhOLEDs based on all studied iridium complexes emitted green

light. The most efficient phosphorescent emitter turned out to be the iridium complex with one fluorine

atom substituted in the para position in the phenyl ring of the ancillary ligand. Diodes with the emissive

layer containing 1 wt% of this emitter showed the best operating parameters: luminance of about

13 000 cd m�2 and current efficiency close to 10 cd A�1. A comparison of photoluminescence,

electroluminescence and spectrally resolved thermoluminescence spectra of the investigated systems

revealed an important role of charge carrier trapping in the TL phenomena.

Introduction

In the quest for highly efficient organic light emitting diodes
(OLEDs), the search for new phosphorescent materials is moti-
vated by the limited inner quantum yield of OLEDs based on
fluorescent materials which cannot be higher than 25%. This
limitation can be overcome by employing phosphorescent
materials which allow harvesting triplet states, constituting
75% of all formed excitons.1,2 The most popular phosphorescent
systems are based on coordination compounds of heavy metals
such as Ir, Pt, Os or Pd3 in which the central metal atom is
stabilized by cyclometalated organic ligands of various structures,
such as C,N-1,2,4 donating compounds, but also C,C-5 or
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C,P-chelating6 systems. In particular, iridium complexes deserve
much attention because of their attractive photophysical
properties,7 in part due to efficient triplet emission as an effect of
very strong spin–orbit coupling, which causes mutual isoenergetic
transition from the singlet to the triplet state and conversely,
known as intersystem crossing (ISC).8 In fact, the iridium
cyclometalated coordination derivatives have been found to be
so far the best light emitting species for phosphorescent organic
light emitting diodes (PhOLEDs).1–4,7,9–11 In addition, Ir com-
plexes proved to be convenient fluorescent markers for biological
systems,12–21 as well as photocatalysts in light accelerated
processes.22–24 Generally, neutral triscyclometallated [Ir(C4E)3]
type complexes (where C4E is a C,E-donating ligand, E = C, N, P),
also termed homoleptic, have been intensively studied for years.
In particular, complexes with selected C,N-cyclometalating ligands,
and among them those based on a 2-phenylpyridine (ppyH) moiety,
have gained an opinion of highly phosphorescent organometallic
materials and are potential candidates for phosphorescent dopants
for PhOLED technology.7,25,26

Nevertheless, heteroleptic complexes of the type [Ir(C4E)2(LL0)],
in which LL0 denotes a bidentate ligand or two monodentate
ligands, have also been intensively studied. The above-mentioned
iridium six-coordinated systems include both cationic as well
as neutral compounds, depending on the type and charge of the
ancillary ligand. Thus, the cleavage of binuclear precursors
[{Ir(m-Cl)(C4E)2}2] with neutral ligands (LL0) such as N4N7,27

or C4C28 yields soft salt derivatives [Ir(C4E)2(LL0)]+A�, while
employment of ancillary ligands in anionic form (�LL0), e.g.
N4O�,29 �N4N,30 leads to formation of neutral complexes of
the type [Ir(C4E)2(LL0)]. The neutral complexes [Ir(C4N)2(O4O)]
in which O4O denotes an acetylacetonate (acac) or acac-like
ligand3,9,31 were in the past one of the most extensively studied
iridium complexes, mainly because of their better solubility as
well as low influence of such an O4O ancillary ligand on HOMO/
LUMO orbitals located on the [Ir(C4N)2]+ core.32 Therefore, for
this type of complex the observed changes in electrochemical
and photophysical properties were associated only with the
alteration of the C,E-donating ligands structure.9,26,32

Nevertheless, on the basis of many examples of different
iridium compounds, it has also been shown that incorporation
of ancillary ligands of various stereoelectronic properties
into the metal coordination sphere can lead to a significant
modification of the electronic structure of a metal coordination
system.3,10,27d,33 Summarizing, for heteroleptic systems of the
type [Ir(C4E)2(LL0)], the decoration of a C4E-donating ligand
with substituents of various electronic characters induces
the energy change in the unoccupied ligand-centered p* level,
while the introduction of ancillary ligands (LL0) with various
electronic properties in a metal coordination sphere affects the
energy of the metal-centered HOMO level. Moreover, the spatial
arrangement of this orbital in the emitter molecule influences
the extent to which MLCT and LC states contribute to the
emissive excited state.

Although there is abundant literature on the synthesis
and properties of heteroleptic phosphorescence dopants, the
reports concerning the use of b-ketoiminate or b-diketiminate

as the acac-like ancillary ligands to stabilize cyclometalated
organometallic phosphors are very scarce.

Nonetheless, the 2,4-O,N- or 2,4-N,N-donating ligands formed
on the basis of the acac skeleton have found wide application as
supporting ligands for stabilization of various coordination
systems34 based on the main-group elements or transition metals,
reported as active species employed in catalysis of polymerization
processes35–39 or reactions occurring through activation of
small molecules.40–45

Teets and co-workers very recently have reported46,47 on the
preparation of a series of b-ketoiminate- and b-diketiminate-
stabilized iridium(III) coordination compounds and examination
of their photophysical properties: absorption and emission in
solution. Additionally, they provided a discussion on the influ-
ence of these two types of ancillary ligands on the properties
of excited states generated in iridium-coordination systems.
In the designed complexes, they used 2-phenylpridine (ppy)
and 2-phenylbenzothiazole (bt) as the C,N-donating ligands in
combination with different ancillary (L4X) ligands such as
an N-phenyl-substituted b-ketoiminate (acNacMe), an N-phenyl-
substituted b-diketiminate (NacNacMe) as well as fluorinated
versions of the latter, by introduction of –CF3 substituents into
the ligand backbone and/or N-aryl substituents. They found
that the above-mentioned L4X ligands bonded to the metal
center stabilized with ppy and bt ligands,46 strongly affecting
the energy of the Ir-centered HOMO. In particular, the increase
in p-donating ability of the ligand with increasing number of
nitrogen donors was observed in the sequence acac-acNac-
NacNac. This resulted in higher HOMO energies and less
positive oxidation potentials for the studied C,N-cyclometalated
iridium compounds, while fluorofunctionalization of the weaker-
field NacNac and acNac ligands caused an increase in the energy
of the metal-centered HOMO, in the following order NacNacCF3 o
acNacMe o NacNacMe. Moreover, on the basis of the photo-
physical properties studied for these complexes, the authors
hypothesized that when ppy is used as the C4N ligand and acac
is substituted by the nitrogen-containing acNac or NacNac
ligands, an increase in the MLCT character in the excited states
is observed. In contrast, the replacement of ppy with bt
enhances the LC character, resulting in a strong increase in the
emission quantum yield, as demonstrated for [Ir(bt)2(acNacMe)].46

On the other hand, they revealed that the introduction of –CF3

moieties into different sites of such ligand skeletons, including
the QN–Ph moiety,47 led to substantial changes in the electro-
chemical and photophysical properties. They found also that the
redox potential was much more sensitive to fluorination of such a
ligand backbone than to substitution of the N-aryl substituent
with –CF3 moieties. Furthermore, fluorination of the backbone
of the acNac ligand suppressed luminescence altogether,
whereas the backbone fluorination of the NacNac ligand
induced dramatic changes in the excited-state properties which
was particularly evident at low temperatures.

Taking into account the latest of Teets’ reports,46,47 particularly
those concerning detailed studies of the electrochemical and
photophysical properties of iridium(III) coordination compounds
stabilized with b-ketoiminate and b-diketiminate bidentate
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ligands and their fluorinated analogues, it seems that the
aforementioned properties of organometallic phosphors strongly
depend on the presence and collocation of fluorine atoms in
the structure of examined types of ancillary ligands. However,
looking at the structures of fluoro-substituted b-ketoiminate
ligands reported by Teets,46,47 it can be concluded that the
authors in their research notably focused on determination of
the effects related to the introduction of fluorine atoms to the
acNac backbone as well as –CF3 moieties to the phenyl ring
bonded to the N-imine atom. Nevertheless, it is well documented
that –CF3 substituents attached to the phenyl system have
significantly weaker Hammett parameters than the fluorine atom
directly bonded to sp2-aromatic carbon. Moreover, the –CF3

group non-specifically acts on meta- and para-positions in aro-
matic systems.48 Considering the above, it is expected that
incorporation of fluorine atoms directly into the N-bonded aryl
group will cause changes in photophysical as well as emissive
properties of targeted iridium complexes.

The effects described above, associated with the presence of
fluorine atoms in the ancillary N,O-, N,N-donating ligands,
encouraged us to extend the knowledge on the effects related
to the presence of the directly fluorinated N-aryl moiety, in the
structure of the N,O-type ligand, i.e. its influence on electronic
structure, electrochemical and photophysical properties. It will
be particularly important to determine the influence of the
presence of such fluorofunctionalized ligands on the electronic
structure of iridium(III) complexes [Ir(C4N)2(N4O)], their emis-
sive properties in thin layers as well as on operating parameters
of single layer PhOLEDs created on the basis of such emitters. In
a number of reports concerning the synthesis and luminescence
properties of transition metal complexes, iridium materials
created with employment of ppy and ppy-like cyclometalated
systems dominate.1–4,7 Notwithstanding, iridium(III) neutral
homoleptic [Ir(bzq)3]49 and heteroleptic [Ir(acac)(bzq)2]31 as well
as the soft-salt type compounds [Ir(bzq)2(N4N)]+A� 27 were also
characterized as highly phosphorescent materials, however less
explored than the former, but in our opinion they seem to be
very interesting due to their photophysical properties, similar to
those of ppy-based compounds.

The work undertaken is aimed at determination of the correla-
tion between the number of fluorine atoms, their location at
various positions of the N-phenyl substituent in the b-ketoiminate
ancillary ligand and electronic structure, electrochemical and
photophysical properties of iridium phosphorescent materials
bearing in their structure such ligands as [Ir(bzq)2(b-ketoiminato)].
Particular attention is paid to their emissive properties in thin
layers as well as PhOLEDs.

Results and discussion
Synthesis of the ligands

A series of selected 4-arylimino-2-pentanones (3a–f) were
synthesized according to the methodology described in the
literature.50 Namely, appropriate aryl amines (2) bearing in
their structure one fluorine atom at the phenyl ring in three

possible positions (b, c, d) or –CF3 group in the 4-position (e)
were refluxed with 2,4-pentanedione (acacH) in the presence of
p-TolSO3H in benzene as the reaction medium and using Dean–
Stark apparatus until water stopped being generated. However,
in the case of perfluorinated aniline (f), instead of p-TolSO3H,
Er(OTf)3

51 was applied as a catalyst and the condensation
process in toluene environment was carried out with assistance
of microwave radiation as an energy carrier (Scheme 1).

The synthesized materials were readily characterized by
1H, 13C{1H} and 19F NMR spectroscopy as well as the HRMS
technique (see ESI†). In the 1H NMR spectra recorded for all
4-arylimino-2-pentanones (3a–f), the presence of characteristic
resonances coming from N–H–O andQCH– moieties, namely a
singlet for the N–H–O system in the region ca. 11.6–12.6 ppm,
a singlet for –(O–)CQCHC(QN)– between values 5.0 and
5.6 ppm, and two inequivalent singlets for CH3–C(QN)– and
CH3–C(–O)– systems in the region from 1.5 to 2.5 ppm, con-
firms that the keto–enol equilibrium is shifted completely
toward the enol form.

The structure of compound (3Z)-4-[(pentafluorophenyl)-
amino]pent-3-en-2-one (3f) was also determined by X-ray analysis.
3f is an example of the family of ligand molecules, which in the
solid state adopt the Z conformation stabilized by intramolecular
N–H� � �O hydrogen bonding (Table 2S, ESI;† Fig. 1a). The correct
tautomeric form was determined on the basis of localization of
the NH hydrogen atom in the difference Fourier map (see Fig. 1S,
ESI†) and successful refinement of this atom. In 3f the chain
C–N–CQC–CQO is almost planar (maximum deviation from
the least-squares plane is 0.0527(12) Å) and makes a dihedral
angle of 61.61(5)1 with the phenyl ring. Table 3S presented in
the ESI† lists the important geometrical parameters, including
relevant torsion and dihedral angles, for all molecules. In
the crystal structure molecules of 3f are connected into centro-
symmetric hydrogen bonded dimers; notably this intermolecular
hydrogen bond is also of NH� � �O type, between the same atoms
as the intramolecular one (Fig. 1b and Table 3S, ESI†). A similar
sequence (intra/intermolecular) of secondary C–H� � �F hydrogen
bonding is also observed in the structure. The selected geo-
metrical data are compiled in Table 3S (see ESI†).

Preparation of new iridium(III) phosphors

All previously obtained 4-arylimino-2-pentanone derivatives
(3a–f) were applied as N,O-donating ligands in the synthesis of
neutral heteroleptic iridium(III) C,N-cyclometalated complexes of
type 5 (Scheme 2).

Scheme 1 Synthesis of 4-arylimino-2-pentanones.
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The methodology leading to the iridium derivatives 5 was
carried out with the cleavage of binuclear precursor 4
by interaction with 4-arylimino-2-pentanonalate anion, in situ
generated in the reaction of the corresponding derivative 3 with
the most commonly used strong bases, i.e. NaOMe or NaH in a
THF environment. Taking into account numerous literature reports
on employment of microwaves in syntheses of inorganic52 or
coordination compounds53 as well as results of our earlier work
concerning the synthesis of iridium(III) cationic complexes with
assistance of such an unconventional type of energy carrier,27a in
current studies, the processes of ancillary ligand introduction
into the iridium coordination system were conducted with the
support of microwaves. As for ionic iridium(III) compounds,27a

the use of such a heat source enabled efficient preparation of
desired iridium materials in a relatively short reaction time and
with good yields, achieving 65–76%.

However, for compound 5g, several synthetic attempts have
been carried out to get the target iridium compound. Most
of them were intended to obtain a suitable ligand of appro-
priate structure, which in the further step could be introduced
to the iridium coordination sphere in the reaction with 4.
Unfortunately, these attempts failed. All these failures prompted
us to change the synthesis strategy. In this particular case,
formation of 5g derivative was based on the well-known reactivity
of the –C6F5 moiety in the nucleophilic substitution of the
fluorine atom in the para-position especially by O-nucleophiles.54

Thus, nucleophilic reagent NaOCH2CH2OMe was generated in
THF solution prior to use and then employed in the reaction
with 5f, giving finally the desired 5g with moderate yield 68%
(Scheme 3).

All the synthesized iridium materials were characterized by
spectroscopic methods and the structures of three of them were
resolved by X-ray analysis.

In all three complexes 5b, 5e, and 5g, the Ir cation is six-
coordinated (C2N3O pattern) by N7 and O10 atoms from the
b-ketoiminate ligand molecule and by N and C atoms from two
benzo[h]quinoline ligands (Fig. 2a, 3a and 4). The coordination
geometry is a quite regular octahedral one (Table 3S (ESI†)
contains the appropriate bond lengths as well as values of the
three largest angles around Ir cations).

In the crystal structure of 5b there are two symmetry-
independent molecules of very similar geometry (Fig. 2b). In one
of these molecules (B), the 2-fluorophenyl fragment is disordered –
the two alternative rings are almost parallel but rotated by
approximately 1801. Disordered solvent molecules (modelled
as methanol) fill up the voids in the structure of 5e (Fig. 3b).
In both 5e and 5g compounds, some weak hydrogen-bond-
type interactions as well as p� � �p (between benzo[h]quinoline
molecules) and C–H� � �p interactions take part in the determi-
nation of crystal packing.

Thermal analysis

Prepared complexes 5a–5g were subjected to thermogravimetric
analysis to determine the boundary temperature of their thermal
stability. Analysis of the obtained TG curves presented in Fig. 5
reveals that regardless of the chemical structure of the
measured samples they are thermally stable up to 270 1C at
which the first decomposition step begins. For all the measured
samples, two or three (for samples 5c and 5e, respectively)

Fig. 1 (a) Perspective view of molecule 3f with labelling scheme; ellipsoids are drawn at the 50% probability level, hydrogen atoms are represented by
spheres of arbitrary radii, intramolecular hydrogen bond is shown as dashed blue line; (b) centrosymmetric NH� � �O hydrogen bonded dimer in the crystal
structure of 1; intra- and intermolecular hydrogen bonds are shown as dashed blue lines.

Scheme 2 Synthesis of [Ir(bzq)2(b-ketoiminate)] (5) complexes.

Scheme 3 Conversion of compound 5f to complex 5g.
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distinct decomposition steps were observed, beginning at
270, 420 and 620 1C and Tmax temperatures were in the range
of 330–370 1C, 460–500 1C and 700–790 1C, respectively. The
residues after pyrolysis at 1000 1C ranged from 20 to 48% of the

starting samples mass. No direct correlation between the samples’
chemical structure and their thermal stability was observed.

TG and DTG curves for all the measured samples as well as
detailed results of TG and DTG analysis are given in the ESI.†

Subsequently, complexes 5a–5g were subjected to DSC analysis
to evaluate their melting and crystallization temperatures.

The upper limit (270 1C) of the temperature program was
established on the basis of TG experiments. Unfortunately, for
no complexes tested except 5g were the transitions characteristic

Fig. 2 (a) Perspective view of the complex molecule 5bA; ellipsoids are drawn at the 50% probability level, hydrogen atoms are shown as spheres of
arbitrary radii; (b) a comparison of two symmetry-independent molecules of 5b, the higher-occupied alternative of 5bB is shown.

Fig. 3 (a) Perspective view of the complex molecule 5e; ellipsoids are drawn at the 50% probability level, hydrogen atoms are shown as spheres of
arbitrary radii; (b) van der Waals representation of a fragment of crystal packing of complex 5e (green) with solvent molecules shown in blue.

Fig. 4 Perspective view of the complex molecule 5g; ellipsoids are drawn
at the 50% probability level, hydrogen atoms are shown as spheres of
arbitrary radii.

Fig. 5 TG curves of all complexes.
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of melting or crystallization processes observed in the applied
temperature range. As shown in Fig. 6, only for sample 5g a
glass transition at 135 1C and the beginning of the melting
process above 225 1C were observed. Also, the crystallization of
partially molten sample was noted at 262 1C on the second
cooling curve. The results of TG and DSC analyses lead to
the conclusion that the synthesized complexes melt with
decomposition above 270 1C. All the measured DSC curves
are available in the ESI.†

Determination of electrochemical properties

Electrochemical measurements were made in order to estimate
the influence of ligand structure on Ir complex properties.
The measurements were made in a solution of the studied
compounds in Bu4NBF4/CH2Cl2 as an electrolyte. Electrochemical
results are collected in Table 1.

Cyclic voltammetry curves reveal quasi-reversible oxidation
peaks in the anodic range (Fig. 12S, ESI†). This behavior is
observed for all compounds. This redox couple is related to the
oxidation of the Ir(III) complex to an Ir(IV) one. Eox onset changes
with the modification of ligand structure. The fluorine atom
slightly increases the Eox onset of 5b, 5c and 5d in comparison to
that of 5a. However, the effect associated with the fluorine
substituent’s location in the phenyl moiety on the value of
Eox onset is minor. Introduction of additional fluorine atoms, as
for example 5f and 5g causes an even greater increase in Eox onset

as a result of the electron acceptor character of these atoms. For
similar complexes with 2-phenyl-pridine (ppy) and phenyl-
substituted b-ketoiminate as ancillary ligands, a slight shift of
oxidation potential is observed.47 The shift of the potential
depends on phenyl substitution. However, the shifts of the

oxidation potential are smaller than those taking place as a
result of different substitution of b-ketoiminate ligands. This
indicates that the effect of various phenyl substituents is lower
than that of direct substitution of b-ketoiminate.

Irreversible reduction peaks are observed in the cathodic range.
Cyclic voltammetry of the compounds studied reveals only a slight
effect of fluorine atom substitution on Ered onset. All compounds
show similar values of reduction potential. The results reveal that
the studied compounds undergo a reduction process at lower
potentials than iridium complexes with 2-phenylpridine (ppy)
and 2-phenylbenzothiazole (bt) ligands and phenyl-substituted
b-ketoiminate or phenyl-substituted b-diketiminate as ancillary
ligands.46 Ionization potential (IP) and energy affinity (EA) were
estimated on the basis of the reduction and oxidation onset
potentials. IP values increase with substitution of fluorine
atoms. The incorporation of one atom changes the IP from
5.2 eV to 5.3 eV, whilst the incorporation of 5 or 4 atoms leads
to molecules with an IP of 5.4 eV. It indicates a weak contribu-
tion of fluorine atoms to the HOMO. This effect is lower for the
LUMO. The EA of all the studied compounds is 2.7 eV. It
indicates a lower contribution of fluorine atoms to the LUMO
of the studied compounds. The presented results confirm that
the introduction of different fluorine-based groups to the
phenyl moiety leads to the modification of electronic properties
of iridium complexes. Different substitution groups impact
mainly IP as a result of the modification of the HOMO.

Theoretical considerations

Molecular geometries in the ground state. The representative
optimized structure of the studied complex 5b in the ground
state (S0) is shown in Fig. 7. The geometries of the ground state
structures were fully optimized without imposition of symmetry
restrictions. The main optimized geometry parameters for 5b in
the gas phase and chlorobenzene environment are summarized
in Table 2. All the studied complexes (the corresponding
parameters are provided in the ESI†) show pseudo-octahedral
coordination around the Ir metal centers, similar to that of the
reported Ir(III) complexes, owing to the d6 configuration. For all
complexes, the two N atoms (N1 and N2) are at the trans

Fig. 6 DSC curves of second heating and cooling run for sample 5g.

Table 1 Basic electrochemical properties

Compound Eox onset [V] Ered onset [V] Eg [V] IP [eV] EA [eV]

5a 0.14 �2.44 2.58 5.2 2.7
5b 0.21 �2.42 2.63 5.3 2.7
5c 0.18 �2.39 2.57 5.3 2.7
5d 0.18 �2.43 2.62 5.3 2.7
5e 0.12 �2.36 2.48 5.2 2.7
5f 0.32 �2.41 2.73 5.4 2.7
5g 0.30 �2.39 2.69 5.4 2.7 Fig. 7 The optimized structure of 5b in the ground state.
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position, while the C atoms (C13 and C25) are at the cis
position. From Table 2, it is seen that the calculated Ir–N,
Ir–C and Ir–O bond lengths are slightly greater in the chloro-
benzene environment than in the gas phase. The maximum
deviation in bond distances between the coordinating atoms
and Ir(III) is 0.006 Å for 5b, while changes in bond angles are
less than 1.01. However, the geometries of all the complexes
present similar features, indicating that the solvent does not
have a strong effect on the geometry of the complexes when
compared to the isolated molecules.

A comparison of DFT computed and X-ray derived values
of the geometry parameters is made in Table 2. The results
show that the calculated Ir–N, Ir–C and Ir–O bond lengths are
slightly greater than the corresponding experimental data. The
differences between the calculated and the experimental values
are in the range from 0.03 to 0.08 Å. Similarly, the optimized
valence angles of 5b are in good agreement with the experi-
mental data and a deviation less than 2.01 is achieved.

One should note that for complexes 5b and 5c, two conformers
with different orientation of fluorine atoms at the phenyl ring
should be investigated (see Fig. 8). In both cases the energy
differences between the two conformers are very small (less than
1 kcal mol�1). It may suggest that for complexes 5b and 5c both
structures are likely to be observed in the mixture of conformers.
According to the results, the crystal structure of 5b(2) has
slightly lower energy than that of 5b(1) (the difference is close
to 0.29 kcal mol�1).

Frontier molecular orbitals

Density functional theory (DFT) calculations helped us to
investigate the frontier molecular orbitals (FMOs): the HOMO
and LUMO. Seven calculated energy gaps between the HOMO

and LUMO were correlated with their experimental values obtained
by cyclic voltammetry measurements. The results of DFT calcula-
tion using different functionals: B3LYP, M06 and WB97XD were
indeed in good correlation with experimental values.

As shown in Fig. 9, the HOMO–LUMO energy gaps (Etheor.
g )

calculated using the WB97XD functional at the basis set
composed of 6-311++G(d,p) and SDD for the Ir atom gave
good correlation with the experimental values obtained from
cyclic voltammetry measurements, which was characterized
by an acceptable value of the correlation coefficient R = 0.905
in contrast to the results obtained by the other calculation
methods.

The HOMO and LUMO distribution of energy levels and
HOMO–LUMO energy gaps of the studied complexes are plotted
in Fig. 10. The calculated energy gaps between the HOMO and
LUMO were between 2.65 eV and 2.52 eV while the experimental
ones were between 2.73 eV and 2.48 eV. The energies of FMOs
calculated with the use of different methods are listed in
Tables 6S–8S (ESI†).

Photophysical properties of the investigated Ir(III) complexes

The absorption spectra of the studied complexes 5a–5g in
chlorobenzene solution, under ambient conditions are pre-
sented in Fig. 11a and b. The examined complexes have similar
absorption spectra. For all of them, one can distinguish broad
absorption bands in the short-wavelength range (300–420 nm)
and long-wavelength bands in the range of 420–550 nm. The
lower energy ones, with lower extinction, for all studied com-
plexes have a very similar shape and can be attributed to the
MLCT transitions (mixture of both singlet and triplet character).7

Table 2 Selected bond distances and valence angles from the optimized
geometries and the experimental values for 5b

Gas C6H5Cl X-ray

Bond lengths (Å)
Ir–N1 2.093 2.098 2.065
Ir–N2 2.078 2.082 2.043
Ir–N3 2.244 2.240 2.153
Ir–C13 2.038 2.040 2.008
Ir–C25 2.030 2.029 1.996
Ir–O 2.185 2.192 2.133

Bond angles (deg)
C13–Ir–C25 88.1 88.5 90.2
C13–Ir–N2 95.1 94.4 95.2
C25–Ir–N2 80.8 80.8 81.7
C13–Ir–N1 80.6 80.6 81.4
C25–Ir–N1 97.4 97.1 96.3
N2–Ir–N1 175.4 174.7 176.2
C13–Ir–N3 173.5 173.6 173.3
C25–Ir–N3 97.0 96.8 94.8
N2–Ir–N3 89.7 90.0 89.8
N1–Ir–N3 94.7 95.1 93.7
C13–Ir–O 88.9 88.7 86.9
C25–Ir–O 174.0 174.6 174.1
N2–Ir–O 94.3 94.8 93.4
N1–Ir–O 87.2 87.0 88.3
N3–Ir–O 86.3 86.3 88.4

Fig. 8 Structures of conformers of 5b and 5c complexes.
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The higher energy bands observed at about 325, 350 and
395 nm are assigned to the ligand centered (LC) transitions
and their maxima positions and shapes differ slightly for the
studied complexes. The bands with the maxima at 350 and
395 nm are better visible for the complexes with the largest
number (5, 4 and 3) of introduced fluorine atoms into the
phenyl ring in the ancillary ligand. The normalized photo-
luminescence (PL) spectra of the studied complexes in dilute
chlorobenzene solutions are shown in Fig. 12. Excitation with
the wavelength corresponding to the MLCT bands at 440 nm of

the complexes 5a–5e, resulted in a broad emission band in the
range of 500–750 nm, with a maximum at 579 nm for the
reference complex 5a, and in only slightly shifted maxima of
emission at B570 nm for the complexes 5b–5e with one or
three incorporated fluorine atoms. The results obtained are
consistent with those previously presented for Ir(III) complexes
with b-ketoiminate as ancillary ligands.46,47 The optical proper-
ties, mainly the color of emitted light, is not changed drastically
as a result of fluorination on the N-aryl substituent in the
b-ketoiminate group. The electronic structure and character

Fig. 9 Theoretical Eg values calculated at the WB97XD/SDD/6-311++G(d,p) level of theory vs experimental values.

Fig. 10 Molecular orbital diagram of iridium(III) complexes along with the HOMO/LUMO plots computed at the WB97XD/SDD/6-31++G(d,p)
level of theory.
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of emissive states are much more influenced by the substitu-
tion of fluorine atoms in the backbone of such ancillary ligands
and this effect is more visible for b-diketiminate ligands.46,47

Only for the complexes with a sufficiently large number, four
(5g) or five (5f), of fluorine atoms introduced into the ancillary
ligand structure, the emission maximum is more shifted towards
shorter wavelengths, by about 20 nm (lmax B 550 nm). It
correlates with theoretical results which predict that a signifi-
cant part of the HOMO is localized on the ketoiminate ligand,
while the LUMO is embedded on a completely different part of
the molecule. Therefore, it is expected that functionalization of
the ancillary ligand phenyl ring should have much stronger
impact on the HOMO than LUMO energy levels. As shown by

both calculations and electrochemical data, discrete changes
are observed in the maximum position of the emission spectra
(Table 3). In view of the above, they should be related to the
effect of the electron withdrawing nature of the fluorine sub-
stituents on the HOMO energies (Table 1), thus shifting lmax

towards the blue. An inductive effect of fluorine substituents on
the HOMO energy is related to the number of substituents since
complexes 5f and 5g (bearing at least 4 fluorine substituents)
emit at 546–547 nm, compounds 5b, 5c and 5d (bearing one
F atom) emit at 567–568 nm, while non-fluorinated compound
5a emits at 577 nm. An exception is the complex 5e with a CF3

group which does not fit this trend (lmax = 569 nm). The
incorporation of fluorine into the phenyl ring of the ancillary
ligand via a carbon atom has much less effect on the electronic
structure of investigated complexes than the fluorine atoms
introduced directly to the phenyl ring. The observed broad and
unstructured phosphorescence bands suggest the emission is
mainly from the MLCT states of these complexes.55 These
results are in line with the increased MLCT character of the
complexes containing N-donating b-ketoiminate and b-ketiminate
ligands in comparison to that of their previously reported acac
analogues.46 To explain the observed effects, one should take
into account that when the complexes are heteroleptic and
possess different chromophoric ligands, the orbitals involved
in the lowest energy transitions can be located on both of them
or mostly centered on one of them. In the studied complexes

Fig. 11 Normalized absorption spectra of the investigated complexes in chlorobenzene: 5b, 5c, 5d compared with 5a (a), and 5e, 5f, 5g compared
with 5a (b).

Fig. 12 Normalized photoluminescence spectra of the investigated com-
plexes in chlorobenzene.

Table 3 UV-Vis absorption and photoluminescence spectra data of the investigated compounds (dissolved in chlorobenzene). HOMO and LUMO levels
are calculated on the basis of cyclic voltammetry experiments

Compound lmax Abs [nm] lmax PL [nm] Quantum yield [%] HOMO [eV] LUMO [eV]

5a B325, B450, B485 577 o1 �5.2 �2.7
5b B320, B350, B400, B450, B485 567 o1 �5.3 �2.7
5c B325, B350, B450, B485 567 o1 �5.3 �2.7
5d B318, B350, B450, B485 568 o1 �5.3 �2.7

44.1a

5e B325, B350, B400, B450, B485 569 o1 �5.2 �2.7
5f B350, B400, B450, B485 547 o1 �5.4 �2.7
5g B350, B400, B450, B485 546 o1 �5.4 �2.7

27.5a

a Degassed.
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the HOMOs have similar shapes and are delocalized on almost
the whole molecule, including the fluorine-functionalized
ketoiminate ancillary ligand (cf. Fig. 10). Electrochemical studies
proved that their energy is slightly changed for modified com-
plexes, while the LUMO energies seem to be insensitive to
modification of ligand (Table 1). However, the shapes of the
LUMOs look different for the studied complexes. For 5a, 5d and
5e, the electron density is moved from the ketoimine part
towards the bzq ligands. In the complexes with a fluorine atom
positioned ortho (5b) and meta (5c), upon excitation, the whole
charge is transferred to the bzq group located further from the
phenyl ring of the ancillary ligand. When the number of F atoms
substituted to the phenyl ring is higher (5f and 5g), the electrons
are shifted to the second bzq ligand, which is in the proximity of
the phenyl ring. However, in all cases the LUMO is not located
on the ancillary ligand so modification of this part of the
complex mainly influences the HOMOs as shown by electro-
chemical studies.

In Table 3 absorption and emission data for all complexes
dissolved in chlorobenzene are summarized. HOMO and LUMO
levels, calculated on the basis of CV experiments, are also displayed.

Interestingly, a lack of a fluorine regiosubstitution effect
on the electrochemical and photophysical properties of the
studied complexes was observed. As one can see, there are
no significant differences between complexes 5b, 5c and 5d,
bearing fluorine in ortho, meta and para positions respectively.
The absence of the regiofuncionalization effect on PL lmax

should be emphasized as it is in contrast to the state of the
art, which claims that a correlation between regiosubstitution
and emitted wavelength is well known.2–4,7

The photoluminescence quantum yield (QY) of all the examined
complexes in solution is low (below 1%) although, as shown in
Table 3, QY values depend on the presence of oxygen in the
solution, which is typical of the phosphorescent emitters.
Degassing of the solutions results in an increase in QY up to
44.1% and to 27.5% for complexes 5d and 5g, respectively.

Photoluminescence of the host–guest layers for application in
PhOLEDs

To avoid the concentration induced emission quenching, the
active layers in PhOLEDs are usually host–guest systems, in
which the emitters are molecularly dispersed in a polymer
matrix.3,7,56 In this work we used the well-known composite
of poly(N-vinylcarbazole) (PVK) and 2-(4-tert-butylphenyl)-5-(4-
biphenylyl)-1,3,4-oxadiazole (PBD) as an ambipolar matrix.57

In this composite, PVK ensures hole transport and PBD
supplies electron transport. Both components of the PVK/PBD
mixture are characterized by wide energy gaps, which is necessary
to ensure the energy transfer of the exciton from the matrix to
the guest molecules whose LUMO and HOMO levels should be
situated in the energy gap of the matrix.58 The PL spectra of
thin PVK/PBD films doped with 1 wt% of studied emitters upon
excitation with the wavelength corresponding to the lowest
absorption band of the PVK/PBD matrix (lex = 340 nm), are
presented in Fig. 13. One can see that the main photolumines-
cence bands are similar to those detected for solutions of the

emitters, (just blue shifted by about 20 nm), which indicates
energy transfer from the matrix to the emitter molecules.
However, in addition to the dopant emission, another
band, originating from singlet exciplexes formed between the
carbazole group and oxadiazole molecule (lmax B 430 nm), is
also observed.57b It is known that the oxadiazole and the
carbazole groups form the excited state complexes and the PL
maximum at around 430 nm has been assigned to the singlet
exciplexes, which are created rapidly after the excitation of the
PVK/PBD matrix.57b,59–61 This interpretation was supported also
by an observation that the intensity of this PL band increases
for higher PBD content.59 A contribution of the matrix emission
indicates incomplete energy transfer from the matrix to the
emitters. Efficiency of such an energy transfer influences the
photoluminescence quantum yield (QY), which for the investi-
gated layers ranges between 11% and 30% (see Fig. 13). As can
be observed in this figure, the relative emission intensity from
the PVK/PBD exciplexes is the lowest for the layers with the
emitters substituted with 5 or 4 fluorine atoms (5f and 5g) and
it corresponds to higher QY values, 15% and 30%, respectively.
Among the emitters with one fluorine atom, the one with
substitution in the para position (emitter 5d) displays the most
efficient energy transfer from the matrix to the emitter.

Dominant contribution of the dopant emission in the investi-
gated layers may arise from long range Förster and/or from short
range Dexter energy transfer. The Dexter mechanism is less likely
due to low emitter concentration; however, the exciton diffusion
can enhance this path of energy transfer. Both mechanisms of
energy transfer can operate effectively only when the emission
spectrum of the donor and the absorption spectrum of the
acceptor overlap considerably. For the tested emitters, the degree
of spectral overlap is comparable (see Fig. 11 and 14).

Nevertheless, there are significant differences in experimental
efficiency of exciton transfer energy, resulting from different matrix
emission contribution in the PL spectra (see Fig. 13 and 14).
Analysis of the Förster mechanism allowed determination of the
theoretical (ZF) and real (Zexp.) efficiency of this process in the PVK/
PBD matrix doped with 1 wt% of 5a, 5d or 5g emitter. As shown in
Table 4, there is a big discrepancy between the theoretical (B20%)
and the experimental (B70%) values. It can be explained by the
exciton diffusion effect, allowing excitons created on the matrix
to approach the emitter molecules to a distance smaller than
the average distance between the host and the guest molecules
in the layer (see Table 4).

Fig. 13 Normalized photoluminescence spectra of thin layers of the PVK/
PBD blend doped with 1 wt% of emitter molecules (5a–5g). Excitation
wavelength was 340 nm.
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Electroluminescent properties

The electroluminescence ability of the iridium complexes was
tested in PhOLEDs with the simplest structure, i.e. a device
with one active layer produced from solution (Fig. 15). Such a
simple structure is a requirement from the point of view of the
printing technique since printing of multilayer structures is
very difficult. Additionally, such a minimalistic approach offers
a screening procedure enabling quick selection of the most
promising emitters.

The emissive layers of fabricated PhOLEDs were based on the
same matrix–emitter systems as for the PL investigations described
above. It should be noted that the mentioned PVK/PBD blend with
0.6 : 0.4 wt ratio is characterized by balanced transport capabilities
for carriers of both types, which is required to obtain the efficient
so-called single-layer OLEDs.3,57a Electroluminescence (EL) spectra
recorded for the devices with investigated emitters are presented in
Fig. 16. EL spectra obtained for PhOLEDs based on emitters 5a–5e
are very similar to each other and similar to their PL spectra.
The maximum emission occurs at 555 nm and is only slightly
red shifted by ca. 5 nm in relation to the PL spectra (compare
the spectra in Fig. 13 and 16).

Similarly like the PL bands, the EL bands for PhOLEDs with
the emitters 5f and 5g are slightly shifted in comparison to
those with the other emitters. Nevertheless, the shift observed
in the EL spectra (by ca. 10 nm) is less noticeable than that in
the PL spectra (over 20 nm). However, the most important
difference between the EL and PL spectra is the lack of emis-
sion from the matrix in the EL spectra. The red shift of the EL
spectra and disappearance of the band originating from the
matrix have a direct effect on the x, y color coordinates of the
emitted light according to the CIE 1931 diagram. It is presented
in Fig. 17a and b for the samples with 1 wt% of emitter 5g.

The lack of the matrix contribution in the EL spectra may
indicate a considerable role of charge carriers trapped in the
electroluminescence phenomenon, which can promote formation
of excitons on the dopant molecules.62 Current density–
voltage ( J–V) and luminance–voltage (L–V) characteristics of
PhOLEDs, based on all tested emitters, are shown in Fig. 18.

Fig. 14 Normalized absorption spectra of three selected compounds in
chlorobenzene solutions and normalized photoluminescence spectra of
thin layers: the neat PVK/PBD blend and PVK/PBD doped with 1 wt% of the
selected emitter molecule (5a, 5d or 5g). Excitation wavelength was
340 nm.

Table 4 Photoluminescence quantum yield of thin layers (QYfilms) and
experimental efficiency of energy transfer (Zexp.) for PVK/PBD doped with 1
wt% of three selected emitters, and the parameters of Förster energy
transfer for the systems: R0 – Förster radii, RDA – average distance
between the host and the guest molecules, ZF – efficiency of energy
transfer by Förster mechanism

Compound QYfilms [%] Zexp. [%] R0 [nm] RDA [nm] ZF [%]

5a 15 71.9 2.045 2.576 20.0
5d 15 72.1 2.063 2.595 20.2
5g 30 65.6 1.981 2.737 12.6

Fig. 15 PhOLED architecture and energy levels of the used materials.

Fig. 16 Normalized electroluminescence spectra of PhOLEDs with
PVK/PBD doped with 1 wt% of the investigated emitter molecules as
emission layers.

Fig. 17 Photoluminescence and electroluminescence spectra of the PVK/
PBD layer doped with 1 wt% of emitter 5g (a), and the CIE 1931 diagram
with points indicating the color of the emitted light (PL marked as circle
and EL as filled triangle) (b).
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These dependencies exhibit the typical shape in the range
up to 16 V. The obtained luminance values are in the range
from 5000 to over 12 000 cd m�2 at 16 V. The turn-on voltage
(defined as voltage at which the detected luminance value is
1 cd m�2) is between 6.5 and 8 V. In Fig. 19, the current
efficiencies are plotted versus current density for the tested
devices. The highest value (almost 10 cd A�1) was obtained
for PhOLEDs with emitter 5d, which has a fluorine atom
substituted in the para position of the phenyl ring. Only slightly
lower performance was shown by the devices with emitter 5a,
i.e. complex without a fluorine atom or with emitter 5b with a
fluorine atom in the ortho position. Definitely the least efficient
in electroluminescence turns out to be emitter 5f; the devices
with this emitter show a current efficiency of only 4 cd A�1.
A comparison of the parameters determined for all tested Ir
complex-based devices is shown in Table 5. It should be noted
that although these diodes were not encapsulated, they were
stable over a series of measurements performed in air, lasting
up to 8 hours. One should keep in mind that the lifetime of the
diodes strongly depends on all of its components and not only
on the emitter stability. However, the stability of the emitter
might be verified in the course of CIE chromaticity monitoring,
during the device operation. For all reported diodes, the colour
of emitted light remained unchanged under applied voltages in
the range of 8 to 16 V. For example, the diode based on complex
5d exhibited average coordinates of the emitted light x = 0.428

and y = 0.559, with standard deviation 0.004 and 0.003
respectively, in the voltage range of 8 to 16 V. This indicates
that the electroluminescence properties of the reported iridium
complexes are relatively stable. For more detailed analysis of
the fabricated PhOLEDs performance, we have selected devices
with emitter 5a (as a reference without a fluorine atom), with
emitter 5d (yielding the best PhOLEDs) and with emitter 5f
(yielding the least efficient devices). Fig. 20 shows the basic
characteristics of these devices. The characteristic shapes are
similar, but the current density values at 16 V are different:
180 mA cm�2 for emitter 5a, ca. 250 mA cm�2 for emitter 5d
and over 400 mA cm�2 for emitter 5f. The highest luminance
values, above 11 000 and 9000 cd m�2, were obtained for the
devices based on emitters 5d and 5a, respectively. Their high
performance is confirmed also by the current efficiency–luminance
characteristics presented in the insets in Fig. 20. PhOLEDs based
on the best emitter 5d (Fig. 20b), show the current efficiency of
9.8 cd A�1 at a luminance of over 2100 cd m�2, and 5.5 cd A�1 at
a luminance of over 12 000 cd m�2.

It should be emphasized that the best devices exhibit
quite good parameters, considering that the diodes have the
simplest structure (single layer) and are produced using
solution methods. The performance of the PhOLEDs depends
on the concentration of the emitter in the active layer. To
determine this dependence, a series of devices were prepared
with different contents (from 0.5 to 5.0 wt%) of emitter 5g,
which embedded in the PVK/PBD matrix exhibits the highest
quantum photoluminescence efficiency (30%).

It should be added that we controlled morphology and
surface roughness of the emissive layers using polarized micro-
scopy, AFM (ESI†) and a profilometer. We have not found any
influence of addition of the emitter, even at a concentration of
5 wt%, or of annealing, on morphology and on surface roughness
of the polymer matrix. Fig. 21 shows the J–V and L–V character-
istics of these PhOLEDs. There is a significant decrease in the
value of the current density, by about one order of magnitude, for
the voltage of 16 V with increasing emitter concentration. The
maximum luminance values (at 16 V) are in the range from ca.
4000 cd m�2 for a concentration of 0.5 wt% to over 7000 cd m�2

for 2 wt%. The maximum value of current efficiency (about
7.4 cd A�1) was obtained for the devices with emitter concen-
tration of 3 and 5 wt% (see Fig. 22). A slightly lower value (about
6.4 cd A�1), but with lower dynamics of its decrease for higher
values of current density, was observed for the diodes with the
emission layer with 2% content of this emitter.

Fig. 18 Current density–luminance–voltage (J–L–V) characteristics of
PhOLEDs with PVK/PBD doped with 1 wt% of emitter molecules. Full symbols:
current density–voltage characteristics; empty symbols: luminance–voltage
characteristics.

Fig. 19 Current efficiency–current density dependencies of PhOLEDs
with emitting layer made of PVK/PBD doped with 1 wt% of all the tested
Ir complexes.

Table 5 Parameters of PhOLEDs with PVK/PBD layers doped with 1 wt%
of all the tested Ir complexes

Compound
Lmax

[cd m�2]
Zmax

[cd A�1]
EQE
[%]

EL peak position
[nm]

5a 9500 9.1 2.71 560
5b 10 000 9.7 2.75 553
5c 6200 7.0 1.80 556
5d 13 000 9.8 2.68 554
5e 4800 6.7 1.99 559
5f 5000 4.1 1.13 543
5g 5000 5.8 1.65 550
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However, the current efficiency–luminance characteristics
shown in Fig. 23 indicate that the best performance was

exhibited by the devices with the emitter concentration of
5 wt%. The reduction in current density (Fig. 21) and higher
current efficiency (Fig. 22 and 23) observed for the diodes with
higher emitter concentration may be caused by two effects. The
first one may be an increase in the probability of direct injection
of holes into the emitter molecules in the near-anode area. It
seems to be possible due to the small barrier between the HOMO
levels of PEDOT/PSS (5.2 eV) and the emitter (5.4 eV). In such a
scenario, the transfer of the exciton from the matrix to the
emitter is omitted. The second reason may be the presence of
deep trap states, both for holes (approximately 0.4 eV) and
electrons (approximately 0.3 eV), located on the emitter mole-
cules in the whole volume of the emissive layer. In Fig. 24, the
EL and PL spectra for PhOLEDs and layers with different
concentration of emitter 5g are compared. As one can see, in
contrast to the PL spectra almost complete quenching of PVK/
PBD emission in EL occurs even for the lowest concentration

Fig. 20 Current density–luminance–voltage (J–L–V) characteristics of PhOLEDs with emitting layer made of PVK/PBD doped with 1 wt% of emitter
molecules: 5a (a), 5d (b) and 5f (c). Insets show their current efficiency–luminance dependencies.

Fig. 21 Current density–luminance–voltage (J–L–V) characteristics of
PhOLEDs with emitting layer made of PVK/PBD doped with different concen-
trations (from 0.5 to 5 wt%) of emitter 5g. Full symbols: current density–voltage
characteristics; empty symbols: luminance–voltage characteristics.

Fig. 22 Current efficiency–current density dependency of PhOLEDs with
emitting layer made of PVK/PBD doped with different concentration (from
0.5 to 5 wt%) of 5g emitter.

Fig. 23 Current efficiency–luminance dependency of PhOLEDs with
emitting layer made of PVK/PBD doped with 5g in different concentrations
(from 0.5 to 5 wt%).
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(0.5 wt%) of emitter 5g. In addition, the EL spectra have a
slightly different shape and the maximum emission is a bit red
shifted (about 10 nm) compared to the PL band. In order
to elucidate the possible role of trapping phenomena in the
electroluminescence process, for the best emissive layer, PVK/
PBD with 1 wt% emitter 5d, the spectrally resolved thermo-
luminescence (SRTL) studies were performed.60 Previously pub-
lished SRTL results for the host–guest system with another
iridium complex have shown that trapping of charge carriers
on the emitter molecules competes with the trapping on the
matrix; in the electroluminescence process such trapping results
in efficient formation of excitons on the emitter and finally in
elimination of emission from the matrix.57b,58a Fig. 25 shows
the SRTL results for the undoped PVK/PBD matrix and for the
PVK/PBD matrix doped with 5d iridium complex. Comparison of
both SRTL spectra indicates that the emitter molecules create
deeper and more efficient traps as compared to the traps present
in the undoped PVK/PBD matrix. The TL intensity is about twice
as high as the TL intensity for neat matrix (compare the non-
normalized isothermal spectra shown in Fig. 25c). Comparison
of the monochromatic spectra for neat PVK/PBD and for PVK/
PBD with 1 wt% of emitter 5d (Fig. 25b) leads to a conclusion
that incorporation of the emitter results in an increased relative
intensity of the TL signal in the high temperature range. This
indicates the presence of deeper traps located on the emitter’s
molecules, which is expected taking into account the positions of
HOMO and LUMO levels of emitter 5d in relation to the levels of
PVK/PBD matrix [see Table 3 and Fig. 15].

Comparison of the isothermal spectra of light emitted close
to the TL maximum temperature, i.e. at about 105 K, reveals not

only the large difference in the TL intensity discussed above,
but also a clear difference in the shape of the emission curves
(Fig. 25c). The spectrum obtained for neat PVK/PBD has two
characteristic broad bands: the dominant one with a maximum
at 550 nm and the second one with a maximum at B430 nm.
These bands are assigned to the exciplexes formed between the
carbazole group and oxadiazole molecule: the dominant band
originates from the triplet exciplexes, and the band at 430 nm
can be related to the singlet exciplexes.57b

Due to the fact that the emission band typical of the matrix
with a maximum at 550 nm is very close to the emission band of
the complex molecules (maximum at 560 nm), it is difficult to
clearly identify the active center of radiative recombination in
the TL experiment. However, one can see that the spectrum of
PVK/PBD doped with 5d has no short-wavelength band and the
main emission band with a maximum at B560 nm is much more
intensive and it has a smaller half-width than that for undoped
PVK/PBD matrix. Taking into account the differences, it can be
assumed that in the TL spectrum of PVK/PBD doped with emitter
5d the emission from the iridium complex dominates. Hence, one
can conclude that introduction of the iridium complex molecules
results in formation of new, deeper trapping states which promote
creation of radiative recombination centers directly on the Ir
complex molecule. It is worth noting that the spectrum of light
emitted in the TL experiment for PVK/PBD doped with 5d shown
in Fig. 25c is similar in the shape and in the maximum position to
the EL spectrum for this system (cf. Fig. 16), indicating that in
both TL and EL phenomena the same emission centers operate.
This effect has been already observed for other iridium complexes
embedded in PVK and PVK/PBD.58a,b,63

Conclusions

In summary, a rapid and efficient method involving micro-
waves as a non-classical energy carrier has been successfully

Fig. 24 Comparison of the electroluminescence (a) and photolumines-
cence (b) spectra of emitting layer made of PVK/PBD doped with 5g in
different concentrations (from 0.5 to 5 wt%).

Fig. 25 The SRTL spectra for undoped PVK/PBD layer and for PVK/PBD
layer doped with 1 wt% of emitter 5d: the TL maps (a); normalized
monochromatic TL curves recorded at l B 560 nm (b); non-normalized
isothermal spectra of emitted light recorded at ca. 105 K (c). Straight lines
on the SRTL map indicate: selected wavelength for monochromatic TL
curves (horizontal lines) and selected temperature for isothermal spectra
of emitted light (vertical lines).
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applied in the synthesis of a series of novel heteroleptic
iridium(III) cyclometalated complexes ([Ir(bzq)2(O4N)]) stabilized
with fluorinated b-ketoiminate ancillary ligands. The effects of
aryl imine moiety fluorination on the electronic structure, and
the electrochemical and photophysical properties of new iridium
complexes were studied. For this purpose, appropriate aryl
substituents equipped with a different number of fluorine atoms
located at various positions of the phenyl ring were introduced
into the examined ancillary ligands. TG analysis showed that the
studied complexes are thermally stable up to 270 1C and there is
no correlation between chemical structure of iridium materials
and their thermal stability. Cyclic voltammetry measurements of
new iridium(III) coordination compounds have revealed that
fluorination of phenyl-substituted b-ketoiminate ligands leads
to an increase in the oxidation and ionization potentials of the
studied iridium(III) complexes, however for the reduction process
the effect of structure modification of the ancillary ligand
was negligible. These results were supported by the quantum
chemistry calculations based on DFT methods – we found good
agreement between the calculated HOMO/LUMO energies and
the experimental data.

The photophysical studies have shown, as expected, that the
effect of fluorine substitution on optical properties of the Ir
complexes increases with the growing number of fluorine
atoms. The strongest (although still relatively weak) effect, ca.
20 nm blue-shift of the emission maximum, was found for the
Ir complexes with four or five fluorine atoms substituted to the
phenyl ring of the ancillary ligand.

One can conclude that the theoretical as well as the electro-
chemical and photophysical studies yield a coherent picture
explaining why fluorination of phenyl-substituted b-ketoiminate
ligands does not modify substantially the electronic properties of
iridium complexes. By contrast, the electroluminescence perfor-
mance of the host–guest systems, PVK/PBD layers doped with
1 wt% of studied complexes, depends strongly on the structure of
the fluorinated ligands. While the PL spectra show the presence
of emission bands from both the Ir complex and from the PVK/
PBD matrix, demonstrating incomplete matrix–emitter energy
transfer, in the EL spectra only the emission from the dopant
is visible. Although all PhOLEDs based on the studied emitters
showed electroluminescence spectra of similar shapes (according
to the CIE 1931 diagram, all studied complexes can be qualified
as green-yellow emitters), the maximum current efficiency and
the maximum luminance values are very different for Ir com-
plexes with varied fluorinated ligands. The maximum values,
current efficiency of 9.8 cd A�1 and luminance of 13 000 cd m�2,
were obtained for the Ir complex with one fluorine atom sub-
stituted in the para position in the phenyl ring of the ancillary
ligand, which turned out to be the most efficient emitter among
the studied Ir complexes. The SRTL experiments performed for
the PVK/PBD matrix doped with the most efficient emitter
indicate that the emitter molecules create deep trapping states.
On the basis of the SRTL, PL and EL results, one can conclude
that the introduction of iridium complex molecules results in
efficient formation of excitons on the emitter and in the quench-
ing of matrix emission seen in the EL phenomenon.

Experimental
General information

All synthesis and manipulations were carried out under argon
using standard Schlenk-line and vacuum techniques. The
microwave-assisted reactions were performed with use of a
CEM Discover microwave pressure system (Power max. 300 W,
magnetron frequency 2455 MHz, pressure max. 20 bars).
The chemicals were obtained from the following sources: IrCl3�
3H2O from Pressure Chemicals, acetone, acetylacetone (acacH),
Et2O, MeOH, CDCl3, 1,2-dichloroethane, THF, arylamines from
Aldrich, benzo[h]quinoline (bzqH) from ABCR. The complex
[{Ir(m-Cl)(bzq)2}2] (4)64 was synthesized according to the pub-
lished method. All solvents and liquid reagents were dried
and distilled under argon prior to use. The NMR spectra for 4-
arylimino-2-pentanones were recorded in CDCl3 on a 300 MHz
spectrometer at 298 K, using SiMe4 as internal standard for
1H and 13C measurements and CFCl3 for 19F measurements. For
iridium complexes, the chemical shifts were referenced to the
residual protonated solvent peaks (1H dH = 7.26 ppm, for CDCl3).
HRMS data were obtained on an AMD 402 two-sector mass
spectrometer of B/E geometry.

X-ray crystallography

Diffraction data were collected using the o-scan technique, at
100(1) K on a Rigaku Xcalibur four-circle diffractometer with Eos
CCD detector and graphite-monochromated MoKa radiation
(l = 0.71069 Å). The data were corrected for Lorentz-polarization
as well as for absorption effects.65 Precise unit-cell parameters were
determined by a least-squares fit of reflections of the highest
intensity (3596 for 3f, 10 921 for 5b, 6785 for 5e, 5737 for 5g),
chosen from the whole experiment. The structures were solved with
SHELXT66 and refined with the full-matrix least-squares procedure
on F2 by SHELXL-2013.66 All non-hydrogen atoms were refined
anisotropically, hydrogen atoms in 3f were found in difference
Fourier maps and freely isotropically refined, in all other structures
were placed in idealized positions and refined as a ‘riding model’
with isotropic displacement parameters set at 1.2 (1.5 for methyl
groups) times Ueq of appropriate carrier atoms. In one of the
symmetry-independent molecules of 5b the phenyl ring was found
to be disordered, the s.o.f. converged at 62.3(14)/37.7(14)%. In 5e
the CF3 group was found in two alternative positions with occupa-
tions of 65.4(8)% and 34.6(8)% for more and less occupied posi-
tions, respectively. In both cases the restraints were applied to the
geometry (SAME in 5b, DFIX in 5e) and displacement ellipsoids
(ISOR, RIGU) of disordered fragments. In 5e, additionally, a
disordered solvent molecule was found, which was modelled as
methanol with s.o.f. fixed at 1/2. Table 1S (ESI†) lists the relevant
crystallographic and refinement data.

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Centre,
CCDC 1814938 (3f), 1814939 (5b), 1814940 (5e), and 1814941 (5g).

Thermal analysis

Thermogravimetric analysis (TGA) of the prepared complexes was
carried out using a Q50-TGA thermobalance (TA Instruments, Inc.)
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under N2 flow of 60 mL min�1. Samples (3–7 mg) to be studied
were loaded on a platinum pan and heated from RT to 1000 1C
at a rate of 10 1C min�1.

DSC measurements of prepared complexes were carried out
on samples (3–6 mg) placed in 40 mL aluminum pans with a
pierced lid, in an N2 atmosphere at a flow rate of 20 mL min�1

in a temperature range from �50 to 270 1C at a heating/cooling
rate of 10 1C min�1 using a Mettler-Toledo DSC-1 differential
scanning calorimeter.

Electrochemical properties measurement

Cyclic voltammetry (CV) measurement was performed on an
Autolab PGSTAT 100N using platinum wire as a working
electrode, a platinum spiral as a counter electrode and silver
wire as a pseudo-reference electrode calibrated using ferrocene
as an internal standard. Measurement was carried out in
dichloromethane (Sigma Aldrich, HPLC grade) with 0.2 M
tetrabutylammonium tetrafluoroborate (Bu4NBF4) (TCI, purity
498%) as a supporting electrolyte. Bu4NBF4 was dried in a
vacuum drier for at least 24 hours before use. 2 mM solutions of
studied compounds were used. The solutions were deoxidized
by argon bubbling prior to measurement. Oxidation onset
potential (Eox onset) and reduction onset potential (Ered onset)
were estimated from the intersections of tangential lines of
redox peaks and background line. Ionization potential (IP)
and electron affinity (EA) and electrochemical energy gap (Eg)
were estimated from the equations IP = (5.1 + Eox onset)|e�| and
EA = (5.1 + Ered onset)|e�|, Eg = Eox onset � Ered onset.

Computational methods

All the molecular geometries of the iridium compounds in their
singlet ground state were optimized using density functional
theory (DFT)67 with B3LYP – the hybrid Becke’s three parameter
functional and Lee–Young–Parr exchange–correlation potential.68

B3LYP is one of the most popular functionals and can be applied
for different systems.69 The calculations were performed using the
6-31G(d) basis set for H, C, N, O and F atoms.70 For the Ir metal
center the SDD basis set was selected as it contains an effective
core pseudopotential.71 After preliminary calculations the basis
set was extended from 6-31G(d) to 6-311++G(d,p). The DFT
calculations using the B3LYP,68 M06,72 WB97XD73 functionals
based on the optimized S0 geometries were performed to obtain
the energies of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied orbital (LUMO). The presence of
solvent was included within the SCRF (self-consistent reaction
field) theory using the polarized continuum model (PCM)74 in
chlorobenzene (C6H5Cl)-medium which was used in experi-
mental measurements. All calculations were carried out with
the Gaussian09 software package75 in PL-Grid infrastructure.

Spectroscopic measurements

Absorbance measurements were performed using a Carry
5000 (Varian) spectrometer, whereas photoluminescence was
measured on an Edinburgh Instruments FLS980 spectro-
fluorometer. The luminescence quantum yields of the studied
compounds were detected using an integrating sphere, with

BENFLEC inside coating. The spectra were recorded with a
spectral resolution of 1 nm. For the spectroscopic studies, the
standard 1 cm path length quartz cuvette was used. All com-
pounds were measured in dilute solutions (B10�5 M) of
chlorobenzene. The same equipment was used for thin film
spectroscopic studies of PVK/PBD blend (0.6 : 0.4 weight ratio)
doped with iridium complexes. About 60 nm thin films were
deposited on quartz plates by means of a spin-coating and their
thicknesses were determined by a profilometer (Dektak XT,
Bruker). This profilometer was used also to determine surface
roughness of the samples in area of a few mm2, while for
a smaller area (ca. 10 � 10 mm) atomic force microscope
(FlexAFM with C3000 controller, Nanosurf) was employed.
The homogeneity of the dispersion of the emitter molecules
in the PVK/PBD matrix was controlled by observation of thin
films under the AFM and a polarizing microscope.

Samples of layers (thickness in a 4–5 mm range) for SRTL
experiments were obtained by drop casting from chlorobenzene
solutions onto stainless steel substrates at room temperature.
The samples of PVK/PBD doped with 1 wt% of the tested
complexes were placed between a thermostated stage and
sapphire plate, squeezed together with the aid of a brazen
frame anchored thermally to the stage, in a vacuum chamber
(closed-cycle cryogenic system APD Cryogenics, type Displex).
The SRTL measurements were carried out in the 15–325 K
temperature range under a heating rate of 7 K min�1 after
photoexcitation at 15 K for 10 min by a pulsed nitrogen laser
(l = 337 nm) PTI, model GL-3300. Light emitted during the
SRTL experiment was detected by a specially designed detection
system consisting of an optical collector, optical-fiber cable, a
Micro HR Imaging Spectrograph and a CCD camera (Horriba
Jobin-Yvon). The detailed SRTL experimental procedure was
described previously.57b,63

Fabrication and characterization of PhOLEDs

The PhOLEDs were manufactured on glass substrates using a spin-
coating method followed by a physical evaporation technique.
The active layers were spin-coated from chlorobenzene solu-
tions of PVK/PBD with dopant. Different emitters were added to
the matrix with the same 1 wt% concentration. The dopant
concentration influence on the device parameters were checked
only for 5g in the range of 0.5–5 wt%. These active layers were
deposited on the top of a poly(3,4-ethylenedioxythiophene)
and poly(styrenesulfonate) mixture (PEDOT:PSS) layer spin
coated on an ITO electrode. The emissive layers in the devices
had a thickness of about 60 nm and surface roughness of a
satisfactory level. Measurements using AFM (on a surface
of 10 � 10 mm) indicated that the root square roughness was
in the range of 0.6–1.0 nm. The values of this parameter
determined using the profilometer on a distance similar to
the size of OLEDs (about 2 mm) do not exceed 10 nm. In the
next step the cathode materials were patterned through a
shadow mask with vacuum evaporation. The complete device
stack was ITO/PEDOT:PSS/PVK:PBD+emitter/Ca/Ag as shown in
Fig. 15. The devices were characterized by a Minolta CS-200
camera connected with a Keithley 2400 source measurement
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unit, whereas the electroluminescence spectra were recorded by
a CCD camera 3500 (Horiba Jobin Yvon).

Procedures

Synthesis of N,O-donating ligands – 4-arylimino-2-pentanones
4-Phenylimino-2-pentanone (3a). To a solution of 5.0 g

of acacH (1) (0.05 mol) in benzene, 4.2 g of aniline (2a)
(0.045 mol) and 20 mg of p-toluenesulfonic acid were added.
The obtained mixture was refluxed using Dean–Stark apparatus,
until no further water was generated (ca. 10 h). Then the solvent
was evaporated and the oily residue was crystallized from
hexane. The product was filtered off and dried in vacuum at
r.t. Yield: 7.1 g (40.06 mmol, 90%), m.p. 47–49 1C.

HRMS (m/z): cal. for C11H13NO: 175.0997, found: 175.0971.
1H NMR (CDCl3): d 12.47 (bs, 1H; NH); 7.32 (t, 2H, J = 7.7 Hz;

CAr3,5H); 7.17 (t, 1H, J = 7.7 Hz; CAr4H); 7.09 (d, 2H, J = 7.7 Hz;
CAr2,6H); 5.18 (s, 1H; QCH); 2.09 (s, 3H; C(QO)CH3); 1.98
(s, 3H; QCCH3). 13C NMR (CDCl3): d 196.0 (CQO); 160.1
(QC–N); 138.7 (N-CAr1); 129.0 (CAr2,6); 125.5 (CAr4); 124.7 (CAr3,5);
97.5 (QCH); 29.1 (C(QO)CH3); 19.8 (QCCH3).

4-(2-Fluorophenyl)imino-2-pentanone (3b). 5.1 g (0.046 mol) of
2-fluoroaniline (2b) was used. Yield: 7.3 g (37.39 mmol, 82%),
m.p. 47–48 1C.

HRMS (m/z): cal. for C11H12FNO: 193.0903, found: 193.0888.
1H NMR (CDCl3): d 12.23 (bs, 1H; NH); 7.17 (m, 2H; CAr3,5H);

7.11 (m, 2H; CAr4,6H); 5.25 (s, 1H; QCH); 2.10 (s, 3H;
C(QO)CH3); 1.93 (s, 3H; QCCH3). 13C NMR (CDCl3): d 196.7
(CQO); 160.4 (QC–N); 156.6 (d, J = 248.1 Hz; CAr2F); 127.2 (d,
J = 7.7 Hz; CAr4); 127.1 (CAr5); 126.8 (d, J = 12.8 Hz; N-CAr1); 124.3
(d, J = 4.0 Hz; CAr6); 116.2 (d, J = 20.3 Hz; CAr3); 98.1 (QCH); 29.2
(C(QO)CH3); 19.5 (d, J = 2.6 Hz; QCCH3). 19F NMR (CDCl3):
�123.0 (ddd, J = 12.4, 8.1 & 5.2 Hz).

4-(3-Fluorophenyl)imino-2-pentanone (3c). 5.1 g (0.046 mol) of
3-fluoroaniline (2c) was used. Yield: 6.9 g (35.35 mmol, 78%),
m.p. 38–40 1C.

HRMS (m/z): cal. for C11H12FNO: 193.0903, found: 193.0914.
1H NMR (CDCl3): d 12.49 (bs, 1H; NH); 7.27 (td, 1H, J = 8.1 &

6.7 Hz; CAr5H); 6.86 (m, 2H; CAr2,4H); 6.81 (dt, 1H, J = 10.0 & 2.1
Hz; CAr6H); 5.20 (s, 1H; QCH); 2.09 (s, 3H; C(QO)CH3); 2.02
(s, 3H; QCCH3). 13C NMR (CDCl3): d 196.6 (CQO); 162.8
(d, J = 247.1 Hz; CAr3F); 159.3 (QC–N); 140.4 (d, J = 10.0 Hz;
N-CAr1); 130.2 (d, J = 9.4 Hz; CAr5); 119.9 (d, J = 3.1 Hz; CAr6);
112.0 (d, J = 21.1 Hz; CAr2); 111.4 (d, J = 23.4 Hz; CAr4); 98.4
(QCH); 29.2 (C(QO)CH3); 19.9 (QCCH3). 19F NMR (CDCl3):
�112.1 (ddd, J = 10.0, 7.6 & 6.7 Hz).

4-(4-Fluorophenyl)imino-2-pentanone (3d). 4.9 g (0.044 mol) of
4-fluoroaniline (2d) was used. Yield: 6.5 g (33.30 mmol, 76%),
m.p. 45–46 1C.

HRMS (m/z): cal. for C11H12FNO: 193.0903, found: 193.0927.
1H NMR (CDCl3): d 12.33 (bs, 1H; NH); 7.06 (m, 2H; CAr2H);

7.02 (m, 2H; CAr3H); 5.17 (s, 1H;QCH); 2.08 (s, 3H; C(QO)CH3);
1.91 (s, 3H; QCCH3). 13C NMR (CDCl3): d 196.3 (CQO); 160.6
(d, J = 245.8 Hz; CAr4F); 160.4 (QC–N); 134.7 (d, J = 3.2 Hz;
N-CAr1); 126.8 (d, J = 8.4 Hz; CAr2,6); 115.8 (d, J = 22.6 Hz; CAr3,5);

97.5 (QCH); 29.1 (C(QO)CH3); 19.6 (QCCH3). 19F NMR (CDCl3):
�116.9 (ttd, J = 8.1, 5.1 & 0.7 Hz).

4-(4-Trifluoromethylphenyl)imino-2-pentanone (3e). 7.3 g
(0.045 mol) of 4-trifluoromethylaniline (2e) was used. Yield:
9.9 g (40.37 mmol, 90%), m.p. 70–71 1C.

HRMS (m/z): cal. for C12H12F3NO: 243.0871, found:
243.0879.

1H NMR (CDCl3): d 12.61 (bs, 1H; NH); 7.57 (d, 2H, J = 8.4 Hz;
CAr3,5H); 7.18 (m, 2H, 8.4 Hz; CAr2,6H); 5.25 (s, 1H;QCH); 2.11
(s, 3H; C(QO)CH3); 2.07 (s, 3H;QCCH3).

13C NMR (CDCl3): d 197.1 (CQO); 158.6 (QC–N); 142.2
(N-CAr1); 126.7 (q, J = 33.1 Hz; CAr4CF); 126.3 (q, J = 3.4 Hz;
CAr3,5); 124.0 (q, J = 271.4 Hz; CF3); 123.5 (CAr2,6); 99.3 (QCH);
29.3 (C(QO)CH3); 20.1 (d, J = 2.6 Hz; QCCH3). 19F NMR
(CDCl3): �62.7 (s).

4-(2,3,4,5,6-Pentafluorophenyl)imino-2-pentanone (3f). In a pressure
glass vessel of 10 mL capacity, equipped with a magnetic stirrer,
0.87 g (4.84 mmol, 1 eq.) of C6F5NH2 (2f), 2.42 g (24.22 mmol;
ca. 5 eq.) of acacH (1), 29.7 mg (0.0484 mmol) of Er(OTf)3 and
3.00 mL of dried and deoxygenated toluene were placed. The
reactor was sealed by a plastic cap equipped with elastic
membrane and then placed in the chamber of a microwave
radiation source. The thus prepared reaction system was sealed
with the encapsulating head, equipped with a pressure sensor.
The reaction was conducted for 10 minutes at 150 1C, irradiat-
ing the mixture with microwaves (150 W and frequency
2445 MHz). After this time, the solvent and excess of acacH
were fully evaporated from the post-reaction mixture under
reduced pressure. The remaining crude product was purified
by column chromatography using silica as the solid phase.
The reaction mixture was applied on the top of the column
and separation was carried out using a n-hexane/DCM mixture
(9 : 1, v/v). The purified material was dried in vacuo for 4 hours.
The desired product 3f was obtained in 85% yield (1.1 g,
4.12 mmol), m.p. 93–95 1C.

HRMS (m/z): cal. for C11H8F5NO: 265.0526 found: 265.0525.
1H NMR (CDCl3): d 11.90 (bs, 1H; NH); 5.38 (s, 1H; QCH);

2.12 (s, 3H; C(QO)CH3); 1.84 (s, 3H;QCCH3).
13C NMR (CDCl3): d 198.1 (CQO); 159.8 (QC–N); 143.5 (ddq,

J = 248.9, 11.6 & 4.1 Hz; CAr2,6F); 139.9 (dtt, J = 254.8, 13.3 &
4.2 Hz; CAr4F); 137.8 (ddddd, J = 252.4, 16.0, 12.6, 5.0 & 3.2;
CAr3,5F); 114.5 (t; J = 13.9 Hz; N-CAr1); 99.6 (QCH); 29.3
(C(QO)CH3); 18.8 (d, J = 2.6 Hz; QCCH3). 19F NMR (CDCl3):
�146.6 (m; CAr2,6F); �156.8 (t, 1F, J = 21.3 Hz; CAr4F); �162.4
(m; CAr3,5F).

Synthesis of iridium(III) complexes
[Ir(bzq)2{MeC(O)QQQCHC(QQQNPh)Me}] (5a). In a Schlenk vessel

equipped with a magnetic stirrer, 60.0 mg (1.505 mmol; ca.
8.8 eq.) of NaH (60% dispersion in mineral oil) was placed and
washed with n-pentane (3 � 3 mL), then 3 mL of dried and
deoxygenated THF was added. In the next step, to the stirred
NaH suspension, 66.0 mg (0.377 mmol; 2.2 eq.) of 3a
was introduced. The reaction was conducted until hydrogen
evolution ceased. The mixture obtained was transferred by a
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syringe equipped with a syringe-filter disc to a pressure glass
vessel of 10 mL capacity, in which a portion of 200.00 mg
(0.171 mmol, 1.0 eq.) of [{Ir(bzq)2(m-Cl)}2] (4) and 5 mL of
anhydrous and deoxygenated THF were placed under inert
atmosphere. The reactor was sealed by a plastic cap equipped
with elastic membrane and then placed in the chamber of a
microwave radiation source. The thus prepared reaction system
was sealed with an encapsulating head, equipped with a
pressure sensor. The reaction was conducted for 15 minutes
at 80 1C, irradiating the mixture with microwaves (150 W
and frequency 2445 MHz). After this time, the solvent was
fully evaporated from the post-reaction mixture under reduced
pressure. The remaining crude product was purified by
column chromatography using silica as the solid phase. At
the beginning, the reaction mixture applied on the top of the
column was washed with a n-hexane/DCM mixture (1 : 3, v/v).
After washing off the excess of pure ligand, separation was
carried out using pure DCM as the eluent. The purified material
was dried in vacuo for 4 hours. The desired product 5a was
obtained in 65% yield (160 mg, 0.222 mmol). HRMS (EI) calc.
for C37H28IrN3O: [M]+ 723.1862, found 723.1870. 1H NMR
(300 MHz, CDCl3, 300 K) d (ppm) = 9.32 (d, 3JH–H = 6.00 Hz,
1H); 9.12 (d, 3JH–H = 6.00 Hz); 8.23 (d, 3JH–H = 9.00 Hz, 1H); 8.15
(d, 3JH–H = 6.00 Hz, 1H); 7.73 (d, 3JH–H = 9.00 Hz, 2H); 7.59
(m, 4H); 7.23 (d, 3JH–H = 9.00 Hz, 2H); 6.91 (m, 2H); 6.61 (t,
3JH–H = 6.00 Hz, 1H); 6.31 (m, 4H); 5.97 (3JH–H, 2H); 4.87 (s, 1H,
QCH–); 4.71 (d, 3JH–H = 9.00 Hz, 1H); 1.70 (s, 3H, –CH3); 1.60
(s, 3H, –CH3).

[Ir(bzq)2{MeC(O)QQQCHC(QQQN(2-F-C6H4))Me}] (5b). Following
the procedure used for preparation of 5a, the reaction was
carried out with 158.00 mg (0.135 mmol, 1.0 eq.) of 4, 48.00 mg
(1.188 mmol, 8.8 eq.) of NaH and 58.00 mg (0.297 mmol,
2.2 eq.) of 3b. The remaining crude product was purified by
column chromatography using silica as the solid phase. At the
beginning the reaction mixture applied on the top of the
column was washed with a n-hexane/DCM mixture (1 : 1, v/v).
After washing off the excess of pure ligand, separation was
carried out using pure DCM as the eluent. The desired product
5b was obtained in 72% yield (144 mg, 0.194 mmol).

HRMS (EI) calc. for C37H27FIrN3O: [M]+ 741.1767, found
741.1772; 1H NMR (300 MHz, CDCl3, 300 K) d (ppm) = 9.24
(dd, 3JH–H = 9.00 Hz, J = 5.22 Hz, 1H); 9.09 (t, 3JH–H = 6.00 Hz,
1H); 8.23 (m, 1H); 8.16 (m, 3JH–H = 8.00 Hz, 1H); 7.59 (m, 3H);
7.49 (d, 3JH–H = 9.00 Hz, 2H); 7.24 (d, 3JH–H = 9.00 Hz, 1H);
6.93 (m, 2H); 6.66 (dt, 3JH–F = 25.00 Hz, 3JH–H = 9.00 Hz; 1H);
6.39–5.85 (m, 5H); 4.87 (s, 1H,QCH–); 4.45 (m, 1H); 1.70 (s, 3H,
–CH3); 1.61 (s, 3H, –CH3).

[Ir(bzq)2{MeC(O)QQQCHC(QQQN(3-F-C6H4))Me}] (5c). Following
the procedure used for preparation of 5a, the reaction was
carried out with 158.00 mg (0.135 mmol, 1.0 eq.) of 4, 48.00 mg
(1.188 mmol, 8.8 eq.) of NaH and 58.00 mg (0.297 mmol,
2.2 eq.) of 3c. The remaining crude product was purified by
column chromatography using silica as the solid phase. At the
beginning the reaction mixture applied on the top of the

column was washed with a n-hexane/DCM mixture (1 : 1, v/v).
After washing off the excess of pure ligand, separation was
carried out using a n-hexane/DCM mixture (1 : 3, v/v). The desired
product 5c was obtained in 66% yield (132 mg, 0.178 mmol) –
mixture of two isomers 40/60.

HRMS (EI) calc. for C37H27FIrN3O: [M]+ 741.1767, found
741.1774; 1H NMR (300 MHz, CDCl3, 300 K) d (ppm) =
1H NMR (300 MHz, CDCl3, 300 K) d (ppm) = 9.45 (dd, 3JH–H =
6.00 Hz, J = 5.22 Hz, 1H, first isomer); 9.29 (d, 3JH–H = 6.00 Hz,
1H, second isomer) 9.14 (t, 3JH–H = 6.00 Hz, 1H, first isomer);
9.06 (d, 3JH–H = 6.00 Hz, 1H, second isomer); 8.20 (m, 4H);
7.73 (m), 7.58 (m), 7.45 (m) (12H); 7.22 (d, 3JH–H = 6.00 Hz, 2H);
6.91 (m, 4H); 6.62 (m, 2H); 6.40–6.05 (m, 7H); 5.96 (d, 3JH–H =
6.00 Hz, 1H); 5.81 (m); 5.68 (m, 1H); 4.94 (s, 1H,QCH–, second
isomer); 4.87 (s, 1H, QCH–, first isomer); 4.61 (t, 3JH–H =
9.00 Hz, 1H); 1.72 (s, 3H, –CH3, second isomer); 1.68 (s, 3H,
–CH3, first isomer); 1.63 (s, 3H, –CH3, second isomer); 1.61
(s, 3H, –CH3, first isomer).

[Ir(bzq)2{MeC(O)QQQCHC(QQQN(4-F-C6H4))Me}] (5d). Following
the procedure used for preparation of 5a, the reaction was
carried out with 158.00 mg (0.135 mmol, 1.0 eq.) of 4, 48.00 mg
(1.188 mmol, 8.8 eq.) of NaH and 58.00 mg (0.297 mmol,
2.2 eq.) of 3d. The remaining crude product was purified by
column chromatography using silica as the solid phase. At the
beginning the reaction mixture applied on the top of the column
was washed with a n-hexane/DCM mixture (1 : 1, v/v). After
washing off the excess of pure ligand, separation was carried
out using pure DCM as the eluent. The desired product 5d was
obtained in 66% yield (180 mg, 0.243 mmol).

HRMS (EI) calc. for C37H27FIrN3O: [M]+ 741.1767, found
741.1770; 1H NMR (300 MHz, CDCl3, 300 K) d (ppm) = 9.26
(d, 3JH–H = 6.00 Hz, 1H); 9.11 (d, 3JH–H = 6.00 Hz, 1H); 8.23
(d, 3JH–H = 9.00 Hz, 1H); 8.15 (d, 3JH–H = 9.00 Hz, 1H); 7.74 (d,
3JH–H = 9.00 Hz, 1H); 7.58 (m, 3H); 7.48 (m, 2H); 7.24 (d, 3JH–H =
9.00 Hz, 1H); 6.94 (m, 2H); 6.64 (t, 3JH–H = 6.00 Hz; 1H); 6.32
(d, 3JH–H = 9.00 Hz, 1H); 6.25 (m, 1H); 6.05 (dt, 3JH–H = 9.00 Hz,
3JH–H = 3.00 Hz, 1H); 5.96 (d, 3JH–H = 9.00 Hz, 1H); 5.65 (dt,
3JH–H = 9.00 Hz, J = 3.00 Hz, 1H); 4.86 (s, 1H,QCH–); 4.63 (m,
1H); 1.69 (s, 3H, –CH3); 1.59 (s, 3H, –CH3).

[Ir(bzq)2{MeC(O)QQQCHC(QQQN(4-CF3-C6H4))Me}] (5e). Following
the procedure used for preparation of 5a, the reaction was
carried out with 150.00 mg (0.128 mmol, 1.0 eq.) of 4, 46.00 mg
(1.126 mmol, 8.8 eq.) of NaH and 68.00 mg (0.282 mmol,
2.2 eq.) of 3e. The remaining crude product was purified by
column chromatography using silica as the solid phase. At the
beginning the reaction mixture applied on the top of the
column was washed with a n-hexane/DCM mixture (1 : 1, v/v).
After washing off the excess of pure ligand, separation was
carried out using pure DCM as the eluent. The desired product
5e was obtained in 65% yield (130 mg, 0.166 mmol).

HRMS (EI) calc. for C38H27F3IrN3O: [M]+ 791.1735, found
791.1744; 1H NMR (300 MHz, CDCl3, 300 K) d (ppm) = 9.26
(d, 3JH–H = 6.00 Hz, 1H); 9.09 (d, 3JH–H = 6.00 Hz, 1H); 8.25
(d, 3JH–H = 9.00 Hz, 1H); 8.15 (d, 3JH–H = 6.00 Hz, 1H); 7.75
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(d, 3JH–H = 9.00 Hz, 1H); 7.61 (d, 3JH–H = 9.00 Hz, 1H); 7.59 (m,
2H); 7.43 (s, 2H); 7.25 (d, 3JH–H = 6.00 Hz, 1H); 6.94 (m, 2H); 6.64
(t, 3JH–H = 9.00 Hz, 1H); 6.55 (d, 3JH–H = 9.00 Hz, 1H); 6.33
(m, 2H); 6.18 (d, 3JH–H = 9.00 Hz); 5.94 (d, 3JH–H = 6.00 Hz, 1H);
4.90 (s, 1H, QCH–); 4.75 (d, 3JH–H = 9 Hz, 1H); 1.70 (s, 3H,
–CH3); 1.61 (s, 3H, –CH3).

[Ir(bzq)2{MeC(O)QQQCHC(QQQNC6F5)Me}] (5f). Following the pro-
cedure used for preparation of 5a, the reaction was carried out
with 360.00 mg (0.308 mmol, 1.0 eq.) of 4, 108.00 mg
(2.710 mmol, 8.8 eq.) of NaH and 180.00 mg (0.677 mmol,
2.2 eq.) of 3f. The remaining crude product was purified by
column chromatography using silica as the solid phase and a
n-hexane/DCM mixture (1 : 2, v/v). After washing off the excess
of pure ligand, separation was carried out using pure DCM as
the eluent. The desired product 5f was obtained in 76% yield
(380 mg, 0.4683 mmol).

HRMS (EI) calc. for C37H23F5IrN3O: [M]+ 813.1391, found
813.1402; 1H NMR (300 MHz, CDCl3, 300 K) d (ppm) = 9.26
(m, 1H); 9.02 (d, J = 6 Hz, 1H); 8.23 (dt; J = 6 Hz, 2H); 7.74
(d, J = 9 Hz, 1H); 7.58 (m, 5 H); 7.27 (d, J = 6 Hz, 1H); 7.07
(d, J = 6 Hz, 1H); 6.95 (t, J = 9 Hz; 1H); 6.79 (t, J = 6 Hz, 1H); 6.27
(d, J = 9 Hz, 1H); 6.16 (dd, J = 9 Hz, J = 3 Hz, 1H); 5.03 (s, 1H,
QCH–); 1.74 (s, 3H, –CH3); 1.65 (s, 3H, –CH3).

[Ir(bzq)2{MeC(O)QQQCHC(QQQN(4-MeOCH2CH2OC6F4))Me}] (5g). In a
Schlenk vessel equipped with a magnetic stirrer, 200.00 mg
(0.246 mmol, 1.00 eq.) of 5f and 6 mL of dried and deoxygenated
THF were placed, then 12.00 mg (ca. 0.313 mmol, 1.27 eq.) of NaH
(60% dispersion in mineral oil) was added. In the next step, to the
vigorously stirred mixture, 40 mL (0.507 mmol, 2.1 eq.) of MeOCH2-
CH2OH was slowly introduced. The reaction was conducted for 72 h
at 80 1C. After this time all volatile ingredients were evaporated
under reduced pressure. The remaining crude product was dissolved
in a small amount of 1,2-dichloroethane (DCE), then the solution
obtained was applied on top of a column with silica. Separation was
carried out using a n-hexane/DCE mixture (2 : 3, v/v). The purified
material was dried in vacuo for 6 hours. The desired product 5g was
obtained in 68% yield (145 mg, 0.167 mmol).

HRMS (EI) calc. for C40H30F4IrN3O3: [M]+ 869.1853, found
869.1859; 1H NMR (300 MHz, CDCl3, 300 K) d (ppm) = 9.29 (m,
1H); 9.03 (d, 3JH–H = 6.00 Hz, 1H); 8.23 (dd, 3JH–H = 6.00 Hz, 2H);
7.73 (d, 3JH–H = 6.00 Hz, 1H); 7.60 (d, 3JH–H = 6.00 Hz, 1H); 7.56 (m,
4H); 7.24 (d, 3JH–H = 6.00 Hz, 1H); 7.00 (d, 3JH–H = 9.00 Hz, 1H);
6.93 (t, 3JH–H = 9.00 Hz, 1H); 6.77 (t, 3JH–H = 9.00 Hz, 1H); 6.20 (m,
2H); 5.02 (s, 1H,QCH–); 3.86 (m, 2H, –CH2–); 3.57 (t, 2H, –CH2–);
3.41 (s, 3H, –OCH3); 1.73 (s, 3H, –CH3); 1.65 (s, 3H, –CH3).

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Science Centre (Poland)
through grant no. UMO-2013/11/B/ST5/01334. This research was

supported in part by the PL-Grid Infrastructure. E. Witkowska
acknowledges the financial support of the National Science Centre
(Poland) through the grant no. UMO-2017/24/T/ST5/00017.

References

1 S. Miyata and H. S. Nalawa, in Organic Electroluminescent
Materials and Devices, ed. S. Miyata and H. S. Nalawa, CRC
Press, London, 1997, p. 496.

2 Z. R. Li, in Organic Light-Emitting Materials and Devices, ed.
Z. R. Li, CRC Press, Boca Raton, FL, 2nd edn, 2015, p. 813.

3 H. Yersin, in Highly Efficient OLEDs with Phosphorescent
Materials, ed. H. Yersin, Wiley-VCH Verlag GmbH and KgaA,
Weinheim, 2008, p. 438.

4 L. F. R. Pereira, in Organic Light Emitting Diodes: the Use of
Rare Earth and Transition Metals, ed. L. F. R. Pereira, CRC
Press, Hoboken, NJ, 2012, p. 341.

5 (a) T. Sajoto, P. I. Djurovich, A. B. Tamayo, M. Yousufuddin,
R. Bau, M. E. Thompson, R. J. Holmes and S. R. Forrest, Inorg.
Chem., 2005, 44, 7992–8003; (b) C.-H. Chien, S. Fujita, S. Yamoto,
T. Hara, T. Yamagata, M. Watanabe and K. Mashima, Dalton
Trans., 2008, 916–923; (c) J. Lee, H.-F. Chen, T. Batagoda,
C. Coburn, P. I. Djurovich, M. E. Thompson and S. R. Forrest,
Nat. Mater., 2016, 15, 92–98; (d) R. J. Holmes, S. R. Forrest,
T. Sajoto, A. Tamayo, P. I. Djurovich, M. E. Thompson, J. Brooks,
Y.-J. Tung, B. W. D’Andrade, M. S. Weaver, R. C. Kwong and
J. J. Brown, Appl. Phys. Lett., 2005, 87, 243507; (e) H. Sasabe,
J.-I. Takamatsu, T. Motoyama, S. Watanabe, G. Wagenblast,
N. Langer, O. Molt, E. Fuchs, C. Lennartz and J. Kido, Adv.
Mater., 2010, 22, 5003–5007.

6 (a) Y.-C. Chiu, C.-H. Lin, J.-Y. Hung, Y. Chi, Y.-M. Cheng,
K.-W. Wang, M.-W. Chung, G.-H. Lee and P.-T. Chou, Inorg.
Chem., 2009, 48, 8164–8172; (b) C.-H. Lin, Y.-Y. Chang,
J.-Y. Hung, C.-Y. Lin, Y. Chi, M.-W. Chung, C.-L. Lin,
P.-T. Chou, G.-H. Lee, C.-H. Chang and W.-C. Lin, Angew.
Chem., Int. Ed., 2011, 50, 3182–3186.

7 E. Zysman-Colman, Iridium(III) in optoelectronic and photo-
nics applications, John Wiley & Sons, Newark, NJ, 2017.

8 F. Xu, J.-H. Kim, H. U. Kim, D. Mi, Y. J. Cho, J. Y. Lee,
U. Ch. Yoon and D.-H. Hwang, Synth. Met., 2013, 178, 10–17.

9 S. Lamansky, P. Djurovich, D. Murphy, F. Abdel-Razzaq,
H.-E. Lee, C. Adachi, P. E. Burrows, S. R. Forrest and M. E.
Thompson, J. Am. Chem. Soc., 2001, 123, 4304–4312.

10 M. K. Nazeeruddin, R. Humphry-Baker, D. Berner, S. Rivier,
L. Zuppiroli and M. Graetzel, J. Am. Chem. Soc., 2003, 125,
8790–8797.

11 R. Tao, J. Qiao, G. Zhang, L. Duan, L. Wang and Y. Qiu,
J. Phys. Chem. C, 2012, 116, 11658–11664.

12 Q. Zhao, C. Huang and F. Li, Chem. Soc. Rev., 2011, 40,
2508–2524.

13 E. Baggaley, J. A. Weinstein and J. A. G. Williams, Coord.
Chem. Rev., 2012, 256, 1762–1785.

14 Y. Yang, Q. Zhao, W. Feng and F. Li, Chem. Rev., 2013, 113,
192–270.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 1
1 

Ju
ly

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

w
er

sy
te

t i
m

 A
da

m
a 

M
ic

ki
ew

ic
za

 o
n 

4/
21

/2
02

0 
9:

44
:5

3 
PM

. 
View Article Online

https://doi.org/10.1039/c8tc02890g


This journal is©The Royal Society of Chemistry 2018 J. Mater. Chem. C, 2018, 6, 8688--8708 | 8707

15 A. Maity, J.-S. Choi, T. S. Teets, N. Deligonul, A. J. Berdis and
T. G. Gray, Chem. – Eur. J., 2013, 19, 15924–15932.

16 G. Li, Q. Lin, L. Ji and H. Chao, J. Mater. Chem. B, 2014, 2,
7918–7926.

17 L. C.-C. Lee, J. C.-W. Lau, H.-W. Liu and K. K.-W. Lo, Angew.
Chem., Int. Ed., 2016, 55, 1046–1049.

18 K.-W. K. Lo, C.-K. Chung, T. K.-M. Lee, L.-H. Lui, K. H.-K.
Tsang and N. Zhu, Inorg. Chem., 2003, 42, 6886–6897.

19 K. K.-W. Lo, D. Ch.-M. Ng and Ch.-K. Chung, Organometallics,
2001, 20, 4999–5001.

20 K. K.-W. Lo and A. H.-H. Leung, Sci. China: Chem., 2010, 53,
2091–2098.

21 W. H.-T. Law, L. C.-C. Lee, M.-W. Louie, H.-W. Liu, T. W.-H. Ang
and K. K.-W. Lo, Inorg. Chem., 2013, 52, 13029–13041.

22 C. K. Prier, D. A. Rankic and D. W. C. MacMillan, Chem.
Rev., 2013, 113, 5322–5363.

23 Z. Zuo, D. T. Ahneman, L. Chu, J. A. Terrett, A. G. Doyle and
D. W. C. MacMillan, Science, 2014, 345, 437–440.

24 T. P. Yoon, M. A. Ischay and J. Du, Nat. Chem., 2010, 2,
527–532.

25 K. Dedeian, P. I. Djurovich, F. O. Garces, G. Carlson and
R. J. Watts, Inorg. Chem., 1991, 30, 1685–1687.

26 A. B. Tamayo, B. D. Alleyne, P. I. Djurovich, S. Lamansky,
I. Tsyba, N. N. Ho, R. Bau and M. E. Thompson, J. Am. Chem.
Soc., 2003, 125, 7377–7387.

27 (a) B. Orwat, E. Witkowska, I. Kownacki, M.-J. Oh, M. Hoffmann,
M. Kubicki, I. Grzelak, B. Marciniec, I. Glowacki, B. Luszczynska,
G. Wiosna-Salyga, J. Ulanski, P. Ledwon and M. Lapkowski,
Dalton Trans., 2017, 46, 9210; (b) E. A. Plummer, A. van Dijken,
J. W. Hofstraat, L. De Cola and K. Brunner, Adv. Funct. Mater.,
2005, 15, 281–289; (c) K. K.-W. Lo, C.-K. Chung, T. K.-M. Lee,
L.-H. Lui, K. H.-K. Tsang and N. Zhu, Inorg. Chem., 2003, 42,
6886–6897; (d) K. K.-W. Lo, J. S.-W. Chan, C.-K. Chung,
V. W.-H. Tsang and N. Zhu, Inorg. Chim. Acta, 2004, 357,
3109–3118; (e) M. S. Lowry, W. R. Hudson, R. A. Pascal Jr. and
S. Bernhard, J. Am. Chem. Soc., 2004, 126, 14129–14135;
( f ) S. Salinas, M. A. Soto-Arriaza and B. Loeb, Polyhedron,
2011, 30, 2863–2869; (g) C. Dragonetti, A. Valore, A. Colombo,
S. Righetto and V. Trifiletti, Inorg. Chim. Acta, 2012, 388, 163–167;
(h) K. Huang, I. W. Bulik and A. A. Marti, Chem. Commun., 2012,
48, 11760–11762; (i) K.-H. Leung, H.-Z. He, V. P.-Y. Ma,
H.-J. Zhong, D. S.-H. Chan, J. Zhou, J.-L. Mergny, C.-H. Leung
and D.-L. Ma, Chem. Commun., 2013, 49, 5630–5632; ( j) D.-L.
Ma, L.-J. Liu, K.-H. Leung, Y.-T. Chen, H.-J. Zhong, D. S.-H. Chan,
H.-M. D. Wang and C.-H. Leung, Angew. Chem., Int. Ed., 2014, 53,
9178–9182; (k) H. Ahmad, A. Wragg, W. Cullen, C. Wombwell,
A. J. H. M. Meijer and J. A. Thomas, Chem. – Eur. J., 2014, 20,
3089–3096; (l) Z. Wu, J. Mu, Q. Wang, X. Chen, L. Jensen, Ch. Yi
and M.-J. Li, J. Organomet. Chem., 2015, 791, 175–182.

28 (a) S. B. Meier, W. Sarfert, J. M. Junquera-Hernández,
M. Delgado, D. Tordera, E. Ortı́, H. J. Bolink, F. Kessler,
R. Scopelliti, M. Grätzel, M. K. Nazeeruddin and E. Baranoff,
J. Mater. Chem. C, 2013, 1, 58; (b) C.-H. Yang, J. Beltran,
V. Lemaur, J. Cornil, D. Hartmann, W. Sarfert, R. Fröhlich,
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1. Spectroscopic data of 4-arylimino-2-pentanones

4-Phenylimino-2-pentanone (3a)
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4-(2-Fluorophenyl)imino-2-pentanone (3b)
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4-(3-Fluorophenyl)imino-2-pentanone (3c)
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4-(4-Fluorophenyl)imino-2-pentanone (3d)
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4-(4-Trifluoromethylphenyl)imino-2-pentanone (3e)
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4-(2,3,4,5,6-Pentafluorophenyl)imino-2-pentanone (3f)

S13
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2. Crystallographic data

Table 1S. Crystal data, data collection and structure refinement

Compound 3f 5b 5e 5g

Formula C11H8F5NO C37H27FIrN3O C38H27F3IrN3O2

·1/2(CH3OH)
C40H30F4IrN3O

Formula weight 265.18 740.81 806.85 868.87
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P21/c P21/c C2/c I2/a
a(Å) 10.8061(4) 16.3067(4) 27.6629(10) 16.4734(6)
b(Å) 8.7128(3) 18.7491(4) 9.1355(2) 12.7322(5)
c(Å) 11.6109(4) 19.7051(5) 29.0965(11) 31.2845(11)
α(°) 90 90 90 90
(º) 90.422(3) 108.847(3) 117.344(5) 99.973(3)
γ(°) 90 90 90 90
V(Å3) 1093.15(7) 5701.5(3) 6531.5(5) 6462.5(4)
Z 4 8 8 8
Dx(g cm-3) 1.61 1.73 1.64 1.79
F(000) 536 2912 3176 3424
(mm-1) 0.16 4.73 4.14 4.20
 range (0) 3.47 – 27.03 3.06 – 26.52 3.06 – 27.01 2.95 – 28.31
Reflections:

collected 7398 24228 14409 14925
unique (Rint) 2234 (0.014) 10919 (0.037) 6545 (0.022) 6750 (0.021)
with I>2σ(I) 2042 8514 5874 5971

R(F) [I>2σ(I)] 0.032 0.047 0.035 0.026
wR(F2) [I>2σ(I)] 0.084 0.094 0.100 0.068
R(F) [all data] 0.036 0.067 0.041 0.033
wR(F2) [all data] 0.086 0.102 0.105 0.072
Goodness of fit 1.05 1.05 1.07 1.01
max/min  (e Å-3) 0.20/-0.20 2.87/-1.81 1.16/-0.85 2.09/-1.06
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Table 2S. Hydrogen bond data (Å, °)

D H A D-H H···A D···A D-H···A

3f

N7 H7 O10 0.881(18) 1.978(17) 2.6669(14) 134.0(15)

N7 H7 O10i 0.881(18) 2.293(18) 2.9749(14) 134.1(14)

C81 H81A F2 0.96(2) 2.431(19) 3.0451(17) 121.2(14)

C81 H81A F2ii 0.96(2) 2.53(2) 3.2224(16) 128.3(14)

Symmetry codes: i 1-x,1-y,1-z; ii 1-x,1-y,-z; 

Figure 1S.
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Table 3S. Selected geometrical data (Å,º) with s.u.’s in parentheses (second line, if exists, refers to 
alternative, less-occupied part). A and B denote least squares planes of aromatic ring and chain.

3f 5bA 5bB 5e 5g 
Ir1-N7 2.154(8) 2.171(6) 2.173(4) 2.153(3)
Ir1-O10 2.133(6) 2.152(6) 2.144(3) 2.133(3)
Ir1-N12 2.065(7) 2.037(6) 2.048(4) 2.037(3)
Ir1-C23 2.008(9) 2.006(8) 2.012(5) 1.970(3)
Ir1-N26 2.042(7) 2.045(6) 2.035(4) 2.049(3)
Ir1-C37 1.996(8) 2.016(8) 1.992(4) 2.012(3)
N7-Ir1-C23 173.3(3) 173.4(3) 175.18(15) 176.58(11)
O10-Ir1- C37 174.1(3) 175.2(3) 176.37(15) 175.58(11)
N12-Ir1-N26 176.2(3) 174.9(3) 175.34(15) 174.20(11)
C1-N7-C8 125.00(11) 118.3(8) 117.7(10)

119.9(13)

119.1(4) 119.1(3)

C13-N12-C25 120.1(8) 118.7(7) 118.1(4) 118.9(3)
C22-C23-C24 114.5(9) 115.5(8) 116.3(4) 114.0(3)
C27-N26-C39 119.3(7) 118.5(7) 118.0(4) 118.6(3)
C36-C37-C38 115.7(8) 115.8(7) 114.8(4) 116.2(3)

C2-C1-N7-C8 63.17(17) -94.8(11) -112.7(17)

78(3)

-72.5(6) 83.4(4)

C6-C1-N7-C8 -120.14(14) 87.2(10) 70(2)

-107(3)

114.8(5) -106.7(4)

C1-N7-C8-C9 -177.59(12) -167.1(8) -163.5(9)

-177.2(9)

165.7(4) -172.3(3)

C1-N7-C8-C81 4.93(19) 12.7(12) 13.6(12)

0.0(13)

-12.6(6) 9.1(5)

N7-C8-C9-C10 -0.6(2) 13.4(14) 15.3(14( -16.4(8) 10.7(6)
C8-C9-C10-C11 -174.20(13) 165.6(8) 170.8(8) -169.5(5) 173.9(3)
C8-C9-C10-O10 4.4(2) -12.9(14) -6.3(14) 6.8(8) -5.3(6)

A/B 61.61(5) 74.2(5) 88.0(6)

88.0(8)

87.8(2) 88.40(13)
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3. Thermal analysis data

Figure 2S. TG and DTG curve of 5a sample.

Figure 3S. TG and DTG curve of 5b sample.
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Figure 4S. TG and DTG curve of 5c sample.

Figure 5S. TG and DTG curve of 5d sample.
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Figure 6S. TG and DTG curve of 5e sample.

Figure 7S. TG and DTG curve of 5f sample.
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Figure 8S. TG and DTG curve of 5f sample.

Table 4S. Results of TG and DTG analysis.
Weight Loss Temperature

 [°C]
Decomposition Temperature 

[°C]Sample
T1% T5% T10% TOnset TMax 1 TMax 2 TMax 3

Residue at 1000 °C
[%]

5a 159 276 322 286 360 - 790 31
5b 165 309 331 303 331 - 768 36
5c 185 320 339 328 356 459 791 20
5d 149 274 326 312 367 - 715 48
5e 138 268 302 268 301/343 503 702 22
5f 193 296 322 313 353 - 729 21
5g 167 278 325 319 354 - 781 34
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Figure 9S. DSC curves of second heating run for 5a-5g samples.

Figure 10S. DSC curves of second cooling run for 5a-5g samples.
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Figure 11S. DSC curves of second heating and cooling run for 5g sample.
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4. Cyclic voltammetry measurements
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Figure 12S. Cyclic voltammetry of studied compounds in Bu4NBF4/CH2Cl2 solutions; scan rate 0.1V/s; 
concentration 2 mM. Intersections of tangential lines mark oxidation and reduction onset potentials.
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5. DFT calculation data

Table 5S. The energy of optimized structures of iridium(II) complexes.

compoun
d

Energy

[hartree]

5a -
1771.23859192     

5b(1) -
1870.50717896     

5b(2) -
1870.50764600

5c(1) -
1870.50889458     

5c(2) -
1870.50883848

5d -
1870.50778500     

5e -
2108.39128637     

5f -
2267.54834837     

5g -
2436.72050752     
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Table 6S. The energy levels and Homo-Lumo energy gaps for the studied complexes (in eV) calculated 
at the B3LYP/SDD/6-311++G(d,p) level of theory together with the experimental results. 

compound
HOMO 

[eV]

LUMO

[eV]

Eg
theor.

[eV]

Eg
exp.

[eV]

5a -5,28 -1,97 -3,31 2,58

5b(1) -5,32 -1,99 -3,33 2,63

5b(2) -5,30 -1,98 -3,32 2,63

5c(1) -5,32 -1,99 -3,33 2,57

5c(2) -5,32 -1,99 -3,33 2,57

5d -5,30 -1,99 -3,31 2,62

5e -5,36 -2,01 -3,34 2,48

5f -5,43 -2,02 -3,41 2,73

5g -5,38 -1,98 -3,41 2,69
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Table 7S. The energy levels and Homo-Lumo energy gaps for the studied complexes (in eV) calculated 
at the M06/SDD/6-311++G(d,p) level of theory together with the experimental results. 

compound
HOMO 

[eV]

LUMO

[eV]

Eg
theor.

[eV]

Eg
exp.

[eV]

5a -5,55 -1,86 -3,69 2,58

5b(1) -5,57 -1,88 -3,70 2,63

5b(2) -5,54 -1,88 -3,66 2,63

5c(1) -5,59 -1,88 -3,70 2,57

5c(2) -5,58 -1,89 -3,69 2,57

5d -5,59 -1,89 -3,70 2,62

5e -5,63 -1,92 -3,71 2,48

5f -5,70 -1,92 -3,77 2,73

5g -5,66 -1,91 -3,75 2,69
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Table 8S. The energy levels and Homo-Lumo energy gaps for the studied complexes (in eV) calculated 
at the WB97XD/SDD/6-311++G(d,p) level of theory together with the experimental results. 

compound
Eg

theor.

[eV]

Eg
theor.*

[eV]

Eg
exp.

[eV]

5a 6,87 2,61 2,58

5b 6,90 2,63 2,63

5c 6,89 2,62 2,57

5d 6,87 2,62 2,62

5e 6,63 2,52 2,48

5f 6,97 2,65 2,73

5g 6,96 2,64 2,69

                   Eg
thero*.= 0.38* Eg

theor.
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Table 9S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5e

Atom 
symbol X Y Z

C 5.52148 0.57121 -2.15322
C 4.60221 1.28562 -1.30856
C 3.42613 0.62287 -0.87726
C 3.19118 -0.71972 -1.29067
C 4.10319 -1.41131 -2.12057
C 5.28690 -0.71451 -2.54224
N 2.03598 -1.29650 -0.83648
C 3.79057 -2.73741 -2.47212
C 2.62321 -3.30762 -1.99745
C 1.76991 -2.55769 -1.17891
C 4.80285 2.61504 -0.88238
C 3.85655 3.21875 -0.07025
C 2.69233 2.53899 0.34543
C 2.44582 1.22460 -0.04133
H 4.46516 -3.30215 -3.10640
H 2.35506 -4.32716 -2.24284
C -1.05321 1.42853 -3.25269
C -1.88374 2.41364 -2.74128
C -0.21045 0.65959 -2.42381
C -1.88412 2.66410 -1.35345
C -2.69598 3.66905 -0.71999
C -1.02788 1.88064 -0.54139
C -2.65209 3.88646 0.62616
C -1.78392 3.11500 1.47244
N -0.12709 1.33509 1.57605
C -1.66310 3.27936 2.86486
C -0.02725 1.51238 2.89439
C -0.78372 2.47684 3.57152
C -0.17963 0.85339 -1.04446
H -2.25436 4.03296 3.37366
H 0.67824 0.87299 3.40868
H -0.66468 2.58189 4.64220
Ir 0.91375 -0.04132 0.41292
O 2.10731 -0.80624 2.08548
N -0.58711 -1.61558 0.95576
C 1.93423 -1.92272 2.67961
C 0.83890 -2.78134 2.54852
C -0.36588 -2.59324 1.82046
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H 0.87730 -3.68080 3.14774
C 3.04521 -2.30618 3.63723
H 3.15819 -1.52486 4.39459
H 3.99131 -2.36288 3.09122
H 2.86230 -3.25886 4.13479
C -1.44934 -3.62508 2.09133
H -1.02528 -4.50377 2.57574
H -1.95144 -3.93424 1.17300
H -2.21596 -3.21429 2.75454
C -0.98901 2.11998 0.86068
C -1.89815 -1.46227 0.42260
C -2.19010 -1.85788 -0.88834
C -2.91016 -0.86713 1.18733
C -4.18466 -0.68625 0.66317
C -4.46544 -1.09463 -0.64178
C -3.46377 -1.68458 -1.41543
H -2.69089 -0.54181 2.19722
H 0.85573 -2.97767 -0.78290
H 5.99350 -1.23542 -3.17897
H 6.42221 1.07930 -2.48254
H 5.69168 3.15365 -1.19286
H 4.01199 4.24278 0.25531
H 1.98810 3.06658 0.97967
H -1.04914 1.24236 -4.32245
H 0.41840 -0.09518 -2.88485
H -2.52576 2.99255 -3.39632
H -3.35628 4.26586 -1.34105
H -3.27216 4.65126 1.08088
H -3.67292 -1.99869 -2.43050
H -1.41280 -2.30122 -1.49710
H -4.95400 -0.22075 1.26692
C -5.85097 -0.95035 -1.19037
F -6.51153 0.11286 -0.67048
F -6.63120 -2.03994 -0.92459
F -5.86860 -0.80274 -2.53714
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Table 10S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5a.

Atom 
symbol X Y Z

C -5.13087 -1.75439 -0.73518
C -3.92862 -2.08424 -0.01784
C -2.84487 -1.17188 -0.05963
C -2.97823 0.03526 -0.80396
C -4.16643 0.34877 -1.50314
C -5.24777 -0.59542 -1.44419
N -1.89195 0.86826 -0.80074
C -4.20955 1.56718 -2.20558
C -3.10691 2.40174 -2.18295
C -1.96501 2.02085 -1.46760
C -3.76375 -3.26913 0.72934
C -2.56545 -3.49660 1.38667
C -1.49987 -2.57398 1.32889
C -1.60768 -1.38743 0.60794
H -5.10307 1.84429 -2.75437
H -3.10755 3.34880 -2.70705
C 1.02043 -1.97794 -3.28502
C 2.11622 -2.68103 -2.80870
C 0.26475 -1.12499 -2.45490
C 2.48442 -2.54990 -1.45382
C 3.59532 -3.24058 -0.85469
C 1.70787 -1.69054 -0.63843
C 3.90642 -3.09427 0.46555
C 3.12888 -2.23844 1.31884
N 1.23305 -0.71845 1.46463
C 3.36853 -2.03735 2.69088
C 1.47874 -0.54612 2.76440
C 2.54150 -1.19082 3.40937
C 0.58991 -0.94637 -1.11185
H 4.19396 -2.54676 3.17632
H 0.80393 0.11445 3.29324
H 2.69735 -1.01819 4.46652
Ir -0.29323 0.15171 0.34947
O -1.19862 1.16275 2.06902
N 0.95791 1.98947 0.09734
C -1.11158 2.41090 2.32893
C -0.26558 3.33764 1.71712
C 0.75269 3.12250 0.74643
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H -0.33903 4.35092 2.08824
C -2.02529 2.88680 3.44151
H -1.81169 2.32255 4.35404
H -3.06495 2.67967 3.17162
H -1.91620 3.95168 3.64896
C 1.64303 4.32593 0.47768
H 1.17909 5.23486 0.85913
H 1.84350 4.44874 -0.58779
H 2.61035 4.20786 0.97389
C 2.03944 -1.55077 0.73821
C 2.11920 1.88948 -0.73275
C 2.01870 2.00244 -2.12365
C 3.37506 1.64640 -0.16423
C 4.50858 1.53820 -0.96841
C 4.40430 1.66732 -2.35299
C 3.15324 1.89731 -2.92551
H 3.45793 1.54396 0.91191
H 5.47390 1.35098 -0.51058
H 5.28541 1.58278 -2.97888
H -1.08996 2.65377 -1.42419
H -6.16400 -0.36543 -1.97696
H -5.96034 -2.45355 -0.70275
H -4.57185 -3.99065 0.78411
H -2.44017 -4.40920 1.96147
H -0.58584 -2.81168 1.86262
H 0.73357 -2.08625 -4.32672
H -0.58252 -0.60305 -2.88715
H 2.68587 -3.33089 -3.46425
H 4.19394 -3.89526 -1.48012
H 4.74731 -3.62772 0.89529
H 1.04905 2.17380 -2.57504
H 3.05781 1.99197 -4.00176
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Table 11S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5b1.

Atom 
symbol X Y Z

C 5.31132 -1.55628 0.58307
C 4.10928 -1.92114 -0.11749
C 2.98210 -1.06831 -0.01464
C 3.07299 0.11551 0.77212
C 4.26099 0.46343 1.45516
C 5.38728 -0.42031 1.33359
N 1.94637 0.89125 0.82553
C 4.25996 1.65532 2.20288
C 3.11631 2.43228 2.23802
C 1.97796 2.02050 1.53428
C 3.98535 -3.08451 -0.90520
C 2.78324 -3.34958 -1.54103
C 1.67411 -2.48593 -1.42268
C 1.74113 -1.32183 -0.66150
H 5.15178 1.95754 2.74103
H 3.08219 3.35794 2.79802
C -0.80386 -2.16649 3.25190
C -1.88495 -2.88853 2.77094
C -0.09220 -1.26058 2.43890
C -2.28219 -2.72475 1.42756
C -3.37739 -3.43503 0.82267
C -1.55012 -1.81193 0.62934
C -3.71144 -3.26038 -0.48855
C -2.97588 -2.35310 -1.32585
N -1.14021 -0.75951 -1.44904
C -3.23624 -2.12606 -2.69028
C -1.40355 -0.56511 -2.74145
C -2.44686 -1.23349 -3.39395
C -0.44923 -1.04672 1.10935
H -4.04788 -2.65224 -3.18102
H -0.76101 0.13455 -3.25977
H -2.61899 -1.03969 -4.44483
Ir 0.36158 0.14093 -0.32321
O 1.19085 1.25735 -2.01576
N -0.96876 1.91343 0.01816
C 1.02341 2.50124 -2.24694
C 0.13549 3.36383 -1.59759
C -0.84295 3.07261 -0.61090
H 0.14128 4.38660 -1.94905
C 1.88173 3.05522 -3.36744
H 1.67359 2.50501 -4.28973
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H 2.93735 2.89570 -3.12929
H 1.71133 4.11782 -3.54229
C -1.78999 4.21666 -0.28952
H -1.38044 5.16154 -0.64475
H -1.98127 4.29454 0.78195
H -2.75366 4.06381 -0.78431
C -1.90648 -1.64163 -0.73811
C -2.09094 1.73272 0.87493
C -1.96421 1.72586 2.26959
C -3.37138 1.50404 0.36414
C -4.48223 1.29015 1.16344
C -4.32678 1.29885 2.54802
C -3.06408 1.51774 3.09779
F -3.54583 1.50313 -0.98752
H -5.44575 1.12161 0.69774
H -5.18536 1.13281 3.18769
H 1.07204 2.61014 1.53408
H 6.30417 -0.16306 1.85258
H 6.17424 -2.20969 0.50352
H 4.82739 -3.76065 -1.00721
H 2.68923 -4.24587 -2.14660
H 0.75978 -2.75093 -1.94275
H -0.49384 -2.30127 4.28384
H 0.74626 -0.72632 2.87359
H -2.42020 -3.57946 3.41338
H -3.94342 -4.12943 1.43545
H -4.53864 -3.81071 -0.92352
H -0.98352 1.88669 2.69933
H -2.93261 1.52237 4.17352
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Table 12S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5b2.

Atom 
symbol X Y Z

C 5.16794 1.62942 -0.98013
C 3.97405 2.07035 -0.31031
C 2.87795 1.17606 -0.22336
C 2.98961 -0.12251 -0.79802
C 4.16891 -0.54341 -1.45381
C 5.26412 0.38377 -1.52639
N 1.89184 -0.93232 -0.67836
C 4.19058 -1.84516 -1.98815
C 3.07568 -2.65126 -1.85264
C 1.94218 -2.16249 -1.19043
C 3.82867 3.34849 0.26841
C 2.63703 3.68119 0.89163
C 1.55912 2.77387 0.96537
C 1.64872 1.49849 0.41452
H 5.07719 -2.20556 -2.49863
H 3.05793 -3.65824 -2.24924
C -1.10839 1.51046 -3.47668
C -2.16743 2.31024 -3.07552
C -0.33222 0.78245 -2.55151
C -2.48118 2.40348 -1.70389
C -3.55436 3.20536 -1.17892
C -1.68774 1.66359 -0.79336
C -3.81827 3.26901 0.15808
C -3.02780 2.53113 1.10458
N -1.16163 0.99895 1.41448
C -3.22413 2.54011 2.49807
C -1.36546 1.02656 2.73257
C -2.39119 1.78679 3.30786
C -0.60069 0.83108 -1.18498
H -4.02130 3.13657 2.92837
H -0.68704 0.43371 3.33221
H -2.51393 1.77583 4.38324
Ir 0.32013 -0.04923 0.39474
O 1.27460 -0.82732 2.20822
N -0.94851 -1.89451 0.44701
C 1.19476 -2.02593 2.63878
C 0.32693 -3.02448 2.18618
C -0.72249 -2.93524 1.23377
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H 0.40838 -3.97666 2.69227
C 2.14050 -2.35106 3.77842
H 1.95238 -1.66857 4.61245
H 3.17134 -2.18413 3.45289
H 2.03888 -3.37819 4.12967
C -1.63429 -4.14868 1.15699
H -1.21630 -4.97983 1.72307
H -1.78675 -4.46855 0.12398
H -2.62012 -3.91750 1.56961
C -1.97322 1.73822 0.59856
C -2.14587 -1.88537 -0.32423
C -2.16932 -2.28025 -1.66263
C -3.35704 -1.43552 0.21738
C -4.52113 -1.38746 -0.54590
C -4.50108 -1.78862 -1.88093
C -3.31049 -2.24182 -2.44591
H -3.36925 -1.12044 1.25422
H -5.44202 -1.03317 -0.09742
H -5.40179 -1.75036 -2.48187
H 1.05302 -2.76410 -1.07638
H 6.17366 0.07019 -2.02702
H 6.00712 2.31458 -1.04581
H 4.64676 4.05922 0.22109
H 2.52675 4.66615 1.33506
H 0.65208 3.09425 1.46668
H -0.86658 1.44211 -4.53304
H 0.48484 0.17570 -2.92730
H -2.75196 2.86222 -3.80369
H -4.16346 3.77257 -1.87560
H -4.63186 3.88237 0.52980
F -1.02204 -2.75495 -2.22489
H -3.25585 -2.56638 -3.47796
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Table 13S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5c1.

Atom 
symbol X Y Z

C -5.33335 -1.52038 -0.78401
C -4.15475 -1.91173 -0.05838
C -3.02620 -1.05510 -0.08962
C -3.09277 0.15867 -0.83186
C -4.25746 0.53174 -1.54127
C -5.38581 -0.35633 -1.49229
N -1.96657 0.93679 -0.81713
C -4.23272 1.75063 -2.24361
C -3.08970 2.52871 -2.21087
C -1.97545 2.09137 -1.48444
C -4.05508 -3.10513 0.68675
C -2.87462 -3.39459 1.35187
C -1.76357 -2.52661 1.30482
C -1.80710 -1.33428 0.58701
H -5.10609 2.07191 -2.80065
H -3.03778 3.47433 -2.73497
C 0.85540 -2.00803 -3.28745
C 1.91332 -2.76214 -2.80355
C 0.12301 -1.13381 -2.45857
C 2.26625 -2.66229 -1.44193
C 3.33826 -3.40552 -0.83477
C 1.51393 -1.78021 -0.62805
C 3.63506 -3.28707 0.49144
C 2.88132 -2.40851 1.34305
N 1.05075 -0.80974 1.47877
C 3.10878 -2.23284 2.72064
C 1.28311 -0.66355 2.78426
C 2.30730 -1.36052 3.43710
C 0.43473 -0.98527 -1.10874
H 3.90516 -2.78151 3.21164
H 0.62892 0.01872 3.31141
H 2.45437 -1.20659 4.49835
Ir -0.41795 0.13995 0.35001
O -1.29508 1.18660 2.06401
N 0.91985 1.92229 0.12707
C -1.15334 2.42636 2.33477
C -0.25802 3.31795 1.73838
C 0.76008 3.06175 0.78040
H -0.28890 4.33108 2.11572
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C -2.05460 2.93603 3.44234
H -1.86772 2.36290 4.35521
H -3.09968 2.76842 3.16625
H -1.90590 3.99558 3.65210
C 1.70989 4.22214 0.52869
H 1.27806 5.15268 0.89521
H 1.94140 4.33127 -0.53200
H 2.65803 4.06401 1.05041
C 1.83100 -1.66883 0.75472
C 2.08424 1.76561 -0.68309
C 2.01508 1.87632 -2.07688
C 3.31311 1.46090 -0.08477
C 4.42559 1.29226 -0.89128
C 4.38731 1.40844 -2.27027
C 3.15608 1.70441 -2.85614
H 3.40001 1.35606 0.98921
F 5.61641 0.99758 -0.29195
H 5.28506 1.26607 -2.85808
H -1.07066 2.68010 -1.43192
H -6.28491 -0.07928 -2.03178
H -6.19732 -2.17674 -0.75886
H -4.89875 -3.78530 0.73371
H -2.79972 -4.31394 1.92462
H -0.86656 -2.81120 1.84432
H 0.58036 -2.09234 -4.33455
H -0.69508 -0.57181 -2.89703
H 2.46512 -3.42776 -3.45853
H 3.91856 -4.07743 -1.45909
H 4.44682 -3.85921 0.92714
H 1.06533 2.09687 -2.54662
H 3.08889 1.79749 -3.93390
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Table 14S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5c2.

Atom 
symbol X Y Z

C 5.20959 1.34513 -1.32228
C 4.08502 1.86484 -0.59150
C 2.95878 1.02643 -0.39838
C 2.97503 -0.29565 -0.92812
C 4.08687 -0.79469 -1.64485
C 5.21385 0.07806 -1.82624
N 1.85472 -1.04907 -0.70239
C 4.01409 -2.11414 -2.12833
C 2.87789 -2.86402 -1.88421
C 1.81763 -2.29950 -1.16479
C 4.03618 3.16755 -0.05316
C 2.90515 3.57694 0.63442
C 1.79492 2.72480 0.81202
C 1.78968 1.42827 0.30446
H 4.84595 -2.53354 -2.68368
H 2.79049 -3.88383 -2.23616
C -1.15870 1.45755 -3.42393
C -2.18425 2.28755 -2.99814
C -0.35886 0.73559 -2.51447
C -2.43421 2.42326 -1.61693
C -3.46459 3.26357 -1.06688
C -1.61667 1.68979 -0.72260
C -3.66244 3.37327 0.27855
C -2.84159 2.64822 1.20905
N -0.99565 1.08429 1.47704
C -2.96639 2.70778 2.60948
C -1.13110 1.16016 2.80185
C -2.10930 1.96283 3.40163
C -0.56932 0.81989 -1.13970
H -3.72792 3.33603 3.05866
H -0.43555 0.57149 3.38572
H -2.17706 1.99041 4.48158
Ir 0.39180 -0.05271 0.42103
O 1.39943 -0.80099 2.21899
N -0.94472 -1.83831 0.59784
C 1.28549 -1.97647 2.70441
C 0.35687 -2.95104 2.33030
C -0.72919 -2.85365 1.41871
H 0.42193 -3.88749 2.86762
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C 2.26432 -2.29714 3.81702
H 2.13065 -1.58293 4.63494
H 3.28676 -2.17563 3.44803
H 2.14233 -3.30835 4.20609
C -1.68216 -4.03860 1.43143
H -1.19755 -4.90829 1.87427
H -2.02401 -4.29484 0.42777
H -2.57054 -3.81180 2.02770
C -1.83167 1.81451 0.67824
C -2.17105 -1.80302 -0.13034
C -2.18954 -2.09206 -1.49955
C -3.36501 -1.43546 0.50367
C -4.55678 -1.37028 -0.21432
C -4.58730 -1.66347 -1.57749
C -3.39168 -2.01746 -2.18047
H -3.35173 -1.19908 1.56079
H -5.47287 -1.08453 0.28974
H -5.50037 -1.61529 -2.15690
H 0.92016 -2.86262 -0.94934
H 6.07251 -0.29411 -2.37428
H 6.07158 1.98790 -1.46984
H 4.87992 3.83709 -0.18110
H 2.86915 4.58053 1.04722
H 0.93815 3.10449 1.35842
H -0.96417 1.35865 -4.48754
H 0.42886 0.10282 -2.91010
H -2.78944 2.83273 -3.71441
H -4.09430 3.82308 -1.75131
H -4.44437 4.01528 0.66930
H -1.28631 -2.36582 -2.02754
F -3.39378 -2.30892 -3.51398
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Table 15S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5d.

Atom 
symbol X Y Z

C -5.27241 -1.40587 -1.22496
C -4.15967 -1.85311 -0.43088
C -3.02392 -1.01193 -0.32467
C -3.02066 0.24278 -0.99849
C -4.12133 0.67134 -1.77565
C -5.25740 -0.20355 -1.86821
N -1.89325 1.00448 -0.84804
C -4.02967 1.92869 -2.40077
C -2.88716 2.68929 -2.23013
C -1.83868 2.19646 -1.44381
C -4.13147 -3.08675 0.25226
C -3.01104 -3.42842 0.99228
C -1.89106 -2.57515 1.08096
C -1.86478 -1.34539 0.42861
H -4.85251 2.29288 -3.00629
H -2.78613 3.66344 -2.69105
C 1.06937 -1.82447 -3.27706
C 2.07899 -2.62420 -2.76418
C 0.28698 -0.99062 -2.45201
C 2.33024 -2.61305 -1.37652
C 3.34433 -3.40991 -0.73855
C 1.53015 -1.76915 -0.56784
C 3.54393 -3.37561 0.61065
C 2.74182 -2.53490 1.45621
N 0.92881 -0.91427 1.55372
C 2.87080 -2.44256 2.85451
C 1.06858 -0.84549 2.87848
C 2.03275 -1.59716 3.56145
C 0.49881 -0.92869 -1.07620
H 3.62100 -3.03375 3.36840
H 0.38740 -0.18103 3.39405
H 2.10455 -1.50703 4.63771
Ir -0.44503 0.11946 0.38260
O -1.43236 1.06738 2.09517
N 0.92040 1.88959 0.36468
C -1.31125 2.29239 2.43600
C -0.37889 3.21026 1.94693
C 0.71207 2.99534 1.06026
H -0.43718 4.20408 2.36977
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C -2.28405 2.74735 3.50633
H -2.14831 2.13574 4.40329
H -3.30868 2.58559 3.15955
H -2.15740 3.79741 3.77114
C 1.68284 4.16049 0.94666
H 1.22011 5.07658 1.31242
H 2.01121 4.31434 -0.08231
H 2.57886 3.97575 1.54610
C 1.74725 -1.74427 0.83819
C 2.15630 1.75898 -0.34231
C 2.21301 1.92442 -1.73060
C 3.32902 1.42198 0.34393
C 4.53809 1.26731 -0.33231
C 4.55350 1.45058 -1.70428
C 3.41415 1.77624 -2.42082
H 3.29420 1.27834 1.41736
H 5.44906 1.00636 0.19221
F 5.73313 1.30075 -2.37597
H -0.93639 2.77016 -1.28333
H -6.10764 0.11494 -2.46142
H -6.14145 -2.05095 -1.30633
H -4.98277 -3.75642 0.19367
H -2.99138 -4.37851 1.51751
H -1.04287 -2.90059 1.67383
H 0.87289 -1.83970 -4.34493
H -0.48940 -0.39021 -2.91460
H 2.67038 -3.25738 -3.41674
H 3.95989 -4.05419 -1.35822
H 4.31289 -3.98778 1.06918
H 1.31201 2.17226 -2.27713
H 3.46634 1.90536 -3.49485
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Table 16S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5f.

Atom 
symbol X Y Z

C 5.59389 0.77833 -1.59357
C 4.53184 1.49229 -0.93727
C 3.35155 0.78526 -0.59748
C 3.25228 -0.59984 -0.91368
C 4.30514 -1.29060 -1.55564
C 5.48933 -0.54862 -1.88935
N 2.08358 -1.21784 -0.55751
C 4.12306 -2.66107 -1.81807
C 2.94179 -3.27201 -1.44018
C 1.94286 -2.51977 -0.80954
C 4.59606 2.86268 -0.60919
C 3.51977 3.46153 0.02457
C 2.35482 2.73695 0.35417
C 2.23947 1.38201 0.05699
H 4.90729 -3.22658 -2.30950
H 2.76986 -4.32500 -1.62228
C -0.87082 1.07063 -3.55149
C -1.79956 2.04758 -3.22941
C -0.08820 0.43298 -2.56607
C -1.96858 2.42341 -1.88041
C -2.89516 3.43181 -1.43854
C -1.17252 1.76922 -0.90841
C -3.01575 3.77082 -0.12261
C -2.21538 3.12927 0.88378
N -0.50186 1.46145 1.33895
C -2.26425 3.42276 2.25951
C -0.56465 1.75936 2.63709
C -1.43654 2.73739 3.13131
C -0.22027 0.75565 -1.21749
H -2.94576 4.18246 2.62633
H 0.09965 1.20486 3.28683
H -1.44884 2.94170 4.19410
Ir 0.73847 0.05650 0.42924
O 1.73547 -0.51964 2.29686
N -0.74991 -1.55961 0.90768
C 1.53026 -1.58736 2.95815
C 0.49531 -2.51586 2.76245
C -0.60494 -2.45767 1.87935
H 0.49371 -3.35691 3.44189
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C 2.51267 -1.83273 4.08556
H 2.48704 -0.98601 4.77754
H 3.52602 -1.88354 3.67723
H 2.30284 -2.74914 4.63717
C -1.67366 -3.51441 2.08905
H -1.30608 -4.30771 2.73806
H -1.99386 -3.95648 1.14308
H -2.55673 -3.07748 2.56477
C -1.30855 2.13209 0.46139
C -1.98219 -1.50480 0.22032
C -2.12844 -1.98711 -1.08398
C -3.10973 -0.89114 0.77751
C -4.30174 -0.74828 0.08125
C -4.40358 -1.22575 -1.21754
C -3.31025 -1.85237 -1.79864
F -3.05654 -0.42128 2.03680
F -5.35553 -0.14921 0.65625
H 1.00855 -2.96910 -0.50716
H 6.30290 -1.06898 -2.38283
H 6.49747 1.32020 -1.85385
H 5.48365 3.43591 -0.85439
H 3.57086 4.51664 0.27524
H 1.54585 3.26268 0.84959
H -0.73870 0.78672 -4.59100
H 0.62423 -0.32145 -2.88125
H -2.39092 2.52596 -4.00259
H -3.50785 3.93140 -2.18211
H -3.71935 4.53613 0.18621
F -1.10872 -2.63286 -1.67427
F -3.40442 -2.33394 -3.04683
F -5.54733 -1.08867 -1.90134
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Table 17S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5g.

Atom 
symbol X Y Z

C 5.80545 -0.97235 -2.49982
C 5.02042 0.14016 -2.03675
C 3.85608 -0.12568 -1.27387
C 3.49794 -1.47542 -0.99390
C 4.27912 -2.55973 -1.45381
C 5.45538 -2.26075 -2.22270
N 2.35809 -1.65718 -0.25747
C 3.85211 -3.85926 -1.12350
C 2.70457 -4.02418 -0.37036
C 1.98175 -2.89949 0.04737
C 5.34250 1.48825 -2.29894
C 4.52212 2.49114 -1.80907
C 3.36817 2.20233 -1.05034
C 3.00546 0.89039 -0.75889
H 4.42362 -4.71781 -1.45914
H 2.34851 -5.00873 -0.09569
C -0.82234 -0.03251 -3.45045
C -1.50047 1.17583 -3.41797
C 0.05202 -0.42431 -2.41514
C -1.31380 2.04438 -2.32249
C -1.95941 3.32389 -2.19284
C -0.43368 1.62866 -1.29347
C -1.74163 4.13415 -1.11704
C -0.85135 3.73917 -0.06031
N 0.64952 2.01330 0.77298
C -0.56046 4.51191 1.07950
C 0.90843 2.76390 1.84424
C 0.31975 4.02097 2.02785
C 0.26632 0.38841 -1.30448
H -1.02465 5.48379 1.20699
H 1.60308 2.34827 2.56245
H 0.56438 4.59131 2.91464
Ir 1.45129 0.14417 0.32645
O 2.75154 0.08233 2.09179
N -0.10363 -0.82584 1.62869
C 2.55044 -0.59455 3.15071
C 1.37822 -1.28040 3.50262
C 0.12803 -1.31432 2.84395
H 1.40842 -1.79157 4.45496
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C 3.71520 -0.61565 4.12033
H 3.95920 0.40923 4.41468
H 4.59656 -1.02434 3.61812
H 3.50832 -1.20277 5.01517
C -1.00300 -1.96555 3.61911
H -0.61372 -2.52396 4.46909
H -1.58259 -2.64423 2.98980
H -1.68976 -1.20648 4.00495
C -0.21630 2.48260 -0.17591
C -1.44057 -0.77096 1.17216
C -1.93908 -1.65433 0.21143
C -2.32771 0.22172 1.60140
C -3.61418 0.33481 1.09763
C -4.09928 -0.55130 0.13423
C -3.22720 -1.55308 -0.29387
F -1.93138 1.10612 2.53879
F -4.40952 1.32950 1.54033
O -5.33211 -0.42108 -0.42394
H 1.07792 -2.99627 0.63032
H 6.06194 -3.08569 -2.58011
H 6.69754 -0.76840 -3.08331
H 6.22577 1.72928 -2.88058
H 4.77097 3.52803 -2.01333
H 2.76564 3.03143 -0.69540
H -0.96569 -0.69801 -4.29614
H 0.55723 -1.38036 -2.49870
H -2.16893 1.45767 -4.22426
H -2.63547 3.64283 -2.97971
H -2.23865 5.09519 -1.04261
F -1.16646 -2.66830 -0.22331
F -3.64138 -2.44413 -1.21073
C -6.45114 -0.78633 0.42420
C -7.72658 -0.62357 -0.36444
H -6.47631 -0.13026 1.29839
H -6.33064 -1.82377 0.74988
O -7.82455 -1.64983 -1.33620
H -7.74325 0.36591 -0.84261
H -8.57411 -0.67567 0.33532
C -8.97915 -1.52403 -2.15254
H -8.96461 -2.35262 -2.86025
H -8.97253 -0.57677 -2.70701
H -9.89829 -1.57774 -1.55391
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6. AFM data

Images of thin layers:

5 wt% of complex 5g in PVK:PBD matrix 

0.5 wt% of complex 5g in PVK:PBD matrix
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ABSTRACT: A series of new bis(benzo[h]quinolinato) Ir(III)
complexes with modified β-ketoiminato ancillary ligands were
synthesized, and their electrochemical, photophysical proper-
ties were determined with the support of theoretical
calculations. Moreover, all the synthesized heteroleptic Ir(III)
complexes were examined as dopants of the host−guest type
emissive layers in solution-processed phosphorescent organic
light emitting diodes (PhOLEDs) of a simple structure. As
expected on the basis of voltammetry measurements as well as
DFT calculations, all the compounds appeared to be green
emitters. Their examination showed that alteration of β-
ketoiminato ligand structure causes frontier orbitals’ energy
levels to be slightly changed, while significantly affecting photoluminescence and electroluminescence efficiencies of iridium
phosphors containing these ligands. It was also found that modification of ancillary ligands might enhance charge trapping on
the dopant, thus increasing its efficiency, especially in electroluminescence. From among the iridium complexes studied, the
compound bearing 1-naphthyl group bonded to the nitrogen atom of the ancillary ligand proved to be the most efficient emitter.
The PhOLED fabricated on the basis of this dopant has reached a luminance level of 16000 cd/m2, current efficiency close to
12 cd/A, and an external quantum efficiency around 3.2%.

■ INTRODUCTION

Intensive research into new organic electroluminescent
materials has been ongoing since Tang and Van Slake
described the first organic light emitting diodes (OLEDs),1

and the researchers from the Cambridge University presented
the first polymer light emitting diode (PLED).2 In the first
generation of electroluminescent devices, emission occurs
mainly from singlet states and is related to the phenomenon of
fluorescence. Therefore, according to statistical rules, theoreti-
cal internal efficiency of such devices can reach maximally 25%.
This limit may be overcome by phosphorescent emitters, for
which quantum mechanics selection rules can be broken, and
theoretically their emission yield can increase up to 100%.3

Popular phosphorescent materials are heavy metal complexes
bearing organic ligands whose properties result from the
presence of strong spin−orbit coupling. The complexes of Pt,

Pd, or Os metals have been studied, but the most examined are
Ir(III) derivatives.4 Popularity of the iridium compounds is
related to their intensive phosphorescence, even at room
temperature, that might be tuned within the whole visible
spectrum depending on the ligand structure modification. It
should be emphasized that 2-phenylpyridine was one of the
first ligands successfully used in this role and together with
benzo[h]quinoline gave rise to a group of iridium complexes
characterized by very intense green emission, for instance:
tris(2-phenylpyridinato)iridium(III) ([Ir(ppy)3]) and bis(2-
phenylpyridinato-C2′,N) (acetylacetonato)iridium(III) ([Ir-
(ppy)2(acac)]),

5 tris(benzo[h]quinolinato-C2,N′)iridium(III)
([Ir(bzq)3]), and bis(2-benzo[h]quinolinato-C2,N′)(acetyl-
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acetonato)iridium(III) ([Ir(bzq)2(acac)]).
5 Although the first

iridium(III) complexes for OLEDs were developed over 20
years ago, the synthesis and study of new efficient iridium-
based emitters is still considered an attractive topic.4b,6

In general, emissive materials show higher photolumines-
cence yield in solution than in solid state (i.e., thin layer)
which is related to the self−quenching of excited states. In
order to suppress this effect, a host−guest system can be
implemented. In such a system, the emitter molecules are
dispersed in an active host, e.g. polymeric matrix, that increases
the mean distance between two emitter molecules.7 On the
other hand, this approach emphasizes the importance of the
intermolecular energy transfer. The yield of energy transfer
from the excited states of the matrix to the dopant (by Förster
and/or Dexter mechanism) depends on the overlap of the
emission spectrum of the host and the absorption spectrum of
the guest.8 Only when this condition is satisfied, a very efficient
energy transfer from the host to the guest can take place.
Moreover, the emission originating from the guest molecules
can be also caused by the direct charge carrier trapping on the
dopant.9 Thus, the host−guest systems can be successfully
applied in the form of an efficient emission layer in
phosphorescent OLEDs (PhOLEDs).
Very recently, we have reported the studies concerning new

heteroleptic complexes of the general formula [Ir-
(bzq)2(O∧N)], for which we discussed the impact of the
number and distribution of fluorine atoms directly bonded to
the N-aryl moiety (NR1) in N,O-donating β-ketoiminato
ligand (RC(NR1)CHC(−O−)R), on the photophysical
and emissive properties.10 We have found that the introduction
of fluorine atoms does not significantly modify the optical and
electrochemical properties of the iridium complexes, while the
electroluminescence performance of PhOLEDs based on them
was strongly dependent on the structure of the modified β-
ketoiminato ligand. The most promising results were obtained
for the Ir complex with 4-fluorophenyl substituent in the
ancillary ligand structure. Therefore, as a continuation of our
research, we decided to explore para substitution effect by
investigation of Ir(III) heteroleptic complexes with different
substituents in the mentioned position of the phenyl moiety in
4-phenylimino-2-pentanonate ancillary ligand. As follows from
the available reports on this subject, in particular those by
Teets’11 as well as our recent findings,10 so far the subjects of
studies have been limited to phenyl-based N-substituents (
NR1). Unfortunately, there are no other reports concerning the
influence of the higher condensed polycyclic aromatic
hydrocarbon used as −R1 substituents in N,O-donating β-
ketoiminato ligand. Therefore, we focused also on the
synthesis of 4-arylimino-2-pentanones (MeC(NR1)CH2−
C(O)Me) equipped with various polycyclic aromatic
moieties −R1, which were further employed in the preparation
of new [Ir(bzq)2(MeC(NR1)CHC(−O)Me)] type com-
plexes. The modification of β-ketoiminato ancillary ligand
allowed determination of the NR1 substitution effect on the
emitter photochemical properties. The obtained iridium
complexes were applied as dopants in PhOLEDs, whose
work parameter analysis allowed identification of the most
efficient and promising iridium emitters.

■ RESULTS AND DISCUSSION
Synthesis. According to recently published protocols,10 in

the initial step a series of 4-arylimino-2-pentanones, bearing
aryl substituents of variable stereoelectronic character 3a−l at

nitrogen atom, were successfully synthesized. Some of the
desired derivatives (3a−f, h, i) were prepared by the classical
manner, i.e. the refluxing of appropriate amines (2a−f, h, i)
with 2,4-pentanedione (acacH) in the presence of p-
toluenesulfonic acid in a benzene environment, using a
Dean−Stark apparatus. However, the conversion of more
hindered amines (2g, j−l) required an acceleration with
microwave irradiation as a non-classical energy source
(Scheme 1). Anyhow, these methods allowed us to obtain β-

ketoimines equipped with phenyl-based substituents bearing in
their structure groups characterized by strong electron
withdrawing properties (3c−f), including various regioisomers
of nitro−substituted derivatives (3d−f). Thus, in order to
explain the influence of the presence of a strong electron
withdrawing group and its position on photophysical proper-
ties of final heteroleptic Ir(III) complexes, not only para-
substituted phenyl β-ketoimines, but also the compounds
bearing −NO2 group in meta and ortho positions were
synthesized. We assumed that different position of the highly
electron withdrawing substituent in the phenyl group could
significantly affect the emissive parameters of the target iridium
complex, as we have previously described for the phenyl group
having one fluorine substituent.10 Additionally, on the basis of
the protocol involving the use of microwaves,10 4-arylimino-2-
pentanones with selected bulky polycyclic aromatic systems
were synthesized (3g−l). The purity of all organic materials
was confirmed by spectroscopic methods, such 1H, 13C NMR,
HRMS (high resolution mass spectrometry) as well as the
structures of three of them (3d, j, l) were solved using X-ray
methods.
In the next stage of our synthetic work, previously prepared

4-arylimino-2-pentanones were employed in the preparation of
new iridium(III) complexes, according to the earlier described
method.10 However, this time instead of microwaves, a
classical source of heat was used. The protocol applied
consisted of two successive steps, namely, generation of 4-
arylimino-2-pentanonalate salt in the reaction of β-ketoimi-

Scheme 1. Synthesis of Ancillary Ligands
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nates 3 with NaH or KH in THF solution and employment of
the former for cleavage of binuclear precursor 4 (Scheme 2).

However, due to encountered vulnerability of the initial
ketoimine to degradation during the deprotonation process,
the use of NaOtBu as base in a one-pot protocol was required
when using 5b and 5f. The applied methodologies made it
possible to obtain a series of Ir(III)-based phosphors bearing in
their structures various types of ancillary ligands (5a−l).
Compounds 5a−l were obtained with moderate to good

yields and characterized by spectroscopic methods. In the 1H
NMR spectra, sets of resonance lines characteristic of protons
coming from specific parts of ligands were clearly visible,
namely, in the region typical of cyclometalated bzq ligand
(9.70−9.00 ppm), methine part of N,O-donating ancillary
ligand (c.a. 5.00 ppm), as well as magnetically and chemically
non-equivalent methyl groups of ketoiminato ligand (2.00−
1.60 ppm). However, the 1H NMR spectra of some of the
isolated materials, namely 5c, 5f, 5i, 5k, and 5l revealed the
presence of two isomeric forms. We suppose that the reaction
selectivity toward the formation of one isomer depends on
properties of aryl substituents bonded to imine nitrogen atom,
such as steric hindrance or its orientation relative to the C,N-
cyclometalated ligands. In our opinion, the presence of N-aryl
substituents in close proximity of the cyclometalated ligands
may induce their intramolecular π−π interaction (π-stacking),
which might be the driving force for the formation of one of
the two possible isomers, as it takes place for complexes 5b, 5d,
5g, 5h, and 5j. Heteroleptic octahedral iridium(III) complexes
with bidentate ligands may exist in the form of various
geometrical isomers, such as N,N-trans−mer, cis−fac, cis−mer
as well as C,C-trans−mer and their corresponding enantiomeric
forms, as reported for the FIrpic complex.12 The authors of the
cited publication showed that the geometrical isomers do not
differ in photophysical properties, thus we decided not to
isolate pure isomers but examine their mixtures. Nevertheless,
we wanted to determine exactly which of the possible isomers
is formed in predominance. Therefore, the structures of five
complexes (5f, g, i, j, l) were determined by X-ray analysis and
are discussed in the next paragraph.
X-Ray Analysis. X-ray diffraction structural analysis

confirmed the obtainment of target molecules (Figures 1 and
2 and Figure 23S in the SI). Although the crystal structure of
3d has been published earlier,13 for the sake of completeness,
we decided to add this structure determination as well. The
relevant geometrical parameters are listed in Table 2S (see the
SI). In all complexes the Ir atom is six-coordinated in quite a
regular octahedral fashion, surrounded by N and O atoms from
ketoiminato fragment, and N and C atoms from two
benzo[h]quinolinato ligands. Table 2S (see the SI) shows
that, upon complexation, the C4−N5−C6 angle becomes
significantly smaller, while the conformation of the 4-imino-2-

pentanone fragment remains stable, although less planar. This
observation can be connected with the presence of intra-
molecular N−H···O hydrogen bonds in free ligand molecules,
responsible for planarization (cf. Table 3S, see the SI). What is
more, the plane of the aromatic substituent at N5 (Table 2S,
the SI) is almost perpendicular to the OC−CC−N plane
(Table 2S, see the SI) in the coordinated ligands. The
conformations of all complexes, whose structural data are
collected, are quite similar. This can be shown by a comparison
of the dihedral angles between planar fragments: Ir−
ketoiminato cycle, two bzq planes, and substituent at N5.
Table 2S (see the SI) lists the appropriate values, and the data
can be summarized as follows: (i) the Ir−ketoiminato ring
plane is almost perpendicular to all of the other planes, (ii)

Scheme 2. Synthesis of Heteroleptic β-Ketoiminato
Iridium(III) Complexes

Figure 1. Perspective views of ligands: (a) 3d, (b) 3h, (c) 3j, (d) 3l
(molecule A), together with the labeling schemes. Ellipsoids are
drawn at the 50% probability level, hydrogen atoms are shown as
spheres of arbitrary radii, and intramolecular hydrogen bonds are
drawn as dashed blue lines.
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benzo[h]quinolinato planes are almost perpendicular to each
other, and (iii) the aromatic substituents at N5 assume
positions close to gauche with respect to one benzo[h]-
quinolinato ligand and almost parallel to the other. In all
complexes, the tendency toward such a parallel disposition is
accompanied by a relatively close interplanar separation (in all
cases ca. 3.6−3.7 Å; centroid−to−centroid distances are
around 3.8−3.9 Å) which can be connected with the weak
intramolecular π···π interactions.
The crystal structures are defined mainly by weak dispersive

forces. Calculations of intermolecular (molecule-to-molecule)
potential using UNI force field14 indicate that the stabilizing
energy is the largest for pairs for which π···π (−57.5 kJ/mol for
5l, −67.0 kJ/mol for 5g), C−H···π (−65.8 kJ/mol for 5j), C−
H···S (−67.0 kJ/mol in 5g), or C−H···O (−48.1 kJ/mol in 5f)
intermolecular interactions can be found.
Considering the above, it seems that even weak intra-

molecular π···π interactions between the N-aryl group and the

C,N-cyclometalated bzq ligand might induce the selective
formation of only one isomer as it takes place for compounds
5b−d and 5g−j (see 1H NMR spectra in the SI). On the basis
of XRD analysis of single crystals obtained from isomerically
pure samples 5g and 5j, we assume that for the above-
mentioned complexes, N,N-trans−mer is the most preferred
geometric isomer, which is confirmed by spectroscopic studies.
This might be supported by the fact that such a configuration
of C,N-donating ligands around the metal atom is typical of
such a binuclear substrate.15 However, in the case of any
disturbances of this type of interactions related to the mutual
arrangement of the above-mentioned elements of the complex
molecule, e.g. by introduction of a substituent at position 2
relative to the N−C(Aryl) bond (5f) or changing the
substitution site of the polyaromatic system (5i, 5k, 5l) (see
1H NMR spectra in the SI), the formation of another isomer
was observed.

Thermal Analysis. Thermal decomposition process of all
discussed Ir complexes was essentially multimodal with two or
three well-pronounced steps observed. The first decomposition
step occurred in the range of 250−450 °C, followed by the
second one, less pronounced, in the range of 450−650 °C and
the third one which could be observed between 650 and 950
°C. Comparing the results of TG analysis presented in Table 1

as well as TG curves presented in Figures 24S−33S, it can be
concluded that the most thermally stable are complexes 5g and
5b with the temperatures of 5% mass loss exceeding 230 °C.
Careful analysis of the obtained data leads to the observation

that not only the chemical nature of the functional group
present in the phenyl ring (see Figure 24S) influence the
thermal stability of examined compounds but also its
regiosubstitution. This phenomenon can be easily observed
in the example of TG curves of 4-, 3-, and 2-substituted
nitrophenyl 5d, 5e, and 5f derivatives presented in Figure 25S.
While only slight differences are observed between the
thermograms of 5d and 5g isomers, the thermal stability of
5f is significantly lower, which was revealed by a decrease in
the temperatures T5% and T10% (see Table 1). The influence of
regioisomerism on thermal stability of the studied compounds
was also confirmed by the results obtained for 1- and 2-
naphthyl (5h, 5i), as well as for 1-, 2-, and 9-anthracenyl (5j,
5k, and 5l) derivatives TG analysis, presented in Figure 26S
and 27S, respectively. Comparing the TG curves of the above-
mentioned naphthyl and anthracenyl derivatives with phenyl-

Figure 2. Perspective views of iridium complexes: (a) 5g, (b) 5j, (c)
5l. Only Ir and coordinated atoms are labeled, for clarity. Ellipsoids
are drawn at the 50% (a and c) and 33% (b) probability level, and
hydrogen atoms are shown as spheres of arbitrary radii.

Table 1. Results of TG and DTG Analysis

mass loss temperature [°C]

sample T5% T10% residuea [%]

5a 272 333 23.9
5b 300 340 24.3
5c 238 313 26.2
5d 302 343 24.3
5e 278 338 24.4
5f 217 313 23.5
5g 349 376 25.6
5h 233 318 21.7
5i 339 367 23.2
5j 311 358 23.2
5k 313 351 22.6
5l 238 329 21.1

aMeasured at 990 °C.
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derived complex (5a), it is easy to notice that also the number
of condensed aromatic rings present in the structure of R
substituent unambiguously influences the complex stability
(see Figures 30S−33S). Despite the above-mentioned differ-
ences in the thermal stability of the investigated samples, the
relative residue at 990 °C was similar. The latter was expected
as the iridium should be the main component of the pyrolysis
residue, and its content in the examined compounds was
comparable.
As a conclusion of this paragraph, it might be said that all the

complexes exhibited sufficient thermal stability to be applied as
potential phosphorescent emitters.16

Electrochemical Properties. In order to determine
electrochemical properties of the studied iridium(III) com-
plexes, in particular their correlation with the structure of β-
ketoiminato ligand, cyclic voltammetry measurements were
performed. On the basis of the onsets of oxidation and
reduction potentials, the electron affinity (EA) and ionization
potential (IP) were estimated. The measured curves are shown
in Figure 34S (SI). The oxidation onset potentials (Eox onset) of
all studied complexes are in the range from 0.12 up to 0.29 V.
The oxidation is quasi-reversible and related to the oxidation of
Ir(III) to Ir(IV). These results are in good agreement with
those reported for the corresponding iridium complexes with
β-ketoiminato ligands.10,11 The incorporation of a methoxy
group to the phenyl moiety leads to a slight decrease in Eox onset
with respect to that of 5a, while incorporation of nitrile or nitro
groups leads to Eox onset increase (5d, 5e) or has no effect (5f).
This is consistent with the electronic effects of these groups,
since the methoxy group is electron donating, while nitrile and
nitro groups are electron withdrawing. For polycyclic aromatic
substituted complexes (5h−l), the most intensive influence on
Eox onset was observed for α-naphthyl derived complex. As one
can see, the measured reduction onset potentials (Ered onset)
were significantly more varied than Eox onset. In general, most of
the complexes were characterized with Ered onset near −2.3 V,
while the values reported for methoxy- and nitrile-derived
complexes were slightly more positive. However, the most
outstanding values were measured for nitro-derived complexes
(5d−f). The three complexes showed quasi reversible
reduction in contrast to the other studied compounds whose
reduction was irreversible. These results are similar to those in
the other reports concerning iridium complexes equipped with
nitro group, in which a drastic change in the reduction
potential was also observed.17

Electrochemical EA and IP were estimated from Ered onset and
Eox onset, respectively. EA, which corresponds to the energy level
of LUMO (the lowest occupied molecular orbital), was found
to be more sensitive toward ancillary ligand chemical
modification than IP, corresponding to the HOMO (the
highest occupied molecular orbital) energy level. According to
Table 2, EA values were within the 2.8−3.4 eV range, while the
IP spread was only 0.2 eV. Therefore, the chemical
modification had noticeably greater impact on the LUMO
energy level. It is worth emphasizing that the complexes
equipped with naphthyl or anthracenyl substituents (5h−l)
were characterized by identical EA and IP values as the
reference complex 5a.
Results of electrochemical measurement show that the

incorporation of different electron withdrawing or electron
donating groups to β-ketoiminato ligand might lead to a
change in their electrochemical properties. Obviously, it is a
consequence of electron density shift caused by chemical

modifications of the studied complexes and, hence, mod-
ification of their HOMO and LUMO energy levels. Our
attention was drawn by the most outstanding EA change
observed for nitro-derived complexes, that must have come
from the presence of −NO2 groups. Thus, we decided to
implement computational chemistry methods in order to
explore the electronic structure of these three compounds
along with the other complexes, intending to explain the origin
of the difference.

Theoretical Considerations. As the basis for further
theoretical considerations, at first the complexes’ geometries
were optimized at the B3LYP level without any symmetry
constrains. Cartesian coordinates of the ground states (S0) of
the complexes are presented in Tables 10S−21S, while the
exemplary perspective view of 5f structure is shown in Figure
3. Table 3 illustrates the parameters of Ir−ligand bond lengths

and bond angles in vacuo and in the C6H5Cl media, together
with the X-ray crystal structure data of 5f. Due to the d6

configuration of the Ir(III) ion, all complexes have the
expected pseudo-octahedral coordination geometry around
the iridium center. As presented in Figure 3 and Table 3, two
coordinating nitrogen atoms in the bzq ligands (N(1) and
N(2)) are in trans positions and the valence angles N(1)−Ir−
N(2) are nearly 180°, while the coordinating carbon atoms

Table 2. Electrochemical Properties of Studied Compounds

compound Ered onset [V] Eox onset [V] Eg [eV] EA [eV] IP [eV]

5a −2.32 0.17 2.49 2.8 5.3
5b −2.20 0.12 2.32 2.9 5.2
5c −2.15 0.21 2.36 3.0 5.3
5d −1.73 0.26 1.99 3.4 5.4
5e −1.70 0.26 1.96 3.4 5.4
5f −1.72 0.17 1.89 3.4 5.3
5g −2.35 0.29 2.64 2.8 5.4
5h −2.28 0.23 2.51 2.8 5.3
5i −2.31 0.16 2.47 2.8 5.3
5j −2.29 0.20 2.49 2.8 5.3
5k −2.26 0.18 2.44 2.8 5.3
5l −2.31 0.15 2.46 2.8 5.3

Figure 3. Optimized structure of 5f in the ground state.
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(C(13) and C(25)) are in cis positions and the valence angle
C(13)−Ir−C(25) is close to 90°. Furthermore, two valence
angles between the coordinating atoms from the bzq ligand
and the central iridium atom, namely C(13)−Ir−N(1) and
C(25)−Ir−N(2) (Table 3 and Figure 3) are nearly identical,
ca. 80°. The comparison of the structural parameters calculated
in the chlorobenzene environment and in vacuo showed that
the solvent effects have minor influence on the optimized
geometries of these complexes. The calculated Ir−N, Ir−C,
and Ir−O bond lengths are slightly longer (up to 0.01 Å) in
C6H5Cl media, while changes in the bond angles are less than
1.0°.

In general, the DFT (density functional theory) calculation
results are in reasonable agreement with the X-ray crystal
structure data. The deviations measured by the mean unsigned
error are 0.08 Å and 2° for bond lengths and valence angles,
respectively. The slight discrepancy between the calculated and
the measured values is reasonable, because the former results
were obtained adopting the complex molecules in vacuo,
whereas the latter ones were examined in the crystalline state.
The above differences of geometrical parameters were indeed
expected as B3LYP method overestimates the bond lengths in
transition metal complexes.18

Spectral properties are strongly dependent on the frontier
molecular orbitals’ (FMOs) properties. Therefore, DFT
calculations were employed to investigate the HOMO and
LUMO of the complexes. The molecular orbitals were
calculated assuming the optimized geometry of the ground
state. For all complexes, the energy gaps between the HOMO
and LUMO were correlated with their experimental values
obtained by cyclic voltammetry measurements. In this study,
apart from B3LYP, other commonly used functionals, namely
M06 and WB97XD with basis set composed of 6-311++G(d,p)
for H, C, N, and O and SDD for Ir atom, were tested to obtain
the best possible correlation with experimental values. Because
the geometries optimized with B3LYP were comparable to
those obtained from the experimental XRD results, we initially
adopted this approach in our studies. The linear regression
coefficient determined, characterizing the strength of the
correlation between the theoretical energies and electro-
chemical data, was 0.86 (Figure 35S SI). From among the
other tested functionals, B3LYP was characterized by the best
correlation between experimental results and allowed us to
explain the unusually low bandgap for 5d−f; thus, it was
chosen for further considerations. This choice was also
supported by the fact that B3LYP functional is applicable for
prediction with good accuracy of the trend of structural
changes effect on the electronic structure of the modified
compound with respect to that of the unmodified one.19 The
exemplary HOMO and LUMO contours and HOMO−LUMO
energy gaps of the studied complexes are presented in Figure 4,
while the full set of the numerical values of orbital distributions
are compiled in Table 9S (see the SI).

Table 3. Comparison of Selected Bond Lengths and Valence
Angles from the Optimized Geometries with the
Experimental Values for 5f

gas C6H5Cl X-ray

Bond Lengths (Å)
Ir−N1 2.102 2.105 1.946
Ir−N2 2.076 2.080 1.899
Ir−N3 2.265 2.271 2.195
Ir−C13 2.034 2.036 2.034
Ir−C25 2.028 2.029 2.009
Ir−O1 2.180 2.191 2.125

Valence Angles (deg)
C13−Ir−C25 89.2 88.4 92.5
C13−Ir−N2 93.4 93.6 91.2
C25−Ir−N2 80.9 80.8 81.6
C13−Ir−N1 80.5 80.4 82.7
C25−Ir−N1 98.1 98.0 98.3
N2−Ir−N1 173.8 173.9 173.9
C13−Ir−N3 174.4 174.7 173.8
C25−Ir−N3 95.8 96.2 93.4
N2−Ir−N3 89.9 89.8 91.6
N1−Ir−N3 96.2 96.2 94.5
C13−Ir−O1 89.0 89.5 85.9
C25−Ir−O1 174.8 175.1 177.0
N2−Ir−O1 94.3 94.9 96.0
N1−Ir−O1 86.5 86.0 84.0
N3−Ir−O1 86.2 86.1 88.4

Figure 4. Frontier molecular orbital diagrams of complexes 5a and 5f computed at the B3LYP/SDD/6-311++G(d,p) level of theory.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b02785
Inorg. Chem. 2019, 58, 15671−15686

15676

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02785/suppl_file/ic9b02785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02785/suppl_file/ic9b02785_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b02785


As usually observed for cyclometalated cationic iridium(III)
complexes,18,19 the iridium atom brings a significant con-
tribution to HOMO, while being much less involved in
LUMO. This fact indicates that HOMO−LUMO transition
should be characterized by strong MLCT (metal to ligand
charge transfer) character. Therefore, the HOMOs are
localized on both types of ligands, but their distribution is
limited to the N,O-donating atoms of the β-ketoiminato ligand
and is also spread over the whole bzq ligands, with slight shift
of electron density toward the C-donating part of bzq. On the
contrary, the LUMOs are almost totally present on cyclo-
metalating ligands (except 5d−f) with less than 5%
contribution of the Ir atom. It is worth noting that due to
the lack of symmetry constraint in the calculated structures, the
two bzq ligands are inequivalent, so their LUMOs are split into
two subsequent levels (e.g., LUMO and LUMO + 1) that are
very close in energy. However, for complexes 5d−f equipped
with a nitro group, the LUMOs are mainly located on the
ancillary ligand, in particular its nitrophenyl moiety, while the
successive unoccupied molecular orbitals LUMO + 1 and
LUMO + 2 primarily originate from the cyclometalating
ligands (see Table 9S in the SI). According to Table 6S, the
bandgap values calculated for 5a−c and 5g−l are very close,
the spread is 0.21 eV, while the respective electrochemical
bandgap spread is 0.32 eV. The calculated bandgap spread for
5d−f is 0.11 eV, while electrochemically determined bandgaps
are within 0.1 eV range. This indicates that the electrochemical
data and theoretical predictions are well correlated and show
that the mentioned complexes should exhibit similar properties
related to the bandgap values within the above−specified
groups, despite the fact that their LUMO levels are
overestimated. Additionally, the calculated 5d−f bandgaps
are lower than the value obtained for the reference 5a by about
0.8 eV for B3LYP functional (Table 6S). The respective
electrochemically determined difference is in the 0.5−0.6 eV
range, which indicates good reproducibility of the experimental
data by theory. Interestingly, if one calculates HOMO and
LUMO + 1 energy level differences for 5d−f, they will obtain a
value close to the calculated HOMO−LUMO bandgap of 5a.
Considering the above, the DFT calculations reproduced the
trends observed in electrochemical measurements, confirming
that incorporation of −NO2 groups into the ancillary ligand
structure is associated with the insertion of its own lowest
unoccupied level between the original HOMO and LUMO
levels of the unmodified reference complex 5a (see Figure 4).
Therefore, it supports our supposition that Ered onset decreases
for 5d−f complexes relative to the other complexes which
originates from the reduction of the nitro group itself. This
conclusion is very important since it indicates that the
electrochemically determined bandgaps for these three
complexes are flawed. The correlation of electronic structure
with photophysical properties of the complexes is further
discussed in the following sections.
Photophysical Properties. Absorption spectra of the

studied complexes 5a−5l in chlorobenzene under ambient
conditions are presented in Figure 5. The strong spin−orbit
coupling of iridium atom makes the formally forbidden triplet
metal−ligand charge transfer transitions (3MLCT) possible,
and for the examined complexes, they are observed as long-
wavelength absorption bands in the range of 440−550 nm.
Generally, the bands located around 400 nm can be assigned to
the higher extinction singlet 1MLCT, and the bands falling in
the short-wavelength range (below 400 nm), to π−π* ligand

centered (1LC) transitions. However, the exact assignment of
the lowest energy states may be inaccurate, because it is
generally known that they can be a mixture of 3LC, 3MLCT,
and 1MLCT.4b The fact that for tris(benzo[h]quinolinato)-
iridium(III) complex ([Ir(bzq)3]) the absorption bands in the
370 nm region were assigned to 1MLCT states might support
our interpretation.20

As one can see, the performed modifications of β-
ketoiminato ancillary ligand structure did not affect signifi-
cantly the absorption spectra of the studied complexes.
Nonetheless, the absorption spectra of the complexes equipped
with polycyclic aromatic substituents, especially anthracenyl,
differ mostly in the range of 1MLCT/LC transitions.
Interestingly, the change in anthracenyl regio-substitution
from position 2 (5k) to 1 or 9 (5j, 5l respectively) resulted in
alteration in the probability of these transitions. The bands
located around 400 nm are more pronounced for 5j and 5l
complexes, and the most intense bands (350−380 nm) are
slightly red-shifted in comparison to the corresponding signals
in the spectra of 5a, 5h, 5i, and 5k. Interestingly, the
absorption onset for 5d−5e is similar to those of the other
complexes and no additional low−energy absorption bands
were observed for them. This fact is in contrast to the
electrochemically determined energy levels, which suggests a
significant decrease in the bandgaps for the nitro-substituted
complexes. This indicates that the excitation from HOMO to
LUMO levels are not preferable for them. Therefore, it can be
supposed that the observed lowest in energy transitions involve
the central atom and bzq ligands (corresponding to HOMO→
LUMO+1 transition). The reason for that might be the

Figure 5. Normalized absorption spectra of the investigated
complexes in chlorobenzene: 5a−5g (a) and 5h−5l compared with
5a (b).
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location of LUMO on the nitrophenyl moiety of ancillary
ligand, which hampers the electron transition from HOMO
mostly located on bzq ligands, due to very poor overlapping of
the orbitals.
Normalized photoluminescence (PL) spectra of the studied

complexes in chlorobenzene are shown in Figure 6. Excitation

at 485 nm, corresponding to the 3MLCT transition of the
complexes, resulted in a broad emission band in the range of
500−750 nm with a maximum at ∼570 nm for the complexes
with phenyl, naphthyl, and anthracenyl substituents (5a and
5h−5l). All other complexes (5b−5g) showed a structured
emission with narrow bands located at ∼538, ∼577, and ∼628
nm. The most structured emission spectrum was observed for
complexes 5e and 5f, equipped with −NO2 groups. Nonethe-
less, the emission spectra of the complex with −NO2 groups in
the para position (5d) revealed its instability and thus, it was
not further examined (see Figure 36S in the SI). As one can
see, the most pronounced structure is observed for the
complexes bearing electron withdrawing substituents (e.g.,
−NO2, −CN) and less distinct bands are noticed when the
electron donating groups (e.g., −OCH3, −Ph) are present in
the ancillary ligand structure. The structured emission spectra
of transition metal complexes often indicate a large
contribution of LC in the emissive excited states.21 Addition-
ally, for the complexes with electron withdrawing group, the
most intense is the 0−0 transition that changes a little bit the
color of the emitted light and suggests small geometry changes
during excitation and relaxation.

Complexes from the first group (5b−5g) exhibited the
structured emission which was a mirror image of the excitation
spectra (compare Figures 6a and 7), as relative intensities of

the vibrational peaks in the emission correlated with the
excitation spectra (see Figure 37S in the SI for a full data set).
Considering the spectra recorded for the nitro-derived
complexes 5e and 5f, the emission structure is the most
visible and the probability of higher energy transition relative
to the other bands is higher. For many common fluorophores,
the vibrational energy levels spacing is similar for the ground
and excited states, which results in the emission spectrum that
strongly resembles the mirror image of the absorption
spectrum. However, for our complexes, the vibrational mirror
image is only visible in the excitation spectra and no structure
is observed in the absorption spectra. It may suggest that these
two spectra have different excited-state origins. It is supposed
that the first absorption band reflects a combination of
different transitions to MLCT states, whereas the excitation
spectrum comes from the specific state responsible for the
emission. In general, MLCT transitions are coupled to low
energy vibrations and are more influenced by the molecule’s
environment, thus the absorption bands should reveal more
inhomogeneous broadening with increasing degree of MLCT
character. As shown for 5e (Figure 7), when its molecule was
excited at the lowest energy absorption bands observed in the
excitation spectra, a structured emission spectrum in photo-
luminescence was recorded. Nevertheless, when higher energy

Figure 6. Normalized photoluminescence spectra of the investigated
complexes in chlorobenzene (λex = 485 nm): 5a−5g (a) and 5h−5l
compared with 5a (b).

Figure 7. (a) Normalized photoluminescence excitation and
absorption spectra of 5e in chlorobenzene. (b) Normalized
photoluminescence spectra of 5e in chlorobenzene, measured at
different excitation wavelengths.
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was supplied to the molecule, a broad and structureless
emission spectrum was found. Usually, the structureless
spectrum is assigned to the emission from MLCT states,
whereas the structured emission indicates that LC emissive
excited states play a crucial role in generation of visible light.
Therefore, the probable explanation of this behavior could be
that upon tuning the excitation energy, the emission from
different close lying excited states is observed. However, in
order to examine this phenomenon, additional experiments are
needed. The strong excitation wavelength dependency of
emission have been reported by Hsu et al. for osmium(II) and
silver(I) complexes22 in which the phosphorescence/fluores-
cence intensity ratio is enhanced when the excitation energy is
increased.
Additionally, LC transitions are characterized with higher

energy than MLCT transitions.23 However, our results
obtained for the studied iridium complexes suggests almost
the same energy for both transitions and a strong mixing of LC
and MLCT. Since the structured emission was observed only
for the complexes bearing phenyl-based ketoimine ancillary
ligands, we expected that this phenomenon would be
connected with the presence of this moiety. Surprisingly,
with the higher energy applied for excitation of 5e and 5f, their
emission spectra were almost the same as those of the other
compounds. Once again, it proved that the electron transitions
involving nitrophenyl moiety are not preferable and rather Ir-
bzq are engaged, which correspond to HOMO−LUMO+1 and
HOMO−LUMO+2 transitions. This explanation was further
supported by the results of electroluminescence studies.
[Ir(bzq)3] is classified as a complex whose emission

originates from the 3MLCT state.20 A comparison of its
emissive properties with the results reported here suggest that
β-ketoiminato ancillary ligand plays rather a marginal role in
the emission processes that originates mainly from the states in
which bzq and iridium are mostly involved. As a consequence,
the observed structured photoluminescence spectrum can
correspond to the vibronic−sublevel, especially for the electron
transition between the orbitals localized mostly on the ligand,
when the electronic−vibronic coupling occurs and/or for low
energy metal−ligand vibrations, when the metal participation
in the electronic state increases. Since electron transitions are
much faster than nuclear oscillations, the structured spectra
should be observed when a small molecular geometry change
takes place in the excited state. The latter was confirmed
previously on the basis of the intensity of 0−0 transition.
Therefore, taking into account the above considerations, it can
be concluded that substitution of N-donating atom in the β-
ketoiminato with various aryl groups affects only the LC/
MLCT excited states contribution to the total emission, while
all the studied [Ir(bzq)2(N∧O)] complexes exhibit green
emission in the same range. Therefore, it should be expected
that the modification of ancillary ligand should influence the
luminescence performance, since the emission from the
3MLCT state is expected to be more efficient, but this will
not tune the emitted wavelength. Driven by this conclusion, we
wanted to examine if the structured emission would occur in
photo- and electroluminescence in the solid state.
Photoluminescence of PhOLED Active Layers. In order

to avoid the concentration induced emission quenching, for
which Ir(III) complexes are known,24 the host−guest systems
are commonly used as an active layer, which means that the
emitter is homogeneously dispersed in a polymer matrix. In
this work, we used a well-known ambipolar matrix, composed

of poly(N-vinylcarbazole) (PVK) and 2-(4-tert-butylphenyl)-5-
(4-biphenylyl)-1,3,4-oxadiazole (PBD), providing hole and
electron transport, respectively. The PVK/PBD mixture was
selected as a host material due to its wide energy gap in
accordance with the general rule that the emitter energy gap
should be localized between HOMO and LUMO levels of the
matrix to ensure good energy transfer of the excitons from the
matrix to the emitter molecules.
The PL spectra of thin PVK/PBD films doped with 1 wt %

of the studied emitters upon excitation with the wavelength
corresponding to the lowest absorption band of the PVK/PBD
matrix (λex = 340 nm) are presented in Figure 8. All tested

layers showed the emission related to the phosphorescent
dopants as well as host component (λmax ∼ 430 nm),
originating from singlet exciplexes formed between carbazole
moieties and oxadiazole molecules. A contribution of the
matrix emission indicates incomplete energy transfer from the
matrix to the emitters. The best energy transfer was observed
for naphthyl−derived complex (5i), whereas the worst
efficiency of this process was noted for the complexes
characterized by structured emission spectra in solution
(primarily 5e, 5f). The main photoluminescence bands are
generally similar to those detected for the emitters in solution
upon high energy excitation. For the neat films, the emission
distribution is broadened and less structured, thus indicating
that mostly MLCT energy states are responsible for the
emission in the examined host−guest systems. Efficiency of
such an energy transfer influences the photoluminescence

Figure 8. Normalized photoluminescence spectra of thin layers of the
PVK/PBD blend doped with 1 wt % of emitter molecules: 5a−5g (a),
and 5h−5l compared with 5a (b). Excitation wavelength was 340 nm,
that corresponds to first absorption band of PVK/PBD matrix.
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quantum yield (QY), which was up to 18% for the investigated
layers (Table 4).
The emission spectra of thin layers doped with anthracenyl

substituted complexes (5j−5l) showed additional low energy
bands (680−800 nm) that were not visible in the spectra
recorded in solution. The presence of these bands is most
likely related to the anthracenyl degradation products. These
complexes exhibited poor emissive properties (QY < 1%, Table
4), as well as low stability of emissive states that was also
observed in further electroluminescence studies. Additionally,
incorporation of 5j−5l complexes resulted in a hypsochromic
shift of the matrix emission as presented in Figure 8b. It can be
attributed to the disruption of exciplex formation between
carbazole moieties from PVK and oxadiazole molecules.
Therefore, 5j−5l complexes are not good candidates for
efficient emitters in the PVK/PBD matrix, even though their
energy transfer was acceptable.
Dominant contribution to the emission of dopant

introduced to the layers may originate from long-range Förster
and/or from short-range Dexter energy transfer. The Dexter
mechanism is less likely because of low emitter concentration.
However, the exciton diffusion can enhance both paths of
energy transfer. Both mechanisms can operate efficiently only
when the emission spectrum of the donor and the absorption
spectrum of the acceptor overlap considerably. All the studied
complexes are characterized by a good spectral overlap of their
MLCT absorption bands with the matrix emission spectrum, as
shown in Figure 9, for exemplary 5a and 5h−5i complexes. In
the whole group of tested compounds, emitter 5i stands out in
the energy transfer efficiency since only a small contribution of

its emission originated from the matrix is visible in the film PL
spectrum. However, the photoluminescence QY of this
compound in thin film was very low (4%, Table 4). The
opposite relationship was observed for 5g, for which the energy
transfer was much less effective, but the compound showed
higher QY. Furthermore, 5h was characterized with the best
quantum yield (18%), despite showing noticeable contribution
of matrix emission in the photoluminescence spectrum. These
observations indicate that aryl-substitution of β-ketoiminato
ancillary ligand can tune photoluminescence efficiency of the
complexes in a way not fully understood. Nevertheless, the
confirmed spectral overlap of the complex absorption and the
matrix emission was a good premise to examine the efficiency
of energy transfer in electroluminescence studies.

Electroluminescent Properties. The electrolumines-
cence properties of the iridium complexes were tested in one
of the simplest PhOLED structure. The devices with a hole
injection layer (HIL) and an emissive layer were produced by a
spin-coating technique. Such a simple construction of the
device is preferable for manufacturing by economical wet
printing techniques. Additionally, this minimalistic approach is
an easy screening procedure for emitters’ electroluminescent
properties. The emissive layers were based on PVK/PBD
matrix systems as used in photoluminescence studies. It should
be noted that a PVK/PBD blend with a 7:3 weight ratio is
characterized by balanced charge transport properties, which is
a basic requirement for efficient OLEDs.
Electroluminescence (EL) spectra recorded for the devices

based on the investigated emitters are presented in Figure 10.
The EL spectra obtained for PhOLEDs doped with emitters
5a−5i were very similar to the PL spectra in thin films. The
maxima of emission were in the range of 555−570 nm, with
one exception, and were only slightly red-shifted in relation to
the PL spectra (compare Figures 8 and 10). It should be
emphasized that the matrix emission disappeared in the EL
spectra, even when it was predominant in PL of thin films (for
complexes 5e and 5f). The lack of emission from the matrix in
the EL spectra suggests a strong contribution of the charge
trapping process in EL phenomenon, which can promote
formation of excitons on the dopant molecules.
Similarly to the PL spectra, the EL spectra of PhOLEDs

doped with emitters 5j−5l showed long-wavelength bands in
addition to the desired 3MLCT bands. For the PhOLED
created on the basis of 5k, this red emission even dominated.
During prolonged measurements of these OLED emissions, we
observed that the contribution of long-wavelength bands
changed irreversibly along with the device operation time (see
Figure 38S in the SI). Therefore, it can be concluded that the

Table 4. Parameters of PhOLEDs Based on PVK/PBD Layers Doped with 1 wt % of All Tested Ir Complexes

compound λEL [nm] Lmax [cd/m
2] ηmax [cd/A] EQE [%] λPLfilm [nm] QYfilm [%]

5a 559 9 500 9.1 2.71 552 15
5b 565 1400 2.6 0.83 548 8
5c 559 600 1.5 0.48 545 9
5e 567 180 0.2 0.07 534 2
5f 563 580 0.3 0.10 540 2
5g 559 4200 3.8 1.13 548 12
5h 556 15700 12.3 3.20 549 18
5i 569 5500 4.2 1.45 563 4
5j 587, 715 50 0.02 0.01 554, 703, 775 <1
5k 625, 697, 765 100 0.06 0.03 561, 685, 753 <1
5l 575, 740 70 0.02 0.02 559, 723 <1

Figure 9. Normalized absorption spectra of four selected compounds
(5a, 5g, 5h, 5i) in chlorobenzene solutions and normalized
photoluminescence spectra of neat PVK/PBD blend.
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complexes with the anthracenyl substituent (5j−5l) are
unstable. This indicates that the degradation process of
anthracenyl groups may occur during the radiative excitation
and can be reinforced during operation of the device. Such a
scenario is possible because the degradation might be caused,
e.g., by trace amounts of oxygen molecules embedded in the
bulk of the emissive layer, despite their production in a
nitrogen atmosphere.
Current density−voltage (J−V) and luminance−voltage (L−

V) characteristics of the best performing PhOLEDs, based on
5a and 5h emitters, are shown in Figure 11. These plots
represent typical PhOLED characteristics in the range up to 16

V. The obtained luminance values were ∼9500 and ∼16000
cd/m2 at 16 V for 5a and 5h based PhOLEDs, respectively.
The turn-on voltage (the voltage value at which the luminance
reaches 1 cd/m2) was around 7 V. Although the 5h-based
PhOLED was characterized by a greater leakage of current;
nevertheless, the maximum luminance was higher when
compared to the system made with the use of 5a. In Figure
12, the current efficiencies are plotted versus luminance for the

tested devices. The highest value (over 12 cd/A) was obtained
for PhOLED with 5h emitter, derived with a 1-naphthyl
substituent. This result correlates well with the fact that the
highest photoluminescence QY was measured for thin films
with this dopant (Table 4). Moreover, measured current
efficiency was relatively stable in the wide luminance range
(1500−4000 cd/m2).
A comparison of the parameters determined for all tested

devices and their emissive layers is shown in Table 4. It should
be emphasized that the best devices exhibited good
parameters, considering that the diodes had such a simple
structure and were produced using solution methods. OLEDs
of similar structure, based on [Ir(bzq)2(acac)], exhibited the
maximum current efficiency of 4.2 cd/A.25 Therefore, the
obtained current efficiencies of 9.5 and 12.0 cd/A for 5a and
5h can be considered to be quite high. Of course, further
optimization of the devices’ structure by incorporation of
additional layers should lead to PhOLEDs of better perform-
ance.26

The devices that exhibited the best EQE were those with 5a,
b and 5g−i phosphorescent dopants (Table 4). As one can see
from a comparison of QYfilm and EQE, they correlate well for
all complexes with the exception of 5i. This deviation might be
related to a noticeable impact of the exciton energy transfer on
the device performance. Considering the above, it seems that
the best external efficiencies were obtained for the emitters
equipped with unmodified aromatic moieties (5a and 5g−i)
and electron-donating methoxy group (5b), all rich in
electrons. The very low performance of anthracenyl-derived
complexes (5j−k) might deny it at a first glance, but their poor
stability in electroluminescence should be kept in mind. Taking
into account the above-mentioned details, it is clear that their
efficiency might be suppressed by their unexpected instability.
In this way, we proved that β-ketoiminato ligands affect the
photophysical properties of the examined complexes, in
particular luminescence efficiency, although they do not tune
the maximum emission wavelength.

Figure 10. Normalized electroluminescence spectra of PhOLEDs
based on PVK/PBD doped with 1 wt % of the investigated emitter
molecules: 5a−5g (a) and 5h−5l compared with 5a (b).

Figure 11. Current density−luminance−voltage (J−L−V) character-
istics of PhOLEDs with emitting layer made of PVK/PBD doped with
1 wt % of emitter molecules: 5a (empty symbols) and 5h (full
symbols).

Figure 12. Current efficiency−luminance dependencies of PhOLEDs
with emitting layer made of PVK/PBD doped with 1 wt % of 5a and
5h complexes.
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It is known that the performance of PhOLEDs strongly
depends on the concentration of emitter in the active layer.
After screening all the emitters as dopants for OLEDs at 1 wt
%, we decided to optimize the dopant concentration for the
complex with the best−performance, i.e. 5h. This emitter was
chosen inter alia because of its highest quantum photo-
luminescence efficiency (18%). Furthermore, the devices based
on it exhibited the highest luminance and current efficiency
from among the tested PhOLEDs. To determine the optimal
dopant concentration, a series of devices with different emitter
content in the PVK/PBD matrix were prepared (from 0.5 to
7.0 wt %). The observed maximum luminance values (at 17 V)
were in the range from ∼4000 cd/m2 (for 7 wt %) to ∼16000
cd/m2 (for 1 wt %). The maximum value of external quantum
efficiency (EQE ∼ 3.2%) was obtained for the devices with 1
wt % emitter additive. A little bit lower value, but with slower
reduction of the efficiency with the increase in current density,
was observed for the diodes with 2 wt % emitter content
(Figure 13). Therefore, it can be assumed that the optimal

emitter content for such PhOLEDs ranges between 1 and 2 wt
%. Higher concentration may result in the emitter molecules
aggregation process resulting in quenching of emissive states
that is a common phenomenon observed in guest−host
systems. This might be the reason for the decrease in EQE
with increasing emitter concentration from 4 to 7 wt % in the
examined case.
In order to compare the energy transfer efficiency in electro-

and photoluminescence, the same amounts of 5h dopant were
used in both experiments. The obtained normalized PL spectra
are presented in Figure 14. As one can see, the contribution of
matrix emission decreases as the dopant concentration
increases. However, even for 7 wt % emitter additive, a small
emission from the matrix exciplexes was observed, so the
energy transfer was still incomplete. It strongly contrasts with
the electroluminescence spectra, in which almost complete
quenching of PVK/PBD emission was observed for the lowest
examined concentration (0.5 wt %) of emitter 5h (see Figure
39S in the SI). As mentioned above, these results suggest that
charge carrier trapping processes play an important role in the
electroluminescence phenomenon. EL spectra do not change
noticeably with the concentration increase and only a slight
shift of the band maximum was observed from 557 nm (0.5 wt
%) to 560 (7 wt %) nm. In the dopant concentration−
photoluminescence studies, a slightly bigger redshift from 547

nm (0.5 wt %) to 556 nm (7 wt %) was observed, suggesting
stronger intermolecular interactions. This is a normal
consequence of increasing concentration since it should also
reduce the mean distance between emitter’s molecules in the
emissive layer. It is worth noting that this phenomenon is more
visible in photoluminescence and less in electroluminescence.
Nevertheless, it is undoubtedly clear that the lower dopant
concentration gave better results in OLEDs.
As mentioned above, the charge carrier trapping might play

an important role in electroluminescence, therefore this
phenomenon was further explored by spectrally resolved
thermoluminescence (SRTL) studies in the range of 20−300
K. In recent years, it has been proved that guest and matrix
molecules compete in charge carriers trapping in emissive
layers based on host−guest systems.9b,27 To maximize the
emitter efficiency, this balance should be shifted toward
efficient formation of excitons on guest molecules and
quenching of host emission, even for the systems with minor
content of the emitter molecules in the matrix.
The SRTL results for the neat PVK/PBD and for the PVK/

PBD matrix doped with 1 wt % of 5h are shown in Figure 15.
A comparison of the TL maps showed that doping of 5h into
the PVK/PBD matrix results in a change in the emitted light
range. The spectrally resolved luminescence (SRL) recorded
close to the TL maximum (115 K) revealed that the emission
occurs in the range of 490−730 nm with one very broad band
with a maximum at 565 nm (see Figure 15c, red dashed line)
which does not change its position with temperature (see
Figure 15a). For the neat PVK/PBD matrix (see Figure 15c,
blue solid line), the emission occurred in the broader range of
390 to 750 nm. One can see two separated emission bands: a
dominant one with a maximum at 550 nm and the second one
with a maximum at 450 nm. Both emission bands from the
PVK/PBD blend are attributed to the exciplexes formed
between carbazolyl group and PBD molecule. The dominant
band originates from the triplet exciplexes, and the minor one
can be related to the singlet exciplexes and/or monomeric
triplet states of carbazolyl groups.27 However, the identification
of the radiative recombination active center in the doped
matrix is problematic because the dominant emission band of
the matrix (550 nm) is close to the emission originating from
the iridium complex molecules (565 nm). Nevertheless,
comparing both spectra, one can see that the spectrum of
the matrix doped with 5h is more intensive and has no short-

Figure 13. External quantum efficiency−current density dependencies
of PhOLEDs with emitting layer made of PVK/PBD doped with
different concentrations (from 0.5 to 7 wt %) of 5h emitter.

Figure 14. Normalized photoluminescence spectra of emissive layers
based on PVK/PBD doped with 5h in different concentrations (from
0.5 to 7 wt %). The excitation wavelength, corresponding to first
absorption band of PVK/PBD matrix, was 340 nm.
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wavelength band; the main emission band is slightly red-shifted
by 15 nm and has a smaller full width at half-maximum
(FWHM). Considering the differences, it can be assumed that
in doped film the emission from 5h dominates over PVK/PBD
emission. It is clear that the TL intensity of PVK/PBD with 1
wt % of 5h is significantly higher than the TL intensity of the
matrix alone (about 30%). In addition, two normalized
monochromatic TL curves shown in Figure 15b differ as
well. The monochromatic TL curve of the pure matrix
(recorded at λ = 550 nm) has a main maximum at 105 K.
Introduction of 1 wt % of 5h causes an increase in the relative
intensity of the TL signal in the high temperature range (above
110 K), as well as TL signal broadening in comparison to that
of its pure matrix analogue. In this case, high-temperature TL
signal contribution was greater in comparison to the previous
TL results obtained for the system doped with the iridium
complex containing one fluorine atom in the para position of
phenyl ring of the β-ketoiminato ligand.10 This comparison
points out the impact of deep traps located on the emitter
molecules. The depth of the traps might be approximated to
0.5 eV for holes and 0.4 eV for electrons, on the basis of
differences between HOMO and LUMO levels of the emitter
(5.3 and 2.8 eV, see Table 1) and the matrix (PVK (5.8, 2.2
eV) and PBD (6.2, 2.4 eV)). However, it should be taken into
account that HOMO and LUMO levels obtained from CV
experiments might be slightly varied in thin films due to
different environment of the molecules (THF as solvent in CV,
PVK/PBD in thin films).
It can be concluded that introduction of the iridium complex

molecules to PVK/PBD matrix causes formation of new,
deeper trapping states that promote radiative recombination
on the dopant molecules. In addition, it must be emphasized
that the spectrum observed in the TL experiment for PVK/
PBD doped with 5h shown in Figure 15c is similar to the EL
spectrum, as far as their shapes and location of the maximum

are concerned (cf. Figure 10b). This indicates that in both
cases, after optical excitation at low temperatures (SRTL) and
during the excitation induced by the current flow at room
temperature (EL), the generation mechanism of triplet exciton
for the emitter molecules added to PVK/PBD is similar.

■ CONCLUSIONS
In summary, we reported a synthetic protocol for the
obtainment of heteroleptic [Ir(bzq)2(MeC(NR)CHC-
(−O)Me)] complexes series and studied their electrochemical,
photoluminescent, and electroluminescent properties in
reference to the structure of β-ketoiminato ligand. The
spectrum of investigated R substituents included phenyl with
methoxy, cyano, nitro, and 5-methyl-2-benzothiazyl groups in
para position, as well as all possible regioisomers of naphthyl
and anthracenyl moieties. In the case of nitro-substituted
complexes, also ortho and meta isomers were investigated in
order to explore in detail their outstanding electrochemical
properties. Namely, it was found that the presence of nitro
group drastically increases electron affinity. With the aid of
theoretical calculations, we proved that this phenomenon was
related to the reduction of nitro group and should have rather
minor effect on other properties related to the bandgap
between the orbitals involved in excitation and emission. Apart
from the three nitro-derived complexes, the variation of
ancillary ligand structure had only slight impact on the electron
affinity and ionization potential.
The photoluminescence studies confirmed the results

obtained from electrochemical measurements and theoretical
considerations, showing that the ancillary ligand structure
modification does not affect the bandgap. As a result, the
complexes were found to be green emitters with emission
maximum within the range of 30 nm. Surprisingly, it evidenced
that the electrochemically determined bandgap for nitro-
derived complexes was flawed because of the incorporation of
lowest unoccupied orbital of nitro moiety. Therefore, together
with theoretical calculations, it proved that HOMO localized
mostly on iridium and cyclometalating ligands, and LUMOs
present mostly on bzq, are predominantly involved in radiative
transitions. It also correlates with the measured photo-
luminescence spectra, which resemble the typical broad
MLCT character of the transition. Additionally, the com-
pounds equipped with polyaromatic substituents exhibited
broad and structureless emission, whereas the complexes
bearing phenyl-based substituents were characterized by
structured emission. The observed structure could correspond
to ligand vibrations or low energy metal−ligand vibrations.
Additionally, the structured emission spectra were not
observed in solid state for thin film layers of PVK/PBD
doped with 1 wt % of studied complexes, suggesting that
mainly MLCT states were filled by exciton transfer from the
host to the guest.
We found that although the structure modification of β-

ketoiminato ligand did not allow tuning of the maximum
emission wavelength, the other properties related to
luminescence efficiency were strongly affected. A particular
impact was observed in the photoluminescence quantum yield
of PVK/PBD layers doped with 1 wt % of the studied Ir(III)
phosphors, which ranged between <1 and 18%. A similar, but
less spectacular change, was observed for external quantum
efficiencies of the devices based on the same emissive layer,
namely from 0.01 to 3.20%. Interestingly, N,O-donating
ligands bearing unsubstituted aromatic moiety seemed to be

Figure 15. SRTL spectra for PVK/PBD layer doped with 1 wt % of
emitter 5h and for neat PVK/PBD matrix layer: (a) the TL maps; (b)
normalized monochromatic TL curves recorded at λ = 565 and 550
nm, respectively; (c) non-normalized isothermal spectra of emitted
light recorded at 105 and 115 K, respectively. The red dashed and
blue solid curves show results for the doped and neat PVK/PBD
matrixes, respectively. Straight lines on the TL maps indicate selected
wavelength for monochromatic TL curves (horizontal lines) and
selected temperature for isothermal spectra of emitted light (vertical
lines).
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more promising in the application as dopants for PhOLEDs.
However, this does not include the anthracenyl substituents
since incorporation of these moieties resulted in instability of
the complex upon photo- and electro-excitation.
From the tested devices, the best performance showed the

PhOLED doped with the complex bearing 4-(1-naphthyl)-
imino-2-pentanonate as an ancillary ligand. The maximum
measured work parameters reached 12 cd/A for current
efficiency and 16000 cd/m2 for luminance. It should be
emphasized that these values are quite high, considering that
diodes were fabricated using solution methods and taking into
account the uncomplicated device structure. For reference, a
very similar OLED based on [Ir(bzq)2(acac)] exhibited the
maximum current efficiency of 4.2 cd/A. In all the examined
devices, the electroluminescence spectra demonstrated only
the dopant emission, while a significant contribution of the
PVK/PBD matrix emission was observed in the photo-
luminescence of the same emissive layers. This indicated that
the charge trapping might be the dominant mechanism of
exciton generation in EL phenomenon. In fact, spectrally
resolved thermoluminescence studies for the most efficient
host−guest system proved that the recombination centers are
created on the emitter molecules which simultaneously act as
deeper trapping states, than the pure matrix. Therefore, on the
basis of our results, it can be concluded that the introduction of
the iridium complexes into the matrix causes efficient exciton
creation on the emitter molecules in EL phenomenon, proving
their applicability in PhOLED technology.

■ EXPERIMENTAL SECTION
General Information. All syntheses and manipulations were

carried out under argon using standard Schlenk-line and vacuum
techniques. The microwave-assisted reactions were performed with
the use of a CEM Discover microwave pressure system (power max
300 W, magnetron frequency 2455 MHz, pressure max 20 bar). The
chemicals were obtained from the following sources: IrCl3·3H2O from
Pressure Chemicals, acetone, acetylacetone (acacH), Et2O, MeOH,
CDCl3, CD2Cl2, 1,2-dichloroethane, THF, arylamines from Aldrich,
benzo[h]quinoline (bzqH) from ABCR, THF 99.5 extra dry from
Acros Organics, Bu4NBF4 (purity > 98) from TCI. The complex
[{Ir(μ-Cl)(bzq)2}2] (4)

28 was synthesized according to the published
method. All solvents and liquid reagents were dried and distilled
under argon prior to use. The NMR spectra for 4-arylimino-2-
pentanones were recorded in CDCl3 on 300 MHz spectrometer at
298 K, using SiMe4 as internal standard for

1H and 13C measurements.
For iridium complexes, the chemical shifts were referred to the
residual protonated solvent peaks (1H δH = 7.26 ppm for CDCl3 and
1H δH = 5.32 ppm for CD2Cl2). The purity of iridium materials was
determined by elemental analysis on Flash 2000 (Thermo Scientific).
HRMS data were obtained on AMD 402 two−sector mass
spectrometer of B/E geometry (EI-MS) and Waters/Micromass Q-
tof Premier mass spectrometer equipped with an electrospray ion
source (ESI-MS).
Synthesis of Ligands and Complexes. Detailed descriptions of

the preparation of ligands and complexes, as well as spectroscopic
data, can be found in the Supporting Information.
X-ray Crystallography. Diffraction data were collected by the ω-

scan technique, for 5g and 5l at 100(1) K, for 3h and 3j at 130(1) K,
for 3d and 3l at room temperature on a Rigaku Xcalibur four-circle
diffractometer with an Eos CCD detector and graphite-monochro-
mated Mo Kα radiation (λ = 0.71069 Å), and for 5j at room
temperature on Rigaku SuperNova four-circle diffractometer with
Atlas CCD detector and mirror-monochromated Cu Kα radiation (λ
= 1.54178 Å). The data were corrected for Lorentz polarization as
well as for absorption effects.29 Precise unit-cell parameters were
determined by the least-square fit of reflections of the highest

intensity, chosen from the whole experiment. The structures were
solved with SHELXT30 and refined with the full-matrix least-squares
procedure on F2 by SHELXL-2013.31 All non-hydrogen atoms were
refined anisotropically, in 3j all hydrogen atoms were found in
difference Fourier maps, in 3h NH and OH hydrogen atoms, in 3d al
but methyl group, and these hydrogen atoms were freely, isotropically
refined. All other hydrogen atoms were placed in idealized positions
and refined as “riding model” with isotropic displacement parameters
set at 1.2 (1.5 for methyl groups) times Ueq of appropriate carrier
atoms. In the structure 3h the hydrogen atoms of methyl group C1
were found in two alternative positions with 50/50 site occupations.

The structures of two other compounds (5f and 5i) were also
confirmed by X-ray diffraction, butdue to the poor quality of
crystals and severe disorderthese structures are attached as
Supporting Information. Table 1S lists the relevant information
about the crystal and refinement data.

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Centre, Nos.
CCDC 1865881 (3d), 1892376 (3h), 1865882 (3j), 1865883 (3l),
1865883 (5f), 1865885 (5g), 1865886 (5i), 1865887 (5j) and
1865888 (5l). Copies of this information may be obtained free of
charge from The Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK. Fax: + 44(1223)336-033. E-mail: deposit@ccdc.cam.ac.uk.
www.ccdc.cam.ac.uk.

Thermogravimetric Analysis (TGA). Thermogravimetric anal-
ysis (TGA) of the prepared complexes samples was carried out using a
Q50-TGA thermobalance (TA Instruments, Inc.) under an N2 flow of
60 mL min−1. Samples (3−5 mg) loaded on a platinum pan were
heated from RT to 1000 °C at a rate of 10 °C min−1.

Electrochemical Measurements. Electrochemical properties
were estimated from cyclic voltammetry (CV) measurement using
Electrochemical Analyzer model 620 (CH Instruments). A classic
three electrode setup was used with a platinum wire as a working
electrode, platinum spiral as a counter electrode, and silver wire as
pseudo-reference electrode. Potential was calibrated by ferrocene as
an internal standard. Measurement was carried out in THF with
Bu4NBF4 as a supporting electrolyte. Oxidation onset potential
(Eox onset) and reduction onset potential (Ered onset) were estimated
from the intersections of tangential lines of redox peaks and
background line. Electrochemical energy gaps (Eg) were estimated
from equation Eg = (Eox onset − Ered onset)|e−|. Ionization potential (IP)
and electron affinity (EA) were estimated from equations IP = (5.1 +
Eox onset)|e−| and EA = (5.1 + Ered onset)|e−|.
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Computational Methods. The full optimizations of all Ir(III)
complexes in their singlet ground state were carried out. Initially, the
density functional theory (DFT)33 with B3LYPthe hybrid Becke’s
three parameter functionaland Lee−Young−Parr exchange-corre-
lation potential were used.34−36 For the Ir metal center the SDD basis
set with Stuttgart−Dresden pseudopotentials37 were used and the 6-
31G(d) basis set for H, C, N, and O atoms.38 After preliminary
calculations more flexible basis sets including diffuse and polarization
functions were used variety 6-311++G(d,p). The DFT calculations
using the B3LYP,34,36,36 M06,39 WB97XD40 functionals based on the
optimized S0 geometries were performed to obtain the energies of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied orbital (LUMO). To investigate solvent effect, the
ground−state geometry optimization of iridium compounds was also
performed within the SCRF (self-consistent reaction field) theory
using the polarized continuum model (PCM)41−43 in chlorobenzene
(C6H5Cl) solution to model the interaction with the solvent. All
calculations were performed using the Gaussian09 software package in
PL-Grid infrastructure.44

Spectroscopic Measurements. Photophysical studies of new Ir
complexes were performed in a solution as well as for emissive layers.
All compounds were diluted (∼10−5 M) in chlorobenzene and the
standard 1 cm path length quartz cuvette was used. Thin films (60
nm) of PVK/PBD blends (7:3 weight ratio) doped with iridium
complexes were prepared on quartz substrates by means of spin−
coating. Absorption spectra were detected by a Carry 5000 (Varian)
spectrometer. The emission spectra were recorded on Edinburgh
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Instruments FLS980 spectrofluorometer equipped with an integrating
sphere used to determine the photoluminescence quantum yields.
Samples of thick layers (few μm), required for SRTL experiments,

were prepared by drop−casting from chlorobenzene solutions onto
aluminum substrates in ambient conditions. The samples for SRTL
studies were placed in the vacuum chamber on a thermostated holder
and covered by a sapphire plate. After sample photoexcitation at 15 K
for by pulsed nitrogen laser (λ = 337 nm) (PTI, model GL-3300T)
the TL measurements were carried out in the temperature range of
20−300 K with heating rate of 7 K/min. Sample thermoluminescence
was recorded by a detection system contained an optical collector, an
optical−fiber, a Micro HR Imaging Spectrograph and a CCD 3500
camera (Horriba Jobin Yvon).
Fabrication and Characterization of PhOLEDs. The OLEDs

were fabricated on glass substrates by means of the spin−coating
technique followed by vacuum evaporation. First, the hole injection
layer of poly(3,4−ethylenedioxythiophene) and poly-
(styrenesulfonate) mixture (PEDOT:PSS) was spin coated on an
ITO anode in ambient conditions. Second, the emissive layer of PVK/
PBD with 1 wt % Ir complex was spin-coated from a chlorobenzene
solution in a glove box. The dopant concentration influence on the
device parameters was checked only for 5h in the range of 0.5−7 wt
%. As the last step, the cathode materials were patterned through a
shadow mask by physical vacuum deposition technique. The complete
device stack can be written as ITO/PEDOT:PSS (20 nm)/PVK:PBD
+ emitter (60 nm)/Ca (20 nm)/Ag (100 nm). The device J−V−L
characteristics were determined with use of Keithley 2400 source
measurement unit connected with Minolta CS-200 camera. The EL
spectra were recorded by the CCD 3500 camera (Horiba Jobin
Yvon).
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1. Synthesis of ligands and complexes

4–Phenylimino–2–pentanone (3a)1: To a solution of 0.05 mol of 

acetylacetone (5.0 g) in benzene, 0.045 mol of aniline (4.2 g) 

and 20 mg of p–toluenesulfonic acid were added. The obtained 

mixture was refluxed using Dean–Stark apparatus, until no more 

water was generated (ca. 10 h). Then the solvent was 

evaporated and the oily residue was crystallized from hexane. 

The product was filtered off and dried in vacuum at r.t. 

Yield: 7.1 g (90%), m.p. 47–49C. Yield: 7.1 g (90%); m.p. 47–

49C; 1H NMR (300 MHz, CDCl3): δ = 12.47 (bs, 1H; NH); 7.32 (t, 

2H, 7.7 Hz; CAr3,5H); 7.17 (t, 1H, 7.7 Hz; CAr4H); 7.09 (d, 2H, 

7.7 Hz; CAr2,6H); 5.18 (s, 1H; =CH); 2.09 (s, 3H; C(=O)CH3); 

1.98 (s, 3H; =CCH3); 13C NMR (75 MHz, CDCl3) δ = 196.0 (C=O); 

160.1 (=C–N); 138.7 (N–CAr1); 129.0 (CAr2,6); 125.5 (CAr4); 124.7 

(CAr3,5); 97.5 (=CH); 29.1 (C(=O)CH3); 19.8 (=CCH3); HRMS (EI): 

m/z calcd for C11H13NO+: 175.0992, found: 175.0971.

Compounds 3b–3i have been synthesized using the same method as 

for 3a:

4–(4–Methoxyphenyl)imino–2–pentanone (3b): 0.07 mol (8.6 g) of 

4–methoxyaniline was used. Yield: 10.2 g (71%); m.p. 40–42C; 

1H NMR (300 MHz, CDCl3) δ = δ 12.27 (bs, 1H; NH); 7.01 (m, 2H; 

CAr2H); 6.84 (m, 2H; CAr3H); 5.13 (s, 1H; =CH); 2.06 (s, 3H; 

C(=O)CH3); 1.88 (s, 3H; =CCH3); 13C NMR (CDCl3) δ = 195.7 (C=O); 

161.3 (=C–N); 157.6 (CAr4O); 131.4 (N–CAr1); 126.5 (CAr2,6); 114.2 

(CAr3,5); 96.7 (=CH); 28.5 (C(=O)CH3); 19.5 (=CCH3); HRMS (EI): 

m/z calcd for C12H15NO2+: 205.1097, found: 205.1109.

4–(4–cyanophenyl)imino–2–pentanone (3c): 0.05 mol (5.5 g) of 

4–aminobenzonitrile was used. Yield: 8.2 g (88%); m.p. 85–88C; 
1H NMR (300 MHz, CDCl3) δ = δ 12.67 (bs, 1H; NH); 7.59 (m, 2H; 

CAr3H); 7.14 (m, 2H; CAr2H); 5.28 (s, 1H; =CH); 2.12 (s, 3H; 
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C(=O)CH3); 2.11 (s, 3H; =CCH3); 13C NMR (CDCl3) δ = 197.5 (C=O); 

157.5 (=C–N); 143.3 (N–CAr1); 133.2 (CAr3,5); 122.8 (CAr2,6); 118.6 

(CN); 107.2 (CAr4CN); 99.9 (=CH); 29.5 (C(=O)CH3); 20.3 

(=CCH3); HRMS (EI): m/z calcd for C12H12N2O+: 200.0944, found: 

200.0938.

4–(4–Nitrophenyl)imino–2–pentanone (3d): 0.04 mol (6.1 g) of 

4–nitroaniline was used. Yield: 7.1 g (73%); m.p. 140–142C; 1H 

NMR (300 MHz, CDCl3) δ = 12.75 (bs, 1H; NH); 8.16 (m, 2H; 

CAr3H); 7.15 (m, 2H; CAr2H); 5.31 (s, 1H; =CH); 2.17 (s, 3H; 

C(=O)CH3); 2.11 (s, 3H; =CCH3); 13C NMR (CDCl3) δ = 197.8 (C=O); 

156.9 (=C–N); 145.2 (N–CAr1); 143.4 (CAr4NO2); 125.1 (CAr3,5); 

121.8 (CAr2,6); 101.1 (=CH); 29.5 (C(=O)CH3); 20.5 (=CCH3); HRMS 

(EI): m/z calcd for C11H12N2O3+: 220.0842, found: 220.0840.

4–(3–Nitrophenyl)imino–2–pentanone (3e): 0.05 mol (6.8 g) of 

3–nitroaniline was used. Yield: 7.8 g (72%); m.p. 76–78C; 1H 

NMR (300 MHz, CDCl3) δ = 12.64 (bs, 1H; NH); 7.99 (ddd, 1H, 

8.1, 2.1 & 0.9 Hz; CAr4H); 7.96 (t, 1H, 2.1 Hz; CAr2H); 7.50 (t, 

1H, 8.1 Hz; CAr5H); 7.40 (ddm, 1H, 8.1 & 2.1 Hz; CAr6H); 5.28 

(s, 1H; =CH); 2.12 (s, 3H; C(=O)CH3); 2.09 (s, 3H; =CCH3); 13C 

NMR (CDCl3) δ = 197.4 (C=O); 158.3 (=C–N); 148.7 (CAr3NO2); 

140.3 (N–CAr1); 130.0 (CAr5); 129.6 (CAr6); 119.5 (CAr2); 118.3 

(CAr4); 99.6 (=CH); 29.4 (C(=O)CH3); 19.4 (=CCH3); HRMS (EI): 

m/z calcd for C11H12N2O3+: 220.0842, found: 220.0857.

4–(2–Nitrophenyl)imino–2–pentanone (3f): 0.04 mol (5.2 g) of 

2–nitroaniline was used. Yield: 7.3 g (88%); m.p. 58–60C; 1H 

NMR (300 MHz, CDCl3) δ = 12.89 (bs, 1H; NH); 8.02 (dd, 1H, 8.2 

& 1.5 Hz; CAr3H); 7.54 (ddd, 1H, 8.4, 7.0 & 1.5 Hz; CAr5H); 7.22 

(dd, 1H, 8.4 & 1.2 Hz; CAr6H); 7.23 (ddd, 1H, 8.2, 7.0 & 1.2 

Hz; CAr4H); 5.37 (s, 1H; =CH); 2.14 (s, 3H; C(=O)CH3); 2.03 (s, 

3H; =CCH3); 13C NMR (CDCl3) δ = δ 197.3 (C=O); 156.2 (=C–N); 

142.5 (CAr2NO2); 134.0 (N–CAr1); 133.4 (CAr5); 126.4 (CAr3); 125.7 



5

(CAr4); 124.5 (CAr6); 101.9 (=CH); 29.5 (C(=O)CH3); 19.9 (=CCH3); 

HRMS (EI): m/z calcd for C11H12N2O3+: 220.0842, found: 220.0861.

4–(4–(5–Methyl–2–benzothiazyl)phenyl)imino–2–pentanone (3g): 

0.03 mol (7.8 g) of 2–(4–aminophenyl)–5–methylbenzothiazole 

was used. Yield: 9.4 g (90%); m.p. 156–158C; 1H NMR (300 MHz, 

CDCl3) δ = 12.65 (bs, 1H; NH); 8.01 (m, 2H; CPh3,5H); 7.91 (d, 

1H, 8.3 Hz; CBt7H);  7.66 (s, 1H; CBt4H); 7.28 (d, 1H, 8.2 Hz; 

CBt6H); 7.18 (m, 2H; CPh2,6H); 5.24 (s, 1H; =CH); 2.48 (s, 3H; 

BtCH3); 2.12 (s, 3H; C(=O)CH3); 2.09 (s, 3H; =CCH3); 13C NMR (75 

MHz, CDCl3) δ = 196.7 (C=O); 165.9 (CBt2); 158.8 (=C–N); 152.2 

(CBt3a); 141.2 (N–CAr1); 135.3 (CBt5); 135.1 (CBt7a); 130.2 

(CAr4Bt); 128.2 (CAr3,5); 127.9 (CBt6); 123.7 (CAr2,6); 122.6 (CBt7); 

121.3 (CBt4); 100.0 (=CH); 29.3 (C(=O)CH3); 21.5 (BtCH3); 20.1 

(=CCH3); HRMS (EI): m/z calcd for C19H18N2OS+: 322.1134, found: 

322.1153.

4–(1–Naphthyl)imino–2–pentanone (3h): 0.04 mol (5.8 g) of 1–

aminonaphthalene was used. Yield: 6.8 g (75%); m.p. 74–75C; 1H 

NMR (300 MHz, CDCl3) δ = 12.75 (bs, 1H; NH); 8.03 (d, 1H, 7.9 

Hz; CNph8H); 7.87 (d, 1H, 7.5 Hz; CNph5H);  7.77 (d, 1H, 8.2 Hz; 

CNph4H); 7.53 (m, 2H; CNph6,7H); 7.44 (t, 1H, 7.4 Hz; CNph3H); 7.28 

(d, 1H, 7.4 Hz; CNph2H); 5.31 (s, 1H; =CH); 2.18 (s, 3H; 

C(=O)CH3); 1.88 (s, 3H; =CCH3); 13C NMR (75 MHz, CDCl3) δ = 

196.4 (C=O); 161.8 (=C–N); 134.8 (N–CNph1); 134.2 (CNph10); 129.9 

(CNph9); 128.2 (CNph5); 126.9 (CNph6); 126.8 (CNph3); 126.5 (CNph7); 

125.2 (CNph8); 123.4 (CNph4); 122.7 (CNph2); 97.4 (=CH); 29.1 

(C(=O)CH3); 19.6 (=CCH3); HRMS (EI): m/z calcd for C15H15NO+: 

225.1148, found: 225.1157.

4–(2–Naphthyl)imino–2–pentanone (3i): 0.04 mol (5.7 g) of 2–

aminonaphthalene was used. Yield: 6.3 g (70%); m.p. 95–97C; 1H 

NMR (300 MHz, CDCl3) δ = 12.66 (bs, 1H; NH); 7.82 (d, 1H, 7.2 

Hz; CNph5H); 7.81 (d, 1H, 8.6 Hz; CNph4H);  7.77 (d, 1H, 8.1 Hz; 
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CNph8H); 7.54 (d, 1H, 1.9 Hz; CNph1H); 7.49 (t, 1H, 7.2 Hz; 

CNph7H); 7.45 (d, 1H, 7.2 Hz; CNph6H); 7.25 (dd, 1H, 8.6 & 1.9 

Hz; CNph3H); 5.31 (s, 1H; =CH); 2.18 (s, 3H; C(=O)CH3); 1.88 (s, 

3H; =CCH3); 13C NMR (75 MHz, CDCl3) δ = 196.2 (C=O); 160.1 (=C–

N); 136.3 (N–CNph1); 133.5 (CNph9); 131.1 (CNph10); 129.0 (CNph4); 

127.6 (CNph5); 127.4 (CNph7); 126.6 (CNph7); 125.6 (CNph8); 123.9 

(CNph6); 121.7 (CNph3); 97.9 (=CH); 29.2 (C(=O)CH3); 20.0 (=CCH3); 

HRMS (EI): m/z calcd for C15H15NO+: 225.1148, found: 225.1141.

4–(1–Anthracenyl)imino–2–pentanone (3j): to  a pressure glass 

vessel of 10 mL capacity equipped with a magnetic stirrer, 400 

mg (2.070 mmol; 1.00 eq.) of 1–aminoanthracene, 2.125 mL of 

pentane–2,4–dione (20.70 mmol; 10.00 eq.) and a drop of acetic 

acid were added. The reactor was sealed by a plastic cap 

equipped with elastic membrane and then placed in the chamber 

of a microwave radiation source. The thus prepared reaction 

system was sealed with an encapsulating head, equipped with a 

pressure sensor. The reaction was conducted for 1 hour at 150 

℃, irradiating the mixture with microwaves (150 W and 

frequency 2445 MHz). Afterwards, the solvent was fully 

evaporated from the post–reaction mixture under reduced 

pressure. The remaining crude product was purified by flash 

chromatography using silica treated with triethylamine as the 

solid phase (gradient elution from pure n–hexane to n–

hexane:AcOEt = 4:1, v/v). The purified material was dried in 

vacuo for 4 hours. The desired product was obtained in 79 % 

yield (450.35 mg, 1.637 mmol); m.p. 157–158C; 1H NMR (300 MHz, 

CDCl3) δ = 12.86 (bs, 1H; NH); 8.58 (s, 1H; CAnt10H); 8.45 (s, 

1H; CAnt9H); 8.06 (m, 1H; CAnt8H); 8.00 (m, 1H; CAnt5H); 7.92 (d, 

1H, 8.5 Hz; CAnt4H); 7.49 (m, 2H; CAnt6,7H);  7.42 (dd, 1H, 8.5 & 

7.0 Hz; CAnt3H); 7.25 (dt, 1H, 7.0 & 1.0 Hz; CAnt2H); 5.37 (s, 

1H; =CH); 2.23 (s, 3H; C(=O)CH3); 1.92 (s, 3H; =CCH3); 13C NMR 

(CDCl3) δ = 196.5 (C=O); 161.9 (=C–N); 134.8 (N–CAnt1); 132.2 

(CAnt4a); 132.0 (CAnt10a); 131.9 (CAnt8a); 128.7 (CAnt8); 128.6 
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(CAnt9a); 127.9 (CAnt5); 127.2 (CAnt10); 126.8 (CAnt7); 126.0 (CAnt3); 

125.8 (CAnt6); 124.4 (CAnt9); 122.6 (CAnt4); 121.6 (CAnt2); 97.7 

(=CH); 29.2 (C(=O)CH3); 19.6 (=CCH3); HRMS (ESI): m/z calcd for 

C19H18NO+ ([M+H]+): 276.1383, found: 276.1384.

4–(2–Anthracenyl)imino–2–pentanone (3k): Following the 

procedure used for preparation of 3j, the reaction was carried 

out with 0.726 mmol (140 mg) of 1–aminoanthracene and 7.26 

mmol pentane–2,4–dione. Yield: 150.17 mg (0.545 mmol, 75%); 

m.p. 185–188C; 1H NMR (300 MHz, CDCl3) δ = 12.71 (bs, 1H; NH); 

8.39 (s, 1H; CAnt9H); 8.33 (s, 1H; CAnt10H); 7.99 (dm, 1H, 8.7 

Hz; CAnt4H); 7.97 (dm, 2H, 8.9 Hz; CAnt5,8H); 7.67 (d, 1H, 2.1 Hz; 

CAnt1H); 7.47 (m, 2H; CAnt6,7H);  7.24 (dd, 1H, 8.7 & 2.1 Hz; 

CAnt3H); 5.27 (s, 1H; =CH); 2.16 (s, 3H; =CCH3); 2.15 (s, 3H; 

C(=O)CH3); 13C NMR (CDCl3) δ = 196.4 (C=O); 159.9 (=C–N); 135.7 

(N–CAnt2); 132.2 (CAnt9a); 131.5 (CAnt8a,10a); 129.5 (CAnt4); 129.4 

(CAnt4a); 128.2 (CAnt5); 127.9 (CAnt8); 126.3 (CAnt10); 125.8 (CAnt7); 

125.6 (CAnt6); 125.4 (CAnt9); 124.1 (CAnt3); 120.5 (CAnt1); 98.3 

(=CH); 29.3 (C(=O)CH3); 20.2 (=CCH3); HRMS (ESI): m/z calcd for 

C19H18NO+ ([M+H]+): 276.1383, found: 276.1473.

4–(9–Anthracenyl)imino–2–pentanone (3l): Following the 

procedure used for preparation of 3j, the reaction was carried 

out with 2.070 mmol (400 mg) of 9–aminoanthracene and 20.70 

mmol (2.125 mL) of pentane–2,4–dione. Yield: 399.04 mg (1.450 

mmol, 70%); m.p. 147–149C; 1H NMR (300 MHz, CDCl3) δ = 12.67 

(bs, 1H; NH); 8.44 (s, 1H; CAnt10H); 8.08 (dq, 2H, 8.5 & 0.9 Hz; 

CAnt1,8H); 8.03 (ddt, 2H, 8.3, 1.4 & 0.9 Hz; CAnt4,5H); 7.52 (m, 

2H; CAnt2,7H);  7.49 (m, 2H; CAnt3,6H); 5.42 (s, 1H; =CH); 2.25 

(s, 3H; C(=O)CH3); 1.57 (s, 3H; =CCH3); 13C NMR (CDCl3) δ = 

196.7 (C=O); 163.8 (=C–N); 131.6 (CAnt5a,10a); 130.3 (N–CAnt9); 

129.1 (CAnt10); 128.5 (CAnt3,6); 126.7 (CAnt4,5); 126.6 (CAnt8a,9a); 

125.6 (CAnt2,7); 127.2 (CAnt1,8); 96.7 (=CH); 29.3 (C(=O)CH3); 19.3 



8

(=CCH3); HRMS (ESI): m/z calcd for C19H18NO+ ([M+H]+): 276.1383, 

found: 276.1410.

[Ir(bzq)2{MeC(O)=CHC(=N(C6H5))Me}] (5a): Complex was 

synthesized according to previously published procedure.1

[Ir(bzq)2{MeC(O)=CHC(=N(4–MeO–C6H4))Me}] (5b): In a Schlenk 

vessel equipped with a magnetic stirrer, 100 mg (0.0856 mmol, 

1.00 eq.) of [{Ir(bzq)2(µ–Cl)}2] (4), 70.15 mg (0.342 mmol, 

4.00 eq.) of 4–(4–methoxyphenyl)imino–2–pentanone (3b) were 

placed and then 5 mL of dried and deoxygenated THF was 

introduced. In the next step, to the stirred mixture 41.13 mg 

(0.428 mmol, 5 eq.) of NaOtBu was added. The reaction was 

conducted at ambient condition for 12 hours. Then the solvent 

was evaporated from the red–orange solution under reduced 

pressure. The remaining crude product was purified by flash 

chromatography using silica as the solid phase and chloroform 

as eluent. After evaporation of the solvent the remaining 

solid was dried in vacuo for 4 hours. The desired product was 

obtained in 62 % yield (78.90 mg, 0.103 mmol). Elemental anal. 

calcd for C38H30IrN3O2, C 60.62; H 4.02; found C 60.70; H 4.06. 
1H NMR (300 MHz, CDCl3) δ = 9.28 (dd, J = 5.3&1.4 Hz, 1H); 9.11 

(dd, J = 5.3&1.4 Hz, 1H); 8.23 (dd, J = 8.0&1.4 Hz, 1H); 8.14 

(dd, J = 8.0&1.4 Hz, 1H); 7.75 (d, J = 9.2 Hz, 1H); 7.60 (d, J 

= 8.8 Hz, 1H); 7.56 (dd, J = 8.0&5.3 Hz, 2H); 7.45 (d, J = 1.5 

Hz, 2H); 6.93 (ddd, J = 7.6&4.0&3.2 Hz, 2H); 6.63 (t, J = 7.5 

Hz, 1H); 6.34 (dd, J = 7.2&0.9 Hz, 1H); 6.19 (dd, J = 8.7&2.6 

Hz, 1H); 5.96 (dd, J = 7.3&0.9 Hz, 1H); 5.89 (dd, J = 8.6&2.9 

Hz, 1H); 5.48 (dd, J = 8.6&2.9 Hz, 1H); 4.85 (s, 1H, =CH–); 

4.59 (dd, J = 8.6&2.6 Hz, 1H); 3.41 (s, 3H, –OCH3); 1.68 (s, 

3H, –CH3); 1.61 (s, 3H, –CH3). HRMS (EI): m/z calcd for 

C38H30IrN3O2+: [M]+ 753.1962, found 753.1975.
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[Ir(bzq)2{MeC(O)=CHC(=N(4–CN–C6H4))Me}] (5c): In a Schlenk 

vessel equipped with a magnetic stirrer, 27.27 mg (0.668 mmol, 

10.00 eq.) of NaH (60% dispersion in mineral oil) was placed 

and washed with anhydrous and deoxygenated toluene (3 x 1.5 

mL). In the next step, to the stirred NaH powder, 30.00 mg 

(0.147 mmol, 2.20 eq.) 4–(4– cyanophenyl)imino–2–pentanone 

(3c) and 4 mL of dried and deoxygenated THF was introduced. 

The reaction was conducted until hydrogen evolution ceased. 

The mixture obtained was transferred by a syringe equipped 

with a syringe–filter disc to a Schlenk vessel of 25 mL 

capacity, in which a portion of 78.00 mg (0.0667 mmol, 1.00 

eq.) of [{Ir(bzq)2(μ–Cl)}2] (4) and 2 mL of anhydrous and 

deoxygenated THF were placed under inert atmosphere. The 

reaction was conducted at 65℃ for 24 hours. After that, 

mixture was filtered and concentrated. The remaining crude 

product was purified by flash chromatography using silica as 

the solid phase (gradient elution from pure n–hexane to n–

hexane:CH2Cl2 = 1:2, v/v). Solid material was dried in vacuo 

for 4 hours. The desired product was obtained in 68 % yield 

(67.87 mg, 0.091 mmol). Elemental anal. calcd for C38H27IrN4O, C 

61.03; H 3.64; found C 61.10; H 3.69. 1H NMR (300 MHz, CDCl3) δ 

= 9.22 (d, J = 5 Hz, 1H); 9.06 (d, J = 5 Hz, 1H); 8.26 (d, J = 

8.0 Hz, 1H); 8.17 (d, J = 8 Hz, 1H); 7.75 (d, J = 9Hz, 1H); 

7.60 (m, 3H); 7.53 (d, J = 9 Hz, 1H); 7.48 (d, J = 9Hz, 1H); 

6.99 (d, J = 8 Hz, 1H); 6.94 (t, J = 8 Hz, 1H); 6.66 (t, J = 

8Hz, 1H); 6.60 (d, J = 8Hz, 1H); 6.35 (dd, J = 8 & 2 Hz, 1H); 

6.30 (d, J = 7 Hz, 1H); 6.23 (dd, J = 8.2 & 1.9 Hz, 1H); 5.94 

(d, J = 7 Hz, 1H); 4.91 (s, 1H); 4.78 (dd, J = 8.1, 2.1 Hz, 

1H); 1.70 (s, 3H, –CH3); 1,59 (s, 3H, – CH3); HRMS (EI): m/z 

calcd for C38H27IrN4O+: [M]+ 748.1809, found 748.1825.

[Ir(bzq)2{MeC(O)=CHC(=N(4–NO2–C6H4))Me}] (5d): Following the 

procedure used for preparation of 5c, the reaction was carried 

out with 200.00 mg (0.171 mmol, 1.00 eq.) of [{Ir(bzq)2(μ–
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Cl)}2] (4), 68.18 mg (1.713 mmol, 10.00 eq.) of NaH and 82.00 

mg (0.377 mmol, 2.20 eq.) of 4–(4–nitrophenyl)imino–2–

pentanone (3d). Mixture was filtered and the solvent was fully 

evaporated from the post–reaction mixture under reduced 

pressure. The remaining crude product was purified by flash 

chromatography using silica as the solid phase (gradient 

elution from pure n–hexane to n–hexane:CH2Cl2 = 1:2, v/v). The 

desired product was obtained in 67 % yield (176.02 mg, 0.229 

mmol). Elemental anal. calcd for C37H27IrN4O3, C 57.88; H 3.54; 

found C 57.99; H 3.59. 1H NMR (300 MHz, CDCl3) δ = 9.23 (d, J = 

6 Hz; 1H); 9.07 (d, J = 6 Hz, 1H); 8.27 (d, J = 9 Hz, 1H); 

8.18 (d, J = 6Hz, 1H); 7.75 (d, J = 9Hz, 1H); 7.61 (m, 3H); 

7.44 (q, J = 9 Hz, 2H); 7.17 (m, 2H); 6.97 (d, J = 9 Hz, 1H); 

6.92 (d, J = 9 Hz, 1H); 6.81 (m, 1H); 6.68 (t, J = 9 Hz, 1H); 

6.34 (m, 2H); 5.96 (d, J = 6Hz, 1H); 4.94 (s, 1H, =CH–); 4.80 

(dd, 1H); 1.72 (s, 3H, –CH3); 1.62 (s, 3H, –CH3); HRMS (EI): 

m/z calcd for C37H27IrN4O3+: [M]+ 768.1707, found 768.1723.

[Ir(bzq)2{MeC(O)=CHC(=N(3–NO2–C6H4))Me}] (5e): Following the 

procedure used for preparation of 5c, the reaction was carried 

out with 200.00 mg (0.171 mmol, 1.00 eq.) of [{Ir(bzq)2(μ–

Cl)}2] (4), 68.18 mg (1.713 mmol, 10.00 eq.) of NaH and 82.00 

mg (0.377 mmol, 2.20 eq) of 4–(3–nitrophenyl)imino–2–pentanone 

(3e). Mixture was filtered and the solvent was fully 

evaporated from the post–reaction mixture under reduced 

pressure. The remaining crude product was purified by flash 

chromatography using silica as the solid phase (gradient 

elution from pure n–hexane to n–hexane:CH2Cl2 = 1:2, v/v). The 

desired product was obtained in 80 % yield (210.17 mg, 0.274 

mmol). Elemental anal. calcd for C37H27IrN4O3, C 57.88; H 3.54; 

found C 58.02; H 3.59. 1H NMR (300 MHz, CDCl3) δ = 9.24 (m, 

1H); 9.09 (m, 1H); 8.27 (t, J = 6 Hz, 1H); 8.18 (m, 1H); 7.75 

(m, 1H); 7.62 (m, 4H); 7.64 (s, 1H); 7.73 (m, 1H); 7.08 (m, 

1H); 6.93 (m, 2H); 6.63 (m, 1H); 6.33 (dd, J = 6 Hz, 1H); 6.07 
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(m, 1H); 4.93 (s, 1H, =CH–); 1.71 (s, 3H, –CH3); 1.61 (s, 3H, 

–CH3); HRMS (EI): m/z calcd for C37H27IrN4O3+: [M]+ 768.1707, 

found 768.1725.

[Ir(bzq)2{MeC(O)=CHC(=N(2–NO2–C6H4))Me}] (5f): In a Schlenk 

vessel equipped with a magnetic stirrer, 100 mg (0.0856 mmol, 

1.00 eq.) of [{Ir(bzq)2(µ–Cl)}2] (4), 75.36 mg (0.342 mmol, 

4.00 eq.) of 4–(2–nitrophenyl)imino–2–pentanone (3f) were 

placed and then 5 mL of dried and deoxygenated THF was 

introduced. In the next step, to the stirred mixture 41.13 mg 

(0.428 mmol, 5 eq.) of NaOtBu was added. The reaction was 

conducted at ambient condition for 12 hours. After that, 

solvent was evaporated under reduced pressure. The remaining 

crude product was purified by flash chromatography using 

silica as the solid phase and chloroform as eluent. After 

evaporation of the solvent the remaining solid was dried in 

vacuo for 4 hours. The desired product was obtained in 60 % 

yield (78.90 mg, 0.103 mmol). Elemental anal. calcd for 

C37H27IrN4O3, C 57.88; H 3.54; found C 57.96; H 3.57. 1H NMR (300 

MHz, CDCl3) δ = 9.50 (d, J = 5.5 Hz, 1H); 9.18 (d, J = 5.5 Hz, 

1H); 8.24 (d, J = 8.1 Hz, 1H); 8.18 (d, J = 8.0 Hz, 1H); 7.76 

– 7.56 (m, 4H); 7.47 (d, J = 5.0 Hz, 2H); 7.21 (d, J = 7.8 Hz, 

1H); 7.02 (d, J = 7.8 Hz, 1H); 6.96 (d, J = 8.2 Hz, 1H); 6.87 

(t, J = 7.5 Hz, 1H); 6.76 (t, J = 7.5 Hz, 1H); 6.24 (t, J = 

7.8 Hz, 1H); 6.14 – 5.99 (m, 3H); 5.09 (s, 1H); 4.93 (d, J = 

7.9 Hz, 1H); 1.81 (s, 3H), 1.71 (s, 3H); HRMS (EI): m/z calcd 

for C37H27IrN4O3+: [M]+ 768.1707, found 768.1729.

[Ir(bzq)2{4–(4–(5–Methyl–2–benzothiazyl)phenyl)imino–2–

pentanolato}] (5g): Following the procedure used for 

preparation of 5c, the reaction was carried out with 134 mg 

(0.115 mmol, 1 eq.) of [{Ir(bzq)2(µ–Cl)}2] (4), 46.1 mg (1.149 

mmol; 10 eq.) of KH and 82 mg (0.253 mmol; 2.2 eq.) of (4–(4–

(5–Methyl–2–benzothiazyl)phenyl)imino–2–pentanone (3g). The 

crude product was purified by precipitation from DCM/n–hexane 
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mixture and then dried in vacuo for 4 hours. The desired 

product was obtained in 51 % yield (102.07 mg, 0.117 mmol). 

Elemental anal. calcd for C45H33IrN4OS, C 63.12; H 3.82; found C 

62.21; H 3.89. 1H NMR (300 MHz, CD2Cl2) δ = 9.35 (dd, 1H, J = 

5.3 & 1.4 Hz); 9.07 (dd, 1H, J = 5.3 & 1.3 Hz); 8.33 (dd, 1H, 

J = 8.0 & 1.4 Hz); 8.25 (dd, 1H, J = 8.1 & 1.3 Hz); 7.81 – 

7.75 (m, 2H); 7.71 – 7.62 (m, 4H); 7.49 (d, 1H, J = 8.8 Hz); 

7.35 – 7.23 (m, 3H); 7.02 (dd, 1H, J = 8.3 & 2.2 Hz); 6.94 (t, 

1H, J = 7.5 Hz); 6.85 (d, 1H, J = 7.7 Hz); 6.65 (t, 1H, J = 

7.5 Hz); 6.60 (dd, 1H, J = 8.2 & 2.2 Hz); 6.43 (dd, 1H, J = 

8.3 & 2.2 Hz); 6.31 (dd, 1H, J = 7.2 & 1.0 Hz); 5.98 – 5.94 

(m, 1H); 4.96 (s, 1H, =CH–); 4.77 (dd, 1H, J = 8.2 & 2.2 Hz); 

2.47 (s, 3H, –CH3); 1.72 (s, 3H, –CH3); 1.66 (s, 3H, –CH3); 

HRMS (EI): m/z calcd for C45H33IrN4OS+: [M]+ 870.1999, found 

870.2019.

[Ir(bzq)2{MeC(O)=CHC(=N(1–Naph))Me}] (5h): Following the 

procedure used for preparation of 5c, the reaction was carried 

out with 189 mg (0.162 mmol, 1 eq.) of [{Ir(bzq)2(µ–Cl)}2] (4), 

64.97 mg (1.620 mmol; 10 eq.) of KH and 80.29 mg (0.356 mmol; 

2.2 eq.) of 4–(1–naphthyl)imino–2–pentanone (3h). The 

remaining crude product was purified by flash chromatography 

using silica as the solid phase (gradient elution from pure n–

hexane to n–hexane:CH2Cl2 = 1:2, v/v). The desired product was 

obtained in 64 % yield (160.33 mg, 0.207 mmol). Elemental 

anal. calcd for C41H30IrN3O, C 63.71; H 3.91; found C 63.86; H 

3.97. 1H NMR (300 MHz, CDCl3) δ = 9.47 (d, J = 6 Hz, 1H); 9.35 

(d, J = 6Hz, 1H); 9.17 (d, JH = 6 Hz, 1H); 8.27 (d, J = 9 Hz, 

2H); 7.74 (m, 4H); 7.48 (m, 1H); 7.22 (m, 2H); 6.90 (m, 2H); 

6.67 (t, JH = 9 Hz, 2H); 6.16 (d, J = 6 Hz, 1H); 5.98 (d, J = 

9 Hz, 1H); 5.92 (d, J = 6 Hz, 1H); 4.97 (s, 1H, =CH–); 1.78 

(s, 3H, –CH3); 1.59 (s, 3H, –CH3); HRMS (EI): m/z calcd for 

C41H30IrN3O+: [M]+ 773.2013, found 773.2033.
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[Ir(bzq)2{MeC(O)=CHC(=N(2–Naph))Me}] (5i): Following the 

procedure used for preparation of 5c, the reaction was carried 

out with 189 mg (0.162 mmol, 1 eq.) of [{Ir(bzq)2(µ–Cl)}2] (4), 

64.97 mg (1.620 mmol; 10 eq.) of KH and 80.29 mg (0.356 mmol; 

2.2 eq.) of 4–(2–naphthyl)imino–2–pentanone (3i). The 

remaining crude product was purified by flash chromatography 

using silica as the solid phase (gradient elution from pure n–

hexane to n–hexane:CH2Cl2 = 1:2, v/v). The desired product was 

obtained in 70 % yield (174.74 mg, 0.226 mmol). Elemental 

anal. calcd for C41H30IrN3O, C 63.71; H 3.91; found C 63.83; H 

3.96. 1H NMR (300 MHz, CDCl3) δ = 9.44 (d, J = 4.8 Hz); 9.37 

(d, J = 5.2 Hz, 2H); 9.18 (d, J = 5.2 Hz, 2H); 9.13 (d, J = 

4.8 Hz); 8.27 (m, J = 6.9 Hz); 8.14 (d, J = 7.9 Hz); 7.74 (m); 

7.69–7.55 (m); 7.37 (d, J = 8.8 Hz); 7.31 (d, J = 7.9 Hz); 

7.24 – 7.20 (m); 7.18 – 7.13 (m); 7.07 (m); 6.99 (d, J = 8.8 

Hz); 6.96 – 6.87 (m); 6.78 (d, J = 8.8 Hz); 6.66 (m); 6.56 

(m); 6.46 – 6.34 (m); 6.30 (d, J = 7.2 Hz); 5.98 – 5.91 (m); 

4.99 (d, J = 2.0 Hz); 4.96 (dd, J = 8.6 & 2.1 Hz); 4.91 (s), 

4.89 (s, 1H), 1.72 (s), 1.71 (s, 3H), 1.65 (s, 3H), 1.64 (s); 

HRMS (EI): m/z calcd for C41H30IrN3O+: [M]+ 773.2013, found 

773.2029.

[Ir(bzq)2{MeC(O)=CHC(=N(1–anthracenyl))Me}] (5j): Following the 

procedure used for preparation of 5c, the reaction was carried 

out with 142 mg (0.121 mmol, 1 eq.) of [{Ir(bzq)2(µ–Cl)}2] (4), 

48.5 mg (1.214 mmol; 10 eq.) of KH and 73.5 mg (0.267 mmol; 

2.2 eq.) of 4–(1–anthracenyl)imino–2–pentanone (3j). The 

remaining crude product was purified by flash chromatography 

using silica treated with triethylamine as the solid phase 

(gradient elution from pure n–hexane to n–hexane: AcOEt = 6:4, 

v/v). The purified material was dried in vacuo for 4 hours. 

The desired product was obtained in 25% yield (50.0 mg, 0.061 

mmol). Elemental anal. calcd for C45H32IrN3O, C 65.67; H 3.92; 

found C 65.80; H 3.97. 1H NMR (300 MHz, CD2Cl2) δ (ppm) = 9.55 
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(dd, 1H, J = 5.4 & 1.3 Hz); 9.22 (dd, 1H, J = 5.4 & 1.4 Hz); 

8.35 (dd, 1H, J = 8.0 & 1.3 Hz); 7.80 – 7.66 (m, 5H); 7.47 – 

7.40 (m, 2H); 7.37 – 7.24 (m, 4H); 7.20 (s, 1H); 7.01 (d, 1H, 

J = 8.8 Hz); 6.97 (d, 1H, J = 8.4 Hz); 6.86 (t, 1H, J = 7.5 

Hz); 6.81 – 6.76 (m, 1H); 6.70 – 6.52 (m, 4H); 6.05 (dd, 1H, J 

= 7.2 & 1.0 Hz); 5.86 (dd, 1H, J = 7.2 & 1.0 Hz); 5.09 (s, 1H, 

=CH–); 1.85 (s, 3H, –CH3); 1.68 (s, 3H, CH3); HRMS (EI): m/z 

calcd for C45H32IrN3O+: [M]+ 823.2169, found 823.2197.

[Ir(bzq)2{MeC(O)=CHC(=N(2–anthracenyl))Me}] (5k): Following the 

procedure used for preparation of 5c, the reaction was carried 

out with 142 mg (0.121 mmol, 1 eq.) of [{Ir(bzq)2(µ–Cl)}2] (4), 

48.5 mg (1.214 mmol; 10 eq.) of KH and 73.5 mg (0.267 mmol; 

2.2 eq.) of 4–(2–anthracenyl)imino–2–pentanone (3k). The 

remaining crude product was purified by flash chromatography 

using silica treated with triethylamine as the solid phase 

(gradient elution from pure n–hexane to n–hexane: AcOEt = 6:4, 

v/v). The purified material was dried in vacuo for 4 hours. 

The desired product was obtained in 38 % yield (74.8 mg, 0.091 

mmol). Elemental anal. calcd for C45H32IrN3O, C 65.67; H 3.92; 

found C 65.77; H 3.96. 1H NMR (300 MHz, CDCl3) δ =  6.49 (d, J 

= 6.0); 9.39 (d, J = 5.1 Hz, 1H); 9.21 (d, J = 5.1 Hz, 1H); 

9.15 (d, J = 5.2 Hz), 8.30–8.23 (m); 8.20 – 8.13 (m, 1H); 7.89 

(s, 1H); 7.83 – 7.78 (m); 7.77 – 7.71 (m); 7.70 – 7.65 (m); 

7.65 – 7.59 (m); 7.39 – 7.31 (m); 7.24 – 7.20 (m); 7.16 (s, 

1H); 7.08 (d, J = 8.7 Hz, 1H); 6.95 (d, J = 8.8 Hz, 1H); 6.92 

(t, J = 7.5 Hz, 1H); 6.87 (s, 1H); 6.79 (d, J = 8.7 Hz, 1H); 

6.61 (d, J = 8.7 Hz, 1H); 6.58 – 6.53 (m); 6.46 (s); 6.39 (s); 

6.28 (t, J = 7.0 Hz, 1H); 6.14 (d, J = 7.7 Hz, 0H), 5.99 – 

5.97 (d, J = 7.3 Hz, 1H), 5.12 (s, 1H); 5.01 (dd, J = 8.9, 2.0 

Hz); 4.94 (s); 4.92 (s, 1H); 1.75 (s); 1.72 (s, 3H); 1.70 (s, 

3H); 1.68 (s); HRMS (EI): m/z calcd for C45H32IrN3O+: [M]+ 

823.2169, found 823.2198.
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[Ir(bzq)2{MeC(O)=CHC(=N(9–anthracenyl))Me}] (5l): Following the 

procedure used for preparation of 5c, the reaction was carried 

out with 142 mg (0.121 mmol, 1 eq.) of [{Ir(bzq)2(µ–Cl)}2] (4), 

48.5 mg (1.214 mmol; 10 eq.) of KH and 73.5 mg (0.267 mmol; 

2.2 eq.) of 4–(9–anthracenyl)imino–2–pentanone (3l). The 

remaining crude product was purified by flash chromatography 

using silica treated with triethylamine as the solid phase 

(gradient elution from pure n–hexane to n–hexane: AcOEt = 6:4, 

v/v). The purified material was dried in vacuo for 4 hours. 

The desired product was obtained in 63 % yield (127.0 mg, 

0.154 mmol). Elemental anal. calcd for C45H32IrN3O, C 65.67; H 

3.92; found C 65.82; H 3.97. 1H NMR (300 MHz, CD2Cl2) δ = δ 

10.08 (d, J = 5.3 Hz); 9.98 (d, J = 5.5 Hz, 1H); 9.23 (d, J = 

5.3 Hz); 9.14 (d, J = 5.5 Hz, 1H); 8.45 – 8.30 (m, 3H);  7.93 

– 7.82 (m); 7.79 – 7.66 (m); 7.65 – 7.53 (m); 7.47 – 7.38 (m); 

7.32 (s, 1H); 7.26 (d, J = 8.6 Hz); 7.18 (d, J = 7.3 Hz); 7.14 

– 7.08 (m); 7.01 – 6.88 (m); 6.83 – 6.73 (m); 6.59 (t, J = 7.5 

Hz, 1H); 6.52 (d, J = 8.0 Hz); 6.44 (d, J = 7.8 Hz, 1H); 5.94 

(t, J = 7.2 Hz, 1H); 5.86 (d, J = 7.4 Hz, 1H); 5.81 (t, J = 

7.5 Hz, 1H); 5.61 (s); 5.44 (t, J = 6.3 Hz, 1H); 5.24 (s, 1H), 

5.02 (s); 2.50 (s), 2.05 (s), 1.85 (s, 3H), 1.62 (s, 3H); HRMS 

(EI): m/z calcd for C45H32IrN3O+: [M]+ 823.2169, found 823.2193.

References
(1) Witkowska, E.; Wiosna–Salyga, G.; Głowacki, I.; Orwat, B.; Oh, M–j.; Kownacki, I.; Kubicki, M.; 

Gierczyk, B.; Dutkiewicz, M.; Cieszko, P.; Luszczynska, B.; Ulanski, J.; Grzelak, I.; Hoffmann, 
M.; Ledwon, P.; Lapkowski, M. Effect of fluorine substitution of the β-ketoiminate ancillary 
ligand on photophysical properties and electroluminescence ability of new iridium(III) 
complexes. J. Mater. Chem. C 2018, 6, 8688–8708.
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2. NMR spectra of 4-arylimino-2-pentanones
1H NMR

13C NMR

Fig. 1S. NMR spectra of 4-phenylimino-2-pentanone (3a)
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1H NMR

13C NMR

Fig. 2S. NMR spectra of 4-(4-methoxyphenyl)imino-2-pentanone (3b)
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1H NMR

13C NMR

Fig. 3S. NMR spectra of 4-(4-cyanophenyl)imino-2-pentanone (3c)
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1H NMR

13C NMR

Fig. 4S. NMR spectra of 4-(4-nitrophenyl)imino-2-pentanone (3d)
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1H NMR

13C NMR

Fig. 5S. NMR spectra of 4-(3-nitrophenyl)imino-2-pentanone (3e)
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1H NMR

13C NMR

Fig. 6S. NMR spectra of 4-(2-nitrophenyl)imino-2-pentanone (3f)
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1H NMR

13C NMR

Fig. 7S. NMR spectra of 4-(4-(5-methyl-2-benzothiazyl)phenyl)imino-2-pentanone (3g)
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1H NMR

13C NMR

Fig. 8S. NMR spectra of 4-(1-naphthyl)imino-2-pentanone (3h)
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1H NMR

13C NMR

Fig. 9S. NMR spectra of 4-(2-naphthyl)imino-2-pentanone (3i)
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1H NMR

13C NMR

Fig. 10S. NMR spectra of 4-(1-anthracenyl)imino-2-pentanone (3j)
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1H NMR

13C NMR

Fig. 11S. NMR spectra of 4-(2-anthracenyl)imino-2-pentanone (3k)
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1H NMR

13C NMR

Fig. 12S. NMR spectra of 4-(9-anthracenyl)imino-2-pentanone (3l)
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3. NMR spectra of iridium(III) complexes

Fig. 13S. 1H NMR spectrum of 5b

Fig. 14S. 1H NMR spectrum of 5c
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Fig. 15S. 1H NMR spectrum of 5d

Fig. 16S. 1H NMR spectrum of 5f
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Fig. 17S. 1H NMR spectrum of 5g

Fig. 18S. 1H NMR spectrum of 5h
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Fig. 19S. 1H NMR spectrum of 5i

Fig. 20S. 1H NMR spectrum of 5j
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Fig. 21S. 1H NMR spectrum of 5k

Fig. 22S. 1H NMR spectrum of 5l
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4. X-Ray analysis data

Table 1S. Crystal data, data collection and structure refinement 
Compound 3d 3h 3j 3l 5g 5j 5l
Formula C11H12N2O3 2(C15H15NO)·H2O C19H17NO C19H17NO C45H33IrN4OS C45H32IrN3O C45H32IrN3O
Formula weight 220.23

 /c

468.58 275.33 275.33 /c 870.01

 /c

822.93

 /c

822.93

 /c

Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P21/n I2/a P21/c P21/n P21/c P21/n P21/n
a(Å) 4.3661(7) 16.8762(4) 7.7643(3) 8.8402(4) 8.7504(2) 15.39264(9) 9.53788(14)
b(Å) 13.1478(18) 8.2994(2) 14.0865(8) 15.0895(4) 32.0328(12) 12.27706(7) 19.5224(3)
c(Å) 18.853(3) 18.2491(5) 13.5190(6) 22.5145(8) 13.1546(5) 19.49316(13) 17.3966(4)
(º) 93.000(15) 103.665(2) 101.690(4) 97.237(4) 92.144(3) 109.5070(7) 95.4280(17)
V(Å3) 1080.8(3) 2483.66(11) 1447.93(12) 2979.38(19) 3684.7(2) 3472.30(4) 3224.76(10)
Z 4 4 4 8 4 4 4
Dx(g cm-3) 1.353 1.253 1.263 1.228 1.568 1.574 1.695
F(000) 464 1000 584 1168 1728 1632 1632
(mm-1) 0.100 0.081 0.078 0.076 3.721 7.752 4.184
Reflections:

collected 4926 12884 6148 27337 21762 33752 14603
unique (Rint) 1897 (0.019) 2720 (0.013) 2904 (0.016) 5242 (0.035) 7479 (0.057) 7195 (0.035) 6553 (0.029)
with I>2σ(I) 1507 2452 2464 4961 5645 7017 5427

R(F) [I>2σ(I)] 0.0452 0.0350 0.0362 0.0637 0.0529 0.0283 0.0278
wR(F2) [I>2σ(I)] 0.1296 0.0914 0.0917 0.1679 0.1395 0.0803 0.0517
R(F) [all data] 0.0565 0.0389 0.0443 0.1239 0.0786 0.0288 0.0398
wR(F2) [all data] 0.1375 0.0945 0.0981 0.1990 0.153 0.0809 0.0553
Goodness of fit 1.079 1.020 1.057 0.882 1.039 1.105 1.033 
max/min  (e·Å-3) 0.18/-0.17 0.24/-0.24 0.22/-0.18 0.27/-0.18 0.31/-0.22 2.79/-1.43 1.08/-0.61
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Table 2S. Relevant geometrical features (Å, º). Max(A) is the maximum deviation from the least-

squares plane through C1 – N5 atoms, A is the least-squares plane of keto-iminato fragment, A’ 

– of Ir-ketoiminato group, B – of aromatic substituent at N5, and C and D – of two bzq planes. 

3d 3h 3j 3l 5g 5j 5l
C2=O2 1.237(2) 1.2571(13) 1.2553(15) 1.231(3)

1.231(3)
1.280(10) 1.265(4) 1.283(4)

C4-N5 1.357(2) 1.3430(13) 1.3523(16) 1.327(3)
1.328(3)

1.302(10) 1.313(4) 1.314(4)

N5-C6 1.388(2) 1.4277(13) 1.4169(15) 1.427(3)
1.431(3)

1.424(10) 1.437(4) 1.444(4)

O2-C2-C3-C4 -2.9(3) 1.23(17) 1.0(2) -4.8(5)
3.5(5)

3.2(6) 4.5(5) 7.9(7)

C2-C3-C4-N5 1.7(3) 1.98(16) -0.57(19) 2.7(5)
-1.3(5)

-9.0(2) -10.8(5) -11.9(6)

C3-C4-N5-C6 -178.72(17) -167.93(9) 176.23(12) -175.2(3)
177.1(3)

171.8(5) 172.9(3) 165.7(4)

Ir1-O2A 2.135(6) 2.156(2) 2.137(2)
Ir1-N5A 2.157(6) 2.171(3) 2.183(3)
Ir1-N1B 2.028(7) 2.045(2) 2.061(3)
Ir1-N1C 2.050(7) 2.064(3) 2.045(3)
Ir1-C12B 2.006(9) 2.018(3) 2.018(4)
Ir1-C12C 2.009(8) 2.015(3) 2.005(4)

C-N-C 133.27(15) 125.26(9) 129.01(11) 126.2(2)
126.4(2)

118.8(7) 119.3(3) 118.3(3)

angles 175.2(3)
174.3(3)
173.8(3)

175.34(9)
173.97(9)
173.31(10)

176.51(13)
174.72(12)
172.38(11)

Max(A) 0.0216(12) -0.1224(7) 0.0341(9) 0.057(3)
0.042(3)

0.116(6) 0.118(2) 0.196(3)

A/B 12.36(11) 61.29(5) 47.36(4) 85.10(11)
83.06(11)

89.8(4) 79.17(19) 89.11(14)

A’/B 89.3 80.2 89.9
A’/C 86.2 79.2 85.8
A’/D 72.1 86.9 84.3
B/C 60.3 66.5 78.0
B/D 25.7 30.6 16.5
C/D 82.8 89.2 89.9

Table 3S. Intramolecular hydrogen bonds in the ligand molecules.

D H A D-H H···A D···A D-H···A
3d

N5 H5 O2 0.90(2) 1.88(2) 2.6497(19) 141.9(17)
3h

N5 H5 O2 0.911(15) 1.925(15) 2.6716(12) 137.9(12)
3j

N5 H5 O2 0.918(16) 1.877(16) 2.6496(14) 140.4(14)
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3l
N5A H5A O2A 0.86 1.97 2.642(3) 134
N5B H5B O2B 0.86 1.98 2.650(3) 134
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Table 4S. Crystal data, data collection and structure refinement

Compound 5f 5i
Formula C37H27IrN4O3 C41H30IrN3O
Formula weight 767.82

 /c

772.88

 /c

Crystal system monoclinic monoclinic
Space group C2/c P21/c
a(Å) 35.389(2) 16.7335(11)
b(Å) 10.0534(4) 18.7126(16)
c(Å) 19.4276(11) 20.7091(16)
(º) 105.773(6) 108.945(8)
V(Å3) 6651.7(6) 6133.3(9)
Z 8 8
Dx(g cm-3) 1.533 1.674
F(000) 3024 3056
(mm-1) 4.055 4.393
Reflections:

collected 21762 25025
unique (Rint) 7479 (0.057) 10773 (0.074)
with I>2σ(I) 5645 5738

R(F) [I>2σ(I)] 0.1118 0.0847
wR(F2) [I>2σ(I)] 0.3216 0.1838
R(F) [all data] 0.1359 0.1693
wR(F2) [all data] 0.3654 0.2162
Goodness of fit 1.414 0.971
max/min  (e·Å-3) 3.06/-4.81 7.13/-1.35
CCDC number 1865883 1865886

 

Fig. 23S. Perspective views of the complexes 5f and 5i.
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Table 5S. Conformations of the 5g and 5i complexes; plane codes as in Table 2S.

5g 5i(A) 5i(B)

A’/B 83.5 81.4 86.3

A’/C 85.9 83.1 83.4

A’/D 84.8 89.2 87.6

B/C 60.9 57.8 56.1

B/D 26.8 32.5 30.1

C/D 87.1 87.0 85.6
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5. Thermal analysis curves

Figure 24S. TG curves of 5a, 5b, 5c, 5d and 5g complexes in N2 atmosphere.

Figure 25S. TG curves of 5d, 5e and 5f complexes in N2 atmosphere.
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Figure 26S. TG curves of 5h and 5i complexes in N2 atmosphere.

Figure 27S. TG curves of 5j, 5k and 5l complexes in N2 atmosphere.
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Figure 28S. TG curves of 5h and 5j complexes in N2 atmosphere.

Figure 29S. TG curves of 5i and 5k complexes in N2 atmosphere.
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Figure 30S. TG curves of 5a, 5j, 5k and 5l complexes in N2 atmosphere.

Figure 31S. TG curves of 5a, 5i and 5k complexes in N2 atmosphere.
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Figure 32S. TG curves of 5a, 5h and 5j complexes in N2 atmosphere.

Figure 33S. TG curves of 5a, 5h and 5i complexes in N2 atmosphere.
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6. Cyclic voltammetry measurements

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
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5h
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5c

potential (vs. Fc/Fc+) / V

5a

Fig. 34S. Cyclic voltammetry of compounds recorded in THF/0.1 M Bu4NBF4 electrolyte; scan rate 100 mV/s; 
concentration 2 mM.
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7. DFT calculation data

Fig. 35S. Theoretical Eg
theor. calculated at the B3LYP/SDD/6-311++G(d,p) level of theory vs 

experimental values Eg
exp.. 
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Table 6S. The energy levels and HOMO-LUMO energy gaps for the studied complexes (in eV) 
calculated at the B3LYP/SDD/6-311++G(d.p) level of theory together with the experimental results. 

compound
HOMO

[eV]

LUMO

[eV]

LUMO+1

[eV]

LUMO+2

[eV]

Eg
theor.

[eV]

Eg
exp.

[eV]

5a -5.28 -1.97 -1.95 -1.34 3.31 2.49

5b -5.25 -1.96 -1.94 -1.33 3.29 2.32

5c -5.39 -2.03 -2.02 -1.62 3.36 2.36

5d -5.43 -2.87 -2.05 -2.03 2.56 1.99

5e -5.39 -2.94 -2.03 -2.00 2.44 1.96

5f -5.34 -2.79 -2.04 -1.92 2.55 1.89

5g -5.32 -2.00 -1.98 -1.90 3.32 2.64

5h -5.26 -1.98 -1.95 -1.40 3.28 2.51

5i -5.27 -1.97 -1.95 -1.40 3.30 2.47

5j -5.24 -2.04 -1.98 -1.92 3.20 2.49

5k -5.24 -1.99 -1.99 -1.90 3.25 2.44

5l -5.18 -2.03 -1.96 -1.94 3.15 2.46
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Table 7S. The energy levels and HOMO-LUMO energy gaps for the studied complexes (in eV) 
calculated at the M06/SDD/6-311++G(d.p) level of theory together with the experimental results. 

compound
HOMO

[eV]

LUMO

[eV]

LUMO+1

[eV]

LUMO+2

[eV]

Eg
theor.

[eV]

Eg
exp.

[eV]

5a -5.55 -1.86 -1.86 -1.24 3.69 2.49

5b -5.52 -1.86 -1.85 -1.24 3.66 2.32

5c -5.67 -1.94 -1.92 -1.46 3.73 2.36

5d -5.71 -2.62 -1.96 -1.94 3.09 1.99

5e -5.66 -2.70 -1.92 -1.92 2.96 1.96

5f -5.64 -2.54 -1.95 -1.82 3.10 1.89

5g -5.60 -1.93 -1.92 -1.79 3.67 2.64

5h -5.54 -1.88 -1.85 -1.28 3.66 2.51

5i -5.54 -1.87 -1.86 -1.33 3.67 2.47

5j -5.55 -1.90 -1.87 -1.83 3.65 2.49

5k -5.49 -1.89 -1.86 -1.82 3.60 2.44

5l -5.48 -1.88 -1.86 -1.83 3.60 2.46
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Table 8S. The energy levels and HOMO-LUMO energy gaps for the studied complexes (in eV) 
calculated at the WB97XD/SDD/6-311++G(d,p) level of theory together with the experimental results. 

compound
HOMO

[eV]

LUMO

[eV]

LUMO+1

[eV]

LUMO+2

[eV]

Eg
theor.

[eV]

Eg
exp.

[eV]

5a -7.06 -0.76 -0.74 -0.11 6.30 2.49

5b -7.01 -0.82 -0.80 -0.17 6.19 2.32

5c -7.17 -0.92 -0.90 -0.42 6.25 2.36

5d -7.19 -1.39 -0.79 -0.77 5.80 1.99

5e -7.23 -1.48 -0.74 -0.72 5.75 1.96

5f -7.14 -1.05 -0.56 -0.42 6.09 1.89

5g -7.16 -0.83 -0.83 -0.76 6.33 2.64

5h -7.06 -0.76 -0.70 -0.14 6.30 2.51

5i -7.02 -0.75 -0.72 -0.20 6.27 2.47

5j -7.06 -0.81 -0.70 -0.64 6.25 2.49

5k -6.97 -0.80 -0.70 -0.61 6.17 2.44

5l -7.06 -0.89 -0.82 -0.79 6.17 2.46



48

Table 9S. Set of numerical orbital distributions.

Complex Orbital MO composition
Ir Bzq1 Bzq2 Bzq-R

LUMO+1 3 6 91 0
5a LUMO 4 91 5 0

HOMO 31 18 18 33
HOMO-1 29 16 10 45
LUMO+1 4 13 83 0

5b LUMO 4 82 14 0
HOMO 30 17 17 36
HOMO-1 28 17 10 45
LUMO+1 4 15 80 1

5c LUMO 4 80 16 0
HOMO 32 23 22 23
HOMO-1 27 13 6 54
LUMO+1 4 49 47 0

5d LUMO 1 1 0 98
HOMO 32 24 23 21
HOMO-1 27 14 6 53
LUMO+1 4 0 96 0

5e LUMO 1 1 0 98
HOMO 33 22 22 23
HOMO-1 28 13 7 52
LUMO+1 3 97 0 0

5f LUMO 0 1 1 98
HOMO 31 20 25 24
HOMO-1 27 11 10 52
LUMO+1 4 92 1 3

5g LUMO 4 0 95 1
HOMO 31 21 19 29
HOMO-1 27 16 8 49
LUMO+1 3 97 0 0

5h LUMO 4 0 95 1
HOMO 30 20 17 33
HOMO-1 25 21 9 45
LUMO+1 4 78 18 0

5i LUMO 4 17 78 1
HOMO 30 21 17 32
HOMO-1 28 16 9 47
LUMO+1 4 8 79 9

5j LUMO 0 37 19 44
HOMO 27 18 16 39
HOMO-1 7 27 5 61
LUMO+1 2 35 27 36

5k LUMO 3 19 69 9
HOMO 23 25 14 38
HOMO-1 11 17 7 65
LUMO+1 4 80 16 0

5l LUMO 4 14 77 5
HOMO 25 24 15 36
HOMO-1 25 21 13 41
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Table 10S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5a.

Atom 
symbol X Y Z

C -5.13087 -1.75439 -0.73518
C -3.92862 -2.08424 -0.01784
C -2.84487 -1.17188 -0.05963
C -2.97823 0.03526 -0.80396
C -4.16643 0.34877 -1.50314
C -5.24777 -0.59542 -1.44419
N -1.89195 0.86826 -0.80074
C -4.20955 1.56718 -2.20558
C -3.10691 2.40174 -2.18295
C -1.96501 2.02085 -1.46760
C -3.76375 -3.26913 0.72934
C -2.56545 -3.49660 1.38667
C -1.49987 -2.57398 1.32889
C -1.60768 -1.38743 0.60794
H -5.10307 1.84429 -2.75437
H -3.10755 3.34880 -2.70705
C 1.02043 -1.97794 -3.28502
C 2.11622 -2.68103 -2.80870
C 0.26475 -1.12499 -2.45490
C 2.48442 -2.54990 -1.45382
C 3.59532 -3.24058 -0.85469
C 1.70787 -1.69054 -0.63843
C 3.90642 -3.09427 0.46555
C 3.12888 -2.23844 1.31884
N 1.23305 -0.71845 1.46463
C 3.36853 -2.03735 2.69088
C 1.47874 -0.54612 2.76440
C 2.54150 -1.19082 3.40937
C 0.58991 -0.94637 -1.11185
H 4.19396 -2.54676 3.17632
H 0.80393 0.11445 3.29324
H 2.69735 -1.01819 4.46652
Ir -0.29323 0.15171 0.34947
O -1.19862 1.16275 2.06902
N 0.95791 1.98947 0.09734
C -1.11158 2.41090 2.32893
C -0.26558 3.33764 1.71712
C 0.75269 3.12250 0.74643
H -0.33903 4.35092 2.08824
C -2.02529 2.88680 3.44151
H -1.81169 2.32255 4.35404
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H -3.06495 2.67967 3.17162
H -1.91620 3.95168 3.64896
C 1.64303 4.32593 0.47768
H 1.17909 5.23486 0.85913
H 1.84350 4.44874 -0.58779
H 2.61035 4.20786 0.97389
C 2.03944 -1.55077 0.73821
C 2.11920 1.88948 -0.73275
C 2.01870 2.00244 -2.12365
C 3.37506 1.64640 -0.16423
C 4.50858 1.53820 -0.96841
C 4.40430 1.66732 -2.35299
C 3.15324 1.89731 -2.92551
H 3.45793 1.54396 0.91191
H 5.47390 1.35098 -0.51058
H 5.28541 1.58278 -2.97888
H -1.08996 2.65377 -1.42419
H -6.16400 -0.36543 -1.97696
H -5.96034 -2.45355 -0.70275
H -4.57185 -3.99065 0.78411
H -2.44017 -4.40920 1.96147
H -0.58584 -2.81168 1.86262
H 0.73357 -2.08625 -4.32672
H -0.58252 -0.60305 -2.88715
H 2.68587 -3.33089 -3.46425
H 4.19394 -3.89526 -1.48012
H 4.74731 -3.62772 0.89529
H 1.04905 2.17380 -2.57504
H 3.05781 1.99197 -4.00176
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Table 11S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5b.

Atom 
symbol X Y Z

C 5.38782 1.07344 -1.62332
C 4.34957 1.63274 -0.80004
C 3.18677 0.85887 -0.55961
C 3.08235 -0.43991 -1.13513
C 4.11052 -0.97827 -1.94278
C 5.27709 -0.17088 -2.16998
N 1.93278 -1.1308 -0.86018
C 3.92249 -2.27095 -2.46549
C 2.75946 -2.95857 -2.17018
C 1.78702 -2.35813 -1.36128
C 4.42071 2.91389 -0.21449
C 3.36626 3.36542 0.56273
C 2.21793 2.57713 0.78613
C 2.09508 1.3038 0.23593
H 4.68773 -2.71873 -3.09009
H 2.58452 -3.95718 -2.54935
C -1.07153 1.70078 -3.26899
C -1.99293 2.59075 -2.73866
C -0.27799 0.87256 -2.44931
C -2.14115 2.67768 -1.33906
C -3.06036 3.56971 -0.6835
C -1.331 1.83752 -0.5361
C -3.16374 3.62627 0.67578
C -2.34876 2.79142 1.51504
N -0.6191 1.08147 1.5878
C -2.38068 2.78852 2.92194
C -0.66595 1.09799 2.92065
C -1.53866 1.94016 3.62067
C -0.38763 0.90818 -1.06053
H -3.05964 3.45028 3.44868
H 0.01673 0.42807 3.42679
H -1.53718 1.91694 4.70284
Ir 0.61394 -0.09288 0.39546
O 1.68766 -0.964 2.09645
N -0.82274 -1.78895 0.59973
C 1.52327 -2.14617 2.55396
C 0.50801 -3.04102 2.2145
C -0.62401 -2.84196 1.37316
H 0.54008 -3.99626 2.72097
C 2.54729 -2.56753 3.59011
H 2.50976 -1.87838 4.4392
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H 3.55083 -2.49403 3.16132
H 2.38626 -3.58361 3.9516
C -1.65087 -3.96344 1.41443
H -1.20437 -4.87098 1.81998
H -2.05627 -4.17679 0.42464
H -2.49417 -3.69001 2.05506
C -1.44487 1.91048 0.88013
C -2.08421 -1.67281 -0.07008
C -2.20792 -1.97381 -1.43295
C -3.21558 -1.22453 0.6102
C -4.44874 -1.09048 -0.03397
C -4.55867 -1.40753 -1.38905
C -3.42708 -1.85134 -2.08354
H -3.13798 -0.97416 1.66226
H 0.87282 -2.87353 -1.10297
H 6.07239 -0.57431 -2.78726
H 6.27803 1.66671 -1.80657
H 5.29563 3.53434 -0.37628
H 3.42239 4.35245 1.01173
H 1.42486 2.98771 1.40214
H -0.9557 1.63847 -4.34689
H 0.42588 0.19771 -2.9256
H -2.59443 3.21827 -3.38755
H -3.68257 4.21234 -1.29833
H -3.86319 4.30829 1.14702
H -3.51945 -2.08853 -3.13708
H -1.3396 -2.30858 -1.98717
H -5.30177 -0.73769 0.53015
O -5.71354 -1.31422 -2.11909
C -6.88941 -0.84216 -1.46656
H -7.18367 -1.50553 -0.64688
H -7.6703 -0.838 -2.22496
H -6.74995 0.17345 -1.08297



53

Table 12S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5c.

Atom 
symbol X Y Z

C 5.29474 1.2289 -1.58222
C 4.24221 1.73885 -0.74506
C 3.09763 0.93103 -0.53166
C 3.02452 -0.35146 -1.1466
C 4.0669 -0.84195 -1.96627
C 5.21457 -0.00086 -2.166
N 1.8906 -1.07593 -0.89602
C 3.90989 -2.12325 -2.52619
C 2.7625 -2.84604 -2.25417
C 1.77424 -2.29183 -1.43175
C 4.28186 3.00278 -0.12036
C 3.2162 3.40529 0.66808
C 2.08602 2.58398 0.86479
C 1.99551 1.3267 0.27464
H 4.6867 -2.53564 -3.16076
H 2.61228 -3.83729 -2.66207
C -1.17571 1.75304 -3.2287
C -2.12938 2.59353 -2.67598
C -0.35662 0.92814 -2.43032
C -2.28428 2.63489 -1.27484
C -3.23394 3.47709 -0.59728
C -1.44869 1.79934 -0.49359
C -3.34051 3.49267 0.76275
C -2.4997 2.66228 1.58051
N -0.71905 1.00379 1.61043
C -2.53291 2.62025 2.98679
C -0.76783 0.98289 2.94329
C -1.66599 1.77969 3.66396
C -0.47417 0.91756 -1.04219
H -3.23261 3.24609 3.52987
H -0.06693 0.3202 3.4338
H -1.66475 1.72775 4.74509
Ir 0.54671 -0.10432 0.38619
O 1.63762 -1.00751 2.05953
N -0.85218 -1.8491 0.54824
C 1.49871 -2.19931 2.49291
C 0.49926 -3.10972 2.13478
C -0.63387 -2.91629 1.30263
H 0.55309 -4.07536 2.61882
C 2.52983 -2.62234 3.5204
H 2.47709 -1.95224 4.38366
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H 3.53159 -2.51851 3.09411
H 2.38937 -3.64894 3.85955
C -1.63867 -4.05725 1.30917
H -1.17523 -4.96825 1.68616
H -2.03853 -4.25008 0.31244
H -2.48675 -3.82193 1.95853
C -1.56767 1.82789 0.92403
C -2.1077 -1.71665 -0.10223
C -2.21967 -1.90478 -1.48702
C -3.25001 -1.34753 0.62383
C -4.47494 -1.18864 -0.00798
C -4.58002 -1.39457 -1.39205
C -3.43968 -1.75331 -2.12807
H -3.16957 -1.1824 1.6915
H 0.87202 -2.83667 -1.19076
H 6.02046 -0.36664 -2.79282
H 6.17103 1.84809 -1.74536
H 5.14208 3.64825 -0.26121
H 3.24828 4.37897 1.14731
H 1.28236 2.95648 1.49089
H -1.05329 1.72801 -4.3073
H 0.37273 0.29357 -2.92309
H -2.75035 3.21871 -3.30836
H -3.87687 4.11482 -1.19544
H -4.06292 4.13777 1.25082
H -3.51552 -1.9094 -3.19713
H -1.34224 -2.17407 -2.06022
H -5.35017 -0.90486 0.56356
C -5.83828 -1.23757 -2.04821
N -6.85894 -1.11369 -2.57941
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Table 13S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5d.

Atom 
symbol X Y Z

C 5.4145 1.04992 -1.80968
C 4.4129 1.61383 -0.94523
C 3.25635 0.84609 -0.66049
C 3.12088 -0.4504 -1.23429
C 4.11229 -0.99255 -2.08385
C 5.27447 -0.1923 -2.35436
N 1.97857 -1.13438 -0.91579
C 3.89369 -2.28161 -2.60359
C 2.7375 -2.96155 -2.26639
C 1.80245 -2.35793 -1.41682
C 4.51378 2.89361 -0.36098
C 3.49361 3.35026 0.45746
C 2.35037 2.56828 0.72576
C 2.20152 1.29716 0.17895
H 4.63021 -2.73251 -3.25961
H 2.53986 -3.95664 -2.6435
C -1.10299 1.71095 -3.19205
C -2.02179 2.57999 -2.62464
C -0.26577 0.89361 -2.40474
C -2.11881 2.66212 -1.21997
C -3.02438 3.54028 -0.52798
C -1.26564 1.83385 -0.45007
C -3.06993 3.59908 0.83426
C -2.20716 2.77958 1.63999
N -0.45652 1.08885 1.64391
C -2.17607 2.78396 3.04695
C -0.44305 1.11359 2.97752
C -1.29259 1.95074 3.71143
C -0.33045 0.91992 -1.01344
H -2.83952 3.43965 3.60019
H 0.26845 0.45477 3.45781
H -1.24165 1.93453 4.79246
Ir 0.72446 -0.0891 0.39861
O 1.87117 -0.97651 2.04666
N -0.70924 -1.7942 0.68565
C 1.73021 -2.15379 2.51471
C 0.69347 -3.0504 2.22935
C -0.47663 -2.84868 1.45603
H 0.7535 -4.00703 2.73026
C 2.8047 -2.57793 3.49604
H 2.82177 -1.88042 4.33866
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H 3.78294 -2.51863 3.01057
H 2.65382 -3.58894 3.87498
C -1.50408 -3.96622 1.53681
H -1.03592 -4.88501 1.88838
H -1.97175 -4.15534 0.56918
H -2.30209 -3.71093 2.23968
C -1.32116 1.9069 0.96994
C -1.99459 -1.6247 0.1185
C -2.18771 -1.75861 -1.26599
C -3.08831 -1.26042 0.92273
C -4.34124 -1.05018 0.36854
C -4.50475 -1.20502 -1.00775
C -3.43617 -1.559 -1.83197
H -2.9441 -1.134 1.9887
H -5.18385 -0.76729 0.98384
H 0.8949 -2.86854 -1.12676
H 6.04234 -0.5992 -3.00313
H 6.3004 1.63809 -2.02658
H 5.38507 3.50952 -0.55598
H 3.57264 4.33642 0.90459
H 1.5843 2.98181 1.37282
H -1.02361 1.65627 -4.27352
H 0.4341 0.23485 -2.90839
H -2.65822 3.19799 -3.24865
H -3.68251 4.17114 -1.11675
H -3.75905 4.27173 1.33306
H -3.5902 -1.67075 -2.89599
H -1.34835 -2.0208 -1.89566
N -5.82262 -0.98986 -1.59895
O -6.74878 -0.66027 -0.85792
O -5.95175 -1.14786 -2.81274
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Table 14S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5e.

Atom 
symbol X Y Z

C -5.63961 -1.34235 -0.72232
C -4.47168 -1.76361 0.0038
C -3.30859 -0.9565 -0.06005
C -3.33033 0.2374 -0.83614
C -4.48458 0.63962 -1.54671
C -5.64937 -0.19731 -1.46267
N -2.17198 0.96663 -0.85275
C -4.4143 1.83571 -2.28408
C -3.23865 2.56436 -2.28375
C -2.1376 2.10092 -1.55351
C -4.4146 -2.94011 0.77951
C -3.24061 -3.26224 1.44098
C -2.09475 -2.44316 1.36174
C -2.09676 -1.26814 0.6152
H -5.27856 2.17849 -2.84247
H -3.1515 3.49157 -2.83534
C 0.54741 -2.15399 -3.23529
C 1.58657 -2.92003 -2.73084
C -0.16001 -1.23613 -2.43154
C 1.94459 -2.79003 -1.37265
C 2.9962 -3.54486 -0.74471
C 1.21754 -1.86471 -0.58434
C 3.29665 -3.39712 0.57785
C 2.56762 -2.47478 1.4042
N 0.78327 -0.82149 1.49388
C 2.79924 -2.2682 2.77699
C 1.01861 -0.6471 2.79534
C 2.02198 -1.35523 3.46833
C 0.15935 -1.05519 -1.08736
H 3.58024 -2.82461 3.28351
H 0.38486 0.06833 3.303
H 2.17308 -1.17631 4.52501
Ir -0.65268 0.14365 0.3354
O -1.49149 1.27549 2.01457
N 0.75386 1.86471 0.06438
C -1.2953 2.51294 2.25535
C -0.36169 3.35098 1.63623
C 0.64337 3.02851 0.68823
H -0.35014 4.37388 1.98725
C -2.16988 3.08929 3.35125
H -1.99976 2.5356 4.27926
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H -3.2221 2.95444 3.08498
H -1.97854 4.14764 3.52973
C 1.63861 4.14157 0.40182
H 1.23276 5.10203 0.71725
H 1.89223 4.19576 -0.65813
H 2.57078 3.97836 0.95039
C 1.53901 -1.72235 0.79476
C 1.9118 1.62188 -0.7257
C 1.84093 1.61208 -2.12595
C 3.13355 1.33094 -0.11441
C 4.24343 1.05652 -0.90862
C 4.18846 1.05439 -2.29948
C 2.9663 1.33769 -2.8997
H 3.22152 1.31024 0.96237
H -1.20905 2.65356 -1.52447
H -6.54097 0.10284 -2.00219
H -6.53037 -1.96024 -0.67127
H -5.28556 -3.58254 0.85198
H -3.19841 -4.16916 2.03638
H -1.20483 -2.75066 1.90031
H 0.26728 -2.2628 -4.27872
H -0.96529 -0.66724 -2.88478
H 2.11904 -3.61934 -3.36636
H 3.55733 -4.25002 -1.34949
H 4.09276 -3.97867 1.02947
H 2.88932 1.34136 -3.98018
H 0.89428 1.8223 -2.60684
H 5.0717 0.83473 -2.88145
N 5.52219 0.75114 -0.24627
O 5.56636 0.79314 0.98059
O 6.4871 0.46791 -0.95142
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Table 15S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5f.

Atom 
symbol X Y Z

C 5.2489 1.41453 -1.2605
C 4.07328 1.98497 -0.66044
C 2.96623 1.13781 -0.40468
C 3.04857 -0.24221 -0.74413
C 4.21431 -0.79206 -1.32389
C 5.31942 0.0903 -1.57726
N 1.94209 -1.00018 -0.46603
C 4.21735 -2.1712 -1.60421
C 3.10038 -2.92498 -1.29878
C 1.98065 -2.30743 -0.7259
C 3.9582 3.34526 -0.30551
C 2.785 3.79951 0.27356
C 1.69643 2.93674 0.52099
C 1.75729 1.58503 0.19345
H 5.09271 -2.6307 -2.05034
H 3.06784 -3.98905 -1.49397
C -1.07991 1.03961 -3.59849
C -2.10032 1.93393 -3.31544
C -0.3037 0.44756 -2.58079
C -2.3739 2.26773 -1.97272
C -3.39873 3.19321 -1.56838
C -1.5836 1.65831 -0.96793
C -3.6181 3.49673 -0.25632
C -2.82779 2.89762 0.78362
N -1.01855 1.3562 1.30796
C -2.97741 3.15553 2.15889
C -1.17592 1.62083 2.6061
C -2.14958 2.51605 3.06614
C -0.53638 0.73078 -1.23711
H -3.73496 3.85326 2.499
H -0.50255 1.10983 3.28201
H -2.23656 2.69723 4.1297
Ir 0.39472 0.09357 0.44955
O 1.35499 -0.432 2.34794
N -0.9714 -1.68136 0.82733
C 1.26132 -1.55869 2.93969
C 0.33886 -2.57671 2.67252
C -0.76465 -2.5774 1.78141
H 0.40993 -3.44559 3.31248
C 2.24909 -1.75958 4.07186
H 2.10913 -0.97369 4.81992
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H 3.2672 -1.65791 3.6855
H 2.14489 -2.73158 4.55444
C -1.76451 -3.70092 1.98552
H -1.34343 -4.47907 2.62086
H -2.05894 -4.1434 1.03314
H -2.66912 -3.32424 2.47192
C -1.82403 1.9815 0.39668
C -2.23534 -1.66256 0.18033
C -2.49418 -2.16655 -1.11029
C -3.30425 -1.00156 0.80529
C -4.54084 -0.84772 0.19049
C -4.75294 -1.331 -1.10097
C -3.71994 -1.98486 -1.75385
H -3.13763 -0.59722 1.79588
H -5.33891 -0.3388 0.71869
H -5.71063 -1.20599 -1.5905
H 1.09656 -2.87535 -0.479
H 6.21671 -0.32203 -2.02569
H 6.09576 2.0639 -1.45792
H 4.78554 4.02285 -0.48707
H 2.69741 4.84689 0.54577
H 0.80557 3.35431 0.97674
H -0.86825 0.78704 -4.63288
H 0.48472 -0.24 -2.8673
H -2.68364 2.37986 -4.11378
H -4.00531 3.65975 -2.3381
H -4.39371 4.20119 0.02368
H -3.85074 -2.38414 -2.75055
N -1.51103 -2.97744 -1.83543
O -1.46535 -2.87748 -3.0576
O -0.80918 -3.75199 -1.18889
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Table 16S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5g.

Atom 
symbol X Y Z

C 6.02788 -0.22221 -2.82368
C 5.23471 0.72711 -2.08987
C 4.1218 0.25075 -1.35293
C 3.82414 -1.14207 -1.3615
C 4.6097 -2.06453 -2.09009
C 5.73268 -1.55349 -2.82655
N 2.73607 -1.53013 -0.62731
C 4.23813 -3.42076 -2.04151
C 3.13848 -3.7961 -1.29125
C 2.41184 -2.82334 -0.59379
C 5.49969 2.11211 -2.06085
C 4.67413 2.94718 -1.32551
C 3.57065 2.44985 -0.60071
C 3.26558 1.09159 -0.59052
H 4.8141 -4.15944 -2.58821
H 2.82732 -4.83088 -1.22816
C -0.6265 0.59236 -3.26826
C -1.37714 1.70878 -2.93425
C 0.31464 0.0341 -2.37874
C -1.19191 2.31297 -1.6736
C -1.90768 3.48013 -1.23125
C -0.23962 1.73605 -0.79819
C -1.68436 4.04082 -0.00784
C -0.71544 3.48427 0.89562
N 0.93163 1.72896 1.25591
C -0.40968 4.00257 2.16782
C 1.20721 2.24112 2.45629
C 0.55227 3.37872 2.94397
C 0.5289 0.57942 -1.11466
H -0.92491 4.88556 2.53007
H 1.97237 1.7308 3.02675
H 0.81308 3.75568 3.92456
Ir 1.80075 0.05525 0.37732
O 3.20324 -0.28229 2.02901
N 0.37608 -1.2551 1.50934
C 3.10749 -1.19776 2.91391
C 2.00372 -2.02103 3.15205
C 0.7114 -1.98256 2.56286
H 2.11992 -2.73553 3.95565
C 4.33348 -1.35648 3.79145
H 4.54325 -0.4089 4.29635
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H 5.20082 -1.58557 3.16563
H 4.21681 -2.13966 4.54096
C -0.32448 -2.87172 3.23278
H 0.16567 -3.64007 3.83
H -0.9776 -3.3521 2.50265
H -0.96211 -2.28659 3.90146
C -0.01387 2.33257 0.4738
C -0.99766 -1.17445 1.14469
C -1.48075 -1.83029 0.00633
C -1.88927 -0.39108 1.8925
C -3.22196 -0.27951 1.52462
C -3.71073 -0.94709 0.38985
C -2.81523 -1.72276 -0.36092
H -1.52568 0.13619 2.76691
H -3.89943 0.32944 2.10942
H 1.55291 -3.0852 0.00821
H 6.3442 -2.25219 -3.38695
H 6.881 0.1427 -3.38669
H 6.34324 2.51262 -2.61276
H 4.87901 4.01323 -1.30594
H 2.96087 3.15395 -0.04477
H -0.76479 0.13309 -4.24248
H 0.87179 -0.83972 -2.70011
H -2.09734 2.12188 -3.63215
H -2.64219 3.91895 -1.89899
H -2.2352 4.92187 0.30281
H -0.80439 -2.42544 -0.59356
H -3.15607 -2.25013 -1.24501
C -5.12336 -0.81183 0.02228
S -5.77573 -1.60194 -1.44388
N -5.99676 -0.13253 0.70164
C -7.25276 -0.17565 0.12797
C -7.34755 -0.93387 -1.06186
C -8.39615 0.4608 0.63165
C -9.59686 0.32995 -0.05287
C -9.67598 -0.42639 -1.23385
C -8.55344 -1.06589 -1.75086
H -8.32605 1.0426 1.54309
H -10.4866 0.8179 0.32781
H -10.6239 -0.5145 -1.75189
H -8.61806 -1.64783 -2.66219
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Table 17S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5h.

Atom 
symbol X Y Z

C -5.72531 1.06077 0.45312
C -4.54302 1.55796 -0.19747
C -3.33794 0.82341 -0.06464
C -3.33329 -0.37587 0.70387
C -4.50229 -0.85113 1.34208
C -5.70927 -0.08712 1.18855
N -2.13585 -1.03478 0.78888
C -4.40484 -2.04255 2.08366
C -3.18876 -2.69678 2.15722
C -2.07606 -2.16559 1.49372
C -4.51224 2.74193 -0.96314
C -3.32204 3.14216 -1.54852
C -2.13447 2.3955 -1.40103
C -2.10837 1.21619 -0.66103
H -5.27942 -2.43839 2.58844
H -3.07791 -3.61734 2.71566
C 0.26367 2.19384 3.35116
C 1.26646 3.04304 2.9091
C -0.33739 1.24429 2.49971
C 1.69556 2.96516 1.56792
C 2.70859 3.81421 0.99924
C 1.0787 2.00212 0.73229
C 3.06906 3.72444 -0.31339
C 2.44738 2.76881 -1.18814
N 0.81082 0.97742 -1.38204
C 2.73448 2.62648 -2.55836
C 1.09371 0.8683 -2.68111
C 2.05229 1.67849 -3.30138
C 0.05833 1.11051 1.17043
H 3.48044 3.26163 -3.02373
H 0.53422 0.12216 -3.23056
H 2.24441 1.54965 -4.35883
Ir -0.60118 -0.11059 -0.3084
O -1.28427 -1.25207 -2.04914
N 0.86257 -1.78398 0.03228
C -1.06704 -2.49411 -2.25334
C -0.18402 -3.31624 -1.54969
C 0.7618 -2.97093 -0.54482
H -0.15597 -4.34965 -1.86798
C -1.85931 -3.09291 -3.39914
H -1.63311 -2.5484 -4.32064
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H -2.92878 -2.96788 -3.2064
H -1.64471 -4.15105 -3.55106
C 1.70656 -4.09464 -0.14905
H 1.28475 -5.05985 -0.42809
H 1.90932 -4.09153 0.92265
H 2.667 -3.98896 -0.6615
C 1.46588 1.91654 -0.63434
C 1.96638 -1.54223 0.90831
C 1.77235 -1.51071 2.2742
C 3.27536 -1.28614 0.37935
C 4.35243 -1.02429 1.28953
C 4.10316 -1.01383 2.68593
C 2.8371 -1.2514 3.1629
H -1.11623 -2.66112 1.52404
H -6.61157 -0.44469 1.67239
H -6.64759 1.62335 0.34926
H -5.41584 3.32911 -1.08695
H -3.29996 4.0546 -2.13663
H -1.23469 2.76185 -1.88317
H -0.07183 2.26205 4.3817
H -1.12101 0.61157 2.90378
H 1.71517 3.7676 3.58011
H 3.18765 4.54723 1.64052
H 3.83099 4.37965 -0.72121
C 5.65258 -0.78353 0.76766
C 5.88881 -0.79803 -0.58576
C 4.82626 -1.05101 -1.48459
C 3.55598 -1.28784 -1.01345
H 6.46157 -0.58724 1.46392
H 6.88668 -0.61414 -0.9682
H 2.74994 -1.4751 -1.71069
H 5.01596 -1.05557 -2.55222
H 2.64448 -1.24057 4.22997
H 0.7804 -1.68676 2.66972
H 4.92406 -0.81419 3.36635
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Table 18S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5i.

Atom 
symbol X Y Z

C 5.62667 1.07315 -1.41368
C 4.56941 1.60935 -0.59913
C 3.38842 0.84337 -0.43418
C 3.28574 -0.42533 -1.07361
C 4.33274 -0.94166 -1.87124
C 5.51718 -0.14242 -2.02191
N 2.11813 -1.10996 -0.86964
C 4.14417 -2.20608 -2.45913
C 2.96221 -2.8883 -2.23476
C 1.97137 -2.31059 -1.43167
C 4.639 2.86027 0.04871
C 3.56575 3.29112 0.81168
C 2.39936 2.51148 0.95956
C 2.27719 1.26782 0.34547
H 4.92366 -2.63694 -3.07801
H 2.78614 -3.86546 -2.66577
C -0.73301 1.87912 -3.25558
C -1.66847 2.75302 -2.72319
C 0.0158 1.00308 -2.44354
C -1.87672 2.77525 -1.32861
C -2.81263 3.64805 -0.67078
C -1.11134 1.88756 -0.53329
C -2.97227 3.64253 0.68399
C -2.2025 2.75935 1.51626
N -0.49484 1.02698 1.58123
C -2.29233 2.69313 2.91902
C -0.59623 0.98388 2.91041
C -1.48866 1.80381 3.61197
C -0.15603 0.97278 -1.06119
H -2.98558 3.33863 3.44731
H 0.05823 0.28396 3.4133
H -1.53187 1.73187 4.69113
Ir 0.77136 -0.10895 0.38531
O 1.76385 -1.07851 2.08366
N -0.70104 -1.7918 0.46209
C 1.58144 -2.28624 2.45873
C 0.577 -3.1544 2.02672
C -0.53232 -2.89256 1.17464
H 0.59068 -4.14116 2.46973
C 2.56509 -2.77629 3.50339
H 2.49302 -2.14416 4.39359
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H 3.58447 -2.67554 3.11996
H 2.39112 -3.81348 3.79112
C -1.56906 -4.00456 1.12298
H -1.12336 -4.94846 1.43654
H -1.98877 -4.12394 0.12344
H -2.40078 -3.78805 1.79933
C -1.28289 1.89657 0.87916
C -1.94649 -1.60385 -0.21253
C -2.02221 -1.77976 -1.62083
C -3.07728 -1.22401 0.47874
C -4.31713 -1.0287 -0.18361
C -4.39023 -1.22687 -1.59858
C -3.20815 -1.60506 -2.28895
H 1.04121 -2.82292 -1.22923
H 6.32686 -0.52855 -2.63146
H 6.53059 1.66056 -1.53966
H 5.52757 3.47368 -0.05485
H 3.62082 4.25468 1.30909
H 1.59211 2.90501 1.5681
H -0.56979 1.86813 -4.32911
H 0.73438 0.34481 -2.92095
H -2.23464 3.41829 -3.36616
H -3.40188 4.32594 -1.28007
H -3.68408 4.31016 1.15714
C -5.49552 -0.64773 0.51373
C -5.63231 -1.03688 -2.25885
C -6.75574 -0.66868 -1.55503
C -6.68514 -0.47275 -0.15462
H -3.25203 -1.75106 -3.36338
H -1.12704 -2.05894 -2.16235
H -3.02496 -1.07454 1.55197
H -5.68209 -1.18663 -3.33261
H -7.69925 -0.52666 -2.07
H -7.57644 -0.18276 0.3908
H -5.4432 -0.49722 1.58719
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Table 19S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5j.

Atom 
symbol X Y Z

C -6.22089 0.74609 -0.41467
C -4.98129 1.22677 -0.96309
C -3.7742 0.60918 -0.54969
C -3.82401 -0.46046 0.38954
C -5.04941 -0.91842 0.92668
C -6.25693 -0.27556 0.48749
N -2.62092 -1.01141 0.74175
C -5.0028 -1.9742 1.85536
C -3.77948 -2.51873 2.20064
C -2.60907 -2.01405 1.62133
C -4.89609 2.28506 -1.8914
C -3.65318 2.68188 -2.35745
C -2.46474 2.05431 -1.92925
C -2.49023 1.00077 -1.01911
H -5.92112 -2.35225 2.29143
H -3.70626 -3.3339 2.90898
C -0.80291 2.70396 3.1041
C 0.21241 3.55103 2.6881
C -1.22186 1.60509 2.3259
C 0.84214 3.31675 1.44805
C 1.88765 4.14626 0.91033
C 0.4063 2.20549 0.68558
C 2.44736 3.89866 -0.30885
C 2.0111 2.79013 -1.11217
N 0.51162 0.87955 -1.2692
C 2.5059 2.48044 -2.39252
C 0.99025 0.61171 -2.48498
C 1.98861 1.39444 -3.07715
C -0.6238 1.31438 1.10158
H 3.28206 3.09493 -2.83541
H 0.55618 -0.24224 -2.98917
H 2.34259 1.13518 -4.06662
Ir -0.98784 -0.14636 -0.25666
O -1.32724 -1.57517 -1.88783
N 0.49139 -1.64925 0.53675
C -1.05146 -2.8214 -1.84586
C -0.26913 -3.47363 -0.8894
C 0.51397 -2.91813 0.15968
H -0.16662 -4.54248 -1.0206
C -1.63451 -3.63541 -2.98445
H -1.25379 -3.25184 -3.93584
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H -2.72123 -3.51292 -3.00053
H -1.39396 -4.6962 -2.90952
C 1.43364 -3.90564 0.85955
H 1.0883 -4.92611 0.69585
H 1.48633 -3.71518 1.93224
H 2.45115 -3.82981 0.46561
C 0.99929 1.95747 -0.5839
C 1.46039 -1.19902 1.48475
C 1.1005 -0.95733 2.78759
C 2.8208 -0.94537 1.06777
C 3.76702 -0.45424 2.0448
C 3.33298 -0.22812 3.38567
C 2.03599 -0.47397 3.74054
H -1.6404 -2.42645 1.8644
H -7.20228 -0.62169 0.89084
H -7.14464 1.2184 -0.73324
H -5.79954 2.78026 -2.23073
H -3.58921 3.49875 -3.06986
H -1.52248 2.41236 -2.32955
H -1.2934 2.89167 4.05459
H -2.02632 0.98292 2.70412
H 0.5191 4.39168 3.30113
H 2.2284 4.99308 1.49761
H 3.23047 4.54134 -0.69607
C 5.09102 -0.21537 1.65599
C 5.53139 -0.44309 0.34886
C 4.58958 -0.93395 -0.62569
C 3.26353 -1.16544 -0.24135
H 5.79544 0.15535 2.39453
H 2.56347 -1.52623 -0.98454
H 1.70602 -0.30156 4.75899
H 0.07787 -1.13449 3.09471
H 4.04859 0.14143 4.11213
C 6.88252 -0.20976 -0.05794
C 7.27916 -0.44906 -1.3455
C 6.34869 -0.93731 -2.30953
C 5.04637 -1.17064 -1.95986
H 7.59022 0.1606 0.67664
H 8.3067 -0.26942 -1.64146
H 6.68241 -1.12296 -3.32436
H 4.33789 -1.54265 -2.69258
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Table 20S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5k.

Atom 
symbol X Y Z

C 6.12929 1.03506 -1.61793
C 5.10923 1.58137 -0.7637
C 3.93065 0.82427 -0.54875
C 3.79273 -0.4452 -1.18012
C 4.80305 -0.97094 -2.01781
C 5.98668 -0.18136 -2.21751
N 2.62853 -1.12015 -0.92874
C 4.58101 -2.23426 -2.59615
C 3.40264 -2.90586 -2.3255
C 2.4492 -2.31928 -1.48438
C 5.2129 2.83411 -0.12397
C 4.17399 3.27506 0.67969
C 3.00929 2.50396 0.87742
C 2.85471 1.25896 0.27341
H 5.33209 -2.67222 -3.24447
H 3.20111 -3.88146 -2.74882
C -0.29637 1.88921 -3.19704
C -1.21369 2.75927 -2.62792
C 0.48358 1.01307 -2.41537
C -1.36826 2.77969 -1.22636
C -2.27963 3.64995 -0.53187
C -0.57069 1.89328 -0.46176
C -2.38393 3.64534 0.82824
C -1.57771 2.76609 1.62966
N 0.13429 1.03638 1.62675
C -1.60794 2.70372 3.0351
C 0.08889 0.99675 2.9592
C -0.774 1.81774 3.69573
C 0.36316 0.97954 -1.02761
H -2.27915 3.34966 3.59061
H 0.76385 0.29835 3.43636
H -0.77127 1.74877 4.77595
Ir 1.34321 -0.10781 0.37998
O 2.40402 -1.0844 2.03261
N -0.13895 -1.77739 0.53041
C 2.22827 -2.28906 2.41975
C 1.19639 -3.14889 2.03799
C 0.05251 -2.87921 1.23618
H 1.22258 -4.13538 2.48102
C 3.25766 -2.78705 3.41534
H 3.25406 -2.13803 4.29609
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H 4.25524 -2.7199 2.97162
H 3.07504 -3.81462 3.73087
C -0.99158 -3.98568 1.22815
H -0.53309 -4.93462 1.50645
H -1.46427 -4.09202 0.25104
H -1.78493 -3.77513 1.95065
C -0.68388 1.90347 0.95658
C -1.411 -1.57244 -0.08325
C -1.53491 -1.70426 -1.50332
C -2.51085 -1.21888 0.65659
C -3.78342 -1.00391 0.04527
C -3.904 -1.1567 -1.38396
C -2.73493 -1.51246 -2.12527
H 1.52305 -2.8231 -1.24592
H 6.76846 -0.57527 -2.85775
H 7.03167 1.61546 -1.78169
H 6.10061 3.44127 -0.2652
H 4.25534 4.24012 1.17057
H 2.22971 2.90504 1.51643
H -0.17358 1.88068 -4.27596
H 1.18426 0.35637 -2.9206
H -1.80578 3.42387 -3.24784
H -2.89547 4.3254 -1.11708
H -3.07835 4.31116 1.32897
C -4.91843 -0.65684 0.7878
C -5.14506 -0.95205 -1.99392
C -6.2803 -0.60402 -1.25174
C -6.16288 -0.45385 0.17892
H -2.81471 -1.62318 -3.20171
H -0.65548 -1.96302 -2.07916
H -2.42207 -1.10185 1.73131
H -5.23081 -1.0654 -3.07048
H -4.83278 -0.54359 1.8643
C -7.55579 -0.39285 -1.86132
C -8.64874 -0.05629 -1.10928
C -8.53375 0.09075 0.30383
C -7.33008 -0.10186 0.92628
H -7.6415 -0.50508 -2.93727
H -9.61042 0.10057 -1.58478
H -9.41015 0.35709 0.8841
H -7.24331 0.00992 2.00221
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Table 21S. Cartesian coordinates from the optimized structures of S0 in C6H5Cl media for 5l.

Atom 
symbol X Y Z

C 5.82823 0.46734 -1.16893
C 4.70355 1.30314 -0.84667
C 3.49211 0.68446 -0.44627
C 3.42815 -0.73542 -0.36233
C 4.55134 -1.5439 -0.65584
C 5.7592 -0.89097 -1.07806
N 2.23144 -1.26489 0.04428
C 4.41843 -2.93493 -0.49489
C 3.21894 -3.45013 -0.0412
C 2.15131 -2.58395 0.22361
C 4.7404 2.71172 -0.89781
C 3.609 3.43285 -0.55376
C 2.41499 2.79601 -0.15697
C 2.32032 1.40765 -0.0918
H 5.25706 -3.58762 -0.71162
H 3.08544 -4.51241 0.11778
C -0.20712 0.14174 -3.88126
C -1.1419 1.16177 -3.96625
C 0.39851 -0.2141 -2.65862
C -1.49162 1.87614 -2.80186
C -2.41617 2.97851 -2.78333
C -0.87467 1.4957 -1.58489
C -2.68081 3.67735 -1.64188
C -2.04616 3.33265 -0.39962
N -0.51214 1.81669 0.72722
C -2.21476 4.02836 0.81177
C -0.67817 2.50022 1.86066
C -1.52166 3.61458 1.93621
C 0.07245 0.43838 -1.47265
H -2.87671 4.88646 0.85469
H -0.11933 2.14529 2.7171
H -1.6216 4.13503 2.88003
Ir 0.76073 0.20294 0.42455
O 1.44357 0.13963 2.5093
N -0.8373 -1.28113 1.08711
C 1.23936 -0.83208 3.3123
C 0.31221 -1.86718 3.15766
C -0.72544 -2.00096 2.19377
H 0.29526 -2.5992 3.95401
C 2.09187 -0.80593 4.56587
H 1.90737 0.12482 5.11049
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H 3.14939 -0.81038 4.28648
H 1.89199 -1.64908 5.22754
C -1.76991 -3.05329 2.52966
H -1.35388 -3.79131 3.21544
H -2.13507 -3.56318 1.6377
H -2.63198 -2.59282 3.02123
C -1.16733 2.2265 -0.39993
C -2.08069 -1.34055 0.37662
C -2.21518 -2.11828 -0.79691
C -3.19117 -0.60879 0.86593
C -4.44007 -0.63062 0.1412
C -4.54704 -1.37934 -1.03178
C -3.47254 -2.13349 -1.50646
H 1.21375 -2.96128 0.60253
H 6.62143 -1.5045 -1.31557
H 6.75207 0.94233 -1.48317
H 5.65048 3.21787 -1.20119
H 3.63836 4.51757 -0.59082
H 1.56534 3.41932 0.09742
H 0.06921 -0.39968 -4.78093
H 1.12664 -1.01803 -2.65757
H -1.5947 1.4206 -4.91733
H -2.90015 3.26153 -3.71278
H -3.36995 4.5147 -1.65606
C -3.60265 -2.95206 -2.67223
C -2.56977 -3.73439 -3.10803
C -1.33322 -3.73119 -2.40466
C -1.16416 -2.94426 -1.29775
H -0.51595 -4.35022 -2.75807
H -0.21553 -2.93574 -0.78625
H -4.55124 -2.94658 -3.19905
H -2.68698 -4.35715 -3.98788
C -5.55662 0.09927 0.65786
C -5.46584 0.79655 1.82989
C -3.14439 0.13801 2.08482
C -4.24035 0.8111 2.5534
H -6.48648 0.07781 0.09894
H -6.32309 1.33851 2.21349
H -2.21998 0.16386 2.64459
H -4.1763 1.36559 3.48303
H -5.48932 -1.39523 -1.57025
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8. Photophysical measurements

Figure 36S. Normalized absorption and photoluminescence spectra of 5d in chlorobenzene.
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Figure 37S. Normalized photoluminescence excitation spectra (measured at emission band) of the 
first group (5a–5g) of investigated complexes in chlorobenzene.
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Figure 38S. Normalized EL spectra of PhOLEDs based on PVK/PBD doped with 5l under 
incensement of applied voltage.
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Figure 39S. Normalized EL spectra of PhOLEDs based on PVK/PBD doped with 5h in different 
concentrations (from 0.5 to 7 wt%).
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Abstract: In view of literature reports, benzo[h]quinoline and its substituted analogues, due to their structural
similarity to 2-phenylpyridine derivatives, appear to be very promising C,N-cyclometalating ligands for
iridium-based Phosphorescent Organic Light Emitting Diode technology. 5-bromo-benzo[h]quinoline aroused
our particular interest as a convenient precursor for further transformations, and was successfully
functionalized in the course of transition metal-promoted exclusive C�C, C�O and C�N bond formation,
yielding a series of 5-substituted benzo[h]quinoline derivatives with unique structures and properties. Some
of the synthesized compounds seemed to be appropriate starting materials for subsequent transformations,
and enabled the preparation of new benzo[h]quinoline-based materials, for instance those with fluorine or
silsesquioxane groups, which have not been synthesized by the conventional Scraup protocol. In selected
transformations, the assistance of microwave irradiation as a non-conventional energy carrier significantly
improved efficiency, leading to the formation of desired products with yields of up to 99%.

Keywords: Cross-coupling; Homogeneous catalysis; Ligand design; Microwave chemistry; Nitrogen hetero-
cycles

1 Introduction

Organic chemists have shown moderate interest in
benzo[h]quinoline (bzqH) since it was first obtained
by Scraup in the course of a reaction between 1-
naphthylamine and glycerol in the presence of nitro-
benzene and sulfuric acid.[1] On the basis of this
protocol, some simple alkyl, alkoxy, nitro or halogen-
substituted bzqH derivatives have been synthesized
with use of starting materials already bearing in their
structures the above-mentioned functional groups.[2] A
few bioactive bzqH-based derivatives have been
obtained also by means of the zinc chloride-mediated
Scraup protocol.[3] Unfortunately, this synthetic path-
way, involving the formation of a third N-aromatic
ring, is characterized by low yields of desired products.
Moreover, the reactions must be performed in harsh
conditions. These two factors have reduced interest in
this protocol. In contrast, a few bzqH derivatives have
been prepared via different types of transformations,
including condensation, Diels-Alder reaction, cycliza-

tion and more complex processes involving a series of
subsequent reactions, occurring in significantly milder
conditions.[4] In order to improve the efficiency of
nitrogen-containing ring formation, compounds of
transition metals, i. e. Mn, Fe, Cu, Ru, Rh, Pd, W, Ir[5]

or main group elements such as Mg or In,[6] have been
proposed as reaction catalysts, resulting in moderate
to good yields. Nevertheless, in most cases, these
methods require expensive catalysts or specific, non-
commercially available substrates. There is only one
report in literature concerning one-pot synthesis of
various azaphenanthrenes via palladium-catalyzed
Suzuki-Miyaura coupling/aldol condensation cascade
reaction, involving the formation of an inner aromatic
ring instead of an N-cyclic part of the molecule, as
takes place in almost all of the aforementioned
methods.[7] It is noteworthy that most bzqH derivatives
have been obtained while working on methods for the
synthesis of new indoles or quinolines. Moreover, it
should be emphasized that all methods mentioned in
this paragraph are not entirely satisfactory because
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they require complex substrates, expensive catalysts,
harsh conditions or high specificity of reaction.

Instead of the inefficient method based on the
formation of a third aromatic ring, using specific
substrates bearing in their structure target functional
moieties, an alternative approach leading to function-
alized bzqH compounds can be applied via direct
functionalization of the bzqH core (see Scheme 1). It
is possible to obtain the desired compounds through
direct catalytic alkylation, arylation, imidation or
lithiation,[8] as well as in the course of typical organic
stoichiometric transformations, such as nitration or
halogenation and subsequent transformation of nitro
or halogen groups.[9] The C(sp2)�H bond at position 10
in the bzqH core is the most reactive part of this
molecule, due to its specific location relative to the
nitrogen atom in the cavity. There are many examples
illustrating the reactivity of this position in processes
such as acylation, alkoxylation, arylation, halogena-
tion, and thiolation.[10] Unfortunately, the functionali-
zation of the bzqH molecule in this position has a
serious disadvantage, namely blocking the aforemen-
tioned specific cavity. The replacement of 10-H with
the introduced substituent via C(sp2)�H bond activa-
tion decreases potential applications of the new
compounds by hindering the most important fragment
of the molecule.

According to literature, nitration of bzqH in a
nitric/sulfuric acid mixture is very inefficient com-
pared to halogenation, which can be performed very
selectively and with high yields.[11] However, despite
the fact that bromo- and iodo-benzo[h]quinolines
have been obtained with good regioselectivity and
yields,[12] no additional study on the catalytic trans-
formation of these compounds leading to bzqH

derivatives has been reported. Taking into account
some potential applications of the compounds listed
below, it seems pertinent to carry out studies aimed at
the development of efficient methods of synthesis,
which may lead to new bzqH derivatives with unique
properties.

BzqH and its derivatives are considered interesting
and useful C,N-cyclometalating ligands in coordina-
tion chemistry, particularly due to their structural
similarity to 2-phenylpyridine (ppyH), the heterocyclic
compound which is one of the most widely studied
and commonly used ligands in the preparation of
iridium(III) phosphorescent emitters for organic light
emitting diodes (OLEDs).[13] Since 1995, hundreds of
publications concerning the relationships between the
structure of the ligand, i. e. the specific nature of
substituents bonded to C,N-cyclometalating core, for
example ppy ligand, and the photophysical properties
of the final iridium(III) OLEDS’s dopant, such as
emitted wavelength, quantum efficiency, excited state
lifetime etc., have been published.[14] In this context,
bzqH seems to be very intriguing due to its similarity
to ppyH (Scheme 2). It contains an ethynylene bridge,
which not only stiffens its structure but also extends
electron p-conjugation more than in the ppy ligand.
However, it does so without changing the pocket size
or bite angle, and thus does not disturb its coordina-
tion ability. As a matter of fact, there are known
organometallic compounds bearing cyclometalated
bzq ligand, among which iridium(III) compounds
show the most interesting properties.[15] However, the
impact of bzq modifications on iridium emitters
containing ligands such as these still remains unknown
due to the lack of consequently regiofunctionalized
bzqH derivatives containing electron-donating, elec-
tron-withdrawing, n- and p-type semiconducting or
sterically hindered substituents. A significant part of
the known bzqH derivatives are unsuitable for this
purpose, due to the presence of substituents at
position 2, hindering cyclometalation, or at position
10, making it potentially impossible. After studying
the available literature, we chose 5-bromo-benzo[h]
quinoline (1) as the most accessible precursor for
further modifications and decided to investigate its
ability to undergo structural modification via some

Scheme 1. Comparison of the synthetic protocols for the
synthesis of bzqH derivatives.

Scheme 2. Chemical structures of 2-phenylpyridine (ppyH)
and benzo[h]quinoline (bzqH).
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well-known organometallic transformations. As a
result, we hoped to obtain bzqH derivatives bearing in
their structure functional groups with unique proper-
ties, which could potentially be interesting and useful
for designing iridium-based emitters for application in
OLEDs, similarly to ppyH derivatives.

2 Results and Discussion
At first, we focused on equipping the bzqH core with
electron-donating substituents. Our area of interest
was focused on the substituents characterized by high
spara and low smeta Hammett parameters since if these
groups are properly regiolocalized on the ppyH core,
they can tune the wavelength emitted by OLEDs to
the blue area.[16] Fluorine is the most commonly used
substituent for this purpose, but it has been shown
that a methoxy substituent acts similarly and exhibits
better stability.[17] Taking into account the aforemen-
tioned criteria, as the first example of such substitu-
ents, a methoxy moiety was chosen. A few attempts to
introduce this group were performed based on
procedures described in the literature, such as cou-
pling of aryl bromides with sodium methoxide or
methanol in the presence of copper or palladium
catalysts, unfortunately, led only to a debrominated
product.[18] However, replacement of the sodium
cation in the initial methoxide with a lithium cation
unexpectedly changed the reaction selectivity. There-
fore, the reaction system which included 2 equivalents
of lithium methoxide in methanol and 5 mol% of
copper(I) iodide as a reaction promotor was found to
be very efficient and led to the exclusive formation of
the desired methoxylated derivative.[19] The summary
of the reaction parameters is shown in Scheme 3.
Additionally, it should be emphasized that the assis-
tance of microwaves, as a non-conventional source of
heat, allowed full conversion to be reached in a very
short reaction time, ca. 10 minutes.

In the next step, we tried out to introduce a
phenoxy group which exhibits Hammett’s parameters
similar to those of the methoxy moiety but features a
much higher steric hindrance. Bearing in mind the
more acidic character of a phenolic hydroxyl group, as
a consequence of stronger H�O bond polarization and
thus lower nucleophilicity of the phenoxy anion in

contrast to methoxy anion, the synthetic strategy had
to be different than the one previously utilized. The
iron-copper catalytic system, which has been described
in the literature,[20] applied in the examined reagent
system showed moderate efficiency in the conversion
of 1 to an appropriate phenoxy-functionalized deriva-
tive. Both extension of the reaction time and duplica-
tion of the catalyst, as well as phenol loading, resulted
in only very slight reaction progress. A short period
(i. e. 10 minutes) of microwave irradiation showed no
significant effect on the conversion of the reagents.
However, GCMS analysis showed that extended
heating in the microwave pressure reactor (12 h) at an
elevated temperature (150 8C) led to total halogen-
substituted substrate consumption and its transforma-
tion into 5-phenoxybenzo[h]quinoline with accompa-
nying small amount of bzqH, as a result of the
debromination process. However, the desired product
was isolated with only 20% yield. This may be the
result of prolonged heating leading to the decomposi-
tion of the formed product. In order to avoid the
occurrence of undesirable processes, we decided to
carry out the phenoxylation reaction at a higher
temperature but for a shorter time. Therefore, at this
point, we examined the catalytic method described in
literature, in which copper(I) halides were successfully
used as catalysts in O-arylation of phenol in an NMP
environment.[21] The model reaction system used for
optimization consisted of various loadings of copper
(I) chloride, 1.3 eq of phenol and 1.1 eq of cesium
carbonate (Scheme 4), as reported. At first, we
examined the reaction efficiency under the reported
conditions which led to ca. 54% conversion of the
substrate without the occurrence of debromination
(Table 1, attempt 1). Application of the previously
described guidelines, along with double or triple
catalyst loading, resulted in a significant increase in
conversion. Finally, this method after optimization
proved to be very efficient. In the course of the
reaction, the intended product was selectively ob-
tained without debromination of the initial substrate,
and was isolated with 86% yield.

Scheme 3. Copper-catalyzed alkoxylation of 1.

Scheme 4. Copper-mediated aryloxylation of 1.
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In order to complete the series of bzqH derivatives
containing an electron-donating substituent, as the last
example, an amino group was selected. This type of
moiety may endow unique properties to the bzq-cored
ligand due to its basic character, unlike methoxy and
phenoxy groups. Therefore, to convert 1 to the
corresponding amino-functionalized derivative, we
tried applying the methods reported in the literature,
according to which the series of quinazolines and
various other aryl amines were successfully prepared,
with the use of aqueous ammonia solution and in the
presence of copper(I) oxide, chloride or iodide.[22] It
turned out, unexpectedly, that the reaction carried out
under the conditions disclosed in the aforementioned
publications did not bring positive results. Microwave
irradiation of the reaction systems did not show any
effect, but only small amounts of 5-chloro-bzqH were
observed, which appeared to be a result of the
substitution of bromine with chlorine atoms via an
aromatic Finkelstein-type reaction between 1 and
CuCl. Inactivity of 1 in the amination reaction might
be caused by its ability to undergo metal coordination,
which can have a negative impact on copper catalyst
activity. Due to the obstacle encountered in the
conversion of 1 to the target derivative through simple
amination with ammonia, we were forced to find a
solution to this problem in the synthesis process.

In the search for a way to convert bromo-
substituted precursor 1 to the corresponding amino
derivative, we encountered the concept of ammonia
surrogate employment, which we finally decided to
examine as most promising.[23] From our point of view,
the most convenient method was palladium-mediated
Buchwald-Hartwig-type amination of bromoaryls with
ketimine as an amino group synthon. For this purpose,
benzophenoneimine[24] was prepared and used in our
system as the most convenient amino group synthon,
which was further coupled with 1 in the presence of a
catalytic system created on the basis of [Pd2(dba)3]/
BINAP/NaOtBu, and additionally accelerated with
microwaves. Finally, the adapted methodology gave us
an almost theoretical yield of imine-substituted bzqH
intermediate in a relatively short reaction time
(Scheme 5). In the next step, the formed imine was

hydrolyzed under typical conditions to the corre-
sponding 5-amino-benzo[h]quinoline (4), with an over-
all yield of 90%.

Since the unprotected primary amino group, partic-
ularly when bonded to aromatic systems, may undergo
some undesirable side-reactions, alkylation was per-
formed in order to protect it. It was essential not to
overdose the alkylation reagent and conduct the
process in mild conditions to avoid quaternization of
both amine and bzqH nitrogen atoms. As a result, 5-
dimethylamino-benzo[h]quinoline (5) was obtained
almost quantitatively (Scheme 6).

Numerous literature reports concerning iridium
(III)-based OLED emitters describe the influence of
fluorinated 2-phenylpyridine derivatives as ligands on
the shift of emission band to the blue region of the
visible light spectrum, with respect to the position in
the spectra of non-fluorinated analogues. Among
them, the FIrpic complex, the most widely and
intensively studied blue phosphorescent emitter con-
taining in its structure two C,N-cyclometalated 2-(4,6-
difluorophenyl)pyridine ligands.[25] Successful applica-
tions of a wide range of fluorinated ligands in the
synthesis of different blue OLED emitters prompted
us to prepare some selected bzqH derivative, bearing
weakly electron-withdrawing fluorine atoms. Taking
into account the literature on halogenation method-
ology, the first fluorination test was carried out with

Table 1. Optimization for the synthesis of 3[a]

Attempt Reaction
time
[min]

CuCl
loading
[mol%]

Temperature
[8C]

GC
conversion
[%]

1 960 5 160 54
2 20 10 180 80
3 30 10 180 87
4 40 15 180 98
[a] Conditions: 1 (0.25 mol), phenol (0.325 mol), Cs2CO3

(0.275 mol), NMP (1 mL).

Scheme 5. Two-step synthesis of 4.

Scheme 6. Alkylation of 4.
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the soft fluorination reagent Selectfluor� both in
sulfuric acid and in acetonitrile, similarly to the
bromination of bzqH.[26] Unfortunately, GCMS analy-
sis revealed in both post-reaction mixtures the pres-
ence of many regioisomers as a consequence of the
non-regioselective fluorination process. Facing the
inability to control the selectivity of fluorination, we
decided to carry out the functional group transforma-
tion of one of the previously obtained bzqH deriva-
tives. Retrosynthetic analysis of the desired product
permitted the selection of a plausible synthetic path-
way with the use of the Balz-Schiemann reaction,
involving the conversion of amino-functionalized
aromatic derivatives to a diazonium salt with a
tetrafluoroborate counterion as a source of fluorine
atoms that gives fluoroarenes as a result of its
decomposition.[27]

According to the given reference, the previously
synthesized 4 was transformed to the corresponding
diazonium salt (Scheme 7), which in a further step was
converted to 5-fluoro-benzo[h]quinoline (6) by ther-
mal decomposition of the latter compound in an ionic
liquid containing the same counterion. It is note-
worthy that the reaction proceeded smoothly with
high regioselectivity and enabled the target product to
be obtained with a good yield.

In addition to the synthesis of 6, an attempt was
made to obtain a derivative containing more fluorine
atoms. Considering the difficulties associated with the
direct fluorination of the bzqH molecule, we decided
to use a perfluorinated aryl building block, such as a
pentafluorophenyl moiety, the synthetic equivalent of
which is pentafluorobenzene. In contrast to other
possible coupling methods leading to the C�C bond
formation, such as Kumada or Suzuki-Miyaura, in this
particular case, the Negishi reaction was chosen as the
most convenient protocol. Considering the reactivity
of Grignard and organozinc species, the former are
more nucleophilic, thus increasing the risk of para-
fluorine substitution in the pentafluorophenyl group,

which is well-documented in the literature.[28] This
side-reaction could cause a decrease in the selectivity
of the expected product. On the other hand, the use of
boronic acid derivatives, as well as their high reac-
tivity, requires an additional step to isolate them.
Therefore, in our case, the formation of an organozinc
reagent was more convenient. Our choice is also
supported by the fact that the Negishi coupling has
been proven to be one of the most commonly used
methods for C�C bond formation between complex
synthetic intermediates in total synthesis.[29]

The whole procedure for obtaining 7 is presented
in Scheme 8. In the first stage of the synthetic path-
way, due to the acidic nature of the hydrogen atom
located on the aromatic ring bearing five fluorine
atoms, deprotonation with ethylmagnesium bromide
was performed, resulting in the formation of the
corresponding Grignard reagent, which in the next
step was converted to pentafluorophenylzinc chloride.
Next, the obtained Negishi reagent was subjected to a
coupling reaction with 1 in the presence of 2 mol% of
palladium(0) complex ([Pd(PPh3)4]), resulting in 5-
pentafluorophenyl-benzo[h]quinoline (7) with high
yield.

Besides the incorporation of substituents character-
ized by high spara and low smeta Hammett parameters
to the bzqH core, an attempt was made to equip the
skeleton with some well-known p-type semiconducting
moieties, for instance a triphenylamine motif. There-
fore, in the initial stage of the work, p-diphenylamino-
bromobenzene was transformed to the corresponding
Negishi reagent through transmetalation of Grignard
intermediate. The subsequent coupling reaction per-
formed with the assistance of 1.5 mol% of palladium
homogenous catalyst was found, on the first attempt,

Scheme 7. Synthetic methodology for compound 6 synthesis.

Scheme 8. Negishi reagent formation and coupling thereof
resulting in formation of 7.
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to give a good yield, with the use of a conventional
source of heating (Scheme 9). As a consequence, 8
was successfully obtained in a two-step sequence.

Bearing in mind the potential application of this
type of derivatives as ligands, we decided to enrich the
series of compounds with further examples of bzqH
equipped with p-type semiconducting substituents.
Thus, 5-diphenylamino-benzo[h]quinoline (9) was also
synthesized. It has similar properties to the previously
described derivative but is characterized by a less p-
conjugated system. Its synthesis was carried out via
palladium-catalyzed C�N, not C�C bond formation as
in the case of 8. The target derivative was prepared by
the means of microwave-assisted Buchwald-Hartwig
coupling protocol in a one-step method, using a non-
polar solvent in the presence of 2 mol% of [Pd(PPh3)4]
as a catalyst and NaOtBu as a base (Scheme 10). Thus,
irradiation of the reaction mixture with microwave
electromagnetic radiation enabled the final product to
be obtained with 67% yield after only 20 minutes of
heating.

Another example of moiety reported in literature
as a hole-conductive, which we decided to attach to
the bzqH core was a carbozolyl substituent. Unfortu-
nately, many attempts at reactions between carbazole
and 1 were made, but none of them yielded positive
results. Various stoichiometric and catalytic methods
making use of the activity of copper and palladium
species were examined in this reagent system. How-
ever, all failed.[30] All combinations of various palla-
dium pre-catalysts (palladium acetate, [Pd2(dba)3],
[PdCl2(phosphine)2]), phosphines (tri-tert-butylphos-
phine, tricyclohexylphosphine, triphenylphosphine,
rac-BINAP) with sodium or potassium tert-butoxide in
toluene were unable to catalyze carbazole N-arylation
with 1. We also tried out the method which was
successfully applied for the synthesis of 9, which

differs from the considered case only in its use of a
slightly different substrate, but it also proved ineffec-
tive. Moreover, the desired product formation was not
observed after additional microwave irradiation of the
reaction mixture over an extended time. At last, this
deadlock was broken by changing the synthetic
strategy. The target compound 10 was efficiently
prepared through the reaction of 4 with 2,2’-dibromo-
biphenyl leading to 5-membered ring enclosure via the
Buchwald-Hartwig reaction (Scheme 11).[31] It is worth
emphasizing that the catalytic system used in this
transformation, developed on the basis of [Pd2(dba)3]/
[HP(tBu)3]BF4 (10 mol% Pd, 20 mol% of the
phosphine), was able to form up two C�N bonds

Scheme 9. Negishi reagent formation and coupling thereof
resulting in formation of 8.

Scheme 10. Buchwald-Hartwig N-arylation of 1.

Scheme 11. Successful double Buchwald-Hartwig N-arylation
leading to formation of 10.
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between the amino group and 2,2’-dibromobiphenyl,
but was not efficient enough in C�N bond formation
when carbazole and 1 were applied as reagents.
However, in order to prevent of side reactions such as
the formation of oligomeric byproducts, the reaction
temperature was decreased from 150 8C (temperature
successfully applied in the syntheses of 4 and 9) to
120 8C and consequently, the time of microwave
irradiation had to be extended to 24 h.

Furthermore, another example of a bzqH deriva-
tive bearing a semiconducting moiety, 5-(N-phenothia-
zyl)-benzo[h]quinoline (11) was exclusively synthe-
sized in the presence of microwave irradiation. On the
first attempt, similar reaction conditions as for the
synthesis of 9 were applied, with a slightly reduced
amount of catalyst added (1.5 mol% Pd). Analysis of
the post-reaction mixture revealed total consumption
of the substrate and exclusive formation of the desired
product 11. Additional tests allowed us to conclude
that the optimal reaction time was 10 minutes, in
which full substrate conversion was reached. After a
quick workup and easy chromatographic purification,
the target compound was isolated with 79% yield (see
Scheme 12). Taking into account the photo- and
electronic properties, this compound is similar to 9 but
bears a sulfur atom bridging two aromatic benzene
rings, which increases substituent rigidity. Moreover,
the phenothiazine moiety is well-known for its unique
photoluminescent and p-type semiconducting proper-
ties.[32]

Not only electron-donating substituents or semi-
conducting moieties connected with ligands can
influence phosphorescent emitter properties. Litera-
ture reports indicate that the bonding of sterically
hindered substituents to ligands involved in the
structure of phosphorescent emitters has a positive
effect on their emission quantum yields due to the

prevention of aggregation and, consequently, also the
reduction of the triplet-triplet annihilation phenom-
ena, as well as providing better dispersion of emitters
in the polymer matrix.[33] There are some reports
describing silsesquioxanes as substituents with high
steric hindrance of nanometric dimensions, which are
important building blocks for optoelectronic materi-
als.[34] Inspired by these reports, we decided to equip
the bzqH core with a silsesquioxane moiety. On the
basis of literature, we tried to perform Heck coupling
between the heptaisobutyl-POSS vinyl group and 1.[35]

Unfortunately, the analysis of the post-reaction mix-
ture did not detect the presence of the expected
product. In the face of this failure, we decided that the
best solution would be to connect the POSS moiety
with bzqH core via hydrosilylation, which is a very
well documented reaction, commonly used in POSS
chemistry.[36] For this purpose, a bzqH derivative
containing a hydrosilyl group had to be synthesized. It
was created by the Grignard reaction between chlor-
odimethylsilane and Grignard reagent formed in situ
(Scheme 13). The order in which the reagents were
added was very important, as the attempt to synthe-
size 5-(benzo[h]quinolinato) magnesium bromide and
subject it to the nucleophilic substitution with chlor-
odimethylsilane failed at the stage of the Grignard
reagent formation. During the magnesium insertion
reaction, a complex black-colored mixture was ob-
tained that did not react further in an expected
manner. One way to overcome this problem was the
drop-wise addition of 1 solution into the solution
containing activated magnesium and chlorodimethylsi-
lane, which forced the immediate conversion of the
Grignard reagent into the desired product, isolated
with a moderate yield.

The obtained compound 12 was subsequently used
in the hydrosilylation reaction in the presence of a Pt-
Karstedt catalyst, resulting in a bzqH derivative
containing at position 5 a POSS moiety connected by a
�CH2CH2� hydrocarbon linker (compound 13, see
Scheme 14). An additional desirable feature of the
linker is its flexibility, which hinders the crystallization
process and thus favors the formation of amorphous
phases. A high glass-transition point is particularly
important in the design of the new OLED dopants
since the formation of amorphous layers facilitates

Scheme 12. N-arylation of phenothiazine.

Scheme 13. Synthesis of 12.
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uniformity of the emitters dispersion in the matrix and
prevents electrical shortages.[37]

Interestingly, in the CSD (Cambridge Structural
Database, version Nov. 2017) there are no examples of
organic 5-substituted benzo[h]quinolines (without oth-
er substituents), and only one example of metal-
organic compound ((Benzo[h]quinolin-5-yl(methoxy)
methylene)-(pentacarbonyl)-chromium(0)).[38] Per-
spective views of the molecules 1, 2, 4, 6, 7 and 10 are
shown in Figure 1, and some geometrical data is
included in Supporting information. Molecular struc-
tures in the solid state are quite similar for all
compounds (Figure 2). The bzqH ring system is
approximately planar; in fact, the only differences are,
evidently, related to the nature of the substituent at
position 5, and these substituents influence mainly the
C5�C6�C7 angle (as observed long ago by Domenica-
no and Murray-Rust for benzene derivatives).[39] Also,
dihedral angles between the bzqH ring system and the
aromatic substituent in 7 and 10 are very similar
(61.73(8)8 in 7A, 67.70(7)8 in 7B, 67.026(19)8 in 10.
Only in 4 does the molecule contain a strong hydrogen
bond donor (NH2 group) and the N�H···N1 hydrogen
bonds connect molecules into infinite chains. In all
other structures, only weak interactions determine
crystal architectures, but they seem to be quite robust
as, for instance, the solvent molecule was not incorpo-
rated into the structures in either case. On the other
hand, the presence of multiple molecules in 2 of 6
structures (Z’=3 in 2, Z’=2 in 7) indicates some kind
of packing conflicts. Table 3 in Supporting information
lists some details of these interactions. They include
halogen C�Br···Br halogen bonding in 1, C�H···F
interactions in 7, and p···p and C�H···p interactions of
differing importance, practically in all cases.

3 Conclusion
A number of methods were proposed to obtain a
series of bzqH modified at position 5. A series of
substituents with various electron and steric properties

were implemented in order to change the electron
density on the bzqH core, support p-type semiconduc-
tivity and reduce aggregation tendency. All synthe-
sized compounds have a coordination pocket, which
enables C,N-cyclometalation of metal atoms, and thus
have the potential to be used in OLED technology for
the synthesis of C,N-cyclometalated phosphorescent
emitters. Further work on the application of the new
compounds is in progress.

Experimental Section
Synthesis of 5-bromo-benzo[h]quinoline (1)

The reaction was performed under an air atmosphere. Benzo
[h]quinoline (24.75 g, 138 mmol) was added portionwise to a
reaction flask, containing 220 mL of vigorously stirred
concentrated sulfuric acid, at room temperature. After cool-
ing, NBS (24.58 g, 138 mmol) was very slowly added to
maintain the temperature inside the flask below 35 8C. After
the addition of NBS, the reaction mixture was left for stirring
overnight. The post-reaction mixture was slowly poured into
1000 mL of ice-cold water and subsequently very carefully
neutralized with saturated ammonia solution to pH=6. The
precipitated product was extracted with chloroform and
washed with water 3 times. The organic layer was dried over
magnesium sulfate, filtered and concentrated on rotavap to
give the crude product as a yellowish oil. The crude product
was purified with flash chromatography using 10% diethyl
ether: 90% hexanes eluent. The fractions containing over
90% desired product and less than 2% dibrominated benzo
[h]quinolines (determined by GC) were collected and the
solvent was evaporated. Finally, the pure product was
obtained as a white crystalline solid after recrystallization
from diethyl ether with 56% yield (18.04 g, 69.9 mmol). 1H
NMR (400 MHz, CDCl3) d 9.29–9.24 (m, 1H), 9.01 (dd, J=
4.4, 1.7 Hz, 1H), 8.61 (dd, J=8.3, 1.7 Hz, 1H), 8.15 (s, 1H),
7.85–7.80 (m, 1H), 7.78–7.68 (m, 2H), 7.62 (dd, J=8.3,
4.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) d 149.58, 147.13,
135.78, 133.79, 131.21, 131.14, 129.08, 127.67, 127.17, 125.86,
124.96, 122.68, 119.78. GCMS (EI): 257.1 (100%), 259.1
(93%), 178.2 (58%), 151.1 (44%), 89.1 (30%), 75.1 (30%),
150.0 (28%), 177.2 (28%), 258.3 (19%), 75.9 (14%), 260.2

Scheme 14. Hydrosilylation of POSS-OSiMe2CH=CH2 by 12.

FULL PAPER asc.wiley-vch.de

Adv. Synth. Catal. 2018, 360, 3331 – 3344 3338 � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://asc.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Figure 1. Perspective views of the molecules 1, 2, 4, 6, 7, and 10 in crystal structures.
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(14%), 152.1 (11%), 74.1 (11%). HRMS (ESI) calc. for
C13H9BrN: [M+H]+ 257.9918, found 257.9935.

Synthesis of 5-methoxy-benzo[h]quinoline (2)

Lithium methoxide (0.294 g, 7.75 mmol), 1 (1.0 g, 3.87 mmol)
and copper(I) iodide (37 mg, 0.194 mmol) were charged into
a CEM 10 mL reaction vessel. Subsequently, 5 mL of
anhydrous MeOH was added and the closed vessel was
placed in a CEM microwave reactor. The reaction mixture
was heated at150 8C for 10 minutes with Pmax =100 W. After
cooling, 5 mL of DCM was slowly added and the precipitate
was filtered off. All volatiles were evaporated under reduced
pressure and the crude product was purified by flash
chromatography, using gradient elution, from 100% DCM to
50% AcOEt:50% DCM. The collected fractions were
concentrated in vacuo to give a white crystalline product,
with 99% yield (0.803 g, 3.84 mmol). 1H NMR (300 MHz,
CDCl3) d 9.22–9.12 (m, 1H), 9.01 (dd, J=4.4, 1.8 Hz, 1H),
8.60 (dd, J=8.3, 1.8 Hz, 1H), 7.80–7.74 (m, 1H), 7.69–7.55
(m, 2H), 7.52 (dd, J=8.3, 4.4 Hz, 1H), 7.00 (s, 1H), 4.06 (s,
3H). 13C NMR (75 MHz, CDCl3) d 152.59, 149.34, 147.27,
134.15, 130.74, 128.64, 127.79, 126.75, 124.79, 124.45, 121.63,
121.49, 102.48, 55.69. GCMS (EI): 209.3 (100%), 166.2
(93%), 140.1 (16%), 210.3 (16%), 194.2 (16%), 139.1 (16%),
167.2 (12%). HRMS (ESI) calc. for C14H12NO: [M+H]+

210.0919, found 210.0929.

Synthesis of 5-phenoxy-benzo[h]quinoline (3)

Phenol (0.367 g, 3.9 mmol), 1 (774 mg, 3 mmol), cesium
carbonate (1.075 g, 3.3 mmol) and copper(I) chloride (45 mg,
0.45 mmol) were charged into a CEM 80 mL reaction vessel.
Subsequently 12 mL of NMP were added and the closed
vessel was placed in a CEM microwave reactor. The reaction

mixture was heated at180 8C for 40 minutes with Pmax =
200 W. After cooling, 50 mL of water was added and the
precipitate was centrifuged. The precipitate was dissolved in
10 mL of DCM and washed 3 times with 40 mL of 5%
NaOH aqueous solution and 7 times with 40 mL of water.
The organic layer was dried with anhydrous magnesium
sulfate, filtered and concentrated in vacuo to give the crude
product. The crude product was purified by flash chromatog-
raphy using gradient elution from 100% hexanes to 50%
hexanes: 50% DCM. The combined fractions were concen-
trated in vacuo to obtain a pure product as a white crystalline
solid with 86% yield (0.7 g, 2.58 mmol). 1H NMR (300 MHz,
CDCl3) d 9.30–9.21 (m, 1H), 9.06 (dd, J=4.4, 1.8 Hz, 1H),
8.63 (dd, J=8.3, 1.8 Hz, 1H), 7.74–7.62 (m, 3H), 7.56 (dd, J=
8.2, 4.4 Hz, 1H), 7.47–7.37 (m, 2H), 7.24–7.10 (m, 4H). 13C
NMR (75 MHz, CDCl3) d 156.96, 150.82, 149.60, 147.65,
133.51, 130.84, 130.15, 128.96, 128.74, 127.22, 125.91, 124.58,
124.11, 122.01, 121.83, 119.51, 111.46. GCMS (EI): 271.2
(100%), 243.2 (33%), 166.0 (28%), 242.2 (26%), 272.3
(21%), 151.0 (15%), 77.1 (12%). HRMS (ESI) calc. for
C19H14NO: [M+H]+ 272.1075, found 272.1091.

Synthesis of 5-amino-benzo[h]quinoline (4)

Compound 1 (1.329 g, 5.15 mmol), sodium tert-butoxide
(0.675 g, 6.81 mmol), tris(dibenzylideneacetone)-dipalladium
(0) (12 mg, 13 mmol) and rac-BINAP (24 mg, 39 mmol) were
charged into a CEM 80 mL reaction vessel. Subsequently,
13 mL of anhydrous toluene and benzophenone imine
(0.968 mL, 1.045 g, 5.77 mmol) were added and the closed
vessel was placed in a CEM microwave reactor. The reaction
mixture was heated at 150 8C for 10 minutes with Pmax =
300 W. After cooling, all volatiles were removed under
reduced pressure and 20 mL of DCM were added. The
solution was washed 3 times with 10 mL of water and
concentrated in vacuo. The residuals were dissolved in
20 mL of THF and vigorously stirred. Subsequently, muriatic
acid (0.823 mL, 0.988 g, 10.3 mmol) was slowly dropped in,
which resulted in the instant formation of a beige solid. The
solid intermediate hydrochloride was centrifuged and washed
twice with 10 mL of THF. After drying in air, the solid was
dissolved and vigorously stirred in 10 mL of water, giving a
bloody-red, clear solution. During 10 minutes of stirring, a
beige solid of benzophenone gradually appeared and was
removed by extraction three times with 5 mL of DCM. Next,
the aqueous layer was basified to pH=8 with concentrated
aqueous ammonia solution, which resulted in the formation
of a beige precipitate. The precipitate was extracted 3 times
with 10 mL of DCM. The organic layer was dried over
anhydrous sodium sulfate, filtered and concentrated in
vacuo. The obtained crude product was purified by flash
chromatography using gradient elution from 100% DCM to
15% AcOEt: 85% DCM. The collected fractions were
concentrated in vacuo to give 4 as a yellowish solid in 90%
yield (0.895 g, 4.61 mmol). 1H NMR (300 MHz, CDCl3)
d 9.15 (d, J=8.1 Hz, 1H), 9.01 (dd, J=4.4, 1.7 Hz, 1H), 8.19
(dd, J=8.3, 1.7 Hz, 1H), 7.69–7.55 (m, 2H), 7.55–7.47 (m,
2H), 7.00 (s, 1H), 4.10 (s, 2H). 13C NMR (75 MHz, CDCl3)
d 148.77, 147.34, 139.06, 134.69, 129.37, 128.67, 127.49,
125.75, 124.48, 124.03, 121.19, 120.48, 107.93. GCMS (EI):
194.1 (100%), 167.1 (26%), 166.1 (22%), 193.3 (22%), 195.1

Figure 2. A comparison of geometries of all compounds,
whose crystal structures were determined.
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(18%), 97.0 (14%), 139.3 (13%), 140.3 (11%), 138.5 (10%).
HRMS (ESI) calc. for C13H11N2: [M+H]+ 195.0922, found
195.0928.

Synthesis of 5-(N,N-dimethylamino)-benzo[h]
quinoline (5)

A 60% suspension of NaH in mineral oil (0.424 g,
10.6 mmol) was charged into a Schlenk flask. Next, the solid
was washed 3 times with 5 mL of anhydrous toluene, 3 times
with 5 mL of anhydrous hexane and dried under reduced
pressure. 10 mL of anhydrous THF and 4 (0.686 g,
3.53 mmol) were added to the flask and vigorously stirred.
Next, iodomethane (0.471 mL, 1.063 g, 7.42 mmol) was
slowly added dropwise and the reaction flask was closed with
a bubbler socket and left for stirring for 20 h at room
temperature. After reaction completion 1 mL of methanol
was very carefully added and all volatiles were removed
under reduced pressure. The residual solid was washed 3
times with 10 mL of DCM and the filtrate was concentrated
in vacuo, giving the product with 97% yield, as a yellowish
oil (0.785 g, 3.41 mmol). 1H NMR (300 MHz, CDCl3) d 9.23–
9.15 (m, 1H), 8.99 (dd, J=4.3, 1.8 Hz, 1H), 8.58 (dd, J=8.3,
1.8 Hz, 1H), 7.82–7.75 (m, 1H), 7.67–7.57 (m, 2H), 7.53 (dd,
J=8.3, 4.3 Hz, 1H), 7.30 (s, 1H), 2.93 (s, 6H). 13C NMR
(75 MHz, CDCl3) d 148.59, 148.08, 147.78, 134.02, 132.81,
129.04, 128.51, 126.99, 125.47, 124.38, 123.98, 121.20, 113.71,
45.10. GCMS (EI): 222.3 (100%), 221.3 (71%), 179.2 (33%),
206.3 (22%), 178.1 (22%), 151.1 (22%), 180.2 (18%), 205.2
(16%), 223.2 (16%), 207.3 (16%), 166.2 (14%), 194.2 (13%),
152.2 (12%), 103.1 (11%), 220.2 (11%). HRMS (ESI) calc.
for C15H15N2: [M+H]+ 223.1235, found 223.1240.

Synthesis of 5-fluoro-benzo[h]quinoline (6)

The reaction was performed under an air atmosphere. 4
(0.784 g, 4.04 mmol) was weighted to a reaction vial and
tetrafluoroboric (2.64 mL, 3.69 g, 20.18 mmol) acid solution
was added, followed by a few mL of water to completely
dissolve the substrate to get a bloody-red, clear solution. The
mixture was cooled to 0 8C and sodium nitrite aqueous
solution (0.306 g, 4.44 mmol) was slowly added, upon vigo-
rous stirring. After 10 minutes, the precipitated red solid was
filtered off and washed 4 times with a mixture of 40 mL of
diethyl ether and 5 mL of triethyl orthoformate and twice
with 20 mL of diethyl ether, and dried in air. The next step
was performed under an inert atmosphere. A Schlenk flask
was charged with f 1-ethyl-3-methylimidazolium tetrafluor-
oborate (8.0 g, 40.4 mmol) and the intermediate diazonium
salt and left for heating at 90 8C for 24 h. After cooling, N-
ethyldiisopropylamine (1.378 mL, 1.043 g, 8.07 mmol) was
added and the contents were stirred for an additional hour.
Next, the product was extracted 3 times with 10 mL of
diethyl ether and the combined washes were concentrated in
vacuo. The crude product was sublimed at 150 8C under
pressure 2 3 10�2 Torr to give a pure product as colorless
crystals in 85% yield. 1H NMR (300 MHz, CDCl3) d 9.25–
9.16 (m, 1H), 9.03 (dd, J=4.4, 1.8 Hz, 1H), 8.44 (dd, J=8.2,
1.8 Hz, 1H), 7.86–7.78 (m, 1H), 7.70–7.63 (m, 2H), 7.57 (dd,
J=8.2, 4.4 Hz, 1H), 7.43 (d, J=11.0 Hz, 1H). 13C NMR

(75 MHz, CDCl3) d 155.65 (d, J=253.1 Hz), 149.84, 147.37
(d, J=4.8 Hz), 132.82 (d, J=10.1 Hz), 129.36 (d, J=5.2 Hz),
129.14 (d, J=1.1 Hz), 129.00, 127.47 (d, J=5.8 Hz), 126.36
(d, J=2.4 Hz), 124.67 (d, J=1.4 Hz), 121.91, 119.34 (d, J=
19.5 Hz), 108.80 (d, J=19.0 Hz). GCMS (EI): 197.2 (100%),
196.1 (30%), 198.3 (14%), 169.2 (10%). HRMS (ESI) calc.
for C13H9FN: [M+H]+ 198.0719, found 198.0730.

Synthesis of 5-pentaluofophenyl-benzo[h]quinoline
(7)

A Schlenk flask was charged with 15 mL of anhydrous THF,
1 M ethylmagnesium bromide THF solution (4.65 mL,
4.65 mmol) and pentafluorobenzene (0.693 mL, 1.052 g,
6.2 mmol). The mixture was heated in an oil bath at 65 8C for
3 h. After cooling, a zinc chloride THF solution (5.04 mL,
5.04 mmol) was added dropwise and the contents were
stirred for 30 min. After the completion of transmetalation, 1
(1.0 g, 3.87 mmol) and tetrakis(triphenylphosphine)-palladi-
um(0) (90 mg, 77 mmol) were added. The reaction mixture
was heated at 65 8C for 24 h. After the indicated time the
mixture was concentrated under reduced pressure and
100 mL of water was added. The formed suspension was
extracted 3 times with 20 mL of DCM, the combined washes
were dried with anhydrous magnesium sulfate, filtered and
concentrated to give the crude product. The crude product
was purified by flash chromatography using gradient elution
from 100% hexanes to 12% diethyl ether: 88% hexanes. The
collected fractions were combined and concentrated in vacuo
to give the desired product as a white crystalline solid, with
70% yield (0.936 g, 2.71 mmol). 1H NMR (300 MHz, CDCl3)
d 9.37 (d, J=8.1 Hz, 1H), 9.06 (dd, J=4.4, 1.7 Hz, 1H), 7.95
(d, J=7.6 Hz, 1H), 7.88–7.73 (m, 4H), 7.53 (dd, J=8.3,
4.4 Hz, 1H). 13C NMR (75 MHz, CDCl3) d 149.40, 146.83,
133.01, 132.56, 132.19, 131.46–131.26 (m), 128.97, 128.52,
128.36, 124.93, 124.83, 122.31, 121.58–121.45 (m). GCMS
(EI): 345.1 (100%), 326.2 (24%), 346.2 (20%), 147.6 (18%),
325.2 (17%), 344.1 (11%) 172.6 (10%). HRMS (ESI) calc.
for C19H9F5N: [M+H]+ 346.0655, found 346.0665.

Synthesis of 5-(4-(N,N-diphenylamino)phenylene)-
benzo[h]quinoline (8)

A Schlenk flask was charged with magnesium turnings
(0.182 g, 7.5 mmol) and 20 mL of THF. Magnesium surface
was activated by the addition of 1,2-dibromoethane (44 uL,
96 mg, 0.5 mmol) and heating the reaction mixture at 50 8C,
until gas evolution ceased (ca. 30 min). Next, 4-(N,N-
diphenylamino)bromobenzene was added and the mixture
was heated at 65 8C for 5 h. The mixture was cooled to room
temperature and a zinc chloride THF solution (5.75 mL,
5.75 mmol) was added dropwise upon stirring for another
30 min. After the successful formation of the Negishi
reagent, 1 (1.291 g, 5 mmol) and tetrakis(triphenylphos-
phine)palladium(0) (87 mg, 0.075 mmol) were added and the
reaction mixture was vigorously stirred at 65 8C for 24 h.
After the indicated time, the mixture was concentrated under
reduced pressure and 100 mL of water was added. The
formed suspension was extracted 3 times with 20 mL of
DCM, the combined washes were dried with anhydrous
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magnesium sulfate, filtered and concentrated to give the
crude product. The crude product was purified by flash
chromatography using gradient elution from 100% hexanes
to 30% DCM: 70% hexanes. The collected fractions were
combined and concentrated in vacuo to give the desired
product as a white crystalline solid with 70% yield (1.479 g,
3.5 mmol). 1H NMR (300 MHz, CDCl3) d 9.37–9.28 (m, 1H),
9.03 (dd, J=4.4, 1.7 Hz, 1H), 8.37 (dd, J=8.3, 1.7 Hz, 1H),
7.95–7.88 (m, 1H), 7.80 (s, 1H), 7.73 (tt, J=7.0, 5.1 Hz, 2H),
7.51 (dd, J=8.3, 4.3 Hz, 1H), 7.41 (d, J=8.5 Hz, 2H), 7.36–
7.27 (m, 4H), 7.26–7.18 (m, 6H), 7.08 (t, J=7.3 Hz, 2H). 13C
NMR (75 MHz, CDCl3) d 148.71, 147.79, 147.61, 147.03,
137.43, 134.49, 133.38, 133.30, 131.11, 130.93, 129.52, 128.59,
127.92, 127.85, 127.82, 127.03, 125.90, 124.78, 124.58, 123.36,
123.31, 121.66. DEPMS (EI): 422.3 (100%), 423.4 (32%),
488.3 (25%), 421.5 (18%), 489.4 (10%). HRMS (ESI) calc.
for C31H23N2: [M+H]+ 423.1861, found 423.1868.

Synthesis of 5-(N,N-diphenylamino)-benzo[h]
quinoline (9)

A CEM 80 mL reaction vessel was charged with 1 (0.5 g,
1.94 mmol), diphenylamine (0.344 g, 2.03 mmol), sodium tert-
butoxide (0.279 g, 2.91 mmol) and tetrakis(triphenylphos-
phine)-palladium(0) (45 mg, 39 mmol). Subsequently, 15 mL
of anhydrous toluene were added, the vessel was closed and
placed in a CEM microwave reactor. The reaction mixture
was heated at150 8C for 20 minutes with Pmax =300 W. After
the reaction, all volatiles were removed under reduced
pressure and the residuals were washed 3 times with 5 mL of
DCM. The washings were combined and concentrated under
reduced pressure and the crude product was purified by flash
chromatography using gradient elution, starting from 100%
hexanes to 100% DCM. Evaporation of the combined
fractions gave the desired product as a white crystalline solid
(0.448 g, 1.293 mmol) with 67% yield. 1H NMR (300 MHz,
CDCl3) d 9.60 (d, J=7.8 Hz, 1H), 9.28 (dd, J=4.2, 1.5 Hz,
1H), 8.59 (dd, J=8.3, 1.5 Hz, 1H), 8.11–7.95 (m, 3H), 7.94 (s,
1H), 7.69 (dd, J=8.3, 4.4 Hz, 1H), 7.59–7.47 (m, 4H), 7.39 (d,
J=8.4 Hz, 4H), 7.29 (t, J=7.3 Hz, 2H). 13C NMR (75 MHz,
CDCl3) d 149.00, 148.31, 148.17, 141.29, 133.89, 133.02,
130.61, 129.41, 128.64, 127.61, 127.59, 127.01, 125.41, 124.61,
122.35, 121.95. GCMS (EI): 346.2 (100%), 269.2 (36%), 347.2
(28%), 345.3 (27%), 243.2 (15%), 268.2 (13%), 173.0 (12%),
77.1 (12%), 242.2 (10%). HRMS (ESI) calc. for C25H19N2:
[M+H]+ 347.1548, found 347.1553.

Synthesis of 5-(N-carbazolyl)-benzo[h]quinoline (10)

A CEM 80 mL reaction vessel was charged with 4 (0.5 g,
2.57 mmol), 2,2’-dibromobiphenyl (0.883 g, 2.83 mmol), so-
dium tert-butoxide (0.742 g, 7.72 mmol), tris(dibenzylidenea-
cetone)dipalladium(0) (0.118 g, 0.129 mmol) and tri-tert-
butylphosphonium tetrafluoroborate (0.149 g, 0.515 mmol).
Subsequently, 20 mL of anhydrous toluene were added, the
vessel was capped and placed in a CEM microwave reactor.
The reaction mixture was heated at120 8C for 24 h with
Pmax =300 W. After the reaction, all volatiles were removed
under reduced pressure and the residuals were washed 3
times with 5 mL of DCM. The washings were combined and

concentrated under reduced pressure and the crude product
was purified by flash chromatography using gradient elution,
starting from 100% hexanes to 60% DCM: 40% hexanes.
Evaporation of the combined fractions gave the desired
product as a white crystalline solid (0.709 g, 2.059 mmol)
with 80% yield. 1H NMR (300 MHz, CDCl3) d 9.45 (d, J=
8.3 Hz, 1H), 9.06 (dd, J=4.3, 1.8 Hz, 1H), 8.28–8.18 (m, 2H),
8.04 (s, 1H), 7.96 (d, J=7.9 Hz, 1H), 7.88 (td, J=8.3, 7.7,
1.5 Hz, 1H), 7.80 (td, J=7.4, 1.4 Hz, 1H), 7.59 (dd, J=8.3,
1.7 Hz, 1H), 7.40–7.29 (m, 5H), 7.10–7.03 (m, 2H). 13C NMR
(75 MHz, CDCl3) d 149.73, 147.77, 142.24, 133.10, 132.18,
131.88, 131.58, 129.03, 128.50, 128.31, 128.25, 126.30, 124.90,
124.63, 123.45, 122.32, 120.62, 120.24, 110.22. GCMS (EI):
344.2 (100%), 171.3 (30%), 172.0 (29%), 342.2 (28%), 345.2
(26%), 343.0 (23%), 170.3 (14%). HRMS (ESI) calc. for
C25H17N2: [M+H]+ 345.1392, found 345.1400.

Synthesis of 5-(N-phenothiazyl)-benzo[h]quinoline
(11)

A CEM 10 mL reaction vessel was charged with 1 (0.535 g,
2.0 mmol), phenothiazine (0.418 g, 2.1 mmol), sodium tert-
butoxide (0.258 g, 2.6 mmol) and tetrakis(triphenylphos-
phine)-palladium(0) (35 mg, 30 mmol). Subsequently 5 mL of
anhydrous toluene was added, the vessel was closed and
placed in a CEM microwave reactor. The reaction mixture
was heated at 150 8C for 10 minutes with Pmax =300 W. After
the reaction, all volatiles were removed under reduced
pressure and the residuals were washed 3 times with 5 mL of
DCM. The washings were combined and concentrated under
reduced pressure and the crude product was purified by flash
chromatography using gradient elution starting from 100%
hexanes to 100% DCM. Evaporation of the combined
fractions gave a yellow solid which was then washed 2 times
with 3 mL of diethyl ether and dried. The desired product
was obtained as a white crystalline solid (0.595 g, 1.58 mmol)
with 79% yield. 1H NMR (300 MHz, CDCl3) d 9.40 (d, J=
8.1 Hz, 1H), 9.05 (dd, J=4.2, 1.7 Hz, 1H), 8.45 (dd, J=8.3,
1.8 Hz, 1H), 8.05 (s, 1H), 7.98 (d, J=7.8 Hz, 1H), 7.90–7.74
(m, 2H), 7.49 (dd, J=8.3, 4.4 Hz, 1H), 7.06 (dd, J=7.5,
1.7 Hz, 2H), 6.77 (dt, J=23.5, 7.2 Hz, 4H), 6.19 (d, J=8.0 Hz,
2H). 13C NMR (75 MHz, CDCl3) d 149.75, 148.57, 143.64,
134.54, 133.40, 132.57, 131.86, 131.43, 131.40, 128.89, 128.35,
127.18, 126.90, 124.85, 124.81, 122.93, 122.59, 120.07, 115.91.
GCMS (EI): 376.2 (100%), 198.1 (38%), 377.3 (29%), 154.2
(14%), 179.1 (14%), 166.1 (14%), 188.4 (13%), 187.5 (12%),
343.2 (12%), 171.7 (12%), 375.2 (12%), 342.2 (11%), 151.1
(10%), 197.1 (10%). HRMS (ESI) calc. for C25H17N2S: [M+
H]+ 377.1112, found 377.1120.

Synthesis of 5-dimethylsilyl-benzo[h]quinoline (12)

In a Schlenk flask, a solution of 1 (0.3 g, 1.162 mmol) in 2 mL
of anhydrous THF was prepared. A separate Schlenk flask
was charged with magnesium turnings (42 mg, 1.743 mmol)
and 3 mL of anhydrous THF. The magnesium was activated
by addition of 1,2-dibromoethane (15 uL, 33 mg,
0.174 mmol) and heating the reaction mixture at 50 8C until
gas evolution ceased (ca. 30 min). Next, chlorodimethylsilane
(0.329 mL, 0.281 g, 2.91 mmol) was added, followed by the
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dropwise addition of a previously prepared solution of 1 in
THF. Upon addition of the reagents, a yellow color appeared
and then quickly disappeared. The rate of addition was
controlled to keep the reaction mixture colorless. After
addition of the reagents, the reaction mixture was left at
room temperature for 24 h. Then, all volatiles were removed
in vacuo and the residuals were washed 3 times with 2 mL of
DCM. The washings were combined and concentrated under
reduced pressure and the crude product was purified by flash
chromatography using gradient elution starting from 100%
hexanes to 100% diethyl ether. Evaporation of the combined
fractions gave the desired product as a yellowish oil (0.166 g,
0.697 mmol) with 60% yield. 1H NMR (300 MHz, CDCl3)
d 9.31 (d, J=8.0 Hz, 1H), 9.02 (dd, J=4.4, 1.7 Hz, 1H), 8.45
(dd, J=8.2, 1.7 Hz, 1H), 8.05 (s, 1H), 7.94–7.86 (m, 1H),
7.80–7.66 (m, 2H), 7.54 (dd, J=8.2, 4.3 Hz, 1H), 4.91 (hept,
J=3.7 Hz, 1H), 0.55 (d, J=3.8 Hz, 6H). 13C NMR (75 MHz,
CDCl3) d 148.41, 146.46, 136.32, 135.65, 133.57, 133.01,
132.32, 129.39, 128.42, 128.01, 127.82, 124.52, 121.62, �3.27.
GCMS (EI): 236.2 (100%), 237.2 (54%), 222.1 (21%), 206.1
(21%), 238.2 (12%). HRMS (ESI) calc. for C15H16NSi: [M+
H]+ 238.1052, found 238.1065.

Synthesis of 5-{1-ethylenedimethylsiloxy-3,5,7,9,11,13,
15-isobutylpentacyclo-[9.5.1.13,9.15,15.17,13]octasiloxane}-
benzo[h]quinoline (13)

A Schlenk flask was charged with 12 (53 mg, 0.223 mmol), 1-
vinyldimethylsiloxy-3,5,7,9,11,13,15-isobutyl pentacyclo-
[9.5.1.13,9.15,15.17,13]octasiloxane (0.225 g, 0.246 mmol) and
2 mL of anhydrous toluene. The mixture was heated to 70 8C
in an oil bath and then Karstedt’s catalyst (0.5 uL, 0.426 mg,
0.022 mmol) was added, and the reaction mixture was left for
24 h at the same temperature. Then, all volatiles were
removed in vacuo and the residuals were washed 3 times
with 2 mL of DCM. The washings were combined and
concentrated under reduced pressure and the crude product
was purified by flash chromatography using gradient elution,
starting from 100% hexanes to 100% diethyl ether. Evapo-
ration of the combined fractions gave the desired product as
a white crystalline solid (0.132 g, 0.114 mmol) with 51%
yield. 1H NMR (300 MHz, CDCl3) d 9.32–9.22 (m, 1H), 8.99
(dd, J=4.3, 1.7 Hz, 1H), 8.41 (dd, J=8.2, 1.7 Hz, 1H), 8.00 (s,
1H), 7.93–7.85 (m, 1H), 7.79–7.65 (m, 2H), 7.53 (dd, J=8.2,
4.3 Hz, 1H), 1.94–1.76 (m, 7H), 0.99–0.89 (m, 43H), 0.65–0.56
(m, 14H), 0.50 (s, 6H), 0.08 (s, 6H). 13C NMR (75 MHz,
CDCl3) d 148.24, 146.79, 136.41, 135.91, 135.08, 133.03,
132.28, 129.61, 128.37, 128.09, 127.69, 124.49, 121.36, 25.85,
25.82, 24.00, 23.96, 22.60, 22.56, 10.13, 7.84, �0.87, �1.87.
DEPMS (EI): 236.2 (100%), 238.2 (92%), 294.1 (82%), 253.2
(46%), 237.4 (38%), 220.2 (28%), 295.2 (25%), 368.1 (25%),
488.3 (23%), 239.2 (19%), 179.1 (19%), 178.0 (18%), 206.1
(14%), 219.4 (14%), 235.3 (14%), 222.0 (12%), 254.2 (12%),
296.2 (11%), 267.9 (10%), 234.1 (10%), 151.1 (10%), 489.3
(10%), 221.0 (10%). HRMS (ESI) calc. for C47H88NO13Si10:
[M+H]+ 1154.3948, found 1154.3963.
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1. General information 
 

All syntheses and manipulations were carried out under argon using standard gas-vacuum line 

unless otherwise specified.  Benzo[h]quinoline and chlorodimethylsilane were obtained from 

ABCR, all other reagents were purchased from Sigma Aldrich and were used without further 

purification unless otherwise specified/ stated. [noted= rzadziej] . Methanol was dried with 

sodium, THF with sodium/benzophenone, toluene with sodium/potassium alloy, n-hexane with 

sodium/potassium alloy and distilled under argon prior to use. NMP was only degassed under 

reduced pressure and saturated with argon three times. 1-ethyl-3-methylimidazolium 

tetrafluoroborate was heated at 105 oC for 3 h under vacuum and saturated with argon prior to 

use. 5-bromo-benzo[h]quinoline preparation was based on the literature-known methodology 

with minor modifications.[1] 4-(N,N-diphenylamino)-bromobenzene[2] and benzophenone 

imine[3] were prepared according to published procedures. 

 

Flash chromatography purification was performed on a Biotage Isolera One automated system 

with columns packed with Silicagel 60 Å 230-400 mesh manufactured by Merck. Industrial 

grade and non-dried solvents were used for automated flash column chromatography. All noted 

percentage values of eluents composition are referred to volume ratios.  

 

The microwave-assisted reactions were performed using a CEM Discover microwave reactor 

system. 

 

NMR spectra were measured at room temperature using a Bruker Ultrashield 300 or a Bruker 

Avance 400 NMR spectrometer. All chemical shifts are reported in δ-scale as parts per million 

[ppm] (multiplicity, coupling constant J, number of protons) relative to the solvent residual 

peaks as the internal standard. Abbreviations used for signal multiplicity: br = broad, s = singlet, 

d = doublet, t = triplet, q = quartet, dd = doublet of doublets and m = multiplet. 

 

GC measurements were performed on a Bruker Scion 436 gas chromatograph. GCMS 

measurements were performed on a Bruker 450 gas chromatograph coupled with a Bruker 320 

mass spectroscopy detector. The same mass detector was used to perform DEPMS analysis. 

 

HRMS measurements were performed on a Bruker Impact II UHR Q-TOF instrument in ESI 

mode. 
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Diffraction data were collected by the ω-scan technique, at room temperature (1, 2, 4, 6) and at 

100(1) K (7) on Rigaku Xcalibur four-circle diffractometer with Eos CCD detector and 

graphite-monochromated MoKα radiation (λ=0.71069 Å), and at room temperature (10) on 

Rigaku SuperNova diffractometer with Atlas CCD detector and mirror-monochromated CuKα 

radiation (λ=1.54178 Å). The data were corrected for Lorentz-polarization as well as for 

absorption effects.[4] Precise unit-cell parameters were determined by a least-squares fit of 

reflections of the highest intensity (3567 for 1, 199 for 2, 2024 for 4, 1118 for 6, 14754 for 7, 

3638 for 10, chosen from the whole experiment. The structures were solved with SHELXT [2] 

and refined with the full-matrix least-squares procedure on F2 by SHELXL-2013.[5] All non-

hydrogen atoms were refined anisotropically, NH2 hydrogen atoms in 4 were found in 

difference Fourier maps and freely isotropically refined, all other hydrogen atoms were placed 

in idealized positions and refined as ‘riding model’ with isotropic displacement parameters set 

at 1.2 times Ueq of appropriate carrier atoms. The molecule 6 was found disordered over two 

positions, mirror-related; the s.o.f.’s converged at 85.0(3)/15.0(3)%; for less-occupied molecule 

non-hydrogen atoms were refined isotropically. Crystals of 10 were two-component twin, it 

was taken into account during both data reduction and refinement procedures; BASF factor, 

showing relative content of both components converged at 51.22(15)/48.78(15)%. Table 1 lists 

the relevant crystallographic and refinement data. 

Crystallographic data for the structural analysis have  been deposited with the Cambridge 

Crystallographic Data Centre, Nos. CCDC-1818627 (1), CCDC-1818628 (2), CCDC-1818629 

(4), CCDC-1818630 (6), and CCDC-1818631 (7), CCDC-1818961 (10). Copies of this 

information may be obtained free of charge from: The Director, CCDC, 12 Union Road, 

Cambridge, CB2 1EZ, UK. Fax: +44(1223)336-033, e-mail: deposit@ccdc.cam.ac.uk, or www: 

www.ccdc.cam.ac.uk  
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2. X-ray measurements details 

Table 1. Crystal data, data collection and structure refinement 

Compound 1 2 4 6 7 10 
Formula C13H8BrN C14H11NO C13H10N2 C13H8FN C19H8F5N C25H16N2 

Formula weight 258.11 209.24 194.23 197.20 345.26 344.40 

Crystal system monoclinic monoclinic monoclinic monoclinic orthorhombic monoclinic 
Space group P21/c P21/c P21/c P21/n P212121 P2/c 
a(Å) 5.31759(13) 24.0456(19) 13.1348(8) 6.9034(5) 10.1766(2) 11.4067(5) 
b(Å) 13.2431(4) 11.1962(10) 5.2026(3) 9.9212(8) 11.0529(2) 6.7393(3) 
c(Å) 14.4070(5) 12.0746(12) 14.7221(9) 13.6384(11) 25.2507(6) 22.7302(10) 
α(°) 90 90 90 90   
b(º) 97.736(2) 95.310(8) 105.240(6) 102.697(7) 90 95.728(4) 
γ(°) 90 90 90 90   
V(Å3) 1005.33(5) 3236.8(5) 970.66(10) 911.25(13) 2840.22(10) 1738.62(13) 
Z 4 12 4 4 8 4 
Dx(g cm-3) 1.71 1.288 1.329 1.437 1.615 1.316 
F(000) 512 1320 408 408 1392 720 
µ(mm-1) 4.048 0.082 0.080 0.099 0.141 0.599 
Q range (0) 3.24 – 26.56 3.10 – 25.00 2.90 – 25.00 3.66 – 26.56 3.14 – 27.15 3.90 – 76.52 
Reflections:       

collected  9705 12444 7750 3090 54952 10813 
unique (Rint) 2003 (0.024) 5701 (0.060) 1706 (0.023) 1748 (0.023) 6007 (0.064) 6244 (0.043) 
with I>2σ(I) 1725 2094 1290 1431 5139 5524 

R(F) [I>2σ(I)] 0.026 0.061 0.043 0.045 0.044 0.054 
wR(F2) [I>2σ(I)] 0.067 0.062 0.112 0.122 0.097 0.148 
R(F) [all data] 0.034 0.181 0.059 0.055 0.055 0.059 
wR(F2) [all data] 0.070 0.080 0.122 0.133 0.103 0.152 
Goodness of fit 1.09 0.84 1.05 1.03 1/04 1.07 
max/min Dr (e Å-3) 0.31/-0.31 0.19/-0.15 0.12/-0.15 0.28/-0.18 0.29/-0.20 0.16/-0.27 
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Table 2. Selected geometrical data (Å,º) with s.u.’s in parentheses (if there is more than one 

line, it refers to the multiple molecules in the asymmetric part of the unit cell). “max_dev” line 

is the maximum deviation from the least-squares plane calculated for 14 ring-system atoms. 

 
 1 2 4 6 7 10 

N1-C2 1.319(3) 1.333(4) 
1.326(4) 
1.321(4) 

1.324(2) 1.346(5) 1.321(4) 
1.325(4) 

1.325(3) 

N1-C14 1.359(3) 1.350(4) 
1.376(4) 
1.358(3) 

1.3539(17) 1.353(5) 1.356(4) 
1.354(4) 

1.361(2) 

C5-C6 1.431(3) 1.445(4) 
1.460(4) 
1.446(4) 

1.445(2) 1.423(2) 1.459(4) 
1.452(4) 

1.442(2) 

C6-C7 1.345(3) 1.337(4) 
1.332(4) 
1.337(4) 

1.355(2) 1.337(2) 1.355(4) 
1.358(5) 

1.354(3) 

C2-N1-C14 117.6(2) 116.8(3) 
117.1(3) 
117.2(3) 

117.91(13) 117.1(4) 118.0(3) 
117.9(3) 

117.23(16) 

C5-C6-C7 122.50(19) 121.5(3) 
121.6(3) 
120.5(3) 

119.35(14) 123.81(13) 120.2(3) 
120.1(3) 

120.91(15) 

max_dev 0.012(2) 0.023(3) 
0.029(3) 
0.079(3) 

0.0223(11) 0.0444(14) 0.014(3) 
0.019(3) 

0.0318(17) 
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Table 3. Weak interaction data (Å, °); Cg denote the centroids of the aromatic rings. 
 

D H A D-H H···A D···A D-H···A 
2 

C16B H16D Cg1i 0.96 2.88 3.512(4) 124 
C2A H2A Cg2i 0.93 2.87 3.704(5) 151 
C2C H2C Cg3ii 0.93 2.84 3.564(4) 135 
C9C H9C Cg4iii 0.93 2.84 3.564(4) 135 

4   
N6 H6 N1iv 0.92(2) 2.21(2) 3.071(2) 156.5(18) 

7 
C2A H2A F16Bi 0.95 2.66 3.249(4) 120 
C3A H3A F18Av 0.95 2.65 3.433(4) 140 
C4A H4A F17Av 0.95 2.68 3.568(4) 155 
C9A H9A F19Avi 0.95 2.69 3.252(4) 119 
C10A H10A F19Avi 0.95 2.63 3.225(4) 121 
C3B H3B F18Bvii 0.95 2.56 3.298(4) 135 
C4B H4B F19Bvii 0.95 2.67 3.575(4) 160 
C7B H7B N1Aviii 0.95 2.69 3.489(4) 143 
C9B H9B F16Bix 0.95 2.58 3.457(4) 153 
C10B H10B F17Bix 0.95 2.59 3.258(4) 128 

10 
C18 H18 Cg5x 0.93 2.64 3.480(3) 150 
C25 H25 Cg6xi 0.93 2.76 3.604(3) 151 
C3 H3 Cg7xii 0.93 2.79 3.559(3) 140 
C10 H10 Cg8xiii 0.93 2.77 3.565(3) 144 
Halogen bonds 
1 
C6-Br6 Br6···Br6xiv C6-Br6···Br6xiv     
1.900(2) 3.7944(5) 95.29(7)     

 
Symmetry codes: i 1-x,-1/2+y,1/2-z; ii 2-x,-1/2+y,3/2-z; iii x,3/2-y,-1/2+z; iv x,1/2-y,-1/2+z; v -x,-1/2+y,1/2-z; vi 1-
x,1/2+y,1/2-z; vii ½+x,1/2-y,1-z; viii ½-x,1-y,1/2+z; ix -1/2+x,3/2-y,1-z; x 1-x,1-y,1-z; xi –x,-y,1-z; xii1-x,-y,1-z; xiii 
–x,1-y,1-z; xiv 2-x,-y,1-z. 
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3. MS spectra 
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4. NMR spectra 
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ABSTRACT: We present the results of our research on the use of
microwaves as an unconventional heat source for the acceleration of
iridium(III) chloro-bridged dimer preparation. The results enabled us
to revise and improve known guidelines for the very quick and highly
efficient synthesis of iridium(III) dimeric complexes in a very simple
isolation manner. According to the developed methodology, the
already known dimers containing ligands based on the 2-phenyl-
pyridinato motif, as well as new ones stabilized with functionalized
benzo[h]quinolinato and 2-phenoxypyridinato-based ligands, were
efficiently synthesized. The scope of the incorporated ligands included
compounds equipped with electron-donating (−Me, −OMe, −OPh,
−NMe2), electron-withdrawing (−F, −Br, −CF3, −C6F5), and hole-
transporting (−NPh2, −C6H4NPh2) groups. The obtained complexes were characterized by NMR, X-ray diffraction, and
electrospray ionization mass spectrometry methods, and their behavior was examined in the presence of coordinating solvents such
as dimethyl sulfoxide and acetonitrile. Investigation of the interactions between the above-mentioned solvents and dimers enabled us
to confirm the ability of the former to cleave μ-chloride bridges, which enriches the knowledge in the field of organometallic
chemistry. This knowledge can be particularly useful for the scientists working in the field of iridium-based materials, helping to
avoid misinterpretation of the spectroscopic data.

■ INTRODUCTION

Neutral or cationic C,N-cyclometalated iridium(III) complexes
have been studied mainly in the context of their use as
biosensors, photocatalysts, and phosphorescent emitters for
organic light-emitting diodes (OLEDs).1−3 Such compounds
might be synthesized in different ways, but the most popular
way proceeds via chloro-bridged binuclear iridium(III)
intermediates. Unfortunately, these intermediates have not
received much attention in the literature because they are
rarely target molecules for materials chemistry, despite their
involvement in the preparation of a vast number of
iridium(III) compounds. There are many papers in which
the use of iridium(III) dimers as intermediates for highly
advanced functional materials of desirable properties has been
reported,4−6 but here we will briefly discuss only the most
recent and relevant ones. For instance, various chloro-bridged
iridium(III) dimers have recently been applied in the synthesis
of methacrylate-functionalized triscyclometalated iridium(III)
complexes, to be used in light-mediated atom-transfer-radical
polymerization.7 The iridium(III) complexes played the role of
both a monomer and a polymer growth mediator/photo-

catalyst, which allowed the fabrication of red/green/blue
(RGB) pixel arrays and a multicolor OLED prototype made of
copolymer brushes, covalently bonded to the indium−tin oxide
(ITO) layer by irradiation of the monomer solution. The next
example related to this field is a new class of luminescent
mechanochromic iridium(III) complexes, also prepared from
chloro-bridged iridium(III) dimers as starting materials.8

Interestingly, the observed red shift of the final iridium
coordination compound phosphorescence, being the result of
conformational change caused by mechanical stimulation, may
be utilized in mechanical and chemical vapor sensors. Apart
from the above-mentioned lighting and sensing applications,
iridium compounds have been studied as biologically active
species. In this context, cationic iridium(III) complexes have
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been examined as biosensors for DNA and RNA detection, as
well as conductors for the electrochemical sensing of interferon
gamma.9−11 Another noteworthy example is the decoration of
polyhedral oligomeric silsesquioxane with eight iridium(III)
cyclometalated moieties in the corner positions.12 Such
organic−inorganic hybrids have been found to be relatively
noncytotoxic and to effectively stain the cytoplasm of human
cervix epithelioid carcinoma cells, enabling its bioimaging
because of the strong photoluminescent properties. As in the
previously mentioned examples, synthesis of these interesting
compounds also proceeded via chloro-bridged iridium(III)
dimers. Finally, there are only a few reports illustrating the use
of dimers as such.13,14 One of them concerns a series of chloro-
bridged iridium(III) dimers based on the formyl-substituted 2-
phenylpyridinate ligands that have been studied as OLED
emitters. It was surprisingly found that, as the content of
formyl groups increased, the emission became brighter. This
observation has opened up new possibilities for the develop-
ment of iridium-based phosphorescent dopants because the
dimers have been considered to be poorly emissive
compounds.15,16

Considering the importance of chloro-bridged iridium(III)
dimers for the chemistry of iridium-based phosphorescent
materials, there are not many papers mainly devoted to their
preparation and properties. A significant development in the
field began in 1974, when Nonoyama reported the synthesis
and characterization of [Ir(μ-Cl)(bzq)2]2.

17 Since then, many
reports on the synthesis of C,N-cyclometalated iridium(III)
complexes have been published, but as was already mentioned,
they very often have not been directly concerned with the
intermediate dimers. In some cases, the yields of these
precursors were not precisely given or they were not even
characterized but used as they were obtained, with the latter
being common practice in the research of cyclometalated
iridium compounds.16,18−21 The lack of the above-mentioned
experimental information makes evaluation of the synthesis
efficiency difficult, especially when the purity of the product
remains unknown. In addition, in most of the reported
procedures, the synthesis requires prolonged heating (up to 48
h) using conventional heat sources and relatively large
amounts of solvent, and sometimes even flash chromatography
purification of the product should be made.22−29 Even then,
the products were not always obtained with satisfactory yields.
An improvement in the latter aspect is especially in demand
because of the high price of iridium, which makes its
compounds very costly. The disadvantage of the other
methodologies is the need of using an excess of the ligand
precursors, which in the case of their sophisticated structures
might make them comparatively expensive to the starting
iridium material.30,31 However, there are a few examples of the
microwave irradiation protocols, whose application allowed
one to shorten the reaction times, raise the reaction
temperatures, increase the product yields, and improve the
overall reaction economy.32−35 Unfortunately, the reaction
conditions described in these reports are rather mutually
inconsistent, and there is still a lack of comprehensive data on
the microwave effect on the efficiency of reactions, leading to
the chloro-bridged iridium(III) dimers. On the basis of our
experience in the acceleration of various chemical trans-
formations by the means of microwave radiation,36,37 we
decided to examine the effect of such an unconventional heat
source on the formation of C,N-cyclometalated iridium(III)
dimers. We are convinced that the knowledge gained on this

subject will be extremely useful for those researchers who want
to improve the efficiency of their syntheses and to obtain both
known and novel dimers with high yields, as shown here.
Recently, we have published results on efficient stoichiometric
and catalytic methods for the synthesis of various 5-substituted
benzo[h]quinolines via C(sp2)−Br bond activation.38 The
ability of unmodified benzo[h]quinoline (bzqH) to cyclo-
metalate iridium(III) has already been confirmed per
analogiam to 2-phenylpyridine (ppyH).16,34 However, in
contrast to countless complexes based on the ppy motif, only
several examples of iridium(III) complexes with bzq have been
synthesized and characterized as potential electroluminescent
phosphors. In our recently published papers on the synthesis
and photophysical and emission properties of ionic and neutral
iridium complexes with a nonfunctionalized bzq ligand, we
have shown that this type of iridium coordination system
shows interesting electroluminescent properties, which can be
potentially useful in OLED technology.37,39 Therefore, it
would be beneficial for the development of an organometallic
phosphor field to extend the scope of complexes equipped with
new C,N-cyclometalating ligands, in particular taking into
account that our potential ligands include electron-donating
and -withdrawing substituents and groups known for their p-
type semiconductivity. In addition, our theoretical studies have
shown that some of these ligands might be useful in the
preparation of emitters for OLEDs.40 Therefore, we decided to
implement 5-functionalized benzo[h]quinolines in our re-
search and examine their reactivity in the iridium cyclo-
metalation process. Another innovative part of our work was
the obtainment of new dimers containing 6-membered
metallacyclic rings based on a 2-phenoxypyridinato motif, a
system in which the conjugation of two aromatic rings is
prevented. After the successful synthesis of all planned
complexes, they were subjected to spectroscopic character-
ization. We encountered some inconsistences in the inter-
pretation of analytical data reported in the literature, which
prompted us to get more deeply into the structural details of
compounds synthesized using X-ray diffraction (XRD), NMR,
and electrospray ionization mass spectrometry (ESI-MS)
techniques. As a result, we explained the behavior of the
iridium(III) dimers in specific solvents, which, if not known,
may lead to drawing the wrong conclusions in the related
research. All of the phenomena clarified here constitute an
important contribution to the chemistry of organometallic
iridium compounds.

■ RESULTS AND DISCUSSION
Optimization of the C,N-Cyclometalation Conditions.

As already mentioned above, the lack of a comprehensive
comparison of the methods allowing the synthesis of chloro-
bridged iridium(III) dimers using conventional and unconven-
tional heat sources prompted us to investigate this issue and to
find the optimal conditions for the efficient preparation of such
materials. Taking into account that the vast majority of the
methods for obtaining dimeric iridium(III) complexes are
based on the reactions of iridium(III) chloride hydrate with
the appropriate ligand precursors in an alcohol/water environ-
ment,16−35 this system was chosen as a model synthetic
protocol for our study. Of the many known examples of such
dimers, [Ir(μ-Cl)(ppy)2]2 was selected as the target molecule
because of its wide applicability and the availability of the
required ligand precursor.3 In summary, a composition
consisting of iridium(III) chloride hydrate, ppyH, and a 2-
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methoxyethanol/water (4:1) mixture was chosen as a model
reagent system (Scheme 1). We began testing the model
reaction by comparing the efficiency of the target dimer
formation depending on the mode of thermal treatment of the
reaction mixture. Therefore, the reactions were carried out
using an oil bath and a microwave reactor. On the basis of our
earlier work concerning the synthesis of phosphorescent
iridium(III) dopants and the results of the initial tests not
described here, the 10 min reaction time was chosen as
sufficient to illustrate the effect of the temperature and the
influence of microwave radiation on the yield of the product
formed.37 The data illustrating the observed trends are
presented in Chart 1. It has been clearly demonstrated that
the type of heat source has a significant impact on the reaction
outcome. In each reaction conducted at selected temperatures,
the yield of the product was higher in the case of the
microwave-assisted process. The reason might be that both the
iridium precursor and the reaction medium are highly polar,
making them susceptible to excitation by microwave
absorption. As one can see, the yield was strongly related to
the temperature of the reaction. In general, the yield increased
with increasing reaction temperature. A significant improve-
ment in the reaction yield was observed when the temperature
was elevated up to 150 °C, and when the process was carried
out at 170 °C, the yield improvement was much less
spectacular. The trend observed is consistent with the
literature data stating that 30 min of microwave heating at
190 °C led to an almost quantitative yield of the dimer.35

However, such harsh conditions can only be applied for
thermally and chemically stable ligands because not many
moieties and functional groups are able to survive intact in an
acidic alcohol/aqueous environment at a temperature close to
200 °C. Indeed, the authors of the cited paper admitted that
one of the quinoline-based ligands underwent degradation
under the reaction conditions, which prevented formation of
the corresponding dimer. Similarly, during some of our initial
tests on the formation of iridium(III) dimers stabilized with 5-
functionalized benzo[h]quinolines at 170 °C, the course of
undesirable side reactions was also noted, as evidenced by 1H
NMR analyses. For consideration of this issue, it is important
to remember that hydrogen chloride (HCl) is evolved as a
result of cyclometalation. At first sight, one could think of
introducing a HCl scavenger into the reaction system in order
to inhibit undesirable processes associated with the presence of
a strong acid and to shift the equilibrium toward the desired
dimer. On the other hand, it should be remembered that the
consumption of HCl would also promote further cyclo-
metalation, leading to the subsequent formation of triscyclo-
metalated iridium(III) species. Therefore, the presence of HCl

or a Lewis acid in the reaction system is essential for selectivity
of the process because it shifts the equilibrium toward dimer
formation.41,42 Considering the above, conducting the process
in a sealed microwave-pressurized vial is advantageous because
of trapping of the evolving HCl inside. However, HCl
consumption may occur under these conditions not only
because of the presence of ligand precursors of basic nature but
also as a result of the thermal reaction of HCl with alcohol,
leading to the corresponding alkyl halide and water.43 Such a
process should be facilitated along with elevation of the
reaction temperature. An additional advantage of the proposed
microwave-assisted protocol is the very simple product
isolation, which only requires filtration and rinsing. Heating
of the reaction mixtures at too high temperatures, resulting in
the formation of undesired byproducts as a consequence of
further cyclometalation or thermal degradation, implies the
need for their time-consuming purification, thus cutting out
the benefits of a quick and simple microwave-accelerated
process. Taking into account all of the aforementioned risks
associated with the change in the reaction temperature from
150 to 170 °C, paralleled with a relatively small increase in the
yield of the model complex, we decided that running the
process at 150 °C is the best compromise between the product
yield and simplicity of its isolation.
Our attention was drawn by the fact that in all reported

protocols on the preparation of chloro-bridged iridium(III)
dimers, the presence of water in the reaction system was
required. Interestingly, it has been shown that, even the other
solvents, such as acetonitrile (ACN), tetrahydrofuran, and
ethylene glycol, were scoped as the reaction medium in the
dimer formation with a significant admixture of water.35 The
large number of reports describing the synthesis of iridium(III)
dimers in the presence of water and the scarcity of protocols
carried out under anhydrous conditions strongly suggest the
importance of the role of water in the formation of such
complexes. It seems that the presence of water must be even
more important for microwave-assisted reactions because this
type of radiation is strongly absorbed by polar molecules and
stimulates them to collide with each other and with other
molecules in the reaction system. Therefore, we decided to
carry out the tests under the previously optimized conditions
(microwave reactor, T = 150 °C, t = 10 min, and Pmax = 200
W) with different alcohol/water ratios to evaluate how the
water content affects the yield of the product. The results are
presented in Chart 2.

Scheme 1. Model Reaction of [Ir(μ-Cl)(ppy)2]2 Synthesis

Chart 1. Comparison of the Model Product Yields Obtained
in an Oil Bath and a Microwave Reactor
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As one can see, the water content in the reaction medium
has a significant effect on the yield of the product. The
observed trend is clear: the higher the water content, the
higher the yield. The effect of the medium composition was
also observed by visual evaluation of the postreaction mixture.
When no water was added, distinct dark-green particles of
unreacted iridium(III) chloride were observed along with the
lemon-yellow product. Upon the addition of more water, the
color of the obtained solid became more yellow-orange and the
dark-green grains were no longer observed, suggesting higher
consumption of the starting iridium(III) chloride. We suppose
that the progress of the reaction might be controlled by the
solubility of iridium(III) salt in the solvent mixture. Because it
is an ionic material, the addition of a strongly polar solvent
(water) should increase its solubility and hence the availability
for cyclometalation. However, the yield reached a plateau at

25% water content, showing that its further addition has no
beneficial effect. What is more, too high amount of water might
raise issues related to the solubility of the ligand, depending on
its lipophilic character, which might hamper dimer formation.
Another noteworthy observation was the effect on the
crystallinity of the product. When no or a low amount of
water was present in the reaction mixture, the isolated product
was in the form of an amorphous powder. When the reaction
was performed in the medium richer in water, the product
started to appear as a shiny, crystalline solid. This phenomenon
simplified isolation of the product because filtration was much
quicker. Considering the above-mentioned aspects, the
reaction at 150 °C for 10 min in a 1:3 water/2-methoxyethanol
mixture was confirmed to be the optimal conditions for the
microwave-accelerated preparation of dimers. We do not
recommend increasing the reagents/solvent ratio significantly
above the reported one because it resulted in the coformation
of insoluble byproducts in our tests.

Synthesis of the Iridium(III) Dimers. The successful
optimization of the cyclometalation process encouraged us to
apply the developed methodology in the synthesis of the
already-known as well as novel chloro-bridged iridium(III)
dimers. The scope of the tested ligand precursors consisted of
various heterocyclic compounds, including 2-(2,4-
difluorophenyl)pyridine (2,4-diFppyH), the most intensively
studied ligand in the field of iridium-based blue emitters.
Fortunately, the F atoms remained intact under the reaction
conditions, and the corresponding dimer [Ir(μ-Cl)(2,4-
diFppy)2]2 was obtained with a very high yield of 94%. Of
particular interest was bzqH, a ppyH analogue, which seemed
to be a potentially attractive C,N-donating ligand for the
iridium dopant system because of its geometric similarity, more
rigid structure, and extended electron conjugation system.
Indeed, iridium(III) complexes bearing nonfunctionalized bzq

Chart 2. Illustration of the Effect of the Water Content in
the Reaction Mixture on the Yield of [Ir(μ-Cl)(ppy)2]2

Scheme 2. Scope and Yields of the Synthesized ppy- and bzq-Based Chloro-Bridged Iridium(III) Dimers
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in the coordination sphere have shown interesting electro-
luminescent properties, which made them potentially useful in
OLED technology, as evidenced by us and other
groups.34,37,39,44 The preparation of [Ir(μ-Cl)(bzq)2]2 accord-
ing to the methodology developed here proved to be very
efficient; therefore, we focused on the synthesis of new
iridium(III) dimers using bzqH derivatives previously synthe-
sized and characterized in our group.38 As a result, we obtained
a series of new bzq-based chloro-bridged iridium(III) dimers
equipped with various functional groups (Scheme 2). The
scope of the substituents included electron-donating groups
(−OMe and −OPh), electron-withdrawing groups (−Br and
−C6F5), and p-type semiconducting moieties such as −NPh2
and −C6H4NPh2. The reactions proceeded very selectively,
with no C−Br and C−F bond activation or undesired
cyclometalation processes in the case of 5-Ph2NbzqH. This
is the first report on the synthesis of cyclometalated
iridium(III) complexes stabilized with functionalized bzq
ligands, which might be of great interest considering the
applicability and huge popularity of similar iridium(III)
dopants with modified ppy ligands. Because the highest
occupied molecular orbital (HOMO) of the cyclometalated
complex is most often localized on the C,N-cyclometalating
ligand, chemical functionalization of the latter is expected to
modify the electronic properties of the complex or improve
energy transfer due to the antenna effect. In addition, [Ir(μ-
Cl)(5-Brbzq)2]2 constitutes a convenient starting material for
further structure modification in the manner of C−Br bond
activation. All of the known and new dimers were obtained in
high to very high yields, which is advantageous because iridium
compounds are expensive and every percentage of yield is of
great importance.

In the testing of various 5-substituted benzo[h]quinolines
toward cyclometalation, we encountered a problem with the
reactivity of 5-Me2NbzqH, in whose case the expected product
was obtained with unsatisfactory yield (about 50%) and it was
not pure enough. Microwave irradiation was not the cause
because the outcome of the reaction carried out in an oil bath
was the same. It became evident that the issue was related to
the presence of the ligand’s functional group, which was
definitely characterized by the most basic properties among the
tested ones. Considering the chemical nature of the −NMe2
moiety, we suppose that it might be involved in HCl capture,
causing both further cyclometalation and transition of the
ligand into the salt form. Therefore, the obvious solution was
to eliminate the HCl source from the reagent system,
iridium(III) chloride in this particular case. Fortunately,
Baranoff et al. have reported a procedure for the obtainment
of cyclometalated dimers involving the reaction of [Ir(μ-
Cl)(COD)]2 (COD = 1,5-cyclooctadiene) with a stoichio-
metric amount of the C,N-donating ligand precursor. As a
result, COD ligands are eliminated from the metal
coordination sphere without the pH change effect.45 It is
noteworthy that it is a redox process in which iridium(I) in the
starting material is oxidized to iridium(III) and the released
COD acts as a scavenger of the H evolved in the C,N-
cyclometalation process. Implementation of this protocol
finally enabled the successful synthesis of [Ir(μ-Cl)(5-
Me2Nbzq)2]2 (Scheme 3). In this way, we expanded the
group of new dimers bearing the bzq ligand equipped with
electron-donating substituents (−OMe, −OPh, and −NMe2).
All of the examined ligands, based on the ppy and bzq cores,

had one feature in common; namely, they formed 5-membered
cyclometalated rings in the dimers’ structures. An interesting
report describing studies of the photophysical properties of

Scheme 3. Alternative Synthetic Pathway for [Ir(μ-Cl)(5-Me2Nbzq)2]2

Scheme 4. Formation of Chloro-Bridged Iridium(III) Dimers from 2-Phenoxypyridine Derivatives
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iridium(III) compounds containing 6-membered metallacyclic
systems has recently been published.46 In this paper, 2-
benzylpyridine was used as the C,N-cyclometalating ligand
precursor. The unique optoelectronic properties of the
complexes stabilized with this type of ligand result from the
lack of conjugation between two C- and N-donating aromatic
systems, caused by the presence of a methylene spacer. These
types of C,N-donating ligands are very promising for the
development of new iridium-based dopants because their
structure allows independent modification of their individual
HOMO and lowest unoccupied molecular orbital (LUMO)
energy levels by attaching substituents with different electronic
properties to the aromatic rings. The introduction of moieties

preventing conjugation between the ligand’s aromatic moieties
might be helpful in more precise and efficient tuning of the
emission of the complexes toward blue light.47−49 This
prompted us to synthesize analogous ligand precursors,
equipped with an electron-donating substituent on the
pyridine moiety or an electron-withdrawing substituent on
the phenyl ring, and to examine whether this class of
compounds can be used in the microwave-assisted synthesis
of chloro-bridged iridium(III) dimers. In order to check it, we
synthesized two O-bridged potential ligands, namely, 4-methyl-
2 - p h e n o x y p y r i d i n e (PhOPyMeH ) a n d 2 - [ 4 -
(trifluoromethyl)]phenoxypyridine (CF3PhOPyH),50,51 and
examined them in the respective iridium(III) dimer formation

Figure 1. Anisotropic-ellipsoid representations of the dimeric complexes [Ir(μ-Cl)(bzq)2]2 (left) and [Ir(μ-Cl)(5-(Ph2N)bzq)2]2 (right). Ellipsoids
are drawn at the 30% (left) and 20% (right) probability levels.

Figure 2. Anisotropic-ellipsoid representations of the monomeric complexes [Ir(ppy)2Cl(ACN)] (left) and [Ir(ppy)2Cl(DMSO)] (right).
Ellipsoids are drawn at the 50% probability level.
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(Scheme 4). Fortunately, the cyclometalation reaction
proceeded well under even milder conditions, enabling the
successful obtainment of the target iridium(III) dimers.
In summary, it has been demonstrated that the previously

optimized reaction conditions allowed the quick and efficient
preparation of not only the already-known iridium(III) dimers
[Ir(μ-Cl)(ppy)2]2, [Ir(μ-Cl)(2,4-diFppy)2]2, and [Ir(μ-Cl)-
(bzq)2]2 but also a series of new dimers stabilized with 5-
substituted benzo[h]quinolinato ligands. Additionally, we
obtained new chloro-bridged iridium(III) dimers with the
use of ligands based on the 2-phenoxypyridine motif. The
functional groups of all of the new compounds make them
attractive precursors for application in the field of OLEDs and
bioimaging. All of the mentioned dimers were obtained in very
short reaction times (10 min) and high to very high yields,
which is advantageous for their further applications. After
successful preparation of the target compounds, we subjected
them to thorough characterization, which is discussed below.
XRD Crystallography.We managed to grow single crystals

of a few compounds suitable for XRD structural analysis, which
confirmed the proposed structures of the chloro-bridged
dimers (Figure 1). Moreover, the crystal structures of the
monomeric complexes derived from [Ir(μ-Cl)(ppy)2]2 by
cleavage with ACN or dimethyl sulfoxide (DMSO) molecules
are presented in Figure 2. XRD-suitable crystals of the dimeric
complexes were obtained by the slow evaporation of
dichloromethane ([Ir(μ-Cl)(bzq)2]2) and dichloromethane/
2-methoxyethanol/water ([Ir(μ-Cl)(5-Ph2Nbzq)2]2) solutions.
The crystals of the cleaved complexes were obtained by the
slow cooling of a hot saturated solution of [Ir(μ-Cl)(ppy)2]2 in
ACN ([Ir(ppy)2Cl(ACN)]) and diffusion of a saturated [Ir(μ-
Cl)(ppy)2]2 solution in DMSO into toluene ([Ir(ppy)2Cl-
(DMSO)]). Crystals of the monomeric forms were obtained
for a specific purpose, which is discussed in detail in the next
section. Crystallographic details of all of the resolved structures
are provided in Table S1. A very similar structure with an
identical formula, [Ir(ppy)2Cl(ACN)], was previously pub-
lished by Blasberg et al.52 Even though both dimeric complexes
are nonsymmetric, their structures are close to Ci symmetry,
with almost planar central Ir2Cl2 rings. All IrIII ions are six-
coordinated, in quite a regular octahedral fashion (cf. Table
S2a). In the Cambridge Structural Database (CSD),53 there
are almost 300 fragments with similar composition (μ-chloro-
bridged dimers with aromatic ligands, containing both Ir−N
and Ir−C bonds), and in almost all (with five exceptions), the
arrangement of N atoms around the Ir center is trans.54 Taking
this into account, together with the Ir−N and Ir−C bond
lengths and C−C−C and C−N−C angles, we assigned the

inner-coordination-sphere Ir atoms. It should be mentioned
that swapping of the C/N atom assignments always gave worse
refinement results.
In the monomeric complexes [Ir(ppy)2Cl(ACN)] and

[Ir(ppy)2Cl(DMSO)], Ir atoms also have the regular
octahedral environment, with N atoms from two ppy ligands
in trans positions (Table S2b). The fifth and sixth coordination
positions are occupied by the solvent molecules and Cl anion.
It might be noted that even though for all metals DMSO is
coordinated with only a slight preference for a S atom over an
O atom (1865 vs 1135 hits in CSD), for iridium complexes,
the S atom is almost exclusively used as the coordination
center (65 vs 2 in CSD). ppy ligands are slightly twisted along
the central C−C bonds (cf. Table S2b). Crystal architectures
in all of the structures are determined by close-packing
requirements and by weak but numerous C−H···π and π···π
interactions. Many voids filled with diffused electron density
were found in the structure of [Ir(μ-Cl)(5-(Ph2N)bzq)2]2,
probably originating from the totally disordered solvent
molecules because of the complicated shape of the dimer
molecule. Similarly, in the crystal structures of monomeric
complexes, the ordered ACN molecule in [Ir(ppy)2Cl(ACN)]
or highly disordered water molecule in [Ir(ppy)2Cl(DMSO)]
filling the voids between the complex molecules were found.

Spectroscopic Analysis and Cleavage of [Ir(μ-Cl)-
(C^N)2]2. After the successful optimization and synthesis of
chloro-bridged iridium(III) dimers, we focused on their
spectroscopic characteristics. From the very beginning, our
attention was drawn by the appearance of a doubled set of
resonances originating from cyclometalated ligands in the 1H
NMR spectra of all of the obtained compounds dissolved in
DMSO-d6 (Figures 3 and S1−S10). The recorded spectro-
scopic images for these types of binuclear compounds seemed
unusual at first glance because such compounds bearing N-
donating atoms in the trans position, C-donating atoms in the
cis position, and two bridging Cl atoms in the cis position
should be characterized by chemically equivalent C,N-
cyclometalating ligands. In fact, for many reported dimers,
only one set of signals originating from the cyclometalating
ligands was observed in the 1H NMR spectra.26,55,56 However,
the mentioned spectra were recorded in nonpolar solvents
such as CD2Cl2 or CDCl3, which prompted us to conclude that
the differences in the spectroscopic images might be caused by
the polar and coordinative nature of DMSO. In our search for
the answer, we referred to the literature, where we found
misleading data. In 2011, Li et al. reported the synthesis of
[Ir(ppy)2(DMSO)2]PF6, for which the given 1H NMR
spectroscopic data set accurately reflected those obtained by

Figure 3. Fragment of the 1H NMR spectrum of [Ir(μ-Cl)(ppy)2]2 in DMSO-d6.
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us for [Ir(μ-Cl)(ppy)2]2 in DMSO-d6.
57 The authors claimed

that a DMSO molecule was a sufficiently strong nucleophile to
push out the chloride anion from the internal to the external
coordination sphere, forming a [Ir(ppy)2(DMSO)2]

+ cation.
However, in our opinion, such a cation with the retained
configuration of ppy ligands from the parent dimer should not
demonstrate the chemical inequivalence of ligands in the 1H
NMR spectrum. On the other hand, Soman et al. reported 1
year later exactly the same 1H NMR data set for [Ir(μ-
Cl)(ppy)2]2 in DMSO-d6 but without the explanation of the

mentioned split of signals.24 In the face of the encountered
inconsistency, we decided to study in detail the behavior of
chloro-bridged iridium(III) dimers to explain what lies behind
the split of the NMR signals. We chose [Ir(μ-Cl)(ppy)2]2 as a
model compound and decided to examine its interaction with
DMSO as well as ACN. Unlike DMSO, the latter solvent is
more convenient for ESI, which enabled us to monitor its
interaction with the model dimer also by MS.
Our study started from analysis of the literature on chloro-

bridged rhodium(III) and iridium(III) dimers, where we found

Figure 4. 1H NMR titration of 3 mg of [Ir(μ-Cl)(ppy)2]2 dissolved in 0.7 mL of CD2Cl2 (top). Each subsequent spectrum was measured after the
addition of about 2 equiv of DMSO, followed by 5 min of shaking at room temperature.
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some hints indicating that these compounds might undergo
solvation in coordinating solvents [ACN, N,N-dimethylforma-
mide (DMF), DMSO, and water], to create a monomeric
derivatives of the general formula [Ir(C^N ligand)2Cl-
(solvent)].15,23 However, it was not fully confirmed at the
time of these studies because of re-formation of the original
chloro-bridged dimers during the attempts of isolation.58

Considering the results described in the cited papers, it should
be assumed that conversion of the dimer to the solvated
monomer is an equilibrium reaction that shifts toward the
starting material when the coordinating solvent concentration
is lowered, e.g., during isolation. Therefore, it is obvious that
isolation of the solvated iridium species should be performed
in the presence of a large excess of the coordinating solvent at
every step of purification. Considering this condition,
crystallization seemed to be the best choice, although it has
been suggested that it is unlikely to do that.58 Therefore, the
crystal structures of mononuclear C,N-cyclometalated iridium-
(III) complexes, obtained as a result of chloro-bridged dimer
cleavage by a coordinating solvent, are really scarce.59 Either
way, we also successfully managed to obtain XRD-suitable
crystals of [Ir(ppy)2Cl(ACN)] and [Ir(ppy)2Cl(DMSO)].
Both ACN and DMSO cleaved the chloro-bridged iridium(III)
dimer and coordinated to the central atom with the formation
of Ir−N and Ir−S bonds. The measured Ir−N bond length was
2.108 Å, while the average Ir−S bond length was 2.346 Å. The
solved crystal structures clearly confirmed that the formed
species do not have any symmetry elements; thus, their
cyclometalated ppy ligands are inequivalent. We suppose that
this is the origin of the doubled set of signals from
cyclometalated ligands in the NMR spectra measured in
DMSO-d6 but that it is not the only one. The inequivalence of
the ppy ligands is enhanced by the difference in the trans
effects of the chloride ligand and coordinated solvent, which
asymmetrically affects C-donating atoms in the positions trans
to them. It is known that nitriles and sulfoxides are the ligands
characterized by a stronger trans effect than halides.60,61 Thus,
the coordinated solvent should make the opposing Ir−C bonds
weaker than the Ir−C bond in the trans position to the
chloride ligand. In the case of [Ir(ppy)2Cl(DMSO)], it is true,
and the Ir−C bond that is opposite to the Ir−S bond is longer
by 0.021 Å, on average, than the Ir−C bond that is opposite to
the Ir−Cl bond. On the contrary, in [Ir(ppy)2Cl(ACN)] both
Ir−C bond lengths are exactly the same (2.001 Å). This
indicates a stronger coordinative nature of DMSO to ACN, a
very helpful observation for the explanation of their behavior
during NMR analysis, described in the next paragraph. At this
point, we can assume that the high-field-shifted set of
resonances corresponding to one of the two ppy ligands
originates from the ligand in the trans position to the
coordinated DMSO molecule. It is clear that the differences
in the trans effect are very subtle because the Ir atoms are
chelated by ppy ligands, forming 5-membered cyclometalated
rings, and, therefore, the distance between elements of the ring
cannot be so easily varied. With the aid of XRD analysis, we
were able to identify the chemical process occurring during the
chloro-bridged iridium(III) dimer dissolution in coordinating
solvents, but there was still the question of linking the outcome
with the results of NMR spectroscopy.
Following the above conclusions, our next step was 1H

NMR analysis of the crystals to check whether the obtained
spectra resemble those obtained after dissolution of iridium-
(III) dimers in DMSO-d6. Because the crystallizations were

performed in nondeuterated solvents, we expected to observe
what happens both with the signals originating from the ppy
ligands and with those corresponding to the coordinated
solvent molecules. To our surprise, we noticed a significant
difference between the NMR spectra of [Ir(ppy)2Cl(ACN)]
and [Ir(ppy)2Cl(DMSO)] in CD2Cl2. In the case of the
former, we observed only one set of signals originating from
ppy and a singlet in the high-field region (Figure S17). The
chemical shift of the singlet corresponded to a free ACN
molecule.62 Moreover, integration showed that the ppy/ACN
ratio was 1:1, the same as that in the crystal phase, because
there was an extra ACN molecule per [Ir(ppy)2Cl(ACN)]
molecule in the unit cell. Even the addition of a few extra
microliters of ACN to the NMR tube did not result in the
appearance of signals corresponding to [Ir(ppy)2Cl(ACN)].
Then we decided to measure the 1H NMR spectrum of [Ir(μ-
Cl)(ppy)2]2 in ACN-d3 because the crystals of [Ir(ppy)2Cl-
(ACN)] were obtained after heating of the dimer in pure
ACN. However, the spectrum was not interpretable because of
the low solubility of the analyte and did not show clear
evidence for dimer cleavage (Figure S18). Surprisingly, the
product of the cleavage could be crystallized, which proves that
it is much more stable in the solid phase than in solution. In
this way, we proved that the ability of ACN to cleave [Ir(μ-
Cl)(ppy)2]2 is very weak in solution, while the equilibrium
between the dimeric and monomeric forms is evidently
established, and the stability of [Ir(ppy)2Cl(ACN)] is
enhanced in the crystalline phase. In contrast, many more
signals were observed in the 1H NMR spectrum of
[Ir(ppy)2Cl(DMSO)] crystals dissolved in CD2Cl2 (Figure
S19). Even more than two sets of resonances originating from
ppy were observed along with some minor resonance lines.
This indicated that DMSO is a stronger ligand than ACN,
resulting in observation of both the chloro-bridged dimer and
its cleaved form. The presence of the minor signals could be
attributed to the coformed impurities because the crystal-
lization process took about 2 weeks on the bench.63 Therefore,
we decided to perform an NMR titration of [Ir(μ-Cl)(ppy)2]2
in CD2Cl2 using DMSO as a titrant to monitor the cleavage
process in a more transparent way. Fragments of the spectra
recorded at the starting point and after the addition of each
DMSO portion are presented in Figure 4. At the beginning,
only one set of signals originating from the coordinated ppy
was observed, which proved that all of the ligands in the
chloro-bridged dimer are chemically equivalent. After the
addition of 2 equiv of DMSO per dimer molecule (Ir/DMSO
ratio of 1:1), new signals appeared and the intensity of the
starting material’s signals decreased. All of the resonances were
earlier observed in the NMR spectrum of [Ir(ppy)2Cl-
(DMSO)] obtained from the crystallization process, which
proved that an equilibrium between the same two compounds
takes place during the crystallization and titration (Figure
S19). The integration of well-separated signals from the low-
field region of the spectra allowed one to get rough
information about the equilibrium between the cleaved and
noncleaved forms. After the addition of a stoichiometric
amount of DMSO, the molar ratio of [Ir(μ-Cl)(ppy)2]2/
[Ir(ppy)2Cl(DMSO)] reached 1:3.25. Considering the low
concentration of the reactants and the facts that DMSO is a
monodentate ligand and that the equilibrium was reached after
an arbitrarily assumed 5 min of shaking, we came to the
conclusion that the formation of a mononuclear complex is
much preferable in this system. What is important is that this
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reaction occurs very smoothly and quickly even in a low
concentration of reagents; therefore, there is no need to use
such harsh conditions as refluxing in neat DMSO to obtain the
desired mononuclear complexes.59 Further the addition of
DMSO equivalents resulted in a shift of the equilibrium toward
[Ir(ppy)2Cl(DMSO)], and total consumption of the starting
material was observed after the addition of 10 equiv of DMSO.
The equilibrium might be monitored also by observation of the
high-field region in the 1H NMR spectra, where the signals of
the cleaving ligand are present. The addition of the first
portion of the titrant to the [Ir(μ-Cl)(ppy)2]2 solution resulted
in the appearance of a singlet at 2.55 ppm, corresponding to
the presence of free DMSO, accompanied by two additional
singlets, the first upfield-shifted and second downfield-shifted
(Figure S20). The chemical shifts of these resonances in
relation to free DMSO were ca. 0.5 ppm, and the number of
protons determined on the basis of their integration was the
same and exactly corresponded to the number of protons
assigned to resonance lines derived from ppy ligands in
[Ir(ppy)2Cl(DMSO)]. The break of the chemical equivalence
of both protons in the ppy ligands and methyl groups of the
coordinated DMSO caused by the lack of symmetry is the
evidence of [Ir(ppy)2Cl(DMSO)] formation. Of course, the
coordinated DMSO-d6 molecules could not be observed in the
1H NMR spectra measured in DMSO-d6, but duplication of
the resonances assigned to ppy ligands confirms the formation
of [Ir(ppy)2Cl(DMSO-d6)] in such an environment. The same
behavior was observed for all of the complexes reported herein.
The described phenomena might provide an explanation of
why, in the given set of spectroscopic data of the substance
supposed to be [Ir(ppy)2(DMSO)2]PF6, the resonances
originating from coordinated DMSO molecules were not
observed.57 It also confirms that the best way to pull out
chloride from the inner coordination sphere of iridium(III) is
the use of silver(I) salts,64,65 and the employment of sodium
salts might be insufficient. In this way, we confirmed with no
doubt that iridium(III) dimers undergo equilibrium cleavage in
the presence of coordinating solvents (Scheme 5). Moreover,
we have shown that the coordinative nature of DMSO is much
stronger than that of ACN, in spite of the difference in the
steric hindrance of these solvent molecules. The dimers based
on 2-phenoxypyridine also underwent cleavage in the same
conditions, but the process was hampered by the low solubility
of the species in DMSO, especially in the case of [Ir(μ-
Cl)(F3CPhOPy)2]2. Heating of the sample in DMSO-d6 led to
formation of the cleaved form of the dimer, as confirmed by 1H
NMR analysis, but the desired signals were accompanied by
some others originating from coformed species. We suppose
that DMSO molecules can substitute the coordinated pyridyls,
leading to the formation of a complex mixture of species.
Therefore, NMR analysis of [Ir(μ-Cl)(F3CPhOPy)2]2 in
CDCl3 instead of DMSO-d6 was made.

Dimer cleavage might be observed during ESI-MS measure-
ment as well. This is a so-called “soft ionization” technique,
which means that a fragmentation is not preferred. Addition-
ally, in this type of analysis, the solution-phase composition is
retained in the gas phase. Both features of this technique are
very helpful in achieving our goal because they should permit
observation of molecular ions of the cleaved form of the
studied complexes. In this technique, it is necessary to use
polar solvents because the ionization process requires
formation of the charged analyte’s solution droplets. However,
not all polar solvents can be used because volatility is another
desired feature. High-boiling solvents such as DMF and
DMSO are not compatible with the ESI technique because
they contaminate the source and decrease the detector’s
sensitivity. Because of limitation of the use of high-boiling
solvents (such as DMSO) in the ESI-MS technique, measure-
ments were made using ACN, which also proved its ability to
cleave the chloro-bridged iridium(III) dimers. In line with our
expectations, we observed signals corresponding to both the
chloro-bridged dimer and its cleaved form, while the mass
peaks corresponding to the cleaved form were dominant in the
spectra. The ionization mechanism in positive mode involved
abstraction of a chloride anion, not a typical addition of
hydrogen, sodium, or potassium cations. During analysis of our
compounds, we noticed an important relationship that might
have a crucial impact on the interpretation of the results
obtained. The appearance of the recorded spectra was strongly
affected by the potential applied to the orifice plate that was
implemented in the driving software as a declustering potential
option (DP, also called cone potential). This parameter has a
significant impact on the additional acceleration of the analyte
ions in the medium-pressure region of the source, which causes
collision-induced dissociation with the background gas.66 As a
result, the MS spectra obtained may not fully reflect the actual
molecular structure of the examined substances. For example,
adjustment of DP allowed one to control the clusterization/
declusterization of polypeptides and the dissociation of ligands
from the complex molecules, as in the case of
[H3Ru4(CO)12]

−.67,68 At the default value of DP, the m/z
values corresponding to [Ir(C^N)2(ACN)]

+ and [Ir(C^N)2]
+

in various ratios were observed. This confirmed that the
cleaved forms were present in the solution because the cations
produced by abstraction of the chloride anion and a weakly
bonded ACN molecule were observed. With increasing DP,
the abundance of [Ir(C^N)2(ACN)]

+ decreased and almost
only [Ir(C^N)2]

+ could be observed. Interestingly, with
decreasing DP, the abundance of the ions corresponding to
the above-mentioned cations decreased, and the m/z value
corresponding to [Ir(C^N)2(ACN)2]

+ became dominant.
When we analyzed the same sample using a mass spectrometer
of a different manufacturer without the possibility of adjusting
the DP value, the signals corresponding to [Ir(C^N)2]

+ were
dominant. This shows that the MS spectra obtained by the
ESI-MS technique might be misinterpreted depending on the
parameters of the spectrometer used (Figure 5). For example,
it is possible to assume that, in the coordinating solvent, the
chloro-bridged dimers undergo double coordination of the
solvent molecule together with a shift of the chloride anion to
an outer coordination sphere, by the observation of [Ir-
(C^N)2(solvent)2]

+ as a dominant ion in the spectra. This
process might be even more flawed by the involvement of
much stronger ligands. Therefore, our recommendation is to

Scheme 5. Cleavage of [Ir(μ-Cl)(C∧N)2]2 with a
Coordinating Solvent
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combine different types of analytical methods in the studies of
such processes to avoid misinterpretation of the results.

■ CONCLUSIONS

In summary, in this work we proved the positive effect of
microwave irradiation on the formation of chloro-bridged
iridium(III) dimers and the importance of the presence of
water in this process. A series of known and novel dimers were
obtained in the optimized conditions, and the products were
characterized by NMR spectroscopy and MS, which provided
strong experimental evidence of the dimers’ cleavage with the
coordinating solvents. In the first stage of our work, we
compared the efficiency of model dimer formation in a
microwave reactor and an oil bath, which showed the beneficial
effect of the unconventional source of energy at all of the
tested temperatures. Moreover, the great impact of the
presence of water in the reaction medium was confirmed
and assumed to improve both the iridium(III) chloride
solubility and absorption of stimulating radiation. All of the
tests allowed the establishment of optimal conditions for the
obtainment of high-purity dimers with minimization of the
occurrence of side reactions, which enabled a very simple
isolation process, just filtration and rinsing. According to the
developed protocol, a series of known and novel iridium(III)
dimers were synthesized very quickly and in high to very high
yields. The scope of the tested ligands included compounds
based on 2-phenylpiridinato, benzo[h]quinolinato, and 2-
phenoxypiridinato cores, equipped with electron-donating
(−Me, −OMe, and −OPh), electron-withdrawing (−F, −Br,
−CF3, and −C6F5), and p-type semiconducting (−NPh2 and
−C6H4NPh2) groups. In the case of the ligand bearing a
−NMe2 substituent, an alternative synthetic pathway, avoiding
HCl involvement, was proposed. All of the new iridium(III)
dimers constitute attractive starting materials for the
preparation of new OLED emitters or active species for
bioimaging. The obtained dimers were characterized by means
of 1H NMR spectroscopy and ESI-MS in DMSO and ACN,
which revealed the occurrence of a chemical reaction between
these solvents and the binuclear iridium complexes. A detailed
investigation resulted in a multithreaded explanation of the
process, identified as cleavage of the μ-chloride bridges in
which DMSO coordination appeared to be much more
favorable than ACN coordination. The cleavage was clearly
evidenced in solution during NMR titration as well as in the
solid phase using XRD structure determination of the model
dimer’s cleaved forms. Moreover, the crystal structures of the
two dimers stabilized with bzq and 5-(Ph2N)bzq ligands were

determined. Finally, ESI-HRMS characterization of the chloro-
bridged iridium(III) dimers in ACN not only confirmed
formation of the target molecules but also showed how DP
adjustment of the spectrometer used varies the spectroscopic
image of the analyzed complexes. Our work clearly
demonstrated that, depending on the applied potential, a
chloride-abstracted cation derived from [Ir(C^N)2Cl(ACN)]
containing zero-, one-, or two-coordinated solvent molecules
becomes dominant in the spectrum. We believe that all of the
phenomena explained in this work strongly enrich the
knowledge in the field of iridium chemistry, will help in the
reconsideration of the results previously reported in the
literature, and support interpretation of the experimental data
in the upcoming works.
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Dimethyl sulfoxide (DMSO), pentane, 2-methoxyethanol, 2-phenylpyridine, 2-fluoro-4-methylpyridine, 2-fluoropyridine, 
phenol, 4-trifluoromethylphenol, caesium carbonate, copper(I) chloride, and di-μ-chlorobis(1,5-cyclooctadiene)diiridium(I) were 
obtained from Sigma-Aldrich; acetonitrile (ACN), N,N-dimethylformamide (DMF), and benzo[h]quinoline from ABCR GmbH; 
dichloromethane (DCM), diethyl ether, hexane, 2-propanol, methanol, and sodium hydroxide from Avantor Performance Materials 
Poland; iridium(III) chloride hydrate from Pressure Chemical Co.; while deuterated solvents were purchased from Deutero GmbH 
and Sigma-Aldrich. 4-methyl-2-phenoxypyridine,1 2-(4-(trifluoromethyl))phenoxypyridine,2 2-(2,4-difluorophenyl)pyridine,3 and 5-
functionalized benzo[h]quinolines4 were prepared according to the published procedures.  

Reactions accelerated with microwave irradiation were conducted under air atmosphere (unless otherwise indicated) in 
CEM microwave 10 mL vials with CEM Discover, a pressurized microwave reactor.The reaction progress was monitored by means 
of a gas chromatograph (Bruker 450-GC) coupled to a mass detector (Bruker MS-320) and thin layer chromatography (TLC). 
Chemical structures of the obtained compounds were confirmed by nuclear magnetic resonance (NMR) spectroscopy using Bruker 
Ultrashield 300 MHz and Bruker Ascend 400 MHz Nanobay spectrometers. CDCl3, CD2Cl2 and DMSO-d6 were used for NMR analysis 
with residual solvent peak as the internal standard (chloroform 1H δ = 7.26 ppm, 13C δ = 77.16 ppm; dichloromethane 1H δ = 5.32 
ppm, 13C δ = 54.00 ppm; DMSO 1H δ = 2.50 ppm, 13C δ = 39.52 ppm). High-resolution mass spectroscopy (HRMS) analysis were 
conducted in electrospray ionization mode (ESI) with time of flight (TOF) mass detector (ABSciex QTOF 5600 and Bruker Impact 
HD). ESI-HRMS spectra were recorded in positive ionization mode and the analytes were dissolved in HPLC grade ACN. 
Chromatographic purifications were carried out with preparative flash chromatogram Isolera One from Biotage using self-packed 
columns with silica gel 60 Å 230-400 mesh (Merck). Celite 545 0.02 – 0.1 mm (Merck) was used as a samplet filler. 

Diffraction data were collected by the ω-scan technique, for [Ir(µ-Cl)(bzq)2]2 at 130(1) K, on Rigaku SuperNova four-circle 
diffractometer with Atlas CCD detector and mirror-monochromated CuKα radiation (λ=1.54178 Å), for [Ir(µ-Cl)(5-Ph2Nbzq)2]2 at 
room temperature and for [Ir(ppy)2Cl(ACN)] and [Ir(ppy)2Cl(DMSO)] at 100(1) K on Rigaku Xcalibur four-circle diffractometer with 
Eos CCD detector and graphite-monochromated MoKα radiation (λ=0.71069 Å). The data were corrected for Lorentz-polarization 
as well as for absorption effects.5 Precise unit-cell parameters were determined by a least-squares fit of reflections of the highest 
intensity, chosen from the whole experiment. The structures were solved with SHELXT6 and refined with the full-matrix least-
squares procedure on F2 by SHELXL-2013.7 All non-hydrogen atoms were refined anisotropically, all hydrogen atoms were placed 
in idealized positions and refined as ‘riding model’ with isotropic displacement parameters set at 1.2 (1.5 for methyl groups) times 
Ueq of appropriate carrier atoms. The crystals of dimeric complexes [Ir(µ-Cl)(bzq)2]2 and [Ir(µ-Cl)(5-Ph2Nbzq)2]2 were generally of 
poor quality and numerous attempts to obtain better data were unsuccessful. Therefore, the overall quality indices are rather high, 
however the structures are appropriate for our goal – to confirm the structures of the products. Some doubts may be related to 
the positions of nitrogen atoms and possible disorder. In our model we assume that the nitrogen atoms are in trans positions with 
respect to central Ir ion (as is shown by vast majority of the similar structures found in the CSD8). Nevertheless, in the structure of 
[Ir(µ-Cl)(5-Ph2Nbzq)2]2 some constraints had to be applied in order to keep the correct geometry of rings; additionally the relatively 
large voids with diffused electron density have been found; as the attempts to model this density as solvent molecules gave no 
satisfactory results we decided to use the SQUEEZE procedure.9  

Crystallographic data for the structural analysis has been deposited with the Cambridge Crystallographic Data Centre, Nos. 
CCDC 1895621 ([Ir(µ-Cl)(bzq)2]2), 1895622 ([Ir(µ-Cl)(5-Ph2Nbzq)2]2), 1897304 ([Ir(ppy)2Cl(ACN)]) and 1897305 
([Ir(ppy)2Cl(DMSO)]). Copies of this information may be obtained free of charge from: The Director, CCDC, 12 Union Road, 
Cambridge, CB2 1EZ, UK. Fax: +44(1223)336-033, e-mail:deposit@ccdc.cam.ac.uk, or www: www.ccdc.cam.ac.uk. 
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General procedure for the optimization tests 

A CEM microwave vial equipped with a magnetic stirrer was charged with 4 mL of water/2-methoxyethanol mixture, 65 mg (0.41 
mmol) of 2-phenylpyridine, and 68 mg (0.187 mmol) of iridium(III) chloride hydrate (53 % iridium content). The reaction vessel was 
closed and placed in a microwave reactor or an oil bath and then heated for indicated time and temperature (max power 200 W in 
the case of microwave reactor). After that, the reaction mixture was cooled down to the room temperature, 1 mL of water was 
added and mixed. The supernatant was sucked off with a Hamilton syringe (flat-ended needle, the end of the tip placed close to 
the bottom of the vessel). Next, 1 mL of methanol was added, the suspension was mixed and the solution was sucked off in the 
same manner. This procedure was repeated two times more with 1 mL of methanol. If the precipitate was too fine to be filtered in 
this way, then the solid was centrifuged and washed four times with 1 mL of methanol. The solid residue was dried in an oven at 
100 oC for 1 hour. After cooling back to room temperature, 5 mL of dichloromethane was added, and the mixture was stirred for 2 
minutes. Then the mixture was filtered through syringe filter and washed twice with 1 mL of fresh solvent. The obtained solution 
was slowly evaporated in pre-weighted vial, giving a yellow solid. 

General procedure for the preparation of 2-phenylpyridine- and benzo[h]quinoline-based iridium(III) chloro-bridged dimers 

A CEM microwave vial equipped with a magnetic stirrer was charged with 1.0 mL of water, 3.0 mL of 2-methoxyethanol, 0.41 mmol 
of a ligand, and 68 mg (0.187 mmol) of iridium(III) chloride hydrate (53 % iridium content). The reaction vessel was closed and 
placed in a microwave reactor and then heated for 10 minutes at 150 °C (max power 200 W). After indicated time, the reaction 
mixture was cooled down to the room temperature, 1 mL of water was added and mixed. The supernatant was sucked off with a 
Hamilton syringe (flat-ended needle, the end of the tip placed close to the bottom of the vessel). Next, 1 mL of methanol was 
added, the suspension was mixed and the solution was sucked off in the same manner. This procedure was repeated two times 
more with 1 mL of methanol. If the precipitate was too fine to be filtered in this way, then the solid was centrifuged and washed 
four times with 1 mL of methanol. The solid residue was dried in an oven at 100 oC overnight. 

 [Ir(μ-Cl)(ppy)2]2 

 

Yellow solid (87.0 mg, 0.081 mmol). Yield: 87 %. 

1H NMR (300 MHz, DMSO-d6) δ [ppm]: 9.80 (d, J = 5.8 Hz, 2H), 9.53 (d, J = 5.8 Hz, 2H), 8.29 – 8.21 (m, 2H), 8.21 – 8.14 (m, 2H), 8.09 
(t, J = 8.0 Hz, 2H), 8.01 (t, J = 7.4 Hz, 2H), 7.78 (d, J = 7.6 Hz, 2H), 7.73 (d, J = 7.7 Hz, 2H), 7.57 (t, J = 6.5 Hz, 2H), 7.45 (t, J = 6.2 Hz, 
2H), 6.95 – 6.80 (m, 4H), 6.76 (t, J = 7.4 Hz, 2H), 6.69 (t, J = 7.4 Hz, 2H), 6.25 (d, J = 7.7 Hz, 2H), 5.66 (d, J = 7.6 Hz, 2H). 

ESI-HRMS: calculated for [C22H16IrN2]+ 501.0938, measured 501.0954. 

Elemental analysis calculated (%) for C44H32Cl2Ir2N4: C 49.29, H 3.01, N 5.23. Found: C 49.32, H 3.00, N 5.24. 

[Ir(μ-Cl)(2,4-DiFppy)2]2 

 

Yellow solid (106.9 mg, 0.088 mmol). Yield: 94 %. 
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1H NMR (400 MHz, DMSO-d6) δ [ppm]: 9.77 (dd, J = 5.9, 0.9 Hz, 2H), 9.55 (dd, J = 5.8, 0.9 Hz, 2H), 8.33 – 8.28 (m, 2H), 8.28 – 8.23 
(m, 2H), 8.23 – 8.17 (m, 2H), 8.16 – 8.08 (m, 2H), 7.69 – 7.64 (m, 2H), 7.60 – 7.54 (m, 2H), 6.89 – 6.74 (m, 4H), 5.73 (dd, J = 8.6, 2.4 
Hz, 2H), 5.07 (dd, J = 8.8, 2.4 Hz, 2H). 

ESI-HRMS: calculated for [C22H12F4IrN2]+ 573.0561, measured 573.0575. 

Elemental analysis calculated (%) for C44H24Cl2F8Ir2N4: C 43.46, H 1.99, N 4.61. Found: C 43.48, H 2.00, N 4.59. 

[Ir(μ-Cl)(bzq)2]2 

 

Yellow solid (100.5 mg, 0.086 mmol). Yield: 92 %. 

1H NMR (300 MHz, DMSO-d6) δ [ppm]: 10.20 (dd, J = 5.3, 1.2 Hz, 2H), 9.80 (dd, J = 5.2, 1.2 Hz, 2H), 8.73 (dd, J = 8.0, 0.9 Hz, 2H), 8.66 
(dd, J = 8.0, 0.9 Hz, 2H), 8.01 (dd, J = 8.1, 5.4 Hz, 2H), 7.94 – 7.85 (m, 10H), 7.42 (d, J = 7.7 Hz, 2H), 7.36 (d, J = 7.7 Hz, 2H), 7.03 (t, J 
= 7.7 Hz, 2H), 6.94 (t, J = 7.6 Hz, 2H), 6.27 (d, J = 7.1 Hz, 2H), 5.62 (d, J = 7.2 Hz, 2H). 

ESI-HRMS: calculated for [C26H16IrN2]+ 549.0938, measured 549.0935 (error 7.4 ppm). 

Elemental analysis calculated (%) for C52H32Cl2Ir2N4: C 53.46, H 2.76, N 4.80. Found: C 53.44, H 2.75, N 4.79. 

[Ir(μ-Cl)(5-F5C6bzq)2]2 

 

Orange solid (143.9 mg, 0.078 mmol). Yield: 84 %. 

1H NMR (300 MHz, DMSO-d6) δ [ppm]: 10.31 (d, J = 5.3 Hz, 2H), 9.90 (d, J = 5.2 Hz, 2H), 8.47 (d, J = 8.1 Hz, 2H), 8.40 (d, J = 8.0 Hz, 
2H), 8.13 (s, 2H), 8.09 (s, 2H), 8.04 (dd, J = 8.3, 5.5 Hz, 2H), 7.96 (dd, J = 8.3, 5.6 Hz, 2H), 7.54 (d, J = 7.9 Hz, 2H), 7.49 (d, J = 7.8 Hz, 
2H), 7.17 (t, J = 7.6 Hz, 2H), 7.07 (t, J = 7.6 Hz, 2H), 6.47 (d, J = 7.3 Hz, 2H), 5.75 (d, J = 7.3 Hz, 2H). 

ESI-HRMS: calculated for [C38H14F10IrN2]+ 881.0623, measured 881.0611. 

Elemental analysis calculated (%) for C76H28Cl2F20Ir2N4: C 49.82, H 1.54, N 3.06. Found: C 49.84, H 1.55, N 3.08. 
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[Ir(μ-Cl)(5-MeObzq)2]2 

 

Orange solid (96.4 mg, 0.075 mmol). Yield: 80 %. 

1H NMR (300 MHz, DMSO-d6) δ [ppm]: 10.19 (dd, J = 5.5, 1.2 Hz, 2H), 9.79 (dd, J = 5.5, 1.2 Hz, 2H), 8.76 (dd, J = 8.2, 1.2 Hz, 2H), 8.71 
(dd, J = 8.2, 1.2 Hz, 2H), 7.98 (dd, J = 8.2, 5.5 Hz, 2H), 7.87 (dd, J = 8.2, 5.6 Hz, 2H), 7.31 – 7.19 (m, 8H), 6.93 (t, J = 7.6 Hz, 2H), 6.84 
(t, J = 7.6 Hz, 2H), 6.08 (d, J = 6.8 Hz, 2H), 5.45 (d, J = 6.7 Hz, 2H), 4.10 (s, 6H), 4.08 (s, 6H). 

ESI-HRMS: calculated for [C28H20IrN2O2]+ 609.1150, measured 609.1300. 

Elemental analysis calculated (%) for C56H40Cl2Ir2N4O4: C 52.21, H 3.13, N 4.35. Found: C 52.25, H 3.15, N 4.33. 

[Ir(μ-Cl)(5-Brbzq)2]2 

 

Orange solid (133.2 mg, 0.090 mmol). Yield: 96 %. 

1H NMR (300 MHz, DMSO-d6) δ [ppm]: 10.29 (d, J = 5.4 Hz, 2H), 9.87 (d, J = 5.3 Hz, 2H), 8.82 – 8.74 (m, 4H), 8.40 (s, 2H), 8.36 (s, 
2H), 8.13 (dd, J = 8.3, 5.4 Hz, 2H), 8.05 (dd, J = 8.2, 5.6 Hz, 2H), 7.47 – 7.42 (m, 2H), 7.42 – 7.36 (m, 2H), 7.06 (t, J = 7.5 Hz, 2H), 6.98 
(t, J = 7.5 Hz, 2H), 6.34 (d, J = 7.2 Hz, 2H), 5.64 (d, J = 7.1 Hz, 2H). 

ESI-HRMS: calculated for [C26H14Br2IrN2]+ 706.9120, measured 706.9117. 

Elemental analysis calculated (%) for C52H28Br4Cl2Ir2N4: C 42.09, H 1.90, N 3.78. Found: C 42.07, H 1.90, N 3.81. 

 [Ir(μ-Cl)(5-Ph2Nbzq)2]2 

 

Orange solid (141.0 mg, 0.077 mmol). Yield: 82 %. 
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1H NMR (300 MHz, DMSO-d6) δ [ppm]: 10.19 (d, J = 5.1 Hz, 2H), 9.79 (d, J = 5.1 Hz, 2H), 8.45 – 8.34 (m, 4H), 7.88 (dd, J = 8.3, 5.5 Hz, 
2H), 7.80 (dd, J = 8.2, 5.6 Hz, 2H), 7.73 (d, J = 4.3 Hz, 4H), 7.40 – 7.23 (m, 20H), 7.12 – 6.91 (m, 28H), 6.32 (d, J = 7.1 Hz, 2H), 5.64 (d, 
J = 7.2 Hz, 2H). 

ESI-HRMS: calculated for [C50H34IrN4]+ 883.2411, measured 883.2421. 

Elemental analysis calculated (%) for C100H68Cl2Ir2N8: C 65.38, H 3.73, N 6.10. Found: C 65.43, H 3.71, N 6.08. 

[Ir(μ-Cl)(5-(Ph2NC6H4)bzq)2]2 

 

This product was additionally washed two times with 1 mL of diethyl ether and two times with 1 mL of hexane. Yellow solid (180.2 
mg, 0.084 mmol). Yield: 90 %. 

1H NMR (300 MHz, DMSO-d6) δ [ppm]: 10.27 (dd, J = 5.4, 0.8 Hz, 2H), 9.87 (dd, J = 5.5, 0.9 Hz, 2H), 8.62 (d, J = 8.3 Hz, 2H), 8.54 (d, 
J = 8.2 Hz, 2H), 8.01 (dd, J = 8.4, 5.5 Hz, 2H), 7.94 – 7.86 (m, 4H), 7.84 (s, 2H), 7.60 (dd, J = 10.8, 8.6 Hz, 8H), 7.46 (d, J = 7.8 Hz, 2H), 
7.42 – 7.34 (m, 18H), 7.20 – 7.04 (m, 34H), 6.97 (t, J = 7.6 Hz, 2H), 6.35 (d, J = 7.4 Hz, 2H), 5.69 (d, J = 7.2 Hz, 2H). 

ESI-HRMS: calculated for [C62H42IrN4]+ 1035.3038, measured 1035.3043. 

Elemental analysis calculated (%) for C124H84Cl2Ir2N8: C 69.55, H 3.95, N 5.23. Found: C 69.58, H 3.97, N 5.20. 

[Ir(μ-Cl)(5-PhObzq)2]2 

 

Orange solid (125.0 mg, 0.081 mmol). Yield: 87 %. 

1H NMR (300 MHz, DMSO-d6) δ [ppm]: 10.27 (dd, J = 5.5, 1.2 Hz, 2H), 9.87 (dd, J = 5.5, 1.3 Hz, 2H), 8.84 (dd, J = 8.2, 1.3 Hz, 2H), 8.76 
(dd, J = 8.2, 1.2 Hz, 2H), 8.05 (dd, J = 8.2, 5.5 Hz, 2H), 7.94 (dd, J = 8.2, 5.6 Hz, 2H), 7.55 – 7.45 (m, 8H), 7.32 – 7.21 (m, 16H), 7.18 (s, 
2H), 7.17 (s, 2H), 6.97 (t, J = 7.6 Hz, 2H), 6.90 (t, J = 7.6 Hz, 2H), 6.24 (dd, J = 7.3, 0.6 Hz, 2H), 5.60 (dd, J = 7.3, 0.7 Hz, 2H). 

ESI-HRMS: calculated for [C38H24IrN2O2]+ 733.1464, measured 733.1469. 

Elemental analysis calculated (%) for C76H48Cl2Ir2N4O4: C 59.41, H 3.15, N 3.65. Found: C 59.43, H 3.13, N 3.67. 
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[Ir(μ-Cl)(5-Me2Nbzq)2]2 

 

A 25 mL Schlenk flask was loaded with 69 mg (0.104 mmol) of [Ir(µ-Cl)(COD)]2, 92 mg (0.414 mmol) 5-Me2NbzqH, and 3 mL of 2-
methoxyethanol. Subsequently, the flask was evacuated and backfilled with argon three times. The reaction mixture was stirred at 
120 oC in on oil bath for 6 h. After indicated time, the solvent was evaporated under reduced pressure. The residue was taken up 
in 3 mL of methanol and centrifuged. The precipitate was washed three times with 1 mL of methanol, three times with 1 mL of 
diethyl ether and two times with 1 ml of hexane. The product was dried under reduced pressure. 

Orange solid (119.9 mg, 0.089 mmol). Yield: 86 %. 

1H NMR (300 MHz, DMSO-d6) δ [ppm]: 10.18 (dd, J = 5.5, 0.8 Hz, 2H), 9.78 (dd, J = 5.4, 0.8 Hz, 2H), 8.75 (d, J = 8.2 Hz, 2H), 8.70 (d, 
J = 8.2 Hz, 2H), 7.97 (dd, J = 8.3, 5.5 Hz, 2H), 7.87 (dd, J = 8.3, 5.5 Hz, 2H), 7.34 (s, 4H), 7.27 (d, J = 7.8 Hz, 2H), 7.23 (d, J = 7.7 Hz, 
2H), 6.93 (t, J = 7.6 Hz, 2H), 6.85 (t, J = 7.6 Hz, 2H), 6.12 (d, J = 7.2 Hz, 2H), 5.49 (d, J = 7.1 Hz, 2H), 2.96 (s, 12H), 2.94 (s, 12H). 

ESI-HRMS: calculated for [C30H26IrN4]+ 635.1782, measured 635.1782. 

Elemental analysis calculated (%) for C60H52Cl2Ir2N8: C 53.76, H 3.91, N 8.36. Found: C 53.78, H 3.92, N 8.38. 

 

General procedure for the preparation of 2-phenoxypyridine derivatives  

A two-neck round-bottom flask equipped with a reflux condenser, magnetic stirrer and inert gas adapter was flushed with argon 
and filled with 30 mL of anhydrous N,N-dimethylformamide. Next, 10 mmol of 2-fluoro-4-methylpyridine (synthesis of PhOPyMeH) 
or 2-fluoropyridine (synthesis of F3CPhOPyH), 25 mmol of phenol (synthesis of PhOPyMeH) or 4-trifluoromethylphenol (synthesis 
of F3CPhOPyH), caesium carbonate (8.15 g, 25 mmol) and copper(I) chloride (99 mg, 1.0 mmol) were placed into the reaction 
vessel. Then, it was closed, placed in an oil bath and heated at 140 °C under vigorous stirring. After 20 h, all volatiles were removed 
under reduced pressure and the residue was extracted twice with 50 mL of hexane / dichloromethane (1:1 v/v). Combined extracts 
were washed thoroughly with 50 mL of 1 M aqueous NaOH, water, and brine. The resulting solution was dried over anhydrous 
sodium sulphate, concentrated on a rotary evaporator and dried in vacuo, giving pure product. 

4-methyl-2-phenoxypyridine (PhOPyMeH)  

 

Off-white oil (1.46g, 7.9 mmol). Yield: 79%. 

1H NMR (300 MHz, CD2Cl2) δ [ppm]: 8.09 (d, 1H, J=5.1 Hz), 7.41 (t, 2H, J=7.8 Hz), 7.18 (m, 3H), 6.84 (d, 1H, J=5.1 Hz), 6.73 (s, 1H), 
2.35 (s, 3H). 

13C NMR (75 MHz, CD2Cl2) δ [ppm]: 164.08, 154.40, 150.99, 147.38, 129.69, 124.54, 121.15, 119.94, 111.80, 21.04. 

GCMS (EI, 70 eV), m/z (rel. abundance, %): 184 (100), 185 (85), 156 (60), 65 (24), 157 (17), 51 (11), 186 (10). 

Elemental analysis calculated (%) for C12H11NO: C 77.81, H 5.99, N 7.56. Found: C 77.85, H 6.00, N 7.58. 
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2-(4-(trifluoromethyl))phenoxypyridine (F3CPhOPyH) 

 

White crystalline solid (1.05 g, 4.4 mmol). Yield: 44%. 

1H NMR (300 MHz, CDCl3) δ [ppm]: 8.21 (ddd, 1H, J=4.9, 1.9, 0.6 Hz), 7.74 (ddd, 1H, J=8.3, 7.3, 2.0 Hz), 7.66 (d, 2H, J=8.4 Hz), 7.24 
(d, 2H, J=8.4 Hz), 7.06 (ddd, 1H, J=7.2, 5.0, 0.9 Hz), 6.99 (dt, 1H, J=8.3, 0.8 Hz). 

13C NMR (75 MHz, CDCl3) δ [ppm]: 162.95, 157.09, 147.86, 139.94, 127.15 (q, J=3.8 Hz), 126.44, 121.22, 119.45, 112.39. 

GCMS (EI, 70 eV), m/z (rel. abundance, %): 238 (100), 239 (97), 211 (50), 78 (37), 51 (23), 115 (20), 240 (12), 220 (10). 

Elemental analysis calculated (%) for C12H8F3NO: C 60.26, H 3.37, N 5.86. Found: C 60.30, H 3.39, N 5.89. 

 

General procedure for the preparation of 2-phenoxypyridine-based C,N-cyclometalated iridium(III) chloro-bridged dimers 

A CEM microwave vial equipped with a magnetic stirrer was charged with 1.1 mL of water, 3.3 mL of 2-methoxyethanol, 0.44 mmol 
of a ligand, and 75 mg (0.21 mmol) of iridium(III) chloride hydrate (53 % iridium content). The mixture was degassed under vacuum 
and the reactor was filled with argon and quickly closed. The reaction vessel was placed in a microwave reactor and then heated 
for 10 minutes at 100 °C (max power 200 W). After indicated time, the reaction mixture was cooled down to the room temperature 
and the product was precipitated by addition of water. Fine suspension was centrifuged, a supernatant was discarded, and the 
precipitate was rinsed with 2 mL of 2-propanol and subsequently 2 mL of pentane. The product was dried in an oven at 70 oC 
overnight. 

[Ir(μ-Cl)(PhOPyMe)2]2 

 

Pale yellow dusty solid (108.0 mg, 0.091 mmol). Yield: 88 %. 

1H NMR (300 MHz, DMSO-d6) δ [ppm]: 8.68 (d, J = 6.3 Hz, 2H), 8.23 (d, J = 6.2 Hz, 2H), 7.33 (s, 2H), 7.28 (s, 2H), 7.10 (d, J = 6.1 Hz, 
4H), 6.98 – 6.76 (m, 8H), 6.59 – 6.45 (m, 4H), 5.99 (d, J = 7.5 Hz, 2H), 5.65 (d, J = 7.5 Hz, 2H), 2.44 (s, 12H). 

ESI-HRMS: calculated for [C24H20IrN2O2]+ 561.1149, measured 561.1160. 

Elemental analysis calculated (%) for C48H40Cl2Ir2N4O4: C 48.36, H 3.38, N 4.70. Found: C 48.40, H 3.39, N 4.69. 

[Ir(μ-Cl)(F3CPhOPy)2]2 
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Pale yellow dusty solid (92.8 mg, 0.066 mmol). Yield: 64 %. 

1H NMR (300 MHz, CDCl3) δ [ppm]: 8.26 – 8.11 (m, 4H), 7.68 – 7.53 (m, 4H), 7.14 (d, J = 8.2 Hz, 4H), 7.04 (d, J = 8.3 Hz, 4H), 6.97 
(d, J = 8.3 Hz, 4H), 6.55 – 6.44 (m, 4H), 5.62 (s, 4H). 

ESI-HRMS: calculated for [C24H14F6IrN2O2]+ 669.0584, measured 669.0595. 

Elemental analysis calculated (%) for C48H28Cl2F12Ir2N4O4: C 40.94, H 2.00, N 3.98. Found: C 40.96, H 2.01, N 4.00. 
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Figure S1. 1H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(ppy)2]2 

 
Figure S2. 1H NMR (400 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(2,4-diFppy)2]2 
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Figure S3. 1H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(bzq)2]2 

 
Figure S4. 1H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(5-F5C6bzq)2]2 
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Figure S5. 1H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(5-MeObzq)2]2 

 
Figure S6. 1H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(5-Brbzq)2]2 



1H and 13C NMR spectra 

S13 

 
Figure S7. 1H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(5-Me2Nbzq)2]2 

 
Figure S8. 1H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(5-Ph2Nbzq)2]2 
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Figure S9. 1H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(5-(Ph2NC6H4)bzq)2]2 

 
Figure S10. 1H NMR (400 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(5-PhObzq)2]2 
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Figure S11. 1H NMR (300 MHz, CD2Cl2, 298 K) spectrum of PhOPyMeH 

 
Figure S12. 13C NMR (75 MHz, CDCl3, 298 K) spectrum of PhOPyMeH 
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Figure S13. 1H NMR (300 MHz, CDCl3, 298 K) spectrum of F3CPhOPyH 

 
Figure S14. 13C NMR (75 MHz, CDCl3, 298 K) spectrum of F3CPhOPyH 
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Figure S15. 1H NMR (300 MHz, DMSO, 298 K) spectrum of [Ir(µ-Cl)(PhOPyMe)2]2 

 
Figure S16. 1H NMR (300 MHz, CDCl3, 298 K) spectrum of [Ir(µ-Cl)(F3CPhOPy)2]2 
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Figure S17. 1H NMR (300 MHz, CD2Cl2, 298 K) spectrum of [Ir(ppy)2Cl(ACN)] crystals dissolved in CD2Cl2 

 
Figure S18. 1H NMR (300 MHz, CD3CN, 298 K) spectrum of [Ir(µ-Cl)(ppy)2]2 
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Figure S19. 1H NMR (300 MHz, CD2Cl2, 298 K) spectra of [Ir(ppy)2Cl(DMSO)] crystals dissolved in CD2Cl2 (top), [Ir(µ-Cl)(ppy)2]2 dissolved in CD2Cl2 
(middle), and [Ir(ppy)2Cl(DMSO)] obtained via titration of [Ir(µ-Cl)(ppy)2]2 in CD2Cl2 (bottom) 
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Figure S20. Final stage of [Ir(µ-Cl)(ppy)2]2 titration with DMSO, 1H NMR (300 MHz, CD2Cl2, 298 K)  
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Figure S21. ESI-HRMS spectrum of [Ir(µ-Cl)(ppy)2]2 in acetonitrile, predicted (left) and measured (right) 

  
Figure S22. ESI-HRMS spectrum of [Ir(µ-Cl)(2,4-diFppy)2]2 in acetonitrile, predicted (left) and measured (right)  
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Figure S23. ESI-HRMS spectrum of [Ir(µ-Cl)(bzq)2]2 in acetonitrile, predicted (left) and measured (right) 

  
Figure S24. ESI-HRMS spectrum of [Ir(µ-Cl)(5-F5C6bzq)2]2 in acetonitrile, predicted (left) and measured (right) 
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Figure S25. ESI-HRMS spectrum of [Ir(µ-Cl)(5-MeObzq)2]2 in acetonitrile, predicted (left) and measured (right, normalized) 

  
Figure S26. ESI-HRMS spectrum of [Ir(µ-Cl)(5-Brbzq)2]2 in acetonitrile, predicted (left) and measured (right) 
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Figure S27. ESI-HRMS spectrum of [Ir(µ-Cl)(5-Me2Nbzq)2]2 in acetonitrile, predicted (left) and measured (right) 

  
Figure S28. ESI-HRMS spectrum of [Ir(µ-Cl)(5-Ph2Nbzq)2]2 in acetonitrile, predicted (left) and measured (right) 
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Figure S29. ESI-HRMS spectrum of [Ir(µ-Cl)(5-(Ph2NC6H4)bzq)2]2 in acetonitrile, predicted (left) and measured (right) 

  
Figure S30. ESI-HRMS spectrum of [Ir(µ-Cl)(5-PhObzq)2]2 in acetonitrile, predicted (left) and measured (right) 
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Figure S31. ESI-HRMS spectrum of [Ir(µ-Cl)(PhOPyMe)2]2 in acetonitrile, predicted (left) and measured (right, normalized) 

  
Figure S32. ESI-HRMS spectrum of [Ir(µ-Cl)(F3CPhOPy)2]2 in acetonitrile, predicted (left) and measured (right, normalized) 
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Figure S33. ESI-HRMS spectrum of [Ir(µ-Cl)(ppy)2]2 in acetonitrile at different declustering potential applied (more positive, top; default, middle; 
more negative, bottom), predicted (left) and measured (right) 
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Table S1. Crystal data, data collection and structure refinement 

Compound [Ir(µ-Cl)(bzq)2]2 [Ir(µ-Cl)(5-Ph2Nbzq)2]2 [Ir(ppy)2Cl(ACN)] [Ir(ppy)2Cl(DMSO)] 
Formula C52H32Cl2Ir2N4 C100H68Cl2Ir2N8 C24H19ClIrN3·CH3CN C24H22ClIrN2OS·1/8H2O 

Formula weight 1168.11 

/c 

1836.92 618.12 616.40 
Crystal system monoclinic triclinic monoclinic monoclinic 
Space group P21/c P-1 I2/a P21/n 

a(Å) 12.57827(16) 13.6111(13) 17.5287(3) 17.1858(3) 
b(Å) 9.54317(14) 17.2172(13) 9.4354(2) 15.2142(3) 
c(Å) 33.1530(5) 18.6765(14) 28.8315(4) 17.6902(3) 
α(°) 90 76.563(6) 90 90 
b(º) 96.3729(14) 83.522(7) 102.475(2) 111.551(2) 
γ(°) 90 86.691(7) 90 90 

V(Å3) 3954.98(10) 4227.5(6) 4655.87(15) 4302.06(15) 
Z 4 2 8 8 

Dx(g cm-3) 1.962 1.443 1.764 1.903 
F(000) 2240 1824 2400 2394 
µ(mm-1) 14.429 3.260 5.871 6.448 

Reflections:     
collected 17193 31326 24128 35822 

unique (Rint) 7131 (0.034) 14860 (0.211) 5273 (0.024) 9719 (0.026) 
with I>2σ(I) 6700 5742 5016 8266 

R(F) [I>2σ(I)] 0.0608 0.1384 0.0169 0.0265 
wR(F2) [I>2σ(I)] 0.1525 0.2502 0.0604 0.0746 
R(F) [all data] 0.0639 0.2459 0.0187 0.0360 

wR(F2) [all data] 0.1538 0.3072 0.0618 0.0799 
Goodness of fit 1.195 1.003 0.979 1.048 

max/min Dr (e·Å-3) 2.25/-2.02 4.25/-2.97 1.13/-0.77 1.57/-1.22 
 

Table S2a. Relevant geometrical features for [Ir(µ-Cl)(bzq)2]2 and [Ir(µ-Cl)(5-Ph2Nbzq)2]2 (Å,º) 

[Ir(µ-Cl)(bzq)2]2 [Ir(µ-Cl)(5-Ph2Nbzq)2]2 
Ir1-N1A 2.124(10) Ir2-N1C 2.094(10) Ir1-N1A 2.020(18) Ir2-N1C 1.953(18) 
Ir1-N1B 2.145(10) Ir2-N1D 2.119(10) Ir1-N1B 2.050(16) Ir2-N1D 2.030(18) 
Ir1-C12A 2.003(12) Ir2-C12C 2.000(12) Ir1-C12A 1.767(18) Ir2-C12C 2.08(2) 
Ir1-C12B 2.007(10) Ir2-C12D 2.018(19) Ir1-C12B 2.07(2) Ir2-C12D 2.02(2) 
Ir1-Cl1 2.509(3) Ir2-Cl1 2.525(3) Ir1-Cl1 2.472(6) Ir2-Cl1 2.486(6) 
Ir1-Cl2 2.518(3) Ir1-Cl2 2.496(3) Ir1-Cl2 2.493(6) Ir1-Cl2 2.505(6) 

        
N1A-Ir1-N1B 170.2(4) N1C-Ir2-N1D 171.0(4) N1A-Ir1-N1B 173.8(8) N1C-Ir2-N1D 175.5(8) 
C12A-Ir1-Cl2 175.7(4) C12D-Ir2-Cl2 171.7(3) C12A-Ir1-Cl2 169.7(5) C12D-Ir2-Cl1 174.3(6) 
C12B-Ir1-Cl1 171.8(3) C12C-Ir2-Cl1 173.7(3) C12B-Ir1-Cl1 176.1(5) C12C-Ir2-Cl2 172.3(5) 

        
        

Max(A) 0.0782(11) -0.1224(7)  0.0308(19)    
A/B 82.72(14) C/D 75.53(18) A/B 82.7(3) C/D 81.2(4) 

    A/A1 72.1(8) C/C1 60.6(8) 
    A/A2 86.4(7) C/C2 87.4(7) 
    A1/A2 74.7(9) C1/C2 67.7(10) 
    B/B1 80.4(8) D/D1 87.3(8) 
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    B/B2 77.8(8) D/D2 77.8(8) 
    B1/B2 74.0(9) D1/D2 69.9(11) 

Max(A) is the maximum deviation from the least-squares plane through Ir and Cl atoms, A, B and C, D are the mean least-squares planes of aromatic ring systems 
coordinated to the same Ir atoms; A1, A2 etc. in [Ir(µ-Cl)(5-Ph2Nbzq)2]2 denote the mean planes of phenyl rings from appropriate NPh2 groups. 

 

Table S2b. Relevant geometrical features for [Ir(ppy)2Cl(ACN)] and [Ir(ppy)2Cl(DMSO)] (Å,º)  

 [Ir(ppy)2Cl(ACN)] [Ir(ppy)2Cl(DMSO)] A [Ir(ppy)2Cl(DMSO)] B 
Ir1-N1A 2.045(2) 2.058(3) 2.061(3) 
Ir1-N1B 2.049(2) 2.080(3) 2.083(3) 
Ir1-C8A 2.001(3) 2.050(4) 2.042(4) 
Ir1-C8B 2.001(1) 2.023(4) 2.025(4) 
Ir1-Cl1 2.4950(6) 2.4770(10) 2.4784(9) 

Ir1-N1(S1) 2.108(2) 2.3593(10) 2.3335(10) 
    

N1A-Ir1-N1B 173.37(8) 170.19(13) 171.53(12) 
C8B-Ir1-Cl1 176.35(8) 177.20(11) 174.13(11) 

C8B-Ir1-N1(S1) 176.49(9) 176.07(10) 173.71(10) 
    

A/B 10.33(17) 8.5(2) 7.5(2) 
C/D 3.48(12) 2.6(2) 3.0(2) 

A, B and C, D are the mean least-squares planes of aromatic ring systems coordinated to the same Ir atoms. 
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