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ABSTRACT: The lack of red and deep-red emitting molecular phosphors with high
photoluminescence quantum yields remains a significant fundamental challenge and has
implications in optoelectronic technologies for color displays and other consumer
products. In this work, we introduce a series of seven new red or deep-red emitting
heteroleptic bis-cyclometalated iridium(III) complexes, supported by five different
ancillary ligands (L^X) from the salicylaldimine and 2-picolinamide families. Previous
work had shown that electron-rich anionic chelating “L^X” ligands can be effective in
supporting efficient red phosphorescence, and the complementary approach described
here, in addition to being synthetically simpler, offers two key advantages over the previous designs. First, the “L” and “X”
functionalities can be independently tuned, providing excellent control over the electronic energy levels and excited-state dynamics.
Second, these classes of L^X ligands can have beneficial impacts on the excited-state dynamics but do not significantly perturb the
emission color profile. Cyclic voltammetry experiments show that the substituents on the L^X ligand impact the HOMO energy but
have a minimal effect on the LUMO energy. Photoluminescence measurements reveal that all the compounds luminesce in the red
or deep-red region as a function of the cyclometalating ligand and exhibit exceptionally high photoluminescence quantum yields
(ΦPL), comparable or superior to the best-performing red-emitting iridium complexes.

■ INTRODUCTION
Since their discovery, cyclometalated iridium complexes have
been extensively studied in various applications, such as
biological probes,1,2 photosensitizers,3,4 catalysts,5,6 and
sensors.7,8 The use of Ir(III) complexes as emitters in organic
light-emitting diodes (OLEDs) is their most widely developed
application.9−12 Due to the strong spin−orbit coupling (SOC)
induced by the heavy metal, iridium(III) complexes have
relatively short excited state lifetimes among phosphorescent
compounds and therefore are suitable for OLED applica-
tions.13,14 Phosphorescent iridium complexes can often have
near-unity quantum yields15−18 in the green and yellow
regions, and thus OLED devices with colors in these regions
are very efficient and represent a low research priority in the
display industry.
However, iridium complexes that emit in the red region

typically have lower quantum yields, and those that have been
doped into some of the most efficient red OLEDs have
photoluminescence quantum yields near 0.5 in solution.10,19,20

There are also other metal complexes have been explored in
red to near-infrared phosphorescence, with high photo-
luminescence efficiency that makes them suitable for
OLEDs.21−23 These lower efficiencies in the red region stem
from the energy gap law,24 which dictates faster nonradiative
decay rates (knr) in red emitters, as well as the cubic
dependence of the radiative rate (kr) on the transition energy,
which results in a smaller kr.

25 Therefore, augmenting
phosphorescence quantum yields in the lower energy ranges
of the visible spectrum is still a fundamental challenge, and

improvements and new insights could lead to more efficient
red OLEDs while benefiting the design of near-infrared
phosphors that are critical for applications including night
vision,26 medical imaging,27 and biological probes.28

One of the most well-studied classes of luminescent iridium
complexes is the heteroleptic [Ir(C^N)2(L^X)] structure,
where C^N is the cyclometalating ligand and L^X is a
monoanionic chelating ancillary ligand. Color tuning the
phosphorescence is most often accomplished by the structure
of the cyclometalating ligand,29 but it has been recognized for
some time that the ancillary L^X ligand can subtly influence
the emission wavelength while having a large influence on
redox properties and excited-state dynamics.30 Our group has
shown the impact that ancillary ligands can have in maximizing
photoluminescence quantum yields in the red region and
beyond,31−34 and a few other groups have followed with
related approaches.35,36 Our strategy has centered on electron-
rich, π-donating ancillary ligands, which destabilize the
HOMO orbital, increase the metal d-orbital participation and
SOC in the excited state, and augment kr values.31,37 L^X
ligands from the β-ketoiminate and amidinate families are

Received: May 30, 2023
Published: July 6, 2023

Articlepubs.acs.org/IC

© 2023 American Chemical Society
11278

https://doi.org/10.1021/acs.inorgchem.3c01770
Inorg. Chem. 2023, 62, 11278−11286

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
H

O
U

ST
O

N
 M

A
IN

 o
n 

Ja
nu

ar
y 

24
, 2

02
4 

at
 0

3:
11

:2
1 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenggang+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sungwon+Yoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yennie+H.+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+S.+Teets"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.3c01770&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01770?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01770?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01770?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01770?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01770?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/62/28?ref=pdf
https://pubs.acs.org/toc/inocaj/62/28?ref=pdf
https://pubs.acs.org/toc/inocaj/62/28?ref=pdf
https://pubs.acs.org/toc/inocaj/62/28?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf


particularly effective in this regard, but there are some key
disadvantages. First, syntheses of these previous generations
typically involve highly basic and moisture-sensitive alkali
metal salts of the L^X ligands, and the electron-rich
Ir(C^N)2(L^X) products are not amenable to chromato-
graphic purification and at times not stable under ambient
conditions. Second, the L^X ligands in most of our previous
efforts were conjugated, making it impossible to independently
tune the “L” and “X” functionalities. While in the end this may
not be a detriment, the ability to separately perturb the “L” and
“X” modalities was a fundamental interest of ours, and here, we
show that it can be advantageous when optimizing red
phosphorescence. Finally, the previous electron-rich L^X
ligands we employed all engendered substantial red shifts in
phosphorescence, so it was not possible to optimize excited-
state dynamics without eroding the color profile.
Salicylaldimines and 2-picolinamides represent alternative

classes of L^X ligands that have been used in a few reports to
support luminescent cyclometalated iridium complexes.
Salicylaldimine complexes can exhibit enhanced red phosphor-
escence in the solid state38−40 and circularly polarized
luminescence,41 whereas 2-picolinamide analogues phosphor-
esce in the green to yellow regions.42−45 One common feature
of these recent reports is the use of 2-phenylpyridine or
fluorinated 2-phenylpyridine C^N ligands, which results in the
emissive T1 state being a charge-transfer state that intimately
involves orbitals from the L^X ligand. This feature leads to rich
photophysical behavior, but none of the reported compounds
exhibit exceptional photoluminescence quantum yields, partic-
ularly those that luminesce in the red region.
We reasoned that these L^X ligand classes are ideally suited

to support efficient red phosphorescence when paired with
C^N ligands designed to engender phosphorescence in that
region. In this case, the emissive charge-transfer state would
involve the C^N ligand, as it most often does, but the electron-
rich salicylaldime or 2-picolinamide would influence the Ir 5d
π orbital energy, excited-state SOC, and excited-state
dynamics, as we have seen with other classes of electron-rich
L^X ligands.31,46 In the present work, we adopt two
complementary classes of L^X ligands, N-substituted salicy-
laldimine (L1 and L2) and N-substituted 2-picolinamide (L3−
L5), to design high-performing red emitters. In the former, the
imine “L” functionality is tuned via substituent modification,
and in the latter, it is the amide “X” functionality, and both
modifications serve the ultimate goal of optimizing red
phosphorescence. A common cyclometalating ligand, 1-
phenylisoquinoline (piq), which is known to produce red
phosphorescence, was paired with all of the L^X ligands. The
two best-performing ancillary ligands (L1 and L5) were also
used with 1-phenylisoquinoline-4-carbonitrile (CNpiq) to
evaluate their efficacy in the deep-red region. In total, seven
new red-emitting complexes have been reported, with all of
them exhibiting exceptionally high photoluminescence quan-
tum yields that rival or exceed those of previous generations. A
detailed description of the electrochemical and photophysical
properties evaluates the influence of the ancillary ligands on
these compounds. This study shows that salicylaldimine and
picolinamide ancillary ligands can support red and deep-red
phosphors with exceptional ΦPL values, making them attractive
targets for the design of red emitters used in OLED devices
and other optoelectronic applications.

■ EXPERIMENTAL SECTION
Materials. Reactions were performed by using standard Schlenk

techniques. Toluene for photophysical measurements and tetrahy-
drofuran (THF) and acetonitrile for electrochemical measurements
were obtained from a Grubbs Solvent Purification System and
deaerated with argon. Tetrabutylammonium hexafluorophosphate
(TBAPF6) was recrystallized from hot ethanol, and ferrocene was
purified by sublimation before use in cyclic voltammetry experiments.
Commercially available starting materials and reagents were used
without further purification. The iridium dimers of the general
formula [Ir(C^N)2(μ-Cl)]2 (C^N = cyclometalating ligand) were
prepared by following literature procedures.47 Salicylaldimine ligands
L1H and L2H were prepared using the classic Schiff base synthesis
route.48,49 Picolinamide ligands L3H−L5H were synthesized by
coupling pyridine-2-carbonyl chloride hydrochloride with the
corresponding amines.50,51

Physical Methods. 1H and 13C{1H} NMR spectra (Figures S1−
S14) were collected at room temperature using a JEOL ECA-500 or
ECA-600 NMR spectrometer. The ESI-MS experiments (Figures
S15−S21) were carried out at The University of Texas at Austin’s
Mass Spectrometry Facility or Texas A&M University Chemistry
Department Mass Spectrometry Facility. UV−vis absorption spectra
were recorded in toluene solutions in 1 cm screw-capped quartz
cuvettes using an Agilent Cary 8454 UV−vis spectrophotometer.
Emission spectra were measured using a Horiba FluoroMax-4
spectrofluorometer with appropriate long-pass filters to exclude
stray excitation light from detection. Samples for emission spectra
were prepared in a nitrogen-filled glovebox using dry, deoxygenated
solvents to exclude air. Emission quantum yields were determined
relative to the standard of tetraphenylporphyrin (TPP) in toluene,
which has a reported fluorescence quantum yield (ΦF) of 0.11. Thin-
film PMMA samples were kept under nitrogen until immediately
before measurement. Low-temperature measurements were per-
formed with a custom quartz EPR tube with high-vacuum Teflon
valve seals and cooled to 77 K in liquid nitrogen using a finger Dewar.
The absolute quantum yields of complexes doped into poly(methyl
methacrylate) (PMMA) thin films were measured by using a
Spectralon-coated integrating sphere integrated with a Horiba
FluoroMax-4 spectrofluorometer. Luminescence lifetimes were
measured on a Horiba DeltaFlex Lifetime System, using appropriate
pulsed diode excitation. Cyclic voltammetry (CV) measurements
were carried out with a CH Instruments 602E potentiostat using a
three-electrode system, interfaced with a nitrogen glovebox via wire
feedthroughs. Measurements were performed in acetonitrile or THF
solutions with 0.1 M TBAPF6 as a supporting electrolyte, by using a 3
mm diameter glassy carbon working electrode, Pt wire counter
electrode, and silver wire pseudoreference electrode. All potentials
displayed in this work were referenced to an internal standard of
ferrocene.

PMMA Film Fabrication. A solution of PMMA (98 mg, 35 kDa)
in dichloromethane (1.0 mL) was prepared at room temperature in a
nitrogen-filled glovebox. Then, the respective iridium complex (2 mg,
2 wt %) was added to the solution and stirred, giving a homogeneous
solution. The resulting solution was drop-coated on a quartz substrate
and dried at room temperature for 24 h.

X-ray Crystallography Details. Single crystals were mounted on
a Bruker Apex II three-circle diffractometer using Mo Kα radiation (λ
= 0.71073 Å). The data was collected at 123(2) K, then processed
and refined within the APEXII software. Structures were solved by
intrinsic phasing methods in SHELXT and refined by standard
difference Fourier techniques in the program SHELXL.52 Hydrogen
atoms bonded to carbon were placed in calculated positions using the
standard riding model and refined isotropically; all non-hydrogen
atoms were refined anisotropically. The structure of piq-L2 included
heavily disordered solvent electron density that could not be
satisfactorily refined, necessitating the use of the SQUEEZE
command in PLATON.53 The structure of piq-L5 included two
disordered solvent molecules. Distance restraints (SADI) and rigid-
bond restraints (SIMU and DELU) are used to restrain the
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disordered parts. Crystallographic details are summarized in Tables S1
and S2.
General Procedure for Preparation of Salicylaldimine

Complexes. The chloro-bridged cyclometalated iridium dimer was
treated with 5 equiv of Na2CO3 in 10 mL of ethanol and stirred for 1
h, and then 2.1 equiv of the salicylaldimine ligand (LnH, n = 1 or 2)
was added. The reaction mixture was refluxed overnight. After the
solvent was removed under vacuum, the residue was redissolved in
CH2Cl2 and then filtered through a thin layer of alumina, using
CH2Cl2 as the eluent to flush out the product.
Preparation of [Ir(piq)2L1] (piq-L1). Prepared by the general

procedure using [Ir(piq)2(μ-Cl)]2 (100 mg, 0.079 mmol) and L1H
(27 mg, 0.17 mmol). The resulting crude product was further purified
by recrystallization from CH2Cl2/pentane to give a red solid. Yield: 67
mg, 55%. 1H NMR (500 MHz, CDCl3) δ 9.01−8.94 (m, 1H, piq
ArH), 8.94−8.86 (m, 1H, ArH), 8.81 (d, J = 6.4 Hz, 1H, ArH), 8.36
(d, J = 6.4 Hz, 1H, ArH), 8.21 (d, J = 8.0 Hz, 1H, ArH), 8.12 (d, J =
8.0 Hz, 1H, ArH), 8.04 (s, 1H, N = CHAr), 7.96−7.90 (m, 1H, ArH),
7.88−7.80 (m, 1H, ArH), 7.74−7.70 (m, 2H, ArH), 7.68−7.64 (m,
2H, ArH), 7.44 (d, J = 6.4 Hz, 1H, ArH), 7.29 (d, J = 6.3 Hz, 1H,
ArH), 7.14 (t, J = 6.8 Hz, 1H, ArH), 7.07 (d, J = 7.9 Hz, 1H, ArH),
6.94−6.85 (m, 2H, ArH), 6.71−6.58 (m, 3H, ArH), 6.42 (d, J = 6.6
Hz, 1H, ArH), 6.38 (t, J = 7.3 Hz, 1H, ArH), 6.17 (d, J = 7.6 Hz, 1H,
ArH), 3.15 (td, J = 10.7, 5.6 Hz, 1H, CH2CH2CH3), 2.95 (td, J =
10.6, 5.5 Hz, 1H, CH2CH2CH3), 1.21−1.13 (m, 1H, CH2CH2CH3),
1.00−0.90 (m, 1H, CH2CH2CH3), 0.30 (t, J = 7.3 Hz, 3H,
CH2CH2CH3). 13C{1H} NMR (126 MHz, CDCl3) δ: 170.1, 169.1,
166.3, 162.0, 156.3, 155.3, 146.4, 146.3, 141.6, 141.2, 137.2, 136.8,
134.7, 134.2, 133.4, 132.2, 130.7, 130.6, 129.94, 129.87, 129.3, 129.2,
127.8, 127.6, 127.5, 127.4, 127.0, 126.7, 126.5, 126.3, 124.4, 121.4,
120.9, 120.1, 119.9, 119.5, 112.8, 65.7, 24.5, 11.2. HRMS-ESI (m/z):
[M + H]+ calcd for C40H32IrN3O, 764.2250; found, 764.2238.
Preparation of [Ir(piq)2L2] (piq-L2). Prepared by the general

procedure using [Ir(piq)2(μ-Cl)]2 (100 mg, 0.079 mmol) and L2H
(35 mg, 0.17 mmol). The resulting crude product was further purified
by recrystallization from CH2Cl2/pentane to give a red solid. The
compound was isolated as a dichloromethane solvate, piq-L2·
0.5CH2Cl2. Yield: 75 mg, 56%. 1H NMR (500 MHz, CDCl3) δ
9.01−8.92 (m, 1H, ArH), 8.86 (d, J = 6.3 Hz, 1H, ArH), 8.78 (d, J =
6.4 Hz, 1H, ArH), 8.54 (d, J = 8.5 Hz, 1H, ArH), 8.18 (d, J = 8.0 Hz,
1H, ArH), 8.07 (s, 1H, N�CHAr), 7.90 (d, J = 7.9 Hz, 1H, ArH),
7.88−7.83 (m, 1H, ArH), 7.72−7.57 (m, 5H, ArH), 7.45 (d, J = 6.3
Hz, 1H, ArH), 7.35 (d, J = 6.4 Hz, 1H, ArH), 7.15 (t, J = 6.8 Hz, 1H,
ArH), 7.08 (d, J = 8.0 Hz, 1H, ArH), 6.91 (t, J = 7.6 Hz, 1H, ArH),
6.68 (t, J = 7.4 Hz, 1H, ArH), 6.65−6.58 (m, 2H, ArH), 6.43 (t, J =
6.8 Hz, 1H, ArH), 6.40−6.31 (m, 4H, ArH), 6.20 (d, J = 7.6 Hz, 1H,
ArH), 5.93 (d, J = 7.9 Hz, 2H, ArH), 2.05 (s, 3H, ArCH3). 13C{1H}
NMR (126 MHz, CDCl3) δ: 169.8, 169.4, 167.4, 161.7, 155.8, 155.1,
149.5, 146.3, 145.9, 142.0, 140.9, 137.0, 136.8, 135.2, 134.14, 134.07,
133.8, 133.2, 130.6, 130.5, 129.9, 129.5, 129.3, 128.8, 127.9, 127.7,
127.4, 127.3, 127.2, 127.1, 126.8, 126.6, 126.1, 124.9, 122.2, 121.9,
120.5, 119.8, 119.7, 119.3, 113.3, 21.6. HRMS-ESI (m/z): [M + H]+
calcd for C44H32IrN3O, 812.2250; found, 812.2237.
Preparation of [Ir(CNpiq)2L1] (CNpiq-L1). Prepared by the general

procedure using [Ir(CNpiq)2(μ-Cl)]2 (25 mg, 0.020 mmol) and L1H
(7 mg, 0.043 mmol). The resulting crude product was further purified
by recrystallization from THF/pentane to give a purple solid. The
compound was isolated as a tetrahydrofuran solvate, CNpiq-L1·
0.5THF. Yield: 13 mg, 38%. 1H NMR (600 MHz, CD2Cl2) δ 9.08 (s,
1H, ArH), 9.02 (d, J = 8.5 Hz, 1H, ArH), 8.92 (d, J = 8.5 Hz, 1H,
ArH), 8.63 (s, 1H, ArH), 8.30 (t, J = 8.8 Hz, 2H, ArH), 8.18 (t, J = 8.9
Hz, 2H, ArH), 8.04 (s, 1H, N�CHAr), 7.97−7.86 (m, 3H, ArH),
7.84 (t, J = 7.7 Hz, 1H, ArH), 7.14−7.08 (m, 2H, ArH), 7.00 (q, J =
7.0 Hz, 2H, ArH), 6.74 (q, J = 8.0 Hz, 2H, ArH), 6.58 (d, J = 7.6 Hz,
1H, ArH), 6.49 (d, J = 9.0 Hz, 1H, ArH), 6.40 (t, J = 7.4 Hz, 1H,
ArH), 6.16 (d, J = 7.6 Hz, 1H, ArH), 3.16 (td, J = 10.7, 5.4 Hz, 1H,
CH2CH2CH3), 2.98 (td, J = 10.6, 5.5 Hz, 1H, CH2CH2CH3), 1.17−
1.08 (m, 1H, CH2CH2CH3), 0.96−0.87 (m, 1H, CH2CH2CH3), 0.33
(t, J = 7.3 Hz, 3H, CH2CH2CH3). 13C{1H} NMR (151 MHz, CDCl3)
δ: 175.0, 174.3, 166.3, 163.2, 159.2, 158.5, 147.1, 146.4, 144.5, 144.3,

135.8, 135.3, 134.79, 134.76, 134.3, 133.5, 133.3, 132.3, 132.2, 132.1,
131.4, 131.0, 129.4, 129.2, 128.4, 127.8, 125.2, 125.1, 125.0, 124.4,
123.6, 121.9, 121.1, 120.8, 115.6, 115.2, 114.2, 103.9, 102.9, 65.3,
24.7, 11.2. HRMS-ESI (m/z): [M + H]+ calcd for C42H30IrN5O,
814.2155; found, 814.2144.

General Procedure for Preparation of Picolinamide Com-
plexes. After 2.5 equiv of the picolinamide ligand (LnH, n = 3−5)
were treated with 3 equiv of sodium methoxide in 10 mL of anhydride
methanol and stirred for 10 min, 1 equiv of chloro-bridged
cyclometalated iridium dimer was added. The reaction mixture was
refluxed overnight. After the solvent was removed under vacuum, the
residue was redissolved in CH2Cl2 and then filtered through a thin
layer of alumina. After the solvent had evaporated, the crude product
was purified by column chromatography on silica gel, using CH2Cl2 as
the eluent.

Preparation of [Ir(piq)2L3] (piq-L3). Prepared by the general
procedure using [Ir(piq)2(μ-Cl)]2 (100 mg, 0.079 mmol) and L3H
(33 mg, 0.20 mmol) to give a red solid. Yield: 71 mg, 59%. 1H NMR
(500 MHz, CD2Cl2) δ 9.00−8.91 (m, 2H, ArH), 8.58 (d, J = 6.3 Hz,
1H, ArH), 8.25 (m, 3H, ArH), 7.93−7.89 (m, 2H, ArH), 7.81 (t, J =
7.5 Hz, 1H, ArH), 7.77−7.69 (m, 4H, ArH), 7.54 (d, J = 4.8 Hz, 1H,
ArH), 7.50 (d, J = 6.5 Hz, 1H, ArH), 7.47 (d, J = 6.5 Hz, 1H, ArH),
7.31 (d, J = 6.3 Hz, 1H, ArH), 7.11 (t, J = 6.2 Hz, 1H, ArH), 7.04 (t, J
= 7.5 Hz, 1H, ArH), 6.99 (t, J = 7.5 Hz, 1H, ArH), 6.82 (t, J = 7.2 Hz,
1H, ArH), 6.74 (t, J = 7.3 Hz, 1H, ArH), 6.35 (d, J = 7.4 Hz, 1H,
ArH), 6.30 (d, J = 7.5 Hz, 1H, ArH), 3.37 (td, J = 10.2, 6.2 Hz, 1H,
CH2CH2CH3), 2.89 (td, J = 10.4, 4.6 Hz, 1H, CH2CH2CH3), 1.10−
0.99 (m, 1H, CH2CH2CH3), 0.65−0.59 (m, 1H, CH2CH2CH3), 0.29
(t, J = 7.2 Hz, 3H, CH2CH2CH3). 13C{1H} NMR (126 MHz,
CD2Cl2) δ: 170.4, 169.8, 169.2, 160.5, 157.7, 157.5, 148.5, 146.7,
145.5, 142.1, 141.0, 137.3, 136.8, 136.5, 132.6, 132.2, 131.0, 130.8,
130.5, 130.1, 129.6, 128.0, 127.9, 127.28, 127.25, 126.9, 126.3, 126.2,
126.1, 120.9, 120.7, 120.5, 120.4, 49.1, 23.0, 11.6. HRMS-ESI (m/z):
[M + H]+ calcd for C39H31IrN4O, 765.2202; found, 765.2198.

Preparation of [Ir(piq)2L4] (piq-L4). Prepared by the general
procedure using [Ir(piq)2(μ-Cl)]2 (100 mg, 0.079 mmol) and L4H
(42 mg, 0.20 mmol) to give a red solid. Yield: 64 mg, 50%. 1H NMR
(500 MHz, CDCl3) δ 9.03 (d, J = 6.4 Hz, 1H, ArH), 8.93 (d, J = 8.9
Hz, 1H, ArH), 8.65 (d, J = 8.5 Hz, 1H, ArH), 8.39 (d, J = 8.2 Hz, 1H,
ArH), 8.22 (d, J = 8.0 Hz, 1H, ArH), 7.99−7.56 (m, 9H, ArH), 7.50
(d, J = 5.2 Hz, 1H, ArH), 7.45 (d, J = 6.5 Hz, 1H, ArH), 7.28−7.23
(m, 1H, ArH), 7.15 (t, J = 7.4 Hz, 1H, ArH), 7.00 (t, J = 7.4 Hz, 1H,
ArH), 6.80 (t, J = 7.4 Hz, 1H, ArH), 6.70 (t, J = 7.4 Hz, 1H, ArH),
6.52 (d, J = 7.7 Hz, 1H, ArH), 6.48 (t, J = 7.4 Hz, 1H, ArH), 6.40 (d, J
= 8.0 Hz, 2H, ArH), 6.25 (d, J = 8.3 Hz, 2H, ArH), 6.00 (d, J = 7.7
Hz, 1H, ArH), 2.01 (s, 3H, ArCH3). 13C{1H} NMR (126 MHz,
CDCl3) δ: 170.1, 169.8, 169.6, 159.0, 157.5, 156.9, 148.4, 146.5,
144.9, 144.4, 142.5, 141.0, 137.2, 136.9, 136.5, 133.3, 131.9, 131.3,
131.0, 130.8, 130.5, 130.2, 129.8, 129.3, 128.0, 127.9, 127.6, 127.4,
127.32, 127.26, 127.1, 127.0, 126.8, 126.3, 126.2, 124.8, 121.0, 120.7,
120.2, 120.1, 20.9. HRMS-ESI (m/z): [M + H]+ calcd for
C43H31IrN4O, 813.2202; found, 813.2185.

Preparation of [Ir(piq)2L5] (piq-L5). Prepared by the general
procedure using [Ir(piq)2(μ-Cl)]2 (100 mg, 0.079 mmol) and L5H
(53 mg, 0.20 mmol) to give a red solid. Yield: 86 mg, 63%. 1H NMR
(600 MHz, CDCl3) δ 8.98−8.93 (m, 2H, ArH), 8.55 (d, J = 8.5 Hz,
1H, ArH), 8.39 (d, J = 7.7 Hz, 1H, ArH), 8.24 (d, J = 7.8 Hz, 1H,
ArH), 7.94−7.90 (m, 1H, ArH), 7.88−7.82 (m, 2H, ArH), 7.78−7.67
(m, 4H, ArH), 7.64 (t, J = 7.1 Hz, 1H, ArH), 7.60 (d, J = 6.4 Hz, 1H,
ArH), 7.54 (d, J = 5.3 Hz, 1H, ArH), 7.46 (d, J = 6.4 Hz, 1H, ArH),
7.28 (d, J = 6.4 Hz, 1H, ArH), 7.19 (t, J = 5.7 Hz, 1H, ArH), 7.03 (t, J
= 6.9 Hz, 1H, ArH), 6.84−6.77 (m, 3H, ArH), 6.71 (t, J = 6.9 Hz, 1H,
ArH), 6.56 (d, J = 6.4 Hz, 1H, ArH), 6.52 (t, J = 6.9 Hz, 1H, ArH),
6.45 (d, J = 8.2 Hz, 2H, ArH), 6.01 (d, J = 6.3 Hz, 1H, ArH). 13C{1H}
NMR (126 MHz, CDCl3) δ: 170.3, 169.7, 169.4, 157.9, 156.2, 148.6,
146.4, 144.9, 142.2, 140.8, 137.4, 136.9, 136.5, 133.4, 131.8, 131.2,
131.0, 130.6, 130.3, 129.8, 129.5, 128.2, 127.0, 127.4, 127.4, 127.2,
127.2, 127.0, 126.3, 126.1, 125.4, 124.34, 124.31, 121.2, 120.7, 120.6,
120.5. HRMS-ESI (m/z): [M + H]+ calcd for C43H28F3IrN4O,
867.1917; found, 867.1906.
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Preparation of [Ir(CNpiq)2L5] (CNpiq-L5). Prepared by the general
procedure using [Ir(CNpiq)2(μ-Cl)]2 (30 mg, 0.022 mmol) and L5H
(15 mg, 0.056 mmol) to give a red solid. Yield: 13 mg, 64%. 1H NMR
(500 MHz, CDCl3) δ 9.27 (s, 1H, ArH), 8.99 (d, J = 9.6 Hz, 1H,,
ArH), 8.48 (t, J = 7.8 Hz, 2H, ArH), 8.33 (d, J = 8.1 Hz, 1H, ArH),
8.28 (d, J = 8.1 Hz, 1H, ArH), 8.25 (d, J = 8.3 Hz, 1H, ArH), 8.00−
7.94 (m, 2H, ArH), 7.94−7.89 (m, 2H, ArH), 7.81 (t, J = 7.8 Hz, 1H,
ArH), 7.75 (d, J = 8.1 Hz, 1H, ArH), 7.48 (d, J = 4.6 Hz, 1H, ArH),
7.31 (t, J = 7.0 Hz, 1H, ArH), 7.14 (t, J = 8.3 Hz, 1H, ArH), 6.94 (td,
J = 7.4, 1.2 Hz, 1H, ArH), 6.85−6.78 (m, 3H, ArH), 6.69−6.60 (m,
2H, ArH), 6.42 (d, J = 8.2 Hz, 2H, ArH), 6.03 (d, J = 6.5 Hz, 1H,
ArH). 13C{1H} NMR (126 MHz, CD2Cl2) δ: 174.8, 174.0, 149.1,
146.9, 135.0, 134.0, 133.7, 133.6, 132.8, 132.2, 132.0, 131.9, 131.4,
130.4, 129.8, 128.2, 125.9, 124.7, 124.3, 124.2, 122.1, 121.3, 114.4.
HRMS-ESI (m/z): [M + H]+ calcd for C45H26F3IrN6O, 917.1822;
found, 917.1823.

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization. The syn-

thesis of seven new heteroleptic bis-cyclometalated iridium
complexes is outlined in Scheme 1. The substituted

salicylaldimine complexes were prepared by treating [Ir-
(C^N)2(μ-Cl)]2 with the corresponding salicylaldimine
proligand (L1H or L2H) and sodium carbonate in ethanol
under reflux in an ambient atmosphere. The synthesis of the 2-
picolinamide complexes started by treating the 2-picolinamide
proligand (L3H−L5H) with sodium methoxide in methanol at
room temperature. The resultant deprotonated ligand was then
combined with the chloro-bridged cyclometalated iridium
dimer and refluxed overnight to give the target complexes. The
compounds are stable to chromatographic purification, which
was used along with recrystallization for purification, and
isolated in moderate to good yields ranging from 38%−64%.
Their identities and purity are validated by high-resolution
ESI-MS and 1H and 13C{1H} NMR spectroscopy (Figures S1−
S14). The NMR spectra of all new compounds are consistent
with the C1 symmetry. Compounds are denoted with the
formalism C^N-Ln, where C^N indicates the cyclometalating

ligand, piq for 1-phenylisoquinoline, or CNpiq for 1-
phenylisoquinoline-4-carbonitrole, and Ln is the numerical
designation for the ancillary ligand, as described in Scheme 1.
All five of the C^N = piq complexes were characterized by

single-crystal X-ray diffraction to confirm the coordination
environment, and their molecular structures are shown in
Figures 1 and 2 with refinement data summarized in Tables S1

and S2 of the Supporting Information. In the salicylaldimine
complexes (piq-L1 and piq-L2, Figure 1), the ancillary ligand
C−O bond distances are ca. 1.30 Å, shorter than a typical C−
O single bond (ca. 1.4 Å), and indicative of some π-
delocalization into the ancillary ligand core. However, in the
picolinamide ligands in complexes piq-L3, piq-L4, and piq-L5

(Figure 2), while there is evidence for delocalization of the
amide nitrogen atom’s negative charge into the adjacent C�O
bond, there is no delocalization of charge into the pyridine “L”
donor arm. Specifically, the C−C distance from the 2-position
of the pyridine ring to the amide C�O carbon ranges from

Scheme 1. Synthesis of Target Complexes

Figure 1. Molecular structures of salicylaldimine complexes piq-L1

and piq-L2, determined by single-crystal X-ray diffraction. Thermal
ellipsoids are shown at the 50% probability level. Hydrogen atoms
have been omitted for clarity.

Figure 2. Molecular structures of 2-picolinamide complexes piq-L3,
piq-L4, and piq-L5, determined by single-crystal X-ray diffraction.
Thermal ellipsoids are shown at the 50% probability level. Hydrogen
atoms and solvent molecules have been omitted for clarity.
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1.492(6) to 1.514(6) Å, consistent with a C−C single bond
with no π-delocalization. Moreover, the structures in Figure 2
demonstrate the N,N binding mode of the 2-picolinamide
ligand, as opposed to the N,O binding mode we observed with
other amidate ligands that lack the pyridine ring.46 The X−Ir−
N (X = O or N) bite angles are very similar in the two six-
member chelate salicylaldimine complexes, 86.3(3)° and
87.14(8)°, and, as expected, smaller in the five-member
chelate 2-picolinamide complexes, ranging from 75.88(14)°
to 76.28(16)°.
Electrochemistry. The electrochemical properties of the

complexes were studied by cyclic voltammetry in anaerobic
acetonitrile (salicylaldimine complexes) or THF (2-picolina-
mide complexes) solutions. The overlaid voltammograms are
shown in Figure 3, with the redox potentials reported relative

to the ferrocene couple (Fc+/Fc) and summarized in Table 1.
Two reversible one-electron reduction waves are observed in
all the complexes, which depend slightly on the ancillary ligand
and are assigned to the subsequent reduction of each C^N
ligand. Complexes with the more-conjugated cyclometalating
ligand CNpiq have reduction potentials that are >500 mV
more positive than the piq analogues with the same ancillary
ligand, suggesting substantial stabilization of the LUMO
energy brought on by the cyano group.34

The formal IrIV/IrIII couple, Eox, is responsive to ancillary
ligand substitution. In the salicylaldimine complexes with C^N

= piq, replacing the N-propyl substituent in piq-L1 with an N-
tolyl substituent in piq-L2 induces a significant 150-mV
positive shift in Eox. In the 2-picolinamide series, Eox is less
responsive to the N-substituent, and for reasons that are
unclear, replacing N-propyl (piq-L3) with N-tolyl (piq-L4)
causes a shift in the opposite direction, toward a more negative
potential. The CF3 group in piq-L5 has the expected effect of
anodically shifting Eox. The Eox value also experiences a
significant positive shift in the CNpiq complexes, at parity of
the ancillary ligand, suggesting that there is some delocalization
of the HOMO density onto the C^N ligand. For the five C^N
= piq complexes, the electrochemical HOMO−LUMO gaps
(ΔEH−L), estimated from the difference between Eox and the
first Ered potential, are all similar for a given L^X ligand class.
Those with 2-picolinamide ancillary ligands have larger ΔEH−L
values than the salicylaldimine versions, but within a given
class, the HOMO−LUMO gaps vary by no more than 90 mV.
The bigger change in ΔEH−L comes about in the CNpiq
complexes, where the large LUMO stabilization results in a
smaller HOMO−LUMO (H−L) gap, though again the 2-
picolinamide complex CNpiq-L5 has a larger ΔEH−L than the
salicylaldimine complex CNpiq-L1.

Photophysical Properties. UV−vis absorption spectra
were recorded at room temperature in toluene and are overlaid
in Figure 4.

There are no unexpected features in the spectra, which align
well with other well-characterized bis-cyclometalated iridium
complexes.29,30 The absorption bands in the UV region (λ <
350 nm) are dominated by intense spin-allowed ligand-
centered π → π* transitions involving cyclometalating and
ancillary ligands. The less intense, overlapping absorption
bands tailing beyond 600 nm are assigned to singlet and triplet
metal-to-ligand charge transfer (1MLCT/3MLCT) transitions.
Consistent with their smaller electrochemical HOMO−LUMO
gaps, these bands tail to longer wavelengths in the CNpiq
complexes. In the piq series, the ancillary ligand structure and
substitution have little impact on UV−vis absorption features.
Figure 5 collects the room-temperature photoluminescence

spectra of the iridium complexes, and Table 2 summarizes the
data. The excitation spectra are shown in the Supporting
Information (Figures S22−S28) and in each case overlay
perfectly with UV−vis absorption spectra, indicating that there
are no impurities interfering with the observed emission. Time-
resolved photoluminescence measurements, used to determine
PL lifetimes, are collected in Figures S31−S44. Consistent with
the electrochemical HOMO−LUMO gaps (Table 1), the peak
emission wavelengths in the piq-salicylaldimine series (piq-L1

Figure 3. Cyclic voltammograms of all complexes, recorded in
acetonitrile (L1 and L2 complexes) or THF (L3−L5 complexes) with
0.1 M TBAPF6 electrolyte. Currents are normalized to bring all the
traces into the same scale, and the arrows indicate the scan direction.

Table 1. Summary of Redox Potentials for All Complexes
Measured by Cyclic Voltammetrya

Eox/V Ered/V ΔEH−L
c/eV

piq-L1 0.30b −2.17, −2.39 2.47
piq-L2 0.45b −2.06, −2.29 2.51

CNpiq-L1 0.44b −1.62, −1.81 2.06
piq-L3 0.45 −2.25, −2.50 2.70
piq-L4 0.38 −2.28, −2.51 2.66
piq-L5 0.46 −2.29, −2.52 2.75

CNpiq-L5 0.68 −1.68, −1.94 2.36
aExperiments were conducted in MeCN for salicylaldimine complexes
(L1 and L2) and THF for 2-picolinamide complexes (L3−L5).
Potentials are referenced to the Fc+/Fc couple. bIrreversible wave; the
half-peak potential54 is reported. cElectrochemical HOMO−LUMO
gap, estimated as Eox − Ered.

Figure 4. Overlaid UV−vis absorption spectra of a) salicylaldimine
complexes and b) 2-picolinamide complexes, recorded in toluene at
room temperature.
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and piq-L2) are slightly red-shifted compared to those of the
picolinamide analogues with the same C^N ligand. These
trends are mirrored in spectra recorded at 77 K in rigid toluene
glass, where the vibronic structure is better resolved, and peak
wavelengths are slightly blue-shifted relative to room-temper-
ature spectra (Figures S29 and S30).
The complex piq-L1, with an n-propyl-substituted salicy-

laldimine ancillary ligand, showed strong red luminescence
(ΦPL = 0.59) in fluid toluene solution with an emission
maximum of 629 nm and has a near-unity quantum yield when
immobilized in poly(methyl methacrylate) (PMMA) film, with
ΦPL = 0.93. Replacing the N-propyl substituent with N-tolyl in
piq-L2 causes the quantum yield to decrease by about half,
both in solution (ΦPL = 0.21 for piq-L2) and in PMMA film
(ΦPL = 0.59 for piq-L2). The much shorter lifetime in solution
for piq-L2 (τ = 0.41 μs vs 1.1 μs) indicates a more than 5-fold
increase in the nonradiative rate constant (knr) is largely
responsible. In PMMA film, the lifetimes of piq-L1 and piq-L2

are similar, but again the increase in knr is the more significant
factor for the decrease in ΦPL. Despite the significant
differences in the photoluminescence quantum yield and
lifetime between these two compounds, the emission peak
wavelengths are nearly identical, suggesting the ancillary ligand
substituent does not perturb the emission color but can have
significant effects on the excited-state dynamics.
Similar ligand substituent effects can be observed in the

picolinamide series, particularly for spectra recorded in a fluid
solution. N-alkyl-substituted piq-L3 has a solution quantum
yield 2× higher than that of N-tolyl analogue piq-L4, primarily
because of a much higher knr value in the latter. However,

replacing the N-tolyl group with 4-trifluoromethylphenyl in
piq-L5 leads to the suppression of knr and the highest solution
quantum yield in the series of 0.80. These observations suggest
the possibility that Csp3−H bond vibrations in the ancillary
ligand are involved in nonradiative decay in these compounds,
as eliminating those in piq-L5 produced the lowest knr and
highest ΦPL. In the PMMA film, the three salicylaldimine
complexes have quantum yields and lifetimes similar to those
of one another, all quite high for the red region (ΦPL = 0.65−
0.79).
To comment in more detail about the kr and knr values in the

C^N = piq series, we note that all five compounds have similar
kr values in solution, spanning a narrow range of 3.5−5.4 × 105
s−1. These values rival or exceed those of other top-performing
red-phosphorescent iridium complexes,19,31,55 but do not seem
to be systematically controlled by the ancillary ligand structure.
However, in solution, the knr values span a wide range and
seem to depend strongly on the L^X ligand substituents, with
N-propyl outperforming N-tolyl, and the CF3-substituted
analogue piq-L5 performing the best in solution. In PMMA
films, the kr values are generally similar to the solution values,
but in all cases, a large suppression of knr occurs on account of
the more rigid matrix.
From the five C^N = piq compounds, we identified

salicylaldimine ligand L1 and 2-picolinamide ligand L5 as the
two best-performing L^X ligands and hypothesized they could
also support efficient phosphorescence with significant deep-
red (λ = 650−700 nm) and near-infrared (λ > 700) intensity.
To test this, we prepared cyano-substituted analogues CNpiq-
L1 and CNpiq-L5, which have smaller HOMO−LUMO gaps

Figure 5. Overlaid photoluminescence spectra of all complexes recorded at room temperature. The emission spectra were recorded in both toluene
(red solid line) and as a 2 wt % transparent PMMA film (blue dashed line). The inset shows a photograph of the PMMA film.

Table 2. Summary of Photoluminescence Data for All Complexes

Toluene 2 wt % in PMMA

λ/nm ΦPL τ/μs (kr × 10−5 /s−1)/(knr× 10−5 /s−1) λ/nm ΦPL τ/μs (kr × 10−5 /s−1)/(knr× 10−5 /s−1)

piq-L1 629, 676(sh) 0.59 1.1 5.4/3.7 631, 676(sh) 0.93 1.1 8.5/0.64
piq-L2 632, 682(sh) 0.21 0.41 5.1/19 631, 667(sh) 0.59 1.2 4.9/3.4

CNpiq-L1 704 0.48 0.48 10/11 700 0.65 0.67 9.7/5.2
piq-L3 627, 674(sh) 0.45 1.3 3.5/4.2 615, 658(sh) 0.74 2.3 3.2/1.1
piq-L4 621, 672(sh) 0.22 0.45 4.9/17 616, 661(sh) 0.79 1.9 4.2/1.1
piq-L5 614, 659(sh) 0.80 1.6 5.0/1.3 604, 643(sh) 0.65 2.0 3.3/1.8

CNpiq-L5 672, 728(sh) 0.76 0.90 8.4/2.7 661, 718(sh) 0.84 1.0 8.4/1.6
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(Table 1) and photoluminescence maxima well beyond 650
nm (Figure 5 and Table 2). Importantly, the high ΦPL values
observed in the red region are maintained for these lower-
energy emitters. In CNpiq-L1, which luminesces with a
maximum near 700 nm, ΦPL = 0.48 in solution, augmenting
to 0.65 in PMMA. In CNpiq-L5, which is not as deep red,
exceptional ΦPL values of 0.76 (toluene solution) and 0.84
(PMMA film) are observed. These compounds represent some
of the most efficient deep-red phosphors known and show that
the salicylaldimine and 2-picolinamide ligand classes developed
here are particularly effective in this region of the spectrum.

■ CONCLUSIONS
To summarize, we developed two ancillary ligand classes that
support efficient bis-cyclometalated iridium red phosphors.
These electron-rich ancillary ligands enable a large radiative
rate constant, kr. Ligand substituents play a large role in
controlling the nonradiative rate constant (knr) in a fluid
solution, which allows the photoluminescence quantum yield,
ΦPL, to be optimized. Some notable advantages of these classes
of ancillary ligands emerge when comparing to other types of
electron-rich L^X ligands that have been previously used in
red-phosphorescent compounds. First, the synthetic chemistry
is simplified, using air and moisture-stable precursors, and
generating products that are robust under ambient conditions
and amenable to chromatographic purification. Moreover, the
chemically distinct and unconjugated “L” and “X” function-
alities can be modified separately, and we showed here that
substituent effects on both parts can play major roles in
optimizing the photoluminescence. Finally, the large impacts
on excited-state dynamics occur with minimal changes in the
T1 energy and the accompanying phosphorescence spectrum,
allowing the phosphorescence efficiency to be optimized
without alteration of the emission color profile. Another
important insight from this work is that the optimum
salicylaldimine ligand (L1) and 2-picolinamide ligand (L5),
selected from a survey of five red-emitting C^N = piq
complexes, also perform exemplarily in cyano-substituted
compounds that luminesce deeper in the red and near-infrared
region. This work produced several red phosphors with
exceptional photoluminescence quantum yields and motivates
future studies and applications of compounds supported by
these classes of ancillary ligands.
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