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ABSTRACT: A series of 2-aryloxazolo[4,5- f ][1,10]-
phenanthroline ligands (N^N ligands) and their cationic iridium-
(III) complexes (1−11, aryl = 4-NO2-phenyl (1), 4-Br-phenyl (2),
Ph (3), 4-NPh2-phenyl (4), 4-NH2-phenyl (5), pyridin-4-yl (6),
naphthalen-1-yl (7), naphthalen-2-yl (8), phenanthren-9-yl (9),
anthracen-9-yl (10), and pyren-1-yl (11)) were synthesized and
characterized. By introducing different electron-donating or
electron-withdrawing substituents at the 4-position of the 2-
phenyl ring (1−5), or different aromatic substituents with varied
degrees of π-conjugation (6−11) on oxazolo[4,5-f ][1,10]-
phenanthroline ligand, we aim to understand the effects of
terminal substituents at the N^N ligands on the photophysics of
cationic Ir(III) complexes using both spectroscopic methods and
quantum chemistry calculations. Complexes with the 4-R-phenyl
substituents adopted an almost coplanar structure with the oxazolo[4,5-f ][1,10]phenanthroline motif, while the polycyclic aryl
substituents (except for naphthalen-2-yl) were twisted away from the oxazolo[4,5-f ][1,10]phenanthroline motif. All complexes
possessed strong absorption bands below 350 nm that emanated from the ligand-localized 1π,π*/1ILCT (intraligand charge
transfer) transitions, mixed with 1LLCT (ligand-to-ligand charge transfer)/1MLCT (metal-to-ligand charge transfer) transitions.
At the range of 350−570 nm, all complexes exhibited moderately strong 1ILCT/1LLCT/1MLCT transitions at 350−450 nm, and
broad but very weak 3LLCT/3MLCT absorption at 450−570 nm. Most of the complexes demonstrated moderate to strong room
temperature phosphorescence both in solution and in the solid state. Among them, complex 7 also manifested a drastic
mechanochromic and vapochromic luminescence effect. Except for complexes 1 and 4 that contain NO2 or NPh2 substituent at
the phenyl ring, respectively, all other complexes exhibited moderate to strong triplet excited-state absorption in the spectral
region of 440−750 nm. Moderate to very strong reverse saturable absorption (RSA) of these complexes appeared at 532 nm for
4.1 ns laser pulses. The RSA strength followed the trend of 7 > 11 > 9 > 3 > 2 ≈ 4 > 5 ≈ 10 ≈ 6 ≈ 8 > 1. The photophysical
studies revealed that the different 2-aryl substituents on the oxazole ring impacted the singlet and triplet excited-state
characteristics dramatically, which in turn notably influenced the RSA of these complexes.

■ INTRODUCTION

Luminescent octahedral d6 Ir(III) complexes have been
extensively explored due to the efficient intersystem crossing
induced by the heavy Ir(III) ion, which results in strong room
temperature phosphorescence in solutions. In addition, the
Ir(III) complexes possess broad charge transfer absorption in
the visible spectral region, intriguing electrochemical properties,
and high chemical, thermal, and optical stabilities. These unique
properties make Ir(III) complexes promising candidates for a
variety of optoelectronic and biomedical applications, such as
organic light-emitting devices (OLEDs),1−3 light-emitting
electrochemical cells (LEECs),4−6 photocatalysis,7 upconver-
sion,8 nonlinear optics,9−25 biosensing and bioimaging,26−31

and photodynamic therapy.25,32−36 To meet the specific

requirements for each application, structural modifications are
needed for fine-tuning of the chemical, electronic, or optical
properties of the Ir(III) complexes.
Cationic heteroleptic Ir(III) complexes are interesting

candidates for the aforementioned applications because the
ground-state and excited-state properties of these complexes
can be readily tuned by substituents on the cyclometalating
(C^N) ligands or the diimine (N^N) ligand,9,10,21,37−40 or by
variation of the π-conjugation of the C^N or N^N
ligands.8,11,12,15−25,41 One class of frequently used π-conjugated
N^N ligand is the 2-arylimidazole[4,5-f ][1,10]phenanthroline.
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Due to the ease of preparation, and facile tuning of the
photophysical and electronic properties via substitution at the
2-aryl ring or the imidazole ring, or via variations of pH value or
cation/anion, this type of ligand has been widely used in
developing Ir(III) complexes for biomolecular targeting or
labeling, chemosensing, photocatalysis, and photosensitization
applications.8,42−50 Although the photophysical properties of
these complexes are very promising, the presence of acidic N−
H hydrogen on the imidazole ring makes the formed complexes

sensitive to the polarity and nature of the solvent, the pH values
of the solution, and the counterion in the case of cationic Ir(III)
complexes. While such sensitivity to environmental changes can
be beneficial for sensing applications, it would cause potential
stability issues for optoelectronic device fabrication and
application. In addition, the N−H hydrogen would expel the
2-H on the 2-aryl ring, making the 2-aryl substituent non-
coplanar with the imidazole[4,5-f ][1,10]phenanthroline motif
and thus reducing the impact of the substituent at the aryl ring

Scheme 1. Synthetic Routes of Complexes 1−11
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on the photophysics and electrochemical properties of the
Ir(III) complexes. It has been reported that the dihedral angle
between the 2-(4-trifluoromethyl)phenyl ring and the
imidazole[4,5-f ][1,10]phenanthroline motif was ∼11°.42
To overcome these drawbacks, we focus our investigations

on replacing the imidazole ring by its isoelectronic oxazole ring,
which substitutes the N−H unit by one O atom on the ring and
consequently makes the 2-aryl substituent more coplanar with
the oxazolo[4,5-f ][1,10]phenanthroline. Unfortunately, due to
the challenge in synthesizing 2-aryloxazolo[4,5-f ][1,10]-
phenanthroline, the studies on 2-aryloxazolo[4,5-f ][1,10]-
phenanthrolines and their corresponding transition-metal
complexes are quite limited.51−61 To date, the only method
reported for the synthesis of 2-aryloxazolo[4,5-f ][1,10]-
phenanthrolines was the cyclization reaction between 1,10-
phenanthroline-5,6-dione and arylaldehyde in the presence of
NH4OAc in refluxing acetic acid.62,63 This method is the same
method used for the synthesis of 2-arylimidazole[4,5-f ][1,10]-
phenanthrolines, during which 2-aryloxazolo[4,5-f ][1,10]-
phenanthrolines were formed as the byproducts in some
cases, and thus the yield was very low (ca. 10%).62,63 In
addition, only limited types of 2-aryl substituents were
introduced to the oxazolo[4,5-f ][1,10]phenanthroline motif
as reported in the literature.51−63 In view of the potentially
better coplanarity between the 2-aryl substituent and the
oxazolo[4,5-f ][1,10]phenanthroline motif, we anticipate a
more pronounced impact of the substituents on the 2-aryl
motif. Therefore, the photophysical properties of the resulting
Ir(III) complexes could be rationally tuned via π-conjugation or
different substituents on the 2-aryl group. Moreover, better
coplanarity could potentially improve the emission efficiency
and may cause red-shifts of the charge transfer absorption
band(s) in the UV−vis absorption spectra of the Ir(III)
complexes, which could benefit the applications of OLEDs,
photosensitization, or broadband reverse saturable absorption
(RSA, a nonlinear optical phenomenon responsible for
increasing the absorptivity of a material with increased incident
fluence, which has potential applications in optical switching,64

laser mode locking,65 optical pulse shaping,66 spatial light
modulation,67 laser beam compression and limiting,68,69 etc.)
In this work, we developed a new synthetic route that can be

used for synthesis of oxazolo[4,5-f ][1,10]phenanthroline with
different aryl substituents at the 2-position of the oxazole ring.
Eleven 2-aryloxazolo[4,5-f ][1,10]phenanthrolines, i.e., 2-(4-
nitrophenyl) (L1), 2-(4-bromophenyl) (L2), 2-phenyl (L3),
2-(4-diphenylaminophenyl) (L4), 2-(4-aminophenyl) (L5), 2-
(pyridin-4-yl) (L6), 2-(naphthalen-1-yl) (L7), 2-(naphthalen-2-
yl) (L8), 2-(phenanthren-9-yl) (L9), 2-(anthracen-9-yl) (L10),
and 2-(pyren-4-yl) (L11), were synthesized and used as the
N^N ligand for preparation of biscyclometalated monocationic
Ir(III) complexes 1−11 (structures of the complexes are shown
in Scheme 1). By introducing different electron-donating or
electron-withdrawing substituents at the 4-position of the 2-
phenyl ring (1−5), and different aromatic substituents with
varied degrees of π-conjugation (6−11) on oxazolo[4,5-
f ][1,10]phenanthroline, we aim to understand the effects of
terminal substituents at the N^N ligands on the photophysics
of cationic Ir(III) complexes. We also intend to demonstrate
the feasibility of these Ir(III) complexes as reverse saturable
absorbers, which require weak ground-state absorption but
strong excited-state absorption in the visible to the near-IR
region, high quantum yield of the triplet excited-state
formation, and long-lived triplet excited state. In addition to

the photophysical and RSA studies, we found that complex 7
exhibited interesting mechanochromic and vapochromic
luminescence effects, which showed the potential of these
complexes as smart pressure or organic vapor sensing materials.

■ EXPERIMENTAL SECTION
Synthesis and Characterizations. All reagents including p-

bromonitrobenzene, p-dibromobenzene, bromobenzene, 4-bromopyr-
idine, 1-bromonaphthalene, 2-bromonaphthalene, 4-diphenylamino-
benzaldehyde (DABA) were purchased from Sigma-Aldrich or Alfa
Aesar Co. Ltd. Tetrahydrofuran (THF) was distilled under N2 over
sodium benzophenoneketyl. All other reagents were used as received.
Silica gels (230−400 mesh) used for chromatography were purchased
from Sorbent Technology. The intermediate compounds and ligands
were characterized by 1H NMR spectroscopy, while the Ir(III)
complexes were characterized by 1H NMR, HRMS, and elemental
analysis. 1H NMR spectra were measured on a Bruker 400 MHz
spectrometer using CDCl3 as the solvent, with tetramethylsilane
(TMS) as internal standard. ESI-HRMS analyses were performed on a
Waters Synapt G2-Si mass spectrometer. Elemental analyses were
carried out by NuMega Resonance Laboratories, Inc., in San Diego,
California. Powder X-ray diffraction (XRD) patterns of the samples
were collected on a Phillips X’Pert MPD powder X-ray diffractometer.

Synthetic routes for the synthesis of complexes 1−11 are provided
in Scheme 1. Compound 1,10-phenanthroline-5,6-dione (PhenDO)
was synthesized according to the literature procedure.70 The synthetic
scheme, experimental details, and 1H NMR data for the other
precursors, i.e., 9-bromomethylphenanthrene, 9-bromomethylanthra-
cene, and 1-bromomethylpyrene, are given in Scheme S1. The Ir(III)
dimer [Ir(ppy)2]2Cl2 (ppy refers to 2-phenylpyridine (C^N) ligand)
was synthesized following the Nonoyama method.71 The synthetic
details and characterization data for 1,10-phenanthroline-5,6-dione-6-
oxime (PhenNO), ligands L1−L4 and L6−L11, and complexes 1−11
are provided below.

PhenNO. Compounds 1,10-phenanthroline-5,6-dione (PhenDO)
(1.89 g, 9.0 mmol), NH2OH·HCl (657 mg, 9.45 mmol), and 45 mL of
EtOH were added to a flask. The mixture was heated to reflux for 3 h.
After cooling to rt, the solid was collected by filtration. The crude
product was purified by recrystallization in ethanol to obtain yellow
powder (1.46 g, yield: 73%). 1H NMR (400 MHz, d6-DMSO): δ 9.51
(d, J = 8.0 Hz, 1H), 9.12 (dd, J1 = 4.8 Hz, J2 = 1.6 Hz, 1H), 8.92 (dd, J1
= 4.8 Hz, J2 = 1.6 Hz, 1H), 8.64 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H),
7.92−7.88 (m, 2H).

General Procedure for the Synthesis of L1−L3 and L6−L11.
To a Schlenk tube were added PhenNO (135 mg, 0.6 mmol),
ArCH2Br (1.0 mmol), triethylamine (TEA) (182 mg, 1.8 mmol), dry
THF (6 mL), and dry DMF (3 mL), and the mixture was degassed
with N2 for 30 min. Then the reaction mixture was stirred at 50 °C for
24 h. The mixture was poured into water and extracted with ether. The
organic layer was dried over Na2SO4. After removal of the solvent, the
residue was purified by column chromatography (silica gel, CH2Cl2/
MeOH = 100/1, v/v) twice to obtain the crude product. The crude
product was recrystallized with CH2Cl2/ether to obtain the pure
product.

Ligand L1 (crude): light yellow solid (82 mg, 40% yield). Because
of the poor solubility of the crude product, the light yellow solid
obtained was washed with CH2Cl2 and ether and used for the next
step reaction without further purification

Ligand L2: white solid (79 mg, 35% yield). 1H NMR (400 MHz,
CDCl3): δ 9.23−9.21 (m, 2H), 8.92 (d, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H),
8.66 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 8.24−8.21 (m, 2H), 7.78−7.70
(m, 4H).

Ligand L3: white solid (70 mg, 39% yield). 1H NMR (400 MHz,
CDCl3): δ 9.22−9.20 (m, 2H), 8.92 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H),
8.66 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 8.36−8.33 (m, 2H), 7.76−7.72
(m, 2H), 7.58−7.55 (m, 3H).

Ligand L6: white solid (57 mg, 32% yield). 1H NMR (400 MHz,
CDCl3): δ 9.31−9.28 (m, 2H), 8.96 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H),
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8.91 (dd, J1 = 4.4 Hz, J2 = 1.6 Hz, 2H), 8.74 (dd, J1 = 8.0 Hz, J2 = 1.6
Hz, 1H), 8.23 (dd, J1 = 4.4 Hz, J2 = 1.6 Hz, 2H), 7.85−7.81 (m, 2H).
Ligand L7: white solid (68 mg, 33% yield). 1H NMR (400 MHz,

CDCl3): δ 9.65 (d, J = 8.4 Hz, 1H), 9.31−9.29 (m, 2H), 9.11 (dd, J1 =
8.0 Hz, J2 = 1.6 Hz, 1H), 8.78 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 8.60
(dd, J1 = 7.2 Hz, J2 = 1.2 Hz, 1H), 8.12 (d, J = 8.4 Hz, 1H), 8.02 (d, J =
8.4 Hz, 1H), 7.87−7.79 (m, 3H), 7.73−7.66 (m, 2H).
Ligand L8: white solid (73 mg, 35% yield). 1H NMR (400 MHz,

CDCl3): δ 9.29−9.27 (m, 2H), 9.03 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H),
8.92 (s, 1H), 8.80 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 1H), 8.47 (dd, J1 = 8.8
Hz, J2 = 2.0 Hz, 1H), 8.10−8.07 (m, 2H), 7.98−7.96 (m, 1H), 7.85−
7.81 (m, 2H), 7.66−7.63 (m, 2H).
Ligand L9: white solid (62 mg, 26% isolated yield). 1H NMR (400

MHz, CDCl3): δ 9.65 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 9.26−9.23
(m, 2H), 9.04 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 8.81−8.72 (m, 4H),
8.07 (d, J = 8.4 Hz, 1H), 7.82−7.68 (m, 6H).
Ligand L10: light yellow solid (31 mg, 13% yield). 1H NMR (400

MHz, CDCl3): δ 9.30−9.26 (m, 2H), 9.03 (dd, 1H), 8.71 (s, 1H), 8.66
(dd, 1H), 8.15−8.10 (m, 4H), 7.82−7.73 (m, 2H), 7.55−7.51 (m,
4H).
Ligand L11: greenish-yellow solid (56 mg, 22% yield). 1H NMR

(400 MHz, CDCl3): δ 9.94 (d, J = 9.6 Hz, 1H), 9.28−9.25 (m, 2H),
9.12 (d, J = 9.6 Hz, 1H), 9.01 (d, J = 8.4 Hz, 1H), 8.82−8.79 (m, 1H),
8.36 (d, J = 8.4 Hz, 1H), 8.35−8.28 (m, 3H), 8.21−8.08 (m, 3H),
7.85−7.81 (m, 2H).
Synthesis of Ligand L4. Compounds 4-diphenylaminobenzalde-

hyde (164 mg, 0.6 mmol), phenanthrolinedione (126 mg, 0.6 mmol),
ammonium acetate (462 mg, 6 mmol), and glacial acetic acid (15 mL)
were added to a Schlenk tube. The mixture was degassed with nitrogen
for 30 min and then reacted at 110 °C overnight. After cooling to rt,
the mixture was poured into water and neutralized with NH3·H2O.
The mixture was extracted with CH2Cl2, and the organic layer was
dried over MgSO4. The crude product was purified by column
chromatography (silica gel, CH2Cl2/MeOH = 50:1, v/v) twice to
afford orange solid 27 mg, yield: 10%. 1H NMR (400 MHz, CDCl3): δ
9.28−9.21 (m, 2H), 8.93−8.90 (d, J = 8.4 Hz, 1H), 8.63 (d, J = 8.4 Hz,
1H), 8.17−8.13 (m, 2H), 7.76−7.70 (m, 2H), 7.34−7.30 (m, 4H),
7.20−7.11 (m, 8H).
General Procedure for the Synthesis of Complexes 1−4 and

6−11. To a stirred solution of L1−L11 (except for L5) (0.1 mmol)
and [Ir(ppy)2]2Cl2 (54 mg, 0.05 mmol) in degassed CH2Cl2 (30 mL)
and methanol (15 mL) was added AgSO3CF3 (26 mg, 0.1 mmol). The
mixture was refluxed overnight under nitrogen. After cooling to rt,
NH4PF6 (163 mg, 1.0 mmol) was added. The mixture was stirred for
another 2 h. After removal of the solvent, the residue was purified by
column chromatography (silica gel, CH2Cl2/MeOH = 100:1−50:1, v/
v) twice to afford the pure product.
Complex 1: orange solid (34 mg, 35% yield). 1H NMR (400 MHz,

CDCl3): δ 9.18 (dd, J1 = 8.3 Hz, J2 = 1.4 Hz, 1H), 9.12 (dd, J1 = 8.3
Hz, J2 = 1.4 Hz, 1H), 8.65−8.55 (m, 2H), 8.48−8.30 (m, 4H), 8.01−
7.91 (m, 4H), 7.81−7.69 (m, 4H), 7.52 (d, J = 5.2 Hz, 1H), 7.43 (d, J
= 5.2 Hz, 1H), 7.17−7.08 (m, 2H), 7.08−6.98 (m, 3H), 6.96−6.88 (m,
1H), 6.43 (dd, J1 = 8.2 Hz, J2 = 1.6 Hz, 2H). ESI-HRMS (m/z): calcd
for [C41H26IrN6O3]

+, 843.1698; found, 843.1699. Elemental analysis
calcd (%) for C41H26IrN6O3PF6: C, 49.85; H, 2.65; N, 8.51. Found: C,
49.88; H, 3.00; N, 8.56.
Complex 2: orange solid (58 mg, 57% yield). 1H NMR (400 MHz,

CDCl3): δ 9.17 (dd, J1 = 8.4 Hz, J2 = 1.2 Hz, 1H), 9.06 (dd, J1 = 8.4
Hz, J2 = 1.2 Hz, 1H), 8.36−8.28 (m, 4H), 8.01−7.90 (m, 4H), 7.78−
7.71 (m, 6H), 7.51 (d, J = 5.6 Hz, 1H), 7.40 (d, J = 5.6 Hz, 1H), 7.12
(t, J = 7.6 Hz, 2H), 7.04−6.98 (m, 3H), 6.89 (t, J = 7.6 Hz, 1H), 6.43
(d, J = 8.0 Hz, 2H). ESI-HRMS (m/z): calcd for [C41H26BrIrN5O]

+,
876.0936; found, 876.0939. Elemental analysis calcd (%) for
C41H26BrIrN5OPF6: C, 48.20; H, 2.56; N, 6.85. Found: C, 48.32; H,
2.43; N, 6.62.
Complex 3: orange solid (64 mg, 68% yield). 1H NMR (400 MHz,

CDCl3): δ 9.19 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 9.05 (dd, J1 = 8.0
Hz, J2 = 1.2 Hz, 1H), 8.43−8.41 (m, 2H), 8.36−8.32 (m, 2H), 8.02−
7.90 (m, 4H), 7.76−7.73 (m, 4H), 7.64−7.62 (m, 3H), 7.52 (d, J = 5.2
Hz, 1H), 7.40 (d, J = 5.2 Hz, 1H), 7.12 (t, J = 7.6 Hz, 2H), 7.02−7.00

(m, 3H), 6.90 (t, J = 7.6 Hz, 1H), 6.43 (d, J = 8.0 Hz, 2H). ESI-HRMS
(m/z): calcd for [C41H27IrN5O]

+, 798.1847; found, 798.1847.
Elemental analysis calcd (%) for C41H27IrN5OPF6·0.2CH2Cl2: C,
51.55; H, 2.88; N, 7.30. Found: C, 51.25; H, 2.54; N, 7.00.

Complex 4: orange-red solid (57 mg, 51% yield). 1H NMR (400
MHz, CDCl3): δ 9.16 (d, J = 8.0 Hz, 1H), 8.99 (d, J = 8.0 Hz, 1H),
8.31 (dd, J1 = 13.6 Hz, J2 = 4.0 Hz, 2H), 8.19 (d, J = 8.8 Hz, 2H),
7.98−7.87 (m, 4H), 7.75−7.71 (m, 4H), 7.51 (d, J = 5.6 Hz, 1H), 7.38
(t, J = 7.6 Hz, 5H), 7.25−6.98 (m, 13H), 6.90 (t, J = 6.0 Hz, 1H), 6.43
(d, J = 7.6 Hz, 2H). ESI-HRMS (m/z): calcd for [C53H36IrN6O]

+,
965.2584; found, 965.2579. Elemental analysis calcd (%) for
C53H36IrN6OPF6·2.5H2O·0.5C6H14: C, 56.13; H, 4.04; N, 7.01.
Found: C, 56.25; H, 4.41; N, 7.14.

Complex 6: orange solid (56 mg, 59% yield). 1H NMR (400 MHz,
CDCl3): δ 9.20 (d, J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), 9.09 (d, J = 8.0 Hz,
1H), 8.93 (d, J = 6.4 Hz, 2H), 8.38 (t, J = 6.0 Hz, 2H), 8.26 (d, J = 6.0
Hz, 2H), 8.02−7.92 (m, 4H), 7.76−7.71 (m, 4H), 7.52 (d, J = 6.0 Hz,
1H), 7.41 (d, J = 6.0 Hz, 1H), 7.12 (t, J = 7.2 Hz, 2H), 7.04−7.00 (m,
3H), 6.91 (t, J = 7.2 Hz, 1H), 6.42 (dd, J1 = 7.6 Hz, J2 = 3.6 Hz, 2H).
ESI-HRMS (m/z): calcd for [C40H26IrN6O]

+, 799.1799; found,
799.1815. Elemental analysis calcd (%) for C40H26IrN6OPF6: C,
50.90; H, 2.78; N, 8.90. Found: C, 50.73; H, 2.90; N, 8.79.

Complex 7: light yellow solid (52 mg, 52% yield). 1H NMR (400
MHz, CDCl3): δ 9.56 (d, J = 8.4 Hz, 1H), 9.32 (dd, J1 = 8.0 Hz, J2 =
1.2 Hz, 1H), 9.11 (dd, J1 = 8.0 Hz, J2 = 1.2 Hz, 1H), 8.65 (dd, J1 = 7.2
Hz, J2 = 1.2 Hz, 1H), 8.39−8.35 (m, 2H), 8.15 (d, J = 8.0 Hz, 1H),
8.04−7.93 (m, 5H), 7.82−7.65 (m, 7H), 7.54 (d, J = 4.8 Hz, 1H), 7.43
(d, J = 4.8 Hz, 1H), 7.13 (t, J = 7.6 Hz, 2H), 7.05−7.70 (m, 3H), 6.91
(td, J1 = 7.6 Hz, J2 = 1.2 Hz, 1H), 6.45 (d, J = 7.6 Hz, 2H). ESI-HRMS
(m/z): calcd for [C45H29IrN5O]

+, 848.2004; found, 848.2000.
Elemental analysis calcd (%) for C45H29IrN5OPF6: C, 54.43; H,
2.94; N, 7.05. Found: C, 54.04; H, 2.81; N, 7.06.

Complex 8: light yellow solid (57 mg, 57% yield). 1H NMR (400
MHz, CDCl3): δ 9.17 (dd, J1 = 8.4 Hz, J2 = 1.2 Hz, 1H), 9.09 (dd, J1 =
8.4 Hz, J2 = 1.2 Hz, 1H), 8.93 (s, 1H), 8.40 (dd, J1 = 8.4 Hz, J2 = 1.6
Hz, 1H), 8.33−8.29 (m, 2H), 8.07−7.96 (m, 3H), 7.92−7.86 (m, 4H),
7.72−7.67 (m, 4H), 7.61−7.57 (m, 2H), 7.50−7.49 (m, 1H), 7.37−
7.35 (m, 1H), 7.10−7.06 (m, 2H), 7.00−6.94 (m, 3H), 6.86 (td, J1 =
8.0 Hz, J2 = 1.2 Hz, 1H), 6.39 (d, J = 7.6 Hz, 2H). ESI-HRMS (m/z):
calcd for [C45H29IrN5O]

+, 848.2004; found, 848.1999. Elemental
analysis calcd (%) for C45H29IrN5OPF6·0.5H2O: C, 53.94; H, 3.02; N,
6.99. Found: C, 53.79; H, 3.08; N, 7.04.

Complex 9: light yellow solid (51 mg, 49% yield). 1H NMR (400
MHz, CDCl3): δ 9.63 (d, J = 8.0 Hz, 1H), 9.33 (d, J = 8.4 Hz, 1H),
9.21 (d, J = 8.4 Hz, 1H), 8.98 (s, 1H), 8.85 (d, J = 8.0 Hz, 1H), 8.77
(d, J = 8.0 Hz, 1H), 8.38 (t, J = 6.0 Hz, 2H), 8.19 (d, J = 8.0 Hz, 1H),
8.07−8.04 (m, 1H), 7.98−7.93 (m, 3H), 7.86−7.70 (m, 8H), 7.57 (d, J
= 5.6 Hz, 1H), 7.44 (d, J = 5.6 Hz, 1H), 7.14 (t, J = 7.6 Hz, 2H),
7.06−7.00 (m, 3H), 6.92 (t, J = 6.8 Hz, 1H), 6.45 (d, J = 7.2 Hz, 2H).
ESI-HRMS (m/z): calcd for [C49H31IrN5O]

+, 898.2161; found,
898.2180. Elemental analysis calcd (%) for C49H31IrN5OPF6·
1.8H2O: C, 54.73; H, 3.24; N, 6.51. Found: C, 54.60; H, 3.10; N, 6.90.

Complex 10: light yellow solid (44 mg, 42% yield). 1H NMR (400
MHz, d6-DMSO): δ 9.35 (d, J = 8.8 Hz, 1H), 9.19 (d, J = 8.0 Hz, 1H),
9.09 (s, 1H), 8.36−8.31 (m, 5H), 8.25−8.16 (m, 2H), 8.10 (d, J = 8.0
Hz, 2H), 8.02−7.92 (m, 5H), 7.70−7.59 (m, 6H), 7.12−6.98 (m, 6H),
6.34 (d, J = 5.6 Hz, 2H). ESI-HRMS (m/z): calcd for [C49H31IrN5O]

+,
898.2161; found, 898.2182. Elemental analysis calcd (%) for
C49H31IrN5OPF6·0.45CH2Cl2·1.5H2O: C, 53.59; H, 3.17; N, 6.32.
Found: C, 53.92; H, 3.57; N, 6.65.

Complex 11: yellow solid (49 mg, 45% yield). 1H NMR (400 MHz,
CDCl3): δ 9.87 (d, J = 9.2 Hz, 1H), 9.35 (d, J = 8.4 Hz, 1H), 9.14 (d, J
= 8.0 Hz, 1H), 9.03 (d, J = 8.4 Hz, 1H), 8.43−7.95 (m, 13H), 7.78−
7.73 (m, 4H), 7.57 (d, J = 5.6 Hz, 1H), 7.46 (d, J = 5.6 Hz, 1H), 7.14
(t, J = 7.6 Hz, 2H), 7.06−7.01 (m, 3H), 6.94 (t, J = 7.6 Hz, 1H), 6.46
(d, J = 7.6 Hz, 2H). ESI-HRMS (m/z): calcd for [C51H31IrN5O]

+,
922.2161; found, 922.2183. Elemental analysis calcd (%) for
C51H31IrN5OPF6·0.2CH2Cl2: C, 56.73; H, 2.92; N, 6.46. Found: C,
56.64; H, 2.85; N, 6.31.
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Complex 5. To a Schlenk tube were added complex 1 (39 mg,
0.039 mmol), Pd/C (10%, 10 mg), and absolute ethanol (6 mL)under
N2 atmosphere. Then hydrazine monohydrate (1 mL) was added
dropwise and the mixture was refluxed overnight under N2
atmosphere. After cooling to rt, the solvent was removed and the
residue was purified by column chromatography (Al2O3, EtOAc) to
afford pale yellow solid (17 mg, yield: 45%). 1H NMR (400 MHz,
CDCl3): δ 9.14 (dd, J1 = 8.3 Hz, J2 = 1.5 Hz, 1H), 8.97 (dd, J1 = 8.4
Hz, J2 = 1.4 Hz, 1H), 8.30 (ddd, J1 = 15.1 Hz, J2 = 5.0 Hz, J3 = 1.4 Hz,
2H), 8.17 (d, J = 8.7 Hz, 2H), 7.95−7.87 (m, 4H), 7.74−7.71 (m,
4H), 7.49 (d, J = 4.8 Hz, 1H), 7.38 (d, J = 6.0 Hz, 1H), 7.11 (t, J = 7.6
Hz, 2H), 7.00−6.91 (m, 3H), 6.89 (t, J = 6.6 Hz, 1H), 6.81 (d, J = 8.8
Hz, 2H), 6.41 (d, J = 6.7 Hz, 2H), 4.20 (s, 2H). ESI-HRMS (m/z):
calcd for [C41H28IrN6O]

+, 813.1956; found, 813.1954. Elemental
analysis calcd (%) for C41H28IrN6OPF6·0.5CH2Cl2: C, 49.83; H, 2.92;
N, 8.40. Found: C, 49.92; H, 2.73; N, 8.46.
X-ray Crystallographic Analysis. Single crystals of complexes 3

and 7 were obtained by slow diffusion of diethyl ether into their dilute
dichloromethane solutions. Single crystal X-ray diffraction data of 3
(CCDC 1457721) and 7 (CCDC 1509624) were collected on a
Bruker Apex Duo diffractometer with an Apex 2 CCD area detector at
T = 296 and 101 K, respectively. Mo radiation was used. All structures
were processed with an Apex 2 v2010.9-1 software package (SAINT
v.7.68A, XSHELL v.6.3.1).72−74 A direct method was used to solve the
structure after multiscan absorption corrections. Details of data
collection and refinement are given in Table S1.
Photophysical Measurements. All the solvents used for

photophysical studies were spectrophotometric grade and purchased
from Alfa Aesar Co. Ltd. A Cary 50 spectrophotometer and an
HORIBA Fluoro-Max 4 fluorescence spectrophotometer were used to
measure the UV−vis absorption and emission spectra, respectively.
The emission quantum yields were determined by the relative
actinometry method75 in degassed solutions, in which a degassed
CH3CN solution of [Ru(bpy)3]Cl2 (Φem = 0.097, λex = 436 nm)76 was
used as the reference for 1−11. The nanosecond transient difference
absorption (TA) spectra and decays were measured in degassed
CH3CN solutions on an Edinburgh LP920 laser flash photolysis
spectrometer. The third harmonic output (355 nm) of a Nd:YAG laser
(Quantel Brilliant, pulse width = 4.1 ns, repetition rate = 1 Hz) was
used as the excitation source. Each sample was purged with argon for
45 min prior to measurement.
Singlet depletion method77 was used to determine the triplet

excited-state molar extinction coefficients (εT1−Tn) at the TA band
maximum. After the εT1−Tn value was obtained, the triplet excited-state
quantum yield was calculated by the relative actinometry,78 in which
SiNc in benzene was used as the reference (ε590 = 70 000 M−1 cm−1,
ΦT = 0.20).79

Computational Methods. The ground-state geometry optimiza-
tion and absorption spectra calculations were performed using the
Gaussian09 software package.80 The ideal octahedral geometries of
complexes 1−11 were optimized in their singlet and triplet spin
configurations by density functional theory (DFT) using the hybrid
Perdew, Burke, and Ernzerhof functional (PBE1PBE)81−83 and the
LANL2DZ basis set84−86 assigned for Ir and Br atoms and 6-31G*
basis set87−91 for all the remaining atoms. The absorption spectra were
calculated using linear-response time dependent DFT (TDDFT)92,93

by iteratively solving the eigenvalue equation using the Davidson
algorithm.94−97 For excited-state calculations, the density functional
and basis sets were chosen being the same as those for the ground-
state calculations. A total of 80 excited states were calculated with their
corresponding transition energies and oscillator strengths. The profile
of absorption spectra was plotted based on inhomogeneous Gaussian
line broadening of 0.1 eV to fit the profile of the experimental spectra
at room temperature.
The phosphorescence energies were calculated using the ΔSCF

approach,98 where the lowest triplet ground-state geometry was
optimized using an unrestricted DFT method, and then the lowest
triplet excitation energy was calculated through a combined scalar
relativistic ZORA99 and TDDFT approach using NWChem
software.100

Both DFT and TDDFT calculations were performed in solvent
utilizing the conductor-like polarizable continuum model
(CPCM)101−103 implemented in Gaussian09. Phosphorescence
calculations were performed using the COSMO continuum solvation
model104,105 applying two-time-scale model of solvent polarization,106

which accounts for the nonequilibrium effect of slow component of
reaction field of solvent, as implemented in the NWChem software
package. Acetonitrile (CH3CN, εr = 37.5) was chosen as the solvent
medium for consistency with the experiments. A considerable
agreement was observed in the profiles of simulated spectra and the
experimental UV−vis spectra, especially at the low-energy absorption
region, indicating the validity of our computational approach for
simulating optical spectra of the considered complexes.

Natural transition orbital (NTO)107 analysis was performed using
Gaussian09 software to obtain the hole−electron pairs that correspond
to each absorption frequency, where a hole−electron transition from a
ground state to an excited state could be realized through unitary
transformation of transition density matrix of a specific excited state.107

For visualizing the lowest-energy emitting state, we plotted the
dominant molecular orbitals by performing the eigenvector analysis on
the lowest excited state. Chemcraft-1.7 software108 was used for
plotting the ground- and excited-state charge densities by setting the
isovalue as 0.02.

Nonlinear Transmission Experiment. The nonlinear trans-
mission experiments at 532 nm for complexes 1−11 were carried
out in acetonitrile solutions in a 2 mm cuvette using 4.1 ns laser pulses.
The linear transmission of 1−11 in acetonitrile was adjusted to 90% in
the 2 mm cuvette at 532 nm. A Quantel Brilliant ns laser with a
repetition rate of 10 Hz was used as the light source. The experimental
setup and details were described previously.109 The beam radius at the
focal point was approximately 96 μm.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Although many meth-

ods have been developed for synthesizing 2-arylbenzoxazoles,
the synthetic methods for 2-aryloxazolo[4,5-f ][1,10]-
phenanthrolines are extremely rare due to the difficulties in
synthesizing the required phenanthroline precursors.110 The
classical methods utilized for the synthesis of benzoxazoles are
the condensation of 2-aminophenol with either aldehyde or
carboxylic acid followed by oxidative cyclization.111 Thus,
obtaining 6-amino-1,10-phenanthrolin-5-ol becomes the key for
the synthesis of 2-aryloxazolo[4,5-f ][1,10]phenanthrolines
based on these methods. Unfortunately, despite many attempts,
it has not proven possible to obtain 6-amino-1,10-phenan-
throlin-5-ol via any of the methods depicted in Scheme S2.
Therefore, considerable efforts had been switched to synthesize
the 2-aryloxazolo[4,5-f ][1,10]phenanthrolines via cross-cou-
pling reaction between 5,6-dibromophenanthroline and benza-
mide, followed by intramolecular cyclization (see route 5 in
Scheme S2) in the presence of transition metal catalysts, such
as Pd(OAc)2, Pd2(dba)3, CuI, CuCl2, and CuO. However, none
of these efforts led to the desired compound after dozens of
experiments. Finally, by modification of the procedure reported
by Katritzky for synthesizing 2-substituted benzoxazoles via
cyclization of α-oxo-oximes,112 we succeeded in obtaining 2-
phenyloxazolo[4,5-f ][1,10]phenanthroline (ligand L3) via a
condensation reaction between 1,10-phenanthroline-5-oxo-6-
oxime and phenylmethyl bromide in dry THF/DMF in the
presence of triethylamine under N2 atmosphere. The same
procedure was then followed to synthesize the other 2-
aryloxazolo[4,5-f ][1,10]phenanthroline ligands (except for L5)
with the corresponding arylmethyl bromides and 1,10-
phenanthroline-5-oxo-6-oxime. The yields of the reactions
were in the range of 13−39%, due to the formation of probable
ring-opening byproducts 6-(arylmethyl)imino-1,10-phenan-
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throlin-5-ones. The structures of L2−L4 and L6−L11 were
characterized by 1H NMR. Because of the poor solubility of L1,
it was unable to be purified via column chromatography or
recrystallization. Therefore, the crude product of L1 was
washed with CH2Cl2 and ether and used for the complexation
reaction without further purification.
Complexes 1−4 and 6−11 were obtained via reaction of the

corresponding 2-aryloxazolo[4,5-f ][1,10]phenanthroline ligand
with the [Ir(ppy)2Cl]2 dimer in refluxing CH3OH/CH2Cl2 as
we reported before for the synthesis of other heteroleptic
cationic Ir(III) complexes,21,24 whereas complex 5 was obtained
by reduction of the NO2 group in complex 1. The structures of
1−11 were characterized by 1H NMR spectroscopy (see
Figures S1−S11), elemental analyses, and high resolution mass
spectrometry. The structures of the complexes were further
confirmed by X-ray single crystal structural analysis of
complexes 3 and 7 (Figures 1 and 2, vide infra).
Geometry Optimization. The geometries of 1−11 were

optimized in CH3CN using DFT (see Figures S12 and S13).
The optimized geometries of complexes 1−3, 5, 6, and 8
displayed almost coplanar orientation between the 2-aryl
substituents and the oxazolo[4,5-f ][1,10]phenanthroline
motif. For complex 4, while the 2-phenyl ring was coplanar
with the oxazolo[4,5-f ][1,10]phenanthroline motif, the pro-
peller shaped diphenylamino substituent was twisted from the
2-phenyl ring with dihedral angles of ca. 47°. In contrast, upon
geometry optimization of complexes 7 and 9−11, the 2-aryl
substituents (i.e., naphthalen-1-yl, phenanthren-9-yl, anthracen-
9-yl, and pyren-1-yl) were twisted from oxazolo[4,5-f ][1,10]-
phenanthroline by angles of ca. 16−50°. The dihedral angle in

7 (25.2°) is smaller than that obtained from the single crystal
structure (50.9°, vide infra). This difference could be attributed
to the different temperatures used for the calculation (0 K) and
for the crystallography (100 K) and the different forms (i.e.,
calculation was done in CH3CN solution while the single
crystal structure was obtained in the solid state). Additionally,
intermolecular interactions in crystals, which are absent in
calculations of an isolated molecule, may also be responsible for
this difference in dihedral angle. Overall, calculations show that
phenyl and its derivatives adopt an almost coplanar structure
with the oxazolo[4,5-f ][1,10]phenanthroline motif, while the
polycyclic arene (except for naphthalen-2-yl) substituents are
twisted away from the oxazolo[4,5-f ][1,10]phenanthroline
motif.

X-ray Crystallography. Single crystals suitable for X-ray
crystallographic analysis of complexes 3 and 7 were obtained by
diffusing diethyl ether into dilute CH2Cl2 solutions of the
complexes, and their crystal structures were determined at 100
K. Complexes 3 and 7 crystallized in the triclinic P-1 and
monoclinic C1 2/c 1 space group, respectively. The details of
the crystallographic data are summarized in Table S1. The
obtained crystal structures and packing modes of 3 and 7 are
shown in Figures 1 and 2, respectively. The selected bond
lengths and angles are compiled in Tables S2−S4.
Crystal structural analysis of complex 3 revealed that the unit

cell contained two independent host molecules with distinct
conformations (referred to as 3a and 3b, see Figures 1b and 1c
and Table S2). Each of the iridium ions is octahedrally
coordinated by one N^N ligand and two C^N ligands, with
dihedral angles of ca. 77.6−97.3°. However, in conformer 3a,

Figure 1. (a) Perspective view of 3a with the thermal ellipsoids drawn at the 50% probability level and the H atoms omitted for clarity. (b)
Schematic diagram of the asymmetric unit for 3. (c) Molecular stacking in crystals of 3: green dotted lines, π···π interactions; red dotted lines,
intermolecular C−H···F interactions.

Figure 2. (a) Schematic diagram of the overlay of the two diastereomers of 7 in the unit cell. PF6 anions are omitted for clarity. (b) Perspective view
of 7 with the thermal ellipsoids drawn at the 50% probability level and the H atoms removed for clarity. (c) Molecular stacking in crystals of 7: green
dotted lines indicate the π···π interactions.
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the 2-phenyl ring was almost coplanar (with a dihedral angle of
0.81°) with the oxazolo[4,5-f ][1,10]phenanthroline motif,
which is much smaller than the 11° dihedral angle reported
for the Ir(III) complex with 2-(4-trifluoromethyl)phenyl-
imidazole[4,5-f ][1,10]phenanthroline ligand.42 The length of
the bridging C−C bond (C61−C67) between the 2-phenyl
substituent and the oxazolo[4,5-f ][1,10]phenanthroline motif
was 1.465 Å. However, in conformer 3b, the 2-phenyloxazolo
part was slightly bent from the phenanthroline (the dihedral
angle is ca. 10.1°), with a shorter bond length of 1.430 Å for the
bridging C−C bond (C31−C32). The interactions between the
adjacent 3a and 3b molecules led to the formation of cross-
stacked dimers with C···O distance of 3.089 Å, C···N distance
of 3.205 Å, π···π distance of 3.290 Å, and C···C distance of
3.265 Å. Meanwhile, the relatively strong intermolecular C−
H···F interactions (3.060−3.350 Å) between the cationic

complex and its PF6 counteranion also played a very important
role in the crystal formation, especially for the formation of the
distorted conformer 3b. It is relatively rare that an organo-
metallic complex possesses two distinct conformations in one
crystal structure.
Figure 2a presents the cocrystal (1:1) of two diastereomers

of complex 7 in one unit cell. The coordination core
Ir(phen)(ppy)2

+ was the same in both diastereomers. However,
the 2-(naphthalen-1-yl)oxazolo parts were mirror image to each
other in the diastereomers. In both isomers, the 2-(naphthalen-
1-yl) rings were twisted out of the oxazolo[4,5-f ][1,10]-
phenanthroline plane with a dihedral angle of 50.9°. The planar
oxazolo[4,5-f ][1,10]phenanthroline motifs in two adjacent
complexes were packed by π···π (3.400 Å) and C−H···O
interactions in a head-to-head fashion, while the PF6 anion
connected two face-to-face complexes by C−H···F interactions.

Figure 3. Experimental UV−vis absorption spectra of 1−6 (a) and 7−11 (b) in CH3CN. The insets in panels a and b show the expanded
experimental spectra beyond 500 nm.

Table 1. Experimental Photophysical Data for 1−11

λabs/nm
a (ε/104 L mol−1 cm−1)

λem/nm
b

(τem/μs);
Φem, rt kr/s

−1c knr/s
−1d

λem/nm
e

(τem/μs),
77 K

λem/
nmf,
rt

λT1−Tn/nm
g (εT1−Tn/10

4

L mol−1cm−1, τT/μs); ΦT

1 280 (5.66, sh), 334 (3.76), 387 (1.97, sh), 432 (0.26, sh) 530 (−)h; −h −i −i 522 (306),
566 (250)

−h −h

2 272 (5.25), 280 (5.19), 340 (2.00, sh), 374 (0.80),
390 (7.86), 438 (0.15, sh)

600 (0.36);
0.16

4.4 × 105 2.3 × 106 531 (5.59) 598 425 (−j, 0.34), 590 (1.64,
0.34); 0.59

3 270 (4.59), 336 (1.43, sh), 377 (0.60), 392 (0.57), 432
(0.12, sh)

600 (0.37);
0.21

5.7 × 105 2.1 × 106 524 (6.37) 584 425 (−, 0.35), 600 (1.45,
0.36); 0.79

4 285 (3.88, sh), 390 (3.18), 460 (0.25, sh) 597 (−)h;
0.005

−i −i 535 (220),
574 (188)

605 −j

5 289 (4.61), 335 (3.89), 363 (3.24, sh), 450 (0.26, sh) 590 (0.03);
0.008

2.7 × 105 3.3 × 107 526 (94),
564 (74)

574 457 (2.94, 0.03); 0.23

6 270 (6.82), 331 (2.31, sh), 368 (0.94), 384 (1.00), 441
(0.14, sh)

602 (0.30),
0.15

5.0 × 105 2.8 × 106 527 (5.13) 608 420 (−j, 0.34), 609 (2.95,
0.34); 0.45

7 285 (3.34), 336 (2.37), 349 (2.28), 394 (0.88), 432 (0.18,
sh)

600 (2.47);
0.19

7.7 × 104 3.3 × 105 550 (362),
594 (280)

568 539 (4.40, 2.59); 0.39

8 267 (8.26), 281 (6.25, sh), 316 (3.84), 334 (3.56), 352
(2.69, sh), 369 (1.33, sh), 395 (1.09), 426 (0.30, sh)

600 (0.37);
0.18

4.9 × 105 2.2 × 106 520 (334),
560 (235)

598 432 (−j, 0.39), 590 (2.61,
0.39); 0.31

9 261 (8.45), 286 (4.58, sh), 336 (2.85), 372 (1.94, sh), 395
(1.07, sh), 430 (0.18, sh)

600 (2.47);
0.20

8.1 × 104 3.2 × 105 550 (2580),
597 (2110)

601 435 (5.09, 2.38), 531
(4.37, 2.38); 0.37

10 253 (10.38), 368 (1.15), 387 (1.27), 464 (0.18, sh) 590 (0.39);
0.007

1.8 × 104 2.5 × 106 555 (4.62),
600 (3.89)

−h 432 (−j, 24.4), 513 (3.57,
25.0); 0.58

11 283 (6.80, sh), 382 (4.68), 398 (4.49), 415 (4.02), 448
(0.30, sh)

548 (0.60);
−h

−i −i 658 (−h),
721 (−h)

−h 483 (3.39, 28.5); 0.68

aRoom temperature electronic absorption band maxima and molar extinction coefficients in CH3CN.
bRoom temperature emission energy, lifetime,

and quantum yield in CH3CN.
cRadiative decay rate in CH3CN at room temperature. dNonradiative decay rate in CH3CN at room temperature.

eEmission energies and lifetimes at 77 K measured in 2-methyltetrahydrofuran glassy matrix, c = 1 × 10−5 mol/L. fRoom temperature emission
energy in the solid state. gns TA band maxima, triplet extinction coefficients, triplet excited-state lifetimes and quantum yield in toluene. The
reference used was SiNc in C6H6 (ε590 = 70,000 L mol−1 cm−1, ΦT = 0.20). hSignal was too weak to be detected. iCannot be calculated. jThe ground-
state absorption at these wavelengths could not be neglected; thus the singlet depletion method could not be used to estimate the εT1‑Tn values at
these wavelengths.
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All these interactions led to a tight diamond array along the b
axis. To the best of our knowledge, cocrystallization of two
diastereomers in one lattice is also rare in organometallic
complexes.
Electronic Absorption. The UV−vis absorption character-

istics of complexes 1−11 were studied in CH3CN at different
concentrations (5 × 10−6 to 1 × 10−4 mol L−1). The absorption
obeyed the Beer’s law in the studied concentration range,
suggesting the absence of ground-state aggregation in this
concentration range. This phenomenon is consistent with that
reported for other Ir(III) complexes15−25 and is attributed to
the octahedral geometry around the Ir(III) ion, which reduces
the intermolecular interactions. The experimental UV−vis
absorption spectra of 1−11 in CH3CN are presented in Figure
3, and the absorption band maxima and extinction coefficients
are compiled in Table 1. The simulated UV−vis absorption
spectra via TDDFT calculations and the comparison to those of
the experimental spectra are provided in Figure S14. The
theoretical spectra overall reproduced the experimental spectral
features very well.

As shown in Figure 3, the spectra of all complexes possessed
intense absorption bands below 350 nm, moderately strong
absorption bands between 350 and 450 nm, and broad but
weak tails at ca. 450−570 nm. Based on the molar extinction
coefficients, the minor solvatochromic effect in different
solvents (Figure S15), and the calculated natural transition
orbitals (NTOs, Table 2 and Tables S5 and S6), we attribute
the highest-energy absorption bands at <300 nm to the ppy
ligand localized 1π,π* transitions, and the strong absorption
bands between 300 and 350 nm predominantly to the N^N
and/or ppy ligand localized 1π,π* transitions mixed with
significant contributions from the 1LLCT (π(ppy) →
π*(phen))/1MLCT (d(Ir) → π*(phen))/1ILCT (π(Ar) →
π*(phen)) transitions. For the absorption bands between 350
and 450 nm, 1ILCT/1LLCT/1MLCT transitions played the
major role, admixing with contributions from the ppy ligand
localized 1π,π* transitions. The 1ILCT transition became the
dominant contributor in complexes 3, 4, 5, and 7−11 that
either bear strongly electron-donating substituents at the 4-
position of the 2-aryl group or have the aromatic rings with

Table 2. Natural Transition Orbitals (NTOs) Representing the Lowest Energy Transitions
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good π-donating ability. On the contrary, complexes 1, 2, and 6
containing electron-withdrawing substituents/group (NO2, Br,
and pyridyl) had the 1LLCT/1MLCT as the major contributors
to their 350−450 nm bands. It should be noted that, for all
complexes, the lowest-energy singlet transition (S1) is
exclusively 1LLCT/1MLCT (see NTOs in Table 2) in nature.
Both electron-donating substituents (NPh2 and NH2 in 4 and
5, respectively) and electron-withdrawing substituents (NO2
and Br in 1 and 2, respectively) at the 4-position of the 2-aryl
group significantly increased the molar extinction coefficients of
the absorption bands compared to those in 3. Comparison of
the spectra of 3 to 6 revealed that the spectra of these two
complexes had similar shapes; however, the electron-deficient
pyridyl ring caused a slight blue-shift of the absorption bands in
6 but increased the extinction coefficients of the corresponding
bands.
In addition to the aforementioned absorption bands, all

complexes possessed very weak absorption tails at ca. 450−570
nm. In view of the small molar extinction coefficients and with
reference to the other reported Ir(III) complexes,20,22,24,25,41,113

this tail can be ascribed to the spin-forbidden transitions from
3LLCT/3MLCT.
Photoluminescence. The emission spectra of 1−11 were

investigated in different solvents and in the solid state at rt, and
in MTHF glassy matrix at 77 K. Their normalized emission
spectra in CH3CN at rt are presented in Figure 4, and the
emission data are summarized in Table 1. As shown in Figure
4a and Table 1, complexes 2−10 exhibited red emission with
the band maxima at ca. 600 nm in degassed CH3CN at rt, along
with lifetimes spanning from tens of nanoseconds to several
microseconds (see Table 1). In contrast, the emission of
complexes 1 and 11 is blue-shifted. Considering the proneness
of emission toward oxygen quenching, the large Stokes shifts,
and the relatively long emission lifetimes, we assign the
emission of these complexes to phosphorescence. The emission
quantum yields of these complexes show that strongly electron-
withdrawing or -donating substituents in complexes 1, 4, and 5
and more π-expansive aryl substituents in complexes 10 and 11
either significantly decreased the radiative decay rates (kr), such
as in 10, or increased the nonradiative decay rates (knr), such as
in 5, which consequently decreased the emission quantum
yields in these complexes. The different solvents also influenced
the emission characteristics pronouncedly (Table 3 and Figure
S16). The data presented in Table 3 clearly demonstrated that
the emission was much stronger in less polar solvents such as
toluene, CH2Cl2, and THF compared to that in more polar
solvents, such as acetone and acetonitrile. Especially the

emission became the strongest in CH2Cl2. Similar to their
very weak emission in solutions, the emission of complexes 1,
10, and 11 in the solid state (Figure 2b) was nondetectable,
while the other complexes exhibited bright yellow to orange
emission.
It is worth noting that, in comparison to the reported Ir(III)

complex bearing the 2-phenylimidazole[4,5-f ][1,10]-
phenanthroline (N^N) ligand (i.e., complex 1 in ref 43), the
corresponding oxazole based complex 3 in this work possessed
a similar emission lifetime (ca. 700 ns in CH2Cl2) but much
stronger emission intensity, which is reflected by the much
larger emission quantum yield of 0.62 for complex 3 in this
work vs 0.24 for complex 1 in ref 43 in CH2Cl2 solutions. In
addition, the emission energy of 3 (584 nm in CH2Cl2 and 598
nm in CH3CN) in this work is lower than that of 1 in ref 43

Figure 4. Normalized emission spectra of (a) 1−11 in CH3CN solutions and (b) 2−9 in the solid state at rt.

Table 3. Emission Data for Complexes 1−11 in Different
Solvents at Room Temperaturea

λem/nm (τem/ns, Φem
b)

toluene/
10%

CH2Cl2 THF CH2Cl2 acetone acetonitrile

1 601 (310,
0.16)

604 (290,
0.097)

595 (150,
0.084)

532 (−,
−)c

530 (−,
−)c

2 600 (370,
0.22)

600 (380, 0.22) 587 (670,
0.45)

600 (340,
0.17)

600 (360,
0.16)

3 600 (400,
0.30)

600 (410, 0.24) 584 (700,
0.62)

600 (360,
0.21)

600 (370,
0.21)

4 597 (100,
0.054)

592 (180,
0.088)

582 (820,
0.47)

595 (50,
0.008)

597 (−,
0.005)c

5 581 (10,
0.019)

589 (40, 0.016) 579 (780,
0.77)

593 (10,
0.007)

590 (30,
0.008)

6 601 (330,
0.19)

605 (330, 0.16) 592 (600,
0.34)

605 (290,
0.11)

602 (300,
0.15)

7 600 (3770,
0.32)

600 (1330,
0.25)

585 (2900,
0.50)

600 (1540,
0.18)

600 (2470,
0.19)

8 600 (410,
0.24)

600 (420, 0.21) 586 (720,
0.48)

600 (367,
0.17)

600 (370,
0.18)

9 589 (4090,
0.24)

596 (1590,
0.32)

584 (3000,
0.55)

600 (1570,
0.17)

600 (2470,
0.20)

10 588 (390,
0.004)

589 (600, 0.13) 580 (690,
0.015)

590 (390,
0.008)

590 (390,
0.007)

11 541 (−,
−), 664
(−, −)c

585, (−, −),
665 (−, −),
730 (−, −)c

577 (−,
−), 664
(−, −)c

548 (−,
−), 659
(−, −)c

548 (600,
−)c

aThe excitation wavelength was 436 nm. bThe reference used for the
quantum yield measurement was [Ru(bpy)3]Cl2 in degassed CH3CN
solution (Φem = 0.097, λex = 436 nm). cThe emission signals were too
weak to allow for the lifetimes and quantum yields to be accurately
measured.
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(568 nm in CH2Cl2 and 587 nm in CH3CN). The almost
identical emission lifetime for these two complexes suggests
that the emission of 3 likely emanates from the same emitting
state for 1 in ref 43, i.e., the 3MLCT/3LLCT state, which will be
discussed further in the following paragraphs. The red-shifted
emission band and enhanced emission of complex 3 in this
work should be attributed to the almost coplanar structure of
the phenyl ring with respect to the oxazolo[4,5-f ][1,10]-
phenanthroline motif in complex 3, which increased the kr in 3
(i.e., 8.9 × 105 s−1 for 3 vs 3.4 × 105 s−1 for 1 in ref 43) while
decreasing the knr (5.4 × 105 s−1 for 3 vs 1.1 × 106 s−1 for 1 in
ref 43). Complexes 1 and 11 exhibited anomalous solvent-
dependent emission energy compared to the minor solvato-
chromic effects observed in complexes 2−10 (Figure S16). The
emission energies were drastically blue-shifted in more polar
solvents, such as CH3CN and acetone, compared to those in
THF, CH2Cl2, and toluene. The excitation spectra of 1 in
CH3CN and THF were different (Figure S17). Thus, we
speculate that the emitting state of 1 in high polarity solvents is
different from that in low to medium polarity solvents. This
speculation is partially confirmed by the low temperature study
at 77 K (vide infra, Figures S18 and S19) and is fully supported
by the NTOs of the emitting states. Differing from 1, which has
the emitting state switched in different solvents, 11 appeared to
show dual emission in all of the solvents tested except for
CH3CN, in which the emission was too weak to observe the
longer wavelength emission bands. The high-energy emission
band at <600 nm was structureless, while the low-energy
emission possessed somewhat vibronic structures with a clear
progression of 1340 cm−1 in THF. The long-wavelength
emission band(s) became the dominant one in THF. In view of
the different features for these bands, we tentatively ascribe the
origin of the high-energy emission to a charge transfer excited
state and the low-energy emission to the ligand-localized 3π,π*
state. The dual emission phenomenon has been reported for
Ru(II) complexes that contain the pyrenyl substituent on the
diimine ligand.114 This notion is also supported by the 77 K
emission study discussed in the following paragraph.
The emission of all complexes except for 1 and 11 at 77 K in

butyronitrile glassy matrix was blue-shifted in comparison to
those in CH3CN solutions at rt (see Figure S18) due to the
rigidochromic effect.115,116 The thermally induced Stokes shifts
(ΔEth) for 2−6 and 8 are ca. 2200 cm−1, while for 7, 9, and 10
they are around 1300 cm−1. The large ΔEth values for these
complexes indicate charge transfer nature of the emitting states
for these complexes because charge transfer states are less

stabilized due to the lack of solvent reorganization in the rigid
frozen matrix. In contrast to these complexes, the ΔEth value for
complex 1 is only ∼320 cm−1, implying the 3π,π* nature of the
emitting state for this complex in CH3CN. However, the ΔEth
value was approximately 2600 cm−1 in MTHF for 1 (Figure
S19), suggesting a charge transfer nature of the emitting state in
MTHF. This finding supports our aforementioned assumption
that the dramatically different emission energy of 1 in solvents
with different polarities indeed emanates from different
emitting states. Such a notion is further confirmed by the
molecular orbitals corresponding to the emitting triplet excited
states of 1 in CH3CN and THF (Table S7). For complex 11,
the ΔEth value in MTHF was ∼180 cm−1 for the low-energy
emission band(s), which is in accordance with our presumed
3π,π* nature of this emission band. Interestingly, the emission
of 11 in BuCN glassy matrix at 77 K manifested a similar
energy and shape to that in MTHF glassy matrix, implying that,
at low temperature, only the low-energy 3π,π* state emit.
To unambiguously assign the nature of the emitting states in

1−11 and understand the aforementioned different emission
characteristics of these complexes, TDDFT calculations of the
emission of 1−11 in CH3CN were conducted, and the obtained
emission energies and molecular orbitals (MOs) corresponding
to the phosphorescent emitting states are provided in Table S7.
The emission of 1 in THF was also calculated to understand
the different natures of the emitting state in different solvents.
The calculated emission energies reproduced the experimental
emission energies very well, with 1 and 11 having higher
emission energies and the other complexes possessing similar
emission energies. Meanwhile, the MOs in Table S7 clearly
show the different natures of the emitting states for these
complexes in CH3CN and for 1 in different solvents. In
CH3CN, the electrons of 1 are delocalized on the ppy ligands,
the d-orbitals of the Ir(III) ion, and the 2-phenyloxazolo[4,5-
f ][1,10]phenanthroline, while the holes are exclusively on the
2-(4-NO2-phenyl)oxazole component. Thus, the emitting state
of 1 in CH3CN has the 3π,π*/3ILCT/3LLCT/3MLCT
parentage and led to emission at high energy (i.e., 530 nm).
In contrast, the emitting state became the 3LLCT/3MLCT state
in THF, resulting in emission at ∼600 nm. In complexes 2 and
6 that either have a weak electron-withdrawing Br substituent at
the phenyl ring or bear the electron deficient pyridyl ring, the
emitting states all have the 3LLCT/3MLCT nature mixed with
some 3π,π* and minor 3ILCT (in 6) character. The emitting
state of 3 has pure 3LLCT/3MLCT character; while in 4 and 5,

Figure 5. (a) Normalized emission spectra of complex 7 in the solid state, after grinding, and after fuming with CH2Cl2. The inset shows the
emission photograph of the initial sample and ground sample of 7 under irradiation of 365 nm UV light. (b) XRD patterns of the corresponding
samples.
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which contain strongly electron-donating NPh2 or NH2
substituents, the emitting states are exclusively 3ILCT within
the N^N ligands. For complexes 7−11, which contain π-
donating polycyclic aromatic rings, their emitting states have
predominant 3ILCT/3π,π* characters; while the contribution of
the pyrene-based 3π,π* character increased in 11. In complex 8,
3MLCT state appears to make important contribution to the
emission as well. Overall, electron-donating substituents or
polycyclic aromatic rings significantly increased the 3ILCT
(π(donor) → π*(phen)) character in the emitting states; while
electron-withdrawing substituents induced more 3π,π*/3ILCT
(π(phen) → π*(acceptor)) character. Variations of the
emitting state parentage account for the observed differences
in emission characteristics in different solvents and the varied
ΔEth values.
Mechanochromic and Vapochromic Luminescence.

The mechanochromic effect is a phenomenon by which the
color and/or the luminescence of a solid-state material changes
upon applying mechanical forces. The change in luminescence
could be energy or intensity. Such a phenomenon has potential
applications in mechanosensors, security printing, or optical
storage.117−124 Interestingly, the as-prepared pale yellow
powder of complex 7 exhibited bright yellow phosphorescence
(λmax = 568 nm) under UV light irradiation. After grinding, an
orange powder with orange emission (λmax = 609 nm) was
obtained (Figure 5a). The ground orange powder was readily
converted back to the initial yellow emission by exposure to
CH2Cl2, acetone, diethyl ether, methanol, or THF vapors for
several seconds to minutes, with CH2Cl2 vapor giving the
fastest change. Evidently, complex 7 manifested a pronounced
mechanochromic effect and vapochromic effect, which can be
easily observed by naked eyes. Moreover, the convertibility of
the emission color change for complex 7 in CH2Cl2 can be
repeated for many cycles, which is an important feature for
applications in sensing and security printing.
To understand the mechanochromic behavior of 7, a powder

X-ray diffraction (PXRD) study was carried out. The PXRD
patterns (Figure 5b) were consistent with the single-crystal
diffraction data of 7. The sharp and intense reflection peaks in
the simulated XRD patterns based on the single crystal X-ray
data represented the characteristic diffraction peaks of 7 in the
crystalline state. In contrast, the ground sample exhibited
weaker and broader diffraction signals, indicating an amorphous
state. After fuming the ground sample with CH2Cl2 vapor, the
intense and sharp diffraction peaks were recovered. This implies
that the mechanochromic effect of 7 emanates from the

crystallization−amorphization conversion upon external stim-
uli.
To rationalize the unique mechanochromic behavior that was

only observed in complex 7, but not in the other complexes, we
compared the crystal packing patterns of 7 and 3. The single
crystal packing pattern of 7 shown in Figure 2c revealed that
the molecules of 7 adopted a slipped head-to-head arrangement
with an intermolecular π−π distance of 3.40 Å between the two
phenanthroline rings on the two closest neighboring molecules,
resulting in a relatively weaker packing. Considering the
presence of two diastereomers in one unit cell, and the twisted
naphthalen-1-yl ring from the oxazolo[4,5-f ][1,10]-
phenanthroline motif, we infer that the molecular packing is
relatively loose with low lattice energy. Thus, the packing can
be readily modified by external mechanical grinding, resulting
in increased coplanarity between the naphthalen-1-yl ring and
the oxazolo[4,5-f ][1,10]phenanthroline motif. This improves
the π-conjugation and intermolecular interactions; both of
them can cause a bathochromic shift of the emission. In
contrast, complex 3 adopted a face-to-face packing in its single
crystal with a closer π−π distance of 3.29 Å between the two
phenanthroline rings on the two adjacent molecules. Con-
sequently, the packing in 3 was more stable due to stronger
intermolecular interactions. Therefore, unlike what was
observed in 7, the emission of 3 cannot be readily modified
upon applying external stimuli.

Transient Absorption. To further understand the
influence of the substituent at the oxazolo[4,5-f ][1,10]-
phenanthroline ligand on the triplet excited-state character-
istics, nanosecond transient absorption (TA) studies of
complexes 1−11 were carried out. The TA spectra of 2, 3,
and 5−11 recorded upon excitation at 355 nm in degassed
acetonitrile solutions are shown in Figure 6 and Figure S20.
The TA of 1 and 4 were too weak to be detected. The triplet
excited-state absorption band maxima, molar extinction
coefficients, lifetimes, and quantum yields of 2, 3, and 5−11
in CH3CN are compiled in Table 1.
Figure 6 shows that the TA spectra of 2, 3, and 5−10 possess

broad positive absorption bands from ca. 410 to 800 nm, while
the positive absorption band appears at 435−740 nm for 11.
The TA spectra of 2, 3, 6, and 8 exhibited similar shape and
intensity, and the triplet lifetimes deduced from the decay of
TA were similar to those obtained from the decay of emission.
These features suggest that the TA of 2, 3, 6, and 8 likely
originates from the same excited state that emits. Thus, the
transient absorbing excited states for 2, 3, 6, and 8 can be
ascribed predominantly to 3MLCT/3LLCT states for these four

Figure 6. Nanosecond TA spectra of (a) 2, 3, and 5 and (b) 6−11 in CH3CN immediately after 355 nm excitation. A355 = 0.4 in a 1 cm cuvette.
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complexes. The undetectable TA of complexes 1 and 4 are
likely attributed to the rapid decay of the triplet excited states
(<10 ns), which exceeds the time resolution of our nanosecond
TA Instruments. Complex 5 exhibited positive absorption
bands in the same wavelength range of 410−800 nm as those
observed in complexes 2, 3, 6, and 8, but with quite different
spectral feature(s). The TA decay profile of 5 resembled that of
its emission decay profile, implying that the TA of 5 arises from
its 3ILCT state. In contrast, the TA features of 7, 9, 10, and 11
are all distinct from each other and differ from those of 2, 3, 5,
6, and 8 with respect to spectral shape, lifetime, and TA
intensity. The TA of 7, 9, 10, and 11 are all much stronger and
longer-lived than those of 2, 3, 5, 6, and 8. The TA lifetimes of
7 and 9 were similar to those obtained from emission, while the
TA lifetimes of 10 and 11 were one order of magnitude longer
than their corresponding emission lifetimes. Considering the
nature of the emitting states for these complexes, we attribute
the transient absorbing species in 7 and 9 to 3ILCT/3π,π* and
those for complexes 10 and 11 to the respective anthracenyl or
pyrenyl substituted N^N ligand based 3π,π* states due to their
much longer TA lifetimes. Assigning the nature of the long-
lived transient absorbing states in these two complexes to the
anthracene and pyrene based 3π,π* states was excluded because
the observed TA spectra of 10 and 11 are quite different from
those reported for anthracene125 and pyrene.126 The different
TA lifetimes and emission lifetimes in 10 and 11 also clearly
indicate the different origins of the emitting and TA states.
Although this phenomenon is uncommon, it has been reported
in Ru(II),127−131 Pt(II),132,133 and other Ir(III)25 complexes
that contain large π-conjugated aromatic substituents like
pyrenyl group on the ligand(s), in which the complexes
demonstrated a high-lying, short-lived charge transfer emitting
state and a low-lying, long-lived nonemissive but strongly
absorbing 3π,π* state.25,127−133 This phenomenon suggests that
the anthracenyl or pyrenyl substituted N^N ligand based 3π,π*
states in complexes 10 and 11 are substantially lower than their
emitting states, thus thermal equilibration between these two
states is impeded, leading to the rapid population of the long-
lived dark 3π,π* state instead.
Similar to the trend observed for emission, both the strongly

electron-withdrawing NO2 group and electron-donating NPh2
and NH2 substituents on the oxazolo[4,5-f ][1,10]-
phenanthroline ligand reduced the triplet excited-state lifetime
of the complexes, likely due to the stronger charge transfer
character in the lowest triplet excited states of these two
complexes, i.e., stronger 3LLCT character in 1 and 3ILCT
character in 4 and 5 (see the molecular orbitals (MOs)
corresponding to the triplet emitting states of 1, 4, and 5 in
CH3CN in Table S7). The reduced triplet lifetime and weak
phosphorescent emission are common features for Pt(II) and
Ir(III) complexes studied before that bear strongly electron-
donating NPh2 substituent on the ligands.21,134,135 On the
contrary, extending π-conjugation of the polycyclic aromatic
substituents via benzannulation at the 2,3-position of phenyl
ring in complexes 7, 9, 10, and 11 increased the triplet lifetimes
and the TA intensity. These variations could be related to the
increased steric hindrance between the aromatic substituents
and the oxazolo[4,5-f ][1,10]phenanthroline motif, which
changed the parentage of the lowest triplet excited states
from 3MLCT/3LLCT states to the N^N ligand based 3ILCT or
3π,π* state.
Reverse Saturable Absorption (RSA). RSA is one of the

nonlinear optical phenomena in which the absorptivity of the

material increases with increased incident fluence. To achieve
RSA, the material is required to have a large ratio (>1) of the
excited-state absorption cross section (σex) relative to that of
the ground-state absorption (σ0) at the interested wavelengths.
Meanwhile, the excited-state lifetime needs to be longer than
the laser pulse width. For RSA of ns laser pulses, a high
quantum yield of triplet excited-state formation is also crucial.
Based on the broad and positive TA signals for these

complexes in the region of ca. 425−800 nm as discussed in the
TA section, we anticipate that these complexes exhibit RSA in
the visible spectral region upon ns laser irradiation. Therefore,
nonlinear transmission experiments at 532 nm using 4.1 ns
laser pulses were carried out for 1−11 in acetonitrile solutions
with a 90% linear transmission in a 2 mm cuvette at 532 nm.
Figure 7 displays the nonlinear transmission vs incident energy

curves for complexes 1−11. The transmission of the solutions
kept decreasing with the increase of the incident energy,
confirming the occurrence of RSA in all complexes. The
strength of the RSA for these complexes followed this trend: 7
> 11 > 9 > 3 > 2 ≈ 4 > 5 ≈ 10 ≈ 6 ≈ 8 > 1. Complexes 7, 9,
and 11 that possess larger π-conjugated aromatic substituents
displayed much stronger RSA than the complexes possessing
the phenyl substituent; and complex 1 with strongly electron-
withdrawing NO2 substituent exhibited the weakest RSA.
It appears that the RSA trend of 1−11 parallels the intensity

of the TA signal at zero decay at 532 nm, but opposes the
strength of the ground-state absorption at 532 nm (see the
inset in Figure 3). This is in accordance with the key parameter
determining the strength of RSA, i.e., the ratio of the excited-
state absorption cross section to that of the ground state (σex/
σ0). As presented in Table 4, complexes 7, 9, and 11 possess
very much larger excited-state absorption cross sections at 532
nm, but small ground-state absorption cross sections. Thus, the
σex/σ0 ratios are much larger in these three complexes in
comparison to the other complexes. These ratios are also
among the largest values for Ir(III) complexes reported to
date.15−21,25 In complex 10, although its σex value at 532 nm is
the third largest, its much stronger ground-state absorption at
532 nm (actually the largest σ0 value among all complexes)
counteracts the strong excited-state absorption. Consequently,
the σex/σ0 ratio for 10 is significantly reduced and the RSA
became weaker. Among these complexes, complex 1 bearing

Figure 7. Nonlinear transmission curves for complexes 1−11 in
acetonitrile at 532 nm in a 2 mm cuvette. The pulse duration was 4.1
ns, and the linear transmission of all solutions was 90% at 532 nm in a
2 mm cuvette. The radius of the beam waist at the linear focal plane
was approximately 96 μm.
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the strongly electron-withdrawing NO2 substituent exhibited
the weakest RSA, likely due to the short triplet lifetime and
stronger ground-state absorption. A general trend appeared that
the complexes possessing larger π-conjugated aromatic
substituents, such as those in 7, 9, and 11, displayed much
stronger RSA than the complexes possessing the phenyl
substituent. Considering the strong RSA of 7, 9, and 11 at
532 nm and their long triplet lifetimes, they are good
candidates for applications that require strong RSA at 532
nm. For complex 10, although its RSA is not the strongest at
532 nm, its broader weak ground-state absorption to 700 nm
and broad excited-state absorption in the visible to the near-IR
region, and its long-lived triplet excited state, make it a
potential good candidate as broadband optical limiting material.

■ CONCLUSIONS

We have developed a new synthetic route for the synthesis of 2-
aryl-substituted oxazolo[4,5-f ][1,10]phenanthroline. A series of
cationic Ir(III) complexes utilizing these 2-aryloxazolo[4,5-
f ][1,10]phenanthrolines (1−11) as the diimine ligands were
synthesized and characterized by 1H NMR, HRMS, elemental
analysis, and X-ray crystallography. Single crystal X-ray analysis
revealed that the 2-phenyl substituent adopted an almost
coplanar orientation with the oxazolo[4,5-f ][1,10]-
phenanthroline motif in complex 3. However, the polycyclic
aryl substituents, such as naphthalen-1-yl (7), phenanthren-9-yl
(9), anthracen-9-yl (10), and pyren-1-yl (11), still twisted away
from the oxazolo[4,5-f ][1,10]phenanthroline plane based on
the single crystal structure of 7 and the DFT optimized
geometries of 9−11. The increased coplanarity did not exert
pronounced impact on the energies of the electronic transitions
in their UV−vis absorption spectra in comparison to their
corresponding complexes bearing the 2-phenylimidazole[4,5-
f ][1,10]phenanthroline ligand. However, the increased copla-
narity significantly improved the emission intensity both in
solution and in the solid state. Among all complexes, complex 7
showed not only intense emission in solutions but also drastic
mechanochromic and vapochromic effects in the solid state.
Both the electron-withdrawing (NO2) and electron-donating
(NPh2 and NH2) substituents at the 4-position of the phenyl
ring dramatically decreased the emission intensity and reduced
the emission lifetimes in polar solvents like CH3CN. In line
with this trend, all complexes except for 1 and 4, which contain
NO2 and NPh2 substituent, respectively, at the 4-position of the
phenyl ring, exhibited moderate to strong triplet excited-state
absorption in the visible to the near-IR spectral region; and
complexes bearing π-expansive substituents at the 2-position of
the oxazolo[4,5-f ][1,10]phenanthroline ligand possessed
strong excited-state absorption and longer lifetimes. Especially
the anthracen-9-yl substituent in 10 and pyren-1-yl substituent
in 11 made these two complexes possessing very long-lived
transient absorbing T1 excited states. All complexes exhibited

strong reverse saturable absorption (RSA) at 532 nm for ns
laser pulses. The strength of RSA followed this trend: 7 > 11 >
9 > 3 > 2 ≈ 4 > 5 ≈ 10 ≈ 6 ≈ 8 > 1. Again, complexes with π-
expansive substituents on the oxazolo[4,5-f ][1,10]-
phenanthroline ligand manifested much stronger RSA
compared to the complexes with phenyl or substituted phenyl
on the oxazolo[4,5-f ][1,10]phenanthroline ligand mainly due
to their much stronger excited-state absorption at 532 nm.
Therefore, these complexes could be good candidates for
photonic applications that require strong RSA at 532 nm, while
complex 10 with weak ground-state absorption extending to
700 nm but broad and strong excited-state absorption in the
visible to the near-IR region, and long-lived triplet excited state,
has the potential to be developed into a broadband optical
limiting material. In addition, the drastic mechanochromic and
vapochromic effects revealed in complex 7 make it a promising
candidate for security printing or pressure sensing.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.7b01472.

1H NMR, UV−vis, emission, excitation, and TA spectra,
X-ray crystallographic data, optimized ground-state
geometries, NTOs, MOs, and the full author list for ref
80 (PDF)

Accession Codes
CCDC 1457721 and 1509624 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: Wenfang.Sun@ndsu.edu. Tel: 701-231-6254. Fax:
701-231-8831.
ORCID
Svetlana Kilina: 0000-0003-1350-2790
Wenfang Sun: 0000-0003-3608-611X
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We would like to thank Dr. A. Ugrinov at North Dakota State
University for his help in the X-ray crystallographic measure-
ments. We acknowledge the financial support from the
National Science Foundation (DMR-1411086 and CNS-

Table 4. Ground-State (σ0) and Excited-State (σex) Absorption Cross Sections of Complexes 1−11 in Acetonitrile at 532 nma

1 2 3 4 5 6 7 8 9 10 11

σ0/10
−19 cm2 3.51 2.79 2.02 3.51 2.52 2.60 1.45 3.55 2.82 8.60 3.32

σex/10
−17 cm2 b 5.75 5.08 b 7.35 7.06 17.3 8.67 16.7 12.5 11.2

σex/σ0
b 206 250 b 292 272 1193 244 590 145 337

ΦTσex/σ0
b 123 199 b 66 122 470 75 218 85 228

aσ = 2303ε/NA, where NA is Avogadro’s constant. ε0 is obtained from the UV−vis absorption spectra, εex is estimated from the ΔOD values at 532
nm and at the bleaching band minimum immediately after the laser excitation using the singlet depletion method.77 bDue to the undetectable TA
signals, these values were unable to be estimated or calculated.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b01472
Inorg. Chem. XXXX, XXX, XXX−XXX

M

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b01472
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b01472
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b01472/suppl_file/ic7b01472_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1457721&id=doi:10.1021/acs.inorgchem.7b01472
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1509624&id=doi:10.1021/acs.inorgchem.7b01472
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:Wenfang.Sun@ndsu.edu
http://orcid.org/0000-0003-1350-2790
http://orcid.org/0000-0003-3608-611X
http://dx.doi.org/10.1021/acs.inorgchem.7b01472


1229316) for materials synthesis, characterization, and
computational simulation of the optical spectra. For computa-
tional resources and administrative support, authors thank the
Center for Computationally Assisted Science and Technology
(CCAST) at North Dakota State University. S.K. thanks the
National Energy Research Scientific Computing Center
(NERSC) allocation award 86678, supported by the Office of
Science of the Department of Energy under Contract No. DE-
AC02-05CH11231. For partial financial support of the
quantum chemistry software, S.K. acknowledges Sloan Research
Fellowship BR2014-073.

■ REFERENCES
(1) Lee, S.; Kim, S.-O.; Shin, H.; Yun, H.-J.; Yang, K.; Kwon, S.-K.;
Kim, J.-J.; Kim, Y.-H. Deep-Blue Phosphorescence from Perfluoro
Carbonyl-Substituted Iridium Complexes. J. Am. Chem. Soc. 2013, 135,
14321−14328.
(2) Fan, C.; Zhu, L.; Jiang, B.; Li, Y.; Zhao, F.; Ma, D.; Qin, J.; Yang,
C. High Power Efficiency Yellow Phosphorescent OLEDs by Using
New Iridium Complexes with Halogen-Substituted 2-Phenylbenzo-
[d]thiazole Ligands. J. Phys. Chem. C 2013, 117, 19134−19141.
(3) Tsuboyama, A.; Iwawaki, H.; Furugori, M.; Mukaide, T.;
Kamatani, J.; Igawa, S.; Moriyama, T.; Miura, S.; Takiguchi, T.;
Okada, S.; Hoshino, M.; Ueno, K. Homoleptic Cyclometalated Iridium
Complexes with Highly Efficient Red Phosphorescence and
Application to Organic Light-Emitting Diode. J. Am. Chem. Soc.
2003, 125, 12971−12979.
(4) Sun, L.; Galan, A.; Ladouceur, S.; Slinker, J.-D.; Zysman-Colman,
E. High Stability Light-Emitting Electrochemical Cells from Cationic
Iridium Complexes with Bulky 5,5′ Substituents. J. Mater. Chem. 2011,
21, 18083−18088.
(5) Zysman-Colman, E.; Slinker, J.-D.; Parker, J.-B.; Malliaras, G.-G.;
Bernhard, S. Improved Turn-On Times of Light-Emitting Electro-
chemical Cells. Chem. Mater. 2008, 20, 388−396.
(6) Bolink, H.-J.; Cappelli, L.; Coronado, E.; Graẗzel, M.; Orti, E.;
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(47) Laleveé, J.; Dumur, F.; Mayer, C. R.; Gigmes, D.; Nasr, G.;
Tehfe, M.-A.; Telitel, S.; Morlet-Savary, F.; Graff, B.; Fouassier, J. P.
Photopolymerization of N-Vinylcarbazole Using Visible-Light Harvest-
ing Iridium Complexes as Photoinitiators. Macromolecules 2012, 45,
4134−4141.
(48) Mondal, S.; Seth, S. K.; Gupta, P.; Purkayastha, P. Ultrafast
Photoinduced Electron Transfer between Carbon Nanoparticles and
Cyclometalated Rhodium and Iridium Complexes. J. Phys. Chem. C
2015, 119, 25122−25128.
(49) Sun, J.; Zhao, J.; Guo, H.; Wu, W. Visible-Light Harvesting
Iridium Complexes as Singlet Oxygen Sensitizers for Photooxidation
of 1,5-Dihydroxynaphthalene. Chem. Commun. 2012, 48, 4169−4171.
(50) Chen, Y.; Xu, W.; Zuo, J.; Ji, L.; Chao, H. Dinuclear Iridium(III)
Complexes as Phosphorescent Trackers to Monitor Mitochondrial
Dynamics. J. Mater. Chem. B 2015, 3, 3306−3314.
(51) Gao, Y.; Duan, L.; Yu, Z.; Ding, X.; Sun, L. Artificial
Photosynthesis: Photosensitizer/Catalyst Supramolecular Assemblies
for Light Driven Water Oxidation. Faraday Discuss. 2014, 176, 225−
232.
(52) Li, M.-J.; Lan, T.-Y.; Cao, X.-H.; Yang, H.-H.; Shi, Y.; Yi, C.;
Chen, G.-N. Synthesis, Characterization, DNA Binding, Cleavage
Activity and Cytotoxicity of Copper(II) Complexes. Dalton Trans.
2014, 43, 2789−2798.
(53) Karlsson, S.; Boixel, J.; Pellegrin, Y.; Blart, E.; Becker, H.-C.;
Odobel, F.; Hammarstroem, L. Accumulative Charge Separation
Inspired by Photosynthesis. J. Am. Chem. Soc. 2010, 132, 17977−
17979.
(54) Voignier, J.; Frey, J.; Kraus, T.; Budesinsky, M.; Cvacka, J.;
Heitz, V.; Sauvage, J.-P. Transition-Metal-Complexed Cyclic [3]- and
[4]-Pseudorotaxanes Containing Rigid Ring-and-Filament Conjugates:
Synthesis and Solution Studies. Chem. - Eur. J. 2011, 17, 5404−5414.
(55) Mulfort, K. L.; Tiede, D. M. Supramolecular Cobaloxime
Assemblies for H2 Photocatalysis: An Initial Solution State Structure-
Function Analysis. J. Phys. Chem. B 2010, 114, 14572−14581.
(56) Li, C.; Wang, M.; Pan, J.; Zhang, P.; Zhang, R.; Sun, L.
Photochemical Hydrogen Production Catalyzed by Polypyridyl
Ruthenium-Cobaltoxime Heterobinuclear Complexes with Different
Bridges. J. Organomet. Chem. 2009, 694, 2814−2819.
(57) Fihri, A.; Artero, V.; Pereira, A.; Fontecave, M. Efficient H2-
Producing Photocatalytic Systems Based on Cyclometalated Iridium-
and Tricarbonylrhenium-Diimine Photosensitizers and Cobaloxime
Catalysts. Dalton Trans. 2008, 41, 5567−5569.
(58) Fihri, A.; Artero, V.; Razavet, M.; Baffert, C.; Leibl, W.;
Fontecave, M. Cobaloxime-Based Photocatalytic Devices for Hydro-
gen Production. Angew. Chem., Int. Ed. 2008, 47, 564−567.
(59) Mayer, C. R.; Dumas, E.; Miomandre, F.; Meallet-Renault, R.;
Warmont, F.; Vigneron, J.; Pansu, R.; Etcheberry, A.; Secheresse, F.
Polypyridyl Ruthenium Complexes as Coating Agent for the
Formation of Gold and Silver Nanocomposites in Different Media.
Preliminary Luminescence and Electrochemical Studies. New J. Chem.
2006, 30, 1628−1637.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b01472
Inorg. Chem. XXXX, XXX, XXX−XXX

O

http://dx.doi.org/10.1021/acs.inorgchem.7b01472


(60) Kraus, T.; Budesinksy, M.; Cvacka, J.; Sauvage, J.-P. Copper(I)-
Directed Formation of a Cyclic Pseudorotaxane Tetramer and Its
Trimeric Homologue. Angew. Chem., Int. Ed. 2006, 45, 258−261.
(61) Mayer, C.-R.; Dumas, E.; Secheresse, F. Size Controlled
Formation of Silver Nanoparticles by Direct Bonding of Ruthenium
Complexes Bearing a Terminal Mono- or Bi-Pyridyl Group. Chem.
Commun. 2005, 345−347.
(62) Eseola, A.-O.; Li, W.; Sun, W.-H.; Zhang, M.; Xiao, L.; Woods,
J.-A. O. Luminescent Properties of Some Imidazole and Oxazole Based
Heterocycles: Synthesis, Structure and Substituent Effects. Dyes Pigm.
2011, 88, 262−273.
(63) Eseola, A.-O.; Li, W.; Adeyemi, O.-G.; Obi-Egbedi, N.-O.;
Woods, J.-A. O. Hemilability of 2-(1H-imidazol-2-yl)pyridine and 2-
(Oxazol-2-yl)pyridine Ligands: Imidazole and Oxazole Ring Lewis
Basicity, Ni(II)/Pd(II) Complex Structures and Spectra. Polyhedron
2010, 29, 1891−1901.
(64) Li, C.; Zhang, L.; Wang, R.; Song, Y.; Wang, Y. Dynamics of
Reverse Saturable Absorption and All-optical Switching in C60. J. Opt.
Soc. Am. B 1994, 11, 1356−1360.
(65) Penzkofer, A. Passive Q-Switching and Mode-Locking for the
Generation of Nanosecond to Femtosecond Pulses. Appl. Phys. B:
Photophys. Laser Chem. 1988, 46, 43−60.
(66) Reddy, K. P. J. Applications of Reverse Saturable Absorbers in
Laser Science. Curr. Sci. 1991, 61, 520−526.
(67) Speiser, S.; Orenstein, M. Spatial Light Modulation via Optically
Induced Absorption Changes in Molecules. Appl. Opt. 1988, 27,
2944−2948.
(68) Band, Y. B.; Harter, D. J.; Bavli, R. Optical Pulse Compressor
Composed of Saturable and Reverse Saturable Absorbers. Chem. Phys.
Lett. 1986, 126, 280−284.
(69) Perry, J. W.; Alvarez, D.; Choong, I.; Mansour, K.; Marder, S. R.;
Perry, K. J. Enhanced Reverse Saturable Absorption and Optical
Limiting in Heavy-Atom-Substituted Phthalocyanines. Opt. Lett. 1994,
19, 625−627.
(70) Wendlandt, A. E.; Stahl, S. S. Bioinspired Aerobic Oxidation of
Secondary Amines and Nitrogen Heterocycles with a Bifunctional
Quinone Catalyst. J. Am. Chem. Soc. 2014, 136, 506−512.
(71) Nonoyama, M. B. Benzo[h]quinolin-10-yl-N Iridium(III)
Complexes. Bull. Chem. Soc. Jpn. 1974, 47, 767−768.
(72) Bruker Analytical X-ray Systems; Madison, WI, 2010.
(73) Sheldrick, G. M. A short history of SHELX. Acta Crystallogr.,
Sect. A: Found. Crystallogr. 2008, 64, 112−122.
(74) Blessing, R. H. An empirical correction for absorption
anisotropy. Acta Crystallogr., Sect. A: Found. Crystallogr. 1995, 51,
33−38.
(75) Demas, J. N.; Crosby, G. A. The Measurement of Photo-
luminescence Quantum Yields. A Review. J. Phys. Chem. 1971, 75,
991−1024.
(76) Suzuki, K.; Kobayashi, A.; Kaneko, S.; Takehira, K.; Yoshihara,
T.; Ishida, H.; Shiina, Y.; Oishi, S.; Tobita, S. Reevaluation of Absolute
Luminescence Quantum Yields of Standard Solutions Using a
Spectrometer with an Integrating Sphere and a Back-Thinned CCD
Detector. Phys. Chem. Chem. Phys. 2009, 11, 9850−9860.
(77) Carmichael, I.; Hug, G. L. Triplet-Triplet Absorption Spectra of
Organic Molecules in Condensed Phases. J. Phys. Chem. Ref. Data
1986, 15, 1−250.
(78) Kumar, C. V.; Qin, L.; Das, P. K. Aromatic Thioketone Triplets
and Their Quenching Behaviour Towards Oxygen and di-t-
Butylnitroxy Radical. A Laser-Flash-Photolysis Study. J. Chem. Soc.,
Faraday Trans. 2 1984, 80, 783−793.
(79) Firey, P. A.; Ford, W. E.; Sounik, J. R.; Kenney, M. E.; Rodgers,
M. A. J. Silicon Naphthalocyanine Triplet State and Oxygen. A
Reversible Energy-Transfer Reaction. J. Am. Chem. Soc. 1988, 110,
7626−7630.
(80) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Peterson, G. A.; et al. Gaussian 09, revision A.1; Gaussian, Inc.:
Wallingford, CT, 2009.

(81) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(82) Ernzerhof, M.; Scuseria, G.-E. Assessment of the Perdew-Burke-
Ernzerhof Exchange-Correlation Functional. J. Chem. Phys. 1999, 110,
5029−5036.
(83) Adamo, C.; Barone, V. Toward Reliable Density Functional
Methods without Adjustable Parameters: The PBE0Model. J. Chem.
Phys. 1999, 110, 6158−6170.
(84) Hay, P. J.; Wadt, W. R. Ab initio Effective Core Potentials for
Molecular Calculations. Potentials for K to Au including the
Outermost Core Orbitals. J. Chem. Phys. 1985, 82, 299−310.
(85) Hay, P. J.; Wadt, W. R. Ab initio Effective Core Potentials for
Molecular Calculations. Potentials for the Transition Metal Atoms Sc
to Hg. J. Chem. Phys. 1985, 82, 270−283.
(86) Wadt, W. R.; Hay, P. J. Ab initio Effective Core Potentials for
Molecular Calculations. Potentials for Main Group Elements Na to Bi.
J. Chem. Phys. 1985, 82, 284−298.
(87) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. V.
R. Efficient Diffuse Function-Augmented Basis Sets for Anion
Calculations. III. The 3-21+G Basis Set for First-Row Elements, Li-
F. J. Comput. Chem. 1983, 4, 294−301.
(88) Francl, M.-M.; Pietro, W.-J.; Hehre, W.-J.; Binkley, S.; Gordon,
M.-S.; DeFrees, D.-J.; Pople, J.-A. Self-Consistent Molecular Orbital
Methods. XXIII. A Polarization-Type Basis Set for Second-Row
Elements. J. Chem. Phys. 1982, 77, 3654−3665.
(89) Gill, P.-M.-W.; Johnson, B.-G.; Pople, J.-A.; Frisch, M.-J. The
Performance of the Becke-Lee-Yang-Parr (B-LYP) Density Functional
Theory with Various Basis Sets. Chem. Phys. Lett. 1992, 197, 499−505.
(90) Hariharan, P.-C.; Pople, J.-A. The Influence of Polarization
Functions on Molecular Orbital Hydrogenation Energies. Theor. Chim.
Acta. 1973, 28, 213−222.
(91) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. Self-
Consistent Molecular Orbital Methods. XX. A Basis Set for Correlated
Wave Functions. J. Chem. Phys. 1980, 72, 650−654.
(92) Marques, M. A. L.; Gross, E. K. U. Time-Dependent Density
Functional Theory. Annu. Rev. Phys. Chem. 2004, 55, 427−455.
(93) Ullrich, C. A. Time-Dependent Density-Functional Theory:
Concepts and Applications; Oxford University Press: New York, 2012.
(94) Casida, M. E. Time-Dependent Density Functional Response
Theory for Molecules. In Recent Advances in Density Functional
Methods: Part 1; Chong, D. P., Ed.; World Scientific Publishing
Company: 1995; pp 155−192. 10.1142/9789812830586_0005
(95) Künne, L. Recent Developments and Applications of Modern
Density Functional Theory. Z. Phys. Chem. 1998, 204, 263−264.
(96) Bauernschmitt, R.; Ahlrichs, R. Treatment of Electronic
Excitations within the Adiabatic Approximation of Time Dependent
Density Functional Theory. Chem. Phys. Lett. 1996, 256, 454−464.
(97) Davidson, E. R. The Iterative Calculation of a Few of the Lowest
Eigenvalues and Corresponding Eigenvectors of Large Real-Symmetric
Matrices. J. Comput. Phys. 1975, 17, 87−94.
(98) Kilina, S.; Kilin, D.; Tretiak, S. Light-Driven and Phonon-
Assisted Dynamics in Organic and Semiconductor Nanostructures.
Chem. Rev. 2015, 115, 5929−5978.
(99) van Lenthe, E.; Baerends, E.-J.; Snijders, J. G. Relativistic Total
Energy Using Regular Approximations. J. Chem. Phys. 1994, 101,
9783−9792.
(100) Valiev, M.; Bylaska, E. J.; Govind, N.; Kowalski, K.; Straatsma,
T. P.; van Dam, H. J. J.; Wang, D.; Nieplocha, J.; Apra, E.; Windus, T.
L.; de Jong, W. A. NWChem: A Comprehensive and Scalable Open-
Source Solution for Large Scale Molecular Simulations. Comput. Phys.
Commun. 2010, 181, 1477−1489.
(101) Barone, V.; Cossi, M.; Tomasi, J. Geometry Optimization of
Molecular Structures in Solution by the Polarizable Continuum
Model. J. Comput. Chem. 1998, 19, 404−417.
(102) Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. Energies,
Structures, and Electronic Properties of Molecules in Solution with the
C-PCM Solvation Model. J. Comput. Chem. 2003, 24, 669−681.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b01472
Inorg. Chem. XXXX, XXX, XXX−XXX

P

http://dx.doi.org/10.1021/acs.inorgchem.7b01472


(103) Barone, V.; Cossi, M. Quantum Calculation of Molecular
Energies and Energy Gradients in Solution by a Conductor Solvent
Model. J. Phys. Chem. A 1998, 102, 1995−2001.
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