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Impacts of Extending π-Conjugation of the 2,2′-Biquinoline Ligand 
on Photophysics and Reverse Saturable Absorption of the 
Heteroleptic Cationic Iridium(III) Complexes

Taotao Lu,a,‡ Cuifen Lu,a,b,‡ Peng Cui,c,a Svetlana Kilina,a Wenfang Suna,*

Two heteroleptic monocationic Ir(III) complexes bearing 6,6′-bis(7-benzothiazolylfluoren-2-yl)-2,2′-biquinoline as the 
diimine ligand with different degrees of π-conjugation were synthesized and their photophysics were investigated by 
spectroscopic techniques and first principle calculations. These complexes possessed two intense absorption bands at 300-
380 nm and 380-520 nm in toluene that are predominantly ascribed to the diimine ligand-localized 1π,π* transition and 
intraligand charge transfer (1ILCT)/1π,π* transitions, respectively, with the latter being mixed with minor 1MLCT (metal-to-
ligand charge transfer) / 1LLCT (ligand-to-ligand charge transfer) configurations. Both complexes also exhibited a spin-
forbidden, very weak 3MLCT/3LLCT/3π,π* absorption band at 520-650 nm. The emission of these complexes appeared in 
the red spectral region (em: 640 nm for Ir-1 and 648 nm for Ir-2 in toluene) with a quantum yield of <10% and a lifetime of 
hundreds of ns, which emanated from the 3ILCT/3π,π* state. The 3ILCT/3π,π* state also gave rise to broad and moderately 
strong transient absorption (TA) at ca. 480-800 nm. Extending the π-conjugation of the diimine ligand via inserting CC 
triplet bonds between the 7-benzothiazolylfluoren-2-yl substituents and 2,2′-biquinoline slightly red-shifted the absorption 
bands, the emission bands, and the TA bands in Ir-2 compared to those in Ir-1 that lacks the connecting CC triplet bonds 
in the diimine ligand. The stronger excited-state absorption with respect to the ground-state absorption at 532 nm led to 
strong revers saturable absorption (RSA) for ns laser pulses at this wavelength, with the RSA of Ir-2 being slightly stronger 
than that of Ir-1, which correlated well with their ratios of the excited-state to ground-state absorption cross sections 
(σex/σ0). These results suggest that extending π-conjugation of the 2,2′-biquinoline ligand via incorporating the 7-
benzothiazolylfluoren-2-yl substituents retained the broad but weak ground-state absorption at 500-650 nm, meanwhile 
increased the triplet excited-state lifetimes that resulted in the much stronger triplet excited-state absorption in this 
spectral regions and strong RSA at 532 nm. Thus, these complexes are promising candidates as broadband reverse 
saturable absorbers.

Introduction
Transition-metal complexes possessing unique optical and 
electronic properties have attracted great interest in the past a few 
decades.1 Among the variety of transition-metal complexes, 
iridium(III) complexes featuring d6 transition-metal center and 
octahedral coordination geometry appear particularly attractive 
due to their intriguing photophysical and photochemical 
properties.2-5 The 5d orbitals in iridium have one of the largest spin-
orbit coupling constants among all transition metals, which 

facilitates intersystem crossing from the singlet to the triplet state. 
Consequently, Ir(III) complexes typically possess high triplet 
quantum yields and phosphorescence at room temperature. This 
feature holds great potential for a variety of applications, such as 
light-emitting electrochemical cells (LEECs),6,7 organic light-emitting 
devices (OLEDs),1,8-10 and bioimaging and biosensing.11 In addition, 
the strong ligand field strength of Ir(III) pushes the deactivating d-d 
state to a higher energy level and thus generates a long-lived lowest 
triplet excited state (i.e. the T1 state) in Ir(III) complexes. This is a 
desirable feature for photosensitizers that have potential 
applications in energy upconversion12,13 and photodynamic 
therapy.14-16 By selecting appropriate ligands, Ir(III) complexes can 
absorb strongly in the visible spectral region, making them 
promising in photocatalysis.17,18

In addition to the well-studied emission properties and 
absorption of Ir(III) complexes targeting the aforementioned 
applications, reverse saturable absorption (RSA, a nonlinear 
absorption phenomenon in which the absorptivity of the materials 
increases with increased incident fluence due to a stronger excited-
state absorption than the ground-state absorption) of Ir(III) 
complexes is another attractive feature associated with the efficient 
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intersystem crossing induced by the heavy Ir metal and their broad 
and strong excited-state absorption,19 which has potential 
applications in optical switching,20 laser mode locking,21 optical 
pulse shaping,22 spatial light modulation,23 and laser beam 
compression and limiting,24,25 etc. Compared to the reported 
various inorganic,26-28 organic,29-34 or polymeric35 RSA materials, 
Ir(III) complexes have the advantages of excellent chemical and 
photostability, facile tuning of the ground-state and excited-state 
absorption and T1 state lifetime, and high quantum yield for triplet 
excited-state formation. Thus, they have drawn our and other 
groups’ interest in exploring them as RSA materials.19,36-51 

To develop ideal reverse saturable absorbers for broadband 
spectral and temporal optical limiting applications, the materials 
are required to possess long-lived, broad, and strong excited-state 
absorption but weak ground-state absorption in the visible to the 
near-infrared (NIR) regions in order to have large ratios of 
absorption cross sections between the excited and ground states 
(ex/0). However, it has remained to be a challenge to extend the 
ground-state absorption to the NIR regions while maintaining a long 
excited-state lifetime and strong excited-state absorption because a 
low-lying excited state promotes nonradiative decay processes to 
shorten the excited-state lifetime. Although it is possible to red shift 
the ground-state absorption of organic molecules while keeping a 
long-lived T1 state, such a red-shift typically requires an extended -
conjugation or a large degree of charge transfer in the molecule. 
These features would induce very large ground-state absorption in 
the visible spectral region, causing a deep color of the molecule and 
reducing the linear transmission. Meanwhile, the significant 
ground-state absorption would dramatically decrease the ex/0 
values and prevent the occurrence of RSA. Both of them are 
adverse features for optical limiting applications. On the contrary, 
by selecting appropriate -conjugated ligands it is possible for Ir(III) 
complexes to have a weakly absorbing spin-forbidden 3CT (charge 
transfer) / 3,* absorption band at 500 - 800 nm while still keeping 
a reasonably long-lived ligand-localized 3,* state.19,43,46,50,51

In seeking for solutions to address the aforementioned dilemma 
in developing broadband reverse saturable absorbers, we have 
studied the photophysics and RSA of a variety of monocationic Ir(III) 
complexes with different degrees of π-conjugation or substituents 
on the diimine (N^N) and/or cyclometalating (C^N) ligands.19,36-51 
Our studies revealed that the T1 state lifetime was dramatically 
increased upon extending π-conjugation of the N^N ligand via 
incorporating π-conjugated substituents to this ligand owing to 
more N^N ligand-centered 3π,π*/3ILCT (intraligand charge transfer) 
characters being introduced to the T1 state.36,44,50 However, this 
approach had a minor impact on the energy of the lowest-energy 
absorption band. In contrast, expanding π-conjugation of the N^N 
ligand via benzannulation at the appropriate sites of this ligand 
induced a bathochromic shift of the lowest-energy absorption band 
but reduced the T1 lifetime.37,38,52 By combining these two 
approaches, it is possible to obtain Ir(III) complexes with weak, red-
shifted low-energy absorption band and relatively long-lived T1 
state.50 These studies demonstrated the feasibility and promise of 
employing Ir(III) complexes as broadband reverse saturable 
absorbers and the feasibility of modulating the RSA of the Ir(III) 

complexes via ligand structural modifications. However, the T1 
lifetimes of the complexes obtained with these characters were still 
limited to tens of nanoseconds.50

To solve this problem, in this work, we synthesized two new 
Ir(III) complexes bearing 6,6′-bis(7-benzothiazolylfluoren-2-yl)-2,2′-
biquinoline ligand (structures shown in Scheme 1), aiming to 
improve the T1 lifetime and the triplet excited-state absorption of 
the resultant Ir(III) complexes while red-shifting the low-energy 
absorption band. 2,2'-Biquinoline was chosen as the N^N ligand 
because our previously studied Ir(III) complexes bearing this ligand 
possessed a spin-forbidden ground-state absorption band at 500-
650 nm.37,41 7-Benzothiazolylfluoren-2-yl was selected as the -
conjugated substituent because incorporating this substituent to 
the N^N ligands of Ir(III) complexes could induce broad and intense 
excited-state absorption in the visible to the NIR regions and 
resulted in strong optical limiting at 532 nm.36,44,50 In our new 
complexes, 7-benzothiazolylfluoren-2-yl motifs were connected to 
2,2′-biquinoline ligand by single or triplet bonds to extend and vary 
the degree of π-conjugation of the N^N ligand, and 1-
phenylisoquinoline was chosen as the C^N ligand. The UV-vis 
absorption, emission and transient absorption were investigated to 
understand the impact of extended π-conjugation on the 
photophysics of the complexes. Time-dependent density functional 
theory (TDDFT) calculations were carried out to unambiguously 
ascribe the nature of the optical transitions. Nonlinear transmission 
measurements were conducted to demonstrate the RSA of the 
complexes for nanosecond laser pulses at 532 nm.

Experimental section
Synthesis and characterization

All reagents were purchased from Aldrich or Alfa Aesar and used as 
received unless otherwise stated. Compounds 1,41 2,44 3,45,46 and 447 
were synthesized following the literature procedures. 
Tetrahydrofuran (THF) and triethylamine (Et3N) were dehydrated 
over sodium benzophenone ketyl under N2 and then distilled. Silica 
gels (230–400 mesh) used for chromatography were purchased 
from Alfa Aesar. L-1, L-2, Ir-1, and Ir-2 were characterized via 1H 
NMR, HRMS, and elemental analyses. 1H NMR spectra were 
recorded on a Varian Oxford-500 or Oxford-400 VNMR 
spectrometer. ESI-HRMS analyses were performed on a Bruker 
BioTOF III mass spectrometer. Elemental analyses were conducted 
by NuMega Resonance Laboratories, Inc. in San Diego, California. 
The synthetic details and characterization data for L-1, L-2, Ir-1, and 
Ir-2 are provided below.

Ligand L-1. A stirred mixture of 1 (80 mg, 0.193 mmol), 2 (277 
mg, 0.425 mmol), K2CO3 (3.4 g, 24.6 mmol), Pd(PPh3)4 (45 mg, 0.039 
mmol), toluene (25 mL), and H2O (10 mL) was purged with nitrogen 
and heated to reflux for 30 h. The mixture was cooled to rt, poured 
into water, and extracted with ethyl acetate. The organic layer was 
combined and dried over anhydrous Na2SO4 and the solvent was 
removed. The residue was purified by column chromatography on 
Al2O3 gel (hexane/ethyl acetate = 50/1 - 20/1, v/v) to give L-1 as a 
yellow solid (120 mg, yield: 48%). 1H NMR (500 MHz, CDCl3): δ 8.96 
(d, J=8.5 Hz, 2H), 8.44 (d, J=8.5 Hz, 2H), 8.37 (d, J=8.5 Hz, 2H), 8.22-
8.09 (m, 10H), 7.98-7.77 (m, 10H), 7.53 (t, J=7.5 Hz, 2H), 7.41 (t, 
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J=7.5 Hz, 2H), 2.29-2.13 (m, 8H), 1.05-0.50 (m, 60H). ESI-HRMS: m/z 
Calcd for [C90H98N4S2]+, 1300.7344; found, 1300.7390. Anal. Calcd 
(%) for C90H98N4S2: C, 83.16; H, 7.60; N, 4.31. Found: C, 83.40; H, 
8.00; N, 3.93.

Ligand L-2. A stirred mixture of 1 (80 mg, 0.193 mmol), 4 (233 
mg, 0.425 mmol), PPh3 (21 mg, 0.078 mmol), Pd(PPh3)2Cl2 (28 mg, 
0.039 mmol) and CuI (8 mg, 0.039 mmol) in Et3N (10 mL) and THF 
(20 mL) was purged with nitrogen and heated to 80 oC under 
nitrogen for 24 h. The mixture was cooled to rt and the solvent was 
removed. The residue was washed with brine and extracted with 
CH2Cl2. The organic layer was combined and dried over anhydrous 

Na2SO4 and the solvent was removed. The residue was purified by 
column chromatography on Al2O3 gel (hexane/ethyl acetate = 50/1 - 
20/1, v/v) to give L-2 as a yellow solid (120 mg, yield: 46%). 1H NMR 
(500 MHz, CDCl3): δ 8.91 (d, J=8.5 Hz, 2H), 8.34 (d, J=9.0 Hz, 2H), 
8.23 (d, J=8.5 Hz, 2H), 8.20-8.08 (m, 8H), 7.97-7.90 (m, 4H), 7.84 (d, 
J=8.0 Hz, 2H), 7.80 (d, J=7.5 Hz, 2H), 7.69-7.61 (m, 4H), 7.53 (t, J=7.5 
Hz, 2H), 7.41 (t, J=7.5 Hz, 2H), 2.26-2.20 (m, 8H), 1.05-0.50 (m, 60H). 
ESI-HRMS: m/z Calcd for [C9 4H9 8N4S2]+ ,  1348.7344; found: 
1348.7327. Anal. Calcd (%) for C94H98N4S2‧0.2CH2Cl2‧2.0C6H14: C, 
82.97; H, 8.29; N, 3.64. Found: C, 82.81; H, 8.48; N, 3.83.
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Scheme 1 Structures and synthetic route for ligands L-1 and L-2, and complexes Ir-1 and Ir-2.

Complex Ir-1. Compounds L-1 (70 mg, 0.054 mmol), 3 (38 mg, 
0.030 mmol) and AgSO3CF3 (15 mg, 0.054 mmol) were added to 
degassed CH2Cl2/MeOH (30 mL, 2/1, v/v) and the mixture was 
refluxed overnight under nitrogen. After cooling to rt, 10-fold 
NH4PF6 was added. The suspension was stirred at rt for 2 h and 

then filtered to remove any insoluble salts. After removal of the 
solvent, the crude product was purified by column 
chromatography on silica gel (CH2Cl2/ethyl acetate = 50/1, v/v) to 
afford Ir-1 as a brownish-green solid (50 mg, yield: 80%). 1H NMR 
(500 MHz, CDCl3): δ 8.88 (dd, J=8.5, 16 Hz, 4H), 8.75 (d, J=8.0 Hz, 
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2H), 8.27 (d, J=6.5 Hz, 2H), 8.20-8.05 (m, 8H), 7.97-7.70 (m, 16H), 
7.65-7.57 (m, 4H), 7.52 (t, J=8.0 Hz, 2H), 7.45-7.38 (m, 4H), 7.33 (d, 
J=6.0 Hz, 2H), 7.19-7.10 (m, 2H), 6.97-6.90 (m, 2H), 6.52 (d, J=7.5 
Hz, 2H), 2.22-2.05 (m, 8H), 1.02-0.45 (m, 60H). ESI-HRMS: m/z 
Calcd for [C120H118IrN6S2]+, 1899.8501; found: 1899.8542. Anal. 
Calcd (%) for C120H118F6IrN6PS2‧0.5C6H14: C, 70.73; H, 6.03; N, 4.02. 
Found: C, 70.37; H, 6.36; N, 4.19.

Complex Ir-2. Compounds L-2 (60 mg, 0.0445 mmol), 3 (28.3 
mg, 0.0223 mmol) and AgSO3CF3 (15 mg, 0.0445 mmol) were 
added to degassed CH2Cl2/MeOH (30 mL, 2/1, v/v) and the mixture 
was refluxed overnight under nitrogen. After cooling to rt, 10-fold 
NH4PF6 was added. The suspension was stirred at rt for 2 h and 
then filtered to remove any insoluble salts. After removal of the 
solvent, the crude product was purified by column 
chromatography on silica gel (CH2Cl2/ethyl acetate = 50/1, v/v) to 
give Ir-2 as a brownish-green solid (40 mg, yield: 68%). 1H NMR 
(500 MHz, CDCl3): δ 8.85 (d, J=8.5 Hz, 4H), 8.63 (d, J=8.5 Hz, 2H), 
8.29-8.23 (m, 2H), 8.18-8.08 (m, 6H), 8.07-8.02 (m, 2H), 7.93 (d, 
J=8.0 Hz, 2H), 7.88 (d, , J=8.0 Hz, 2H), 7.84-7.74 (m, 10H), 7.71-7.65 
(m, 2H), 7.60-7.49 (m, 6H), 7.40 (t, J=6.5 Hz, 2H), 7.32 (d, J=6.5 Hz, 
2H), 7.25-7.20 (m, 2H), 7.15 (t, J=7.5 Hz, 2H), 6.93 (t, J=7.5 Hz, 2H), 
6.48 (d, J=7.5 Hz, 2H), 2.20-2.01 (m, 8H), 1.00-0.48 (m, 60H). ESI-
HRMS: m/z Calcd for [C124H118IrN6S2]+, 1948.8524; found: 
1948.8534. Anal. Calcd (%) for C124H118F6IrN6PS2‧4.4CHCl3: C, 
58.89; H, 4.71; N, 3.21. Found: C, 58.74; H, 5.10; N, 3.40.

Photophysical measurements

Spectroscopic grade solvents purchased from VWR International 
were employed for the photophysical studies. A Shimadzu UV-
2501 spectrophotometer was used to record the UV-vis 
absorption spectra, and a Jobin-Yvon FluoroMax-4 fluorometer / 
phosphorometer was used to measure the steady-state emission 
spectra. The emission quantum yields were determined by the 
relative actinometry method53 in degassed solvents, in which a 
degassed acetonitrile solution of [Ru(bpy)3]Cl2 (Φem = 0.097, λex = 
436 nm)54 was utilized as the reference for complexes Ir-1 and Ir-
2, and a 1 N sulfuric acid solution of quinine bisulfate (Φem = 0.546, 
λex = 347.5 nm)55 was used as the reference for ligands L-1 and L-2. 
An Edinburgh LP920 laser flash photolysis spectrometer was 
employed for measuring the nanosecond transient absorption (TA) 
spectra, decays, and triplet lifetimes in argon-sparged (40 min) 
toluene solutions. The third harmonic output (355 nm) of a 
Nd:YAG laser (Quantel Brilliant, pulse duration = 4.1 ns; repetition 
rate = 1 Hz) was used as the excitation light for the TA 
measurements. The triplet excited-state absorption coefficients 
(εT1-Tn) at the TA band maxima were estimated by the singlet 
depletion method,56 and the triplet excited state quantum yields 
were determined by the relative actinometry57 with SiNc in 
benzene solution (ε590 = 70,000 L mol−1 cm−1, ΦT = 0.20)58 as the 
reference.

Nonlinear transmission measurements

Nonlinear transmission experiment was carried out to 
demonstrate the reverse saturable absorption (RSA) of complexes 
Ir-1 and Ir-2 at 532 nm using a Quantel Brilliant laser (pulse width: 
4.1 ns, repetition rate: 10 Hz) as the light source. Complexes Ir-1 
and Ir-2 were dissolved in toluene and the concentrations of the 

sample solutions were adjusted to obtain a linear transmission of 
80% at 532 nm in a 2-mm cuvette. The experimental details 
followed that reported by our group previously.45 The radius of 
the beam waist at the focal point was approximately 96 μm using 
a 40-cm plano-convex lens.

Computational methods

All calculations were performed employing Gaussian09 software 
package.59 Geometries of the ligands and Ir(III) complexes and 
their ground state electronic structures were obtained based on 
density functional theory (DFT) using the hybrid PBE0 functional60 
and mixed LANL2DZ/6-31G* basis set for Ir(III) ion and the 
remaining atoms, respectively. To capture the major relativistic 
effects on molecular structures, the nonlinear exchange and 
potential were estimated by decoupling the large components and 
small components of the Dirac Hamiltonian through unitary 
transformations with Douglas-Kroll-Hess approximation,61 in which 
the electronic structure calculation was based on the upper 
diagonal part of the Hamiltonian.62

The absorption spectra and emission energies were calculated 
using linear response time-dependent DFT (TDDFT) by iteratively 
solving the eigenvalue equation based on Davidson algorithm63-66 
and utilizing the same LANL2DZ/6-31G* basis set and PBE0 
functional as those used in the ground state calculations. The 
absorption spectral profiles were plotted implementing Gaussian 
line width broadening (~0.1 eV) to 40 optical transitions obtained 
from TDDFT calculations to represent inhomogeneous thermal 
broadening of experimental spectra. The emission energies were 
obtained by optimizing the lowest singlet excited-state geometry 
using analytical gradient TDDFT67 for fluorescence and TDDFT for 
phosphorescence using the triplet ground-state geometry 
obtained from unrestricted DFT optimization (∆-SCF approach).68-

70

Conductor-like polarizable continuum model (CPCM)71,72 was 
used in both DFT and TDDFT calculations as implemented in 
Gaussian09. Toluene was chosen as the solvent media for L-1, L-2, 
Ir-1, and Ir-2 to be consistent with experimental data. Excited-
state calculations were based on state-specific approach,73 which 
accounted for the non-equilibrium effects of slow component of 
reaction field of a solvent.

The hole-electron pairs contributing to the optical transition 
were represented by natural transition orbital (NTO) analysis 
based on the unitary transformation of transition density matrix of 
a selected excited state.74,75 The ground- and excited-state 
electronic densities were plotted by Chemcraft-1.7 software76 
setting isovalue as 0.02. The applied methodology, including the 
functional, basis set, solvent model, and NTO analysis, has been 
proven to be efficient and accurate enough for calculations of 
optical spectra of many other Ir(III) complexes.19,36-38,40-47,50

Results and discussion
Electronic absorption

The UV-vis absorption of L-1, L-2, Ir-1, and Ir-2 was investigated in 
toluene with concentrations varying from 1×10-6 to 1×10-4 mol L−1, 
and the absorption spectra (experimental and calculated) are 
displayed in Fig. 1. The absorption of both the ligands and the 
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complexes obeyed the Beer’s law in the concentration range 
studied, implying the lack of ground-state aggregation in this 
range. The absorption band maxima and molar extinction 
coefficients are listed in Table 1. The simulated absorption spectra 
via TDDFT calculations matched well with the experimental 
spectra, as demonstrated in ESI Fig. S1.

As depicted in Fig. 1a, the absorption spectra of L-1 and L-2 in 
toluene possess intense absorption band(s) at 300−430 nm. Based 
on the large molar extinction coefficients of the absorption 
band(s), the minor solvatochromic effect (ESI Fig. S2), and the 
natural transition orbitals (NTOs) (Table 2), these bands 
predominantly arise from the 1π,π* transitions mixed with minor 
intramolecular charge transfer (1ICT) character. The absorption 
spectrum of L-2 possesses larger extinction coefficients and is red-
shifted compared to that of L-1, which is in line with the extended 
π-conjugation via incorporating the CC triple bonds in L-2.

The absorption spectra of Ir-1 and Ir-2 (Fig. 1a) are composed 
of two major absorption bands: one intense structured band at 
300-380 nm (  1.23 - 1.46×105 L.mol-1.cm-1) and another broad, 
strong and featureless band at 380-520 nm (  7.0×104 L.mol-
1.cm-1). In addition, a broad but weak absorption tail appears at 
520-650 nm (  2.0×103 L.mol-1.cm-1). Considering the large molar 
extinction coefficients, the vibronically-resolved structures, the 
minor solvatochromic effect (ESI Fig. S2), and the NTOs (ESI Table 
S1) representing the major transitions contributing to the high-
energy absorption bands at 300-380 nm, we attribute the 
parentage of these bands predominantly to the ligand-localized 
1π,π* transitions, admixing with minor 1MLCT/1LLCT configurations 
at the high-energy side (300-310 nm). The broad and structureless 
band at 380-520 nm is indicative of a dominant charge-transfer 
transition, which is a characteristic band found in Ir(III) and Ru(II) 
complexes bearing fluorenyl-substituted diimine 
ligand.19,36,40,41,44,77 In view of the NTOs corresponding to 
transitions contributing to this band (Table 2), this band is ascribed 
to the N^N ligand-localized intraligand charge transfer (1ILCT) / 
1π,π* transitions and mixed with 1MLCT/1LLCT configurations. 
Because of the large spin-orbit coupling constant of Ir, spin-

forbidden transitions directly from the singlet ground state to the 
3MLCT/3LLCT/3π,π* triplet excited states are possible, which 
contribute to the tail at 520-650 nm. This characteristics is in 
accordance with that found in many other cationic Ir(III) 
complexes,19,36-38,40-46,50-52 and the larger -conjugation of the 2,2'-
biquinoline ligand made this band red-shifted in comparison to 
those in complexes bearing the 2,2'-bipyridine or 1,10-
phenanthroline ligands.37

Fig. 1 (a) Experimental and (b) calculated absorption spectra of L-
1, L-2, Ir-1, and Ir-2 in toluene.

Comparison of the absorption spectra of Ir-1 and Ir-2 clearly 
reveals that incorporation of the CC triple bonds into the N^N 
ligand leads to a red-shift of all absorption bands in Ir-2 with 
respect to those in Ir-1. This trend reflects the involvement of the 
substituted diimine ligand in the optically active transitions 
contributing to the major absorption bands in these two 
complexes.

Table 1 Electronic absorption, emission, and triplet excited-state absorption parameters of L-1, L-2, Ir-1, and Ir-2 in toluene.
λabs/nm (ε/104 L mol-1 cm-1) λem/nm (τem/ns); Φem λT1-Tn/nm (τT/ns; εT1-Tn/104 L mol-1 cm-1); ΦT

L-1 385 (13.40) 417 (–), 442 (–); 0.91 751 (19690; 8.89); 0.075
L-2 385 (17.29), 406 (16.84) 420 (–), 447 (–); 0.91 762 (58930; 3.23); 0.082
Ir-1 346 (13.11), 361 (12.33), 429 (6.98) 640 (800); 0.096 755 (790; 3.62), 536 (770; 4.46); 0.14
Ir-2 354 (14.58), 369 (14.08), 436 (7.59) 648 (350); 0.059 770 (330; 4.40), 554 (330; 5.10); 0.10

Table 2 Natural transition orbitals (NTOs) representing the lowest energy transitions for L-1, L-2, Ir-1, and Ir-2 in toluene.
States Hole Electron

L-1 S1

383 nm
f = 4.30

81%

15%

81%

15%
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S2

359 nm
f = 0.001

59%

37%

59%

37%
S1

400 nm
f = 5.44

78%

16%

78%

16%

L-2

S2

371 nm
f = 0.14

56%

37%

56%

37%
S1

450 nm
f = 0.05

Ir-1

S2

435 nm
f = 1.63

S1

453 nm
f = 2.84

S2

435 nm
f = 0.07

Ir-2

S3

413 nm
f = 0.06

Emission

The emission characteristics of L-1, L-2, Ir-1, and Ir-2 were 
investigated in different solvents at room temperature. The 
normalized emission spectra in toluene are illustrated in Fig. 2, 
and the emission spectra in different solvents are given in ESI Fig. 
S3. The emission parameters are summarized in Tables 1 and 3.

Ligands L-1 and L-2 are highly emissive in all solvents used in 
our study. The small Stokes shifts compared to their respective 
absorption spectra and the short lifetimes (<10 ns and thus were 
unable to be measured on our instrument) indicate that they are 
fluorescence in nature. However, the parentage of the emitting 
states varied when the polarity of solvent changed. As shown in 

Fig. 2 and ESI Fig. S3, the fluorescence spectra of L-1 and L-2 in 
toluene and hexane are clearly vibronically resolved and thus the 
emission is ascribed to be from the 1π,π*/1ICT state. This 
attribution is supported by the NTOs of the emitting states for 
these two ligands calculated by analytical TDDFT in toluene (ESI 
Table S2). When the polarity of the solvent increased, the spectra 
lost some vibronic features and became broader in CH2Cl2 and 
acetone. In CH3CN, the emission essentially became structureless 
and the fluorescence quantum yield decreased in comparison to 
those in less polar solvents (Table 3). These changes reflect the 
increased intramolecular charge transfer character when the 
polarity of the solvent increases. Similar to the trend observed in 
the UV-vis absorption spectra of L-1 and L-2, the extended -
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conjugation in L-2 induced a red-shift of the fluorescence spectra 
with respect to the spectra of L-1 in each solvent.

The emission of complexes Ir-1 and Ir-2 appeared at 640-650 
nm, which is dramatically red-shifted with respect to their 
excitation wavelengths and with reference to their corresponding 
ligands. The emission is prone to oxygen quenching and has a 
lifetime of hundreds of ns (Tables 1 and 3). These characteristics 
suggest phosphorescence in nature. As shown in Figs. 2 and S3, 
the emission spectra in toluene and hexane possess some vibronic 
structures, while the spectra become structureless and red-shifted 
when the polarity of solvent increases. Accompanied by this 
change, the emission lifetimes and quantum yields decrease with 
the increased solvent polarity. The vibronic structure, longer 
lifetime, and higher quantum yield of the emission in toluene, 
hexane, and CH2Cl2 imply that the phosphorescence in these 
solvents likely emanate from a ligand-centered 3π,π* state, 
possibly mixed with some charge transfer characters. This 
attribution is supported by the NTOs of the emitting T1 state in 
toluene displayed in Table 4, which indicate a predominant N^N 
ligand-localized 3π,π* configuration with a minor contribution 
from the 3MLCT/3ILCT transitions. The prominent involvement of 
the N^N ligand in the emission induced lower emission energies 
for Ir-2 in each corresponding solvent compared to those of Ir-1 
owing to the extended -conjugation of the N^N ligand in Ir-2. In 

contrast to the emission spectra in these less polar solvents, the 
emission spectra of Ir-1 and Ir-2 in more polar solvents such as 
acetone and acetonitrile were structureless and red-shifted 
accompanied by shorter lifetimes and reduced quantum yields, 
suggesting an increased charge transfer contribution to the 
emitting state in the more polar solvents.

Fig. 2 Normalized emission spectra of L-1, L-2, Ir-1, and Ir-2 in 
toluene. The excitation wavelength was 385 nm for L-1 and L-2, 
429 nm for Ir-1, and 436 nm for Ir-2.

Table 3 Emission parameters of L-1, L-2, Ir-1, and Ir-2 in different solvents at room temperature
λem/nm (τem/ns); Φem

Hexanea Toluene CH2Cl2 Acetone CH3CN
L-1 408 (–), 433 (–); 0.94 417 (–), 442 (–); 0.91 428 (–), 444 (–); 0.91 424 (–), 443 (–); 0.89 444 (–); 0.82
L-2 413 (–), 439 (–); 0.93 420 (–), 447 (–); 0.91 432 (–); 0.84 445 (–); 0.73 452 (–); 0.76
Ir-1 635 (950); 0.085 640 (800); 0.096 657 (920); 0.12 658 (580); 0.058 657 (650); 0.053
Ir-2 643 (540); 0.066 648 (350); 0.059 672 (490); 0.066 675 (190); 0.020 673 (180); 0.017

a With 15% toluene for Ir-1 and Ir-2.

Table 4 NTOs corresponding to the phosphorescent emitting states of Ir-1 and Ir-2 in toluene.
em / nm Electron Hole

Ir-1 655

Ir-2 665

Transient absorption

In addition to phosphorescence discussed above, highly populated 
T1 state can possibly give rise to excited-state absorption, which is 
another characteristic of the T1 state. Investigation of the excited-
state absorption will also aid in our deeper understanding of how 
the extended π-conjugation of the N^N ligand impacts on the 
triplet excited-state characteristics. Therefore, the nanosecond 
transient absorption (TA) of L-1, L-2, Ir-1, and Ir-2 was studied in 
degassed toluene solutions. The TA spectra of L-1, L-2, Ir-1, and Ir-
2 at zero delay upon excitation at 355 nm are displayed in Fig. 3, 
and the excited-state absorption coefficients as well as the triplet 
lifetimes and quantum yields are summarized in Table 1. The time-

resolved TA spectra of L-1, L-2, Ir-1, and Ir-2 are presented in ESI 
Fig. S4.

Fig. 3 illustrates that ligands L-1 and L-2 possess very broad 
positive TA bands at 420−800 nm with similar spectral features. 
Bleaching occurred at 385 nm for L-1, and 383 nm and 408 nm for 
L-2, which are in line with the 1π,π*/1ICT absorption bands in their 
UV-vis absorption spectra. Because of the extended π-conjugation 
in L-2, its TA band maximum is slightly red-shifted with a slightly 
stronger intensity than that of L-1, accompanied by a much longer 
T1 lifetime than that of L-1. In view of the very long triplet 
lifetimes, it is reasonable for us to assign the transient absorbing 
excited states of L-1 and L-2 to their 3π,π* states.

The positive TA bands of Ir-1 and Ir-2 appeared at 480-800 and 
486-800 nm, with respective band maxima at 536/755 and 
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554/770 nm, respectively, indicating that the excited-state 
absorption is stronger than that of the ground state in these 
spectral regions for the two complexes. Bleaching occurred at 435 
and 442 nm, respectively, which are coincident with the positions 
of the predominant 1ILCT/1π,π* absorption bands in their 
respective UV-vis spectra. The triplet lifetimes of Ir-1 and Ir-2 
deduced from the decays of their TA signals are in line with those 
obtained from the decays of emission signals, implying the 
transient absorbing excited state being the emitting excited state, 
i.e. the 3π,π*/3MLCT/3ILCT states. Similar to the trend observed in 
their UV-vis absorption and emission spectra, expanding the -
conjugation of the N^N ligand led to a red-shift of the positive TA 
bands and the bleaching band in Ir-2 with a reduced T1 lifetime 
compared to those for Ir-1.

Fig. 3 Nanosecond TA spectra of L-1, L-2, Ir-1, and Ir-2 in toluene 
at zero delay after excitation at 355 nm. A355 = 0.4 in a 1-cm 
cuvette.

Reverse saturable absorption (RSA)

As mentioned in the Introduction section, RSA occurs when the 
excited-state absorption is stronger than the ground-state 
absorption. Complexes Ir-1 and Ir-2 exhibited stronger excited-
state absorption than ground-state absorption in the regions of 
490-800 nm, suggesting that they potentially display RSA in this 
spectral region. To demonstrate the RSA, nonlinear transmission 
experiments were conducted for complexes Ir-1 and Ir-2 in 
toluene solutions at 532 nm using a 4.1-ns pulsed laser with the 
linear transmission of all solutions adjusted to be 80% at 532 nm 
in a 2-mm cuvette, and the linear transmission vs. incident energy 
curves for complexes Ir-1 and Ir-2 are shown in Figure 4. The 
transmission of Ir-1 and Ir-2 decreased drastically with the 
increased incident energy, testifying the occurrence of RSA. The 
strength of the RSA for Ir-2 is slightly stronger than that of Ir-1, 
suggesting that extending π-conjugation of the N^N ligand in Ir-2 
enhanced the RSA. To justify the observed RSA trend, the ratio of 
the excited-state absorption cross section (σex) to that of the 
ground state (σ0) that was revealed to be the key parameter 
determining the strength of RSA was estimated according to the 
method reported by us previously.27 Briefly, the σ values were 
obtained from the ε values at 532 nm according to the conversion 

equation σ = 2303ε/NA (where NA is the Avogadro’s constant), 
where the ε values were deduced from the UV-vis absorption 
spectra and the transient absorption spectra for ε0 and εex, 
respectively. The resultant σ0 and σex values along with the σex/σ0 

ratios are listed in Table 5. Ir-1 and Ir-2 possess very similar σ0 
values at 532 nm, but the σex value of Ir-2 is slightly larger than 
that of Ir-1, resulting in the slightly larger σex/σ0 ratio for Ir-2, 
which correlates well with the observed RSA trend.
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Fig. 4 Nonlinear transmission curves of Ir-1 and Ir-2 in toluene for 
4.1 ns laser pulses at 532 nm in a 2 mm cuvette. For each sample, 
the linear transmission was adjusted to 80%. The radius of the 
beam waist at the focal plane was approximately 96 μm. The inset 
shows the corresponding output energy vs. incident energy curves 
for these two complexes.

Table 5 Ground-state and excited-state absorption cross sections 
of Ir-1 and Ir-2 in toluene at 532 nm.

Conclusions
Two heteroleptic cationic Ir(III) complexes bearing 7-
benzothiazolylfluoren-2-yl substituted 2,2′-biquinoline ligand via 
single or triplet bond linkage were synthesized and investigated to 
understand the effects of extending the π-conjugation of the 
diimine ligand on their photophysics and reverse saturable 
absorption. Our studies revealed that extending π-conjugation of 
the diimine ligand red-shifted the ground-state absorption, 
emission, and transient absorption bands in Ir-2. The extended π-
conjugation of the diimine ligand also switched the T1 state to 
predominantly the diimine ligand localized 3π,π* state, resulting in 
a relatively long-lived T1 state while the energy of the T1 state was 
reduced. The stronger excited-state absorption than that of the 
ground-state of Ir-1 and Ir-2 gave rise to a dramatic RSA, with a 
slightly stronger RSA for Ir-2 than for Ir-1, which correlated well 
with their σex/σ0 ratios. The broad but weak ground-state 

Ir-1 Ir-2
σ0/10-18 cm2 8.2 8.1
σex/10-18 cm2 168 183
σex/σ0 20.5 22.6
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absorption at 500-650 nm, the much stronger triplet excited-state 
absorption in the same spectral region, accompanied by the 
relatively long T1 lifetime made these complexes promising 
candidates as broadband reverse saturable absorbers. Although 
the broadband optical limiting was not demonstrated in this work 
due to the limitation of our instrument, our studies on the ground-
state and excited-state absorption have shed light on the potential 
of these complexes as broadband optical limiting materials. The 
strategy used in this work could also be applied to other 
transition-metal complexes for broadband optical limiting 
application.
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