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Photophysics and Reverse Saturable Absorption of Cationic 
Dinuclear Iridium(III) Complexes Bearing Fluorenyl-Tethered 2-
(Quinolin-2-yl)quinoxaline Ligand
Cuifen Lu,a,b,‡ Taotao Lu,a,‡ Peng Cui,c,a,d Svetlana Kilinaa and Wenfang Suna,*

ABSTRACT: The synthesis, photophysics and reverse saturable absorption of two cationic dinuclear Ir(III) complexes bearing 
fluorenyl-tethered 2-(quinolin-2-yl)quinoxaline (quqo) ligand are reported in this paper. The two complexes possess intense 
and featureless diimine ligand localized 1ILCT (intraligand charge transfer) / 1π,π* absorption bands at ca. 330 and 430 nm, 
and weak 1,3MLCT (metal-to-ligand charge transfer) / 1,3LLCT (ligand-to-ligand charge transfer) absorption band at >500 nm. 
Both complexes exhibit weak dual phosphorescence at ca. 590 nm and 710 nm, which are attributed to the 3ILCT/3π,π* and 
3MLCT/3LLCT states, respectively. The low-energy 3MLCT/3LLCT state also gives rise to moderately strong triplet excited-state 
absorption at 490-800 nm. Because of the stronger triplet excited-state absorption than the ground-state absorption of 
these complexes at 532 nm, both complexes manifest a moderate reverse saturable absorption (RSA) at 532 nm for ns laser 
pulses. Expansion of the π-conjugation of the fluorenyl-tethered diimine ligand in Ir-1 causes a slight red-shift of the 
1ILCT/1π,π* absorption bands in its UV-vis absorption spectrum and the 3MLCT/3LLCT absorption band in the transient 
absorption spectrum and slightly enhances the RSA at 532 nm compared to those of Ir-2. This work represents the first 
report on dinuclear Ir(III) complexes that exhibit RSA at 532 nm.

Introduction
Octahedral d6 Ir(III) complexes have attracted great interest among 
chemists and materials scientists during the past three decades 
because of their high triplet excited–state quantum yields, 
synthetic versatility, and excellent chemical and photo stabilities.1-

4 The rich photophysical and electrochemical properties of these 
complexes prompt their potential applications in organic light-
emitting devices (OLEDs),5-7 light-emitting electrochemical cells 
(LEECs),8 energy upconversion,9 nonlinear optics,10,11 
photocatalysis,12,13 bioimaging and biosensing,14 and photodynamic 
therapy.15,16 Among the Ir(III) complexes, heteroleptic cationic Ir(III) 
complexes are more appealing because their ground- and excited-
state properties can be readily tuned by structural modifications of 
the diimine (N^N) and/or cyclometalating (C^N) ligands.17-28

There are two common strategies to tune the photophysical 
and electrochemical properties of Ir(III) complexes. One is to 
introduce different electron-donating or withdrawing substituents 
to the N^N and/or C^N ligands,17-19 which mainly adjusts the energy 
levels of the excited states without a significant impact on the 
nature of the excited states. The other strategy is to extend the π-
conjugation of the N^N and/or C^N ligands,20-29 which can 
drastically alter the nature of the lowest triplet excited state. 
Bryce’s group found that phosphorescence lifetime was increased 
when the π-conjugation of the N^N ligands was extended in cationic 
Ir(III) complexes.21 Huang’s group revealed that the emission 
wavelength of the Ir(III) complexes was remarkably red-shifted by 
expanding the π-conjugation of the N^N ligand.22 Schanze’s group23 
and our group10,26-29 discovered that the triplet excited-state 
lifetime was dramatically increased and the triplet excited-state 
absorption was enhanced by extending the π-conjugation of the 
N^N ligand via incorporation of π-conjugated substituents or 
benzannulation. Meanwhile, benzannulation on the N^N ligand at 
appropriate sites red-shifted the ground-state charge-transfer 
absorption band while keeping a reasonably long-lived triplet 
excited state.28,29

While expanding the ligand π-conjugation in Ir(III) complexes 
has shown promising in improving the properties of the excited 
state, most of the reports were focused on the mononuclear Ir(III) 
complexes. Dinuclear Ir(III) complexes have been much 
underexplored due to (1) synthetic challenges and difficulty in 
separation of diastereomers or geometric isomers; (2) less 
predictable properties associated with complicated intra- and inter-

a.Department of Chemistry and Biochemistry, North Dakota State University, Fargo, 
ND 58108-6050, USA

b.Hubei Collaborative Innovation Center for Advanced Organochemical Materials & 
Ministry-of-Education Key Laboratory for the Synthesis and Application of Organic 
Functional Molecules, Hubei University, Wuhan, 430062, P.R. China

c. Key Laboratory of Eco-textiles, Ministry of Education, Jiangnan University, Wuxi, 
Jiangsu Province 214122, P. R. China

d.Materials and Nanotechnology Program, North Dakota State University, Fargo, 
ND 58108-6050, USA

‡ These two authors contributed equally to this project.
* Corresponding author. E-mail: Wenfang.Sun@ndsu.edu
Electronic Supplementary Information (ESI) available: 1H NMR spectra, comparison 
of the experimental and calculated absorption spectra, solvent-dependent 
absorption and emission spectra, time-resolved transient absorption spectra, and 
natural transition orbitals. See DOI:10.1039/x0xx00000x

Page 1 of 11 Dalton Transactions



ARTICLE Journal Name

2 | Dalton Trans. 2021, 00, 1-11 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

molecular processes; and (3) low emission quantum yields and 
short-lived triplet excited states induced by the bridging ligand-
facilitated nonradiative processes.30-35 However, the feasible 
intramolecular π-π and/or metal-metal interactions in dinuclear 
complexes are expected to alter the nature and energy of the 
singlet and triplet excited states, promoting special photophysical 
features. In particular, studies on a variety of dinuclear Ir(III) 
complexes linked by N^N, C^N, or N^O-ligands revealed that -
conjugation in the bridging ligand resulted in a bathochromic shift 
in their absorption and emission spectra with respect to their 
mononuclear counterparts.36 This feature was attributed to the 
participation of the bridging ligand-based ,* or intraligand charge 
transfer (ILCT) configurations in the excited states37-40 or lowering 
of the metal-to-ligand charge transfer (MLCT) / ligand-to-ligand 
charge transfer (LLCT) excited states due to the enhanced electron-
withdrawing capability of the bridging ligand.41 The presence of 
bridging ligand-based transitions also enhanced the two-photon 
absorption37 and electrochemiluminescence42 of the dinuclear 
complexes. Moreover, our group and the other groups have 
revealed the enhanced photocytotoxicities of the dinuclear Ir(III) 
complexes for in vitro photodynamic therapy of cancer cells 
compared to their mononuclear counterparts.43 Therefore, the 
unique photophysical properties and potential applications of the 
dinuclear Ir(III) complexes are worthy of further study.

Among the variety of applications of Ir(III) complexes, optical 
limiting (OPL) based on reverse saturable absorption (RSA, i.e. a 
nonlinear optical phenomenon that exhibits an increased 
absorptivity upon increasing the incident fluence) is underexplored. 
The readily populated triplet excited state due to heavy Ir metal 
induced rapid intersystem crossing and the broad and relatively 
strong triplet excited-state absorption of Ir(III) complexes make 
them attractive candidates as reverse saturable absorbers for OPL 
applications. Our group and other groups have extensively 
investigated the RSA of various mononuclear Ir(III) complexes.23-29 
However, the study on RSA of dinuclear Ir(III) complexes is sparse.

For a broadband RSA material, it is desirable to have a broad but 
weak ground-state absorption in the visible to the near-IR region 
where the excited-state absorption is strong. Meanwhile the 
material is expected to possess long-lived triplet excited state for 
broad temporal response. However, it has remained to be a 
challenge to red-shift the ground-state absorption while keeping a 
long-lived triplet excited state.44 This dilemma arises from the fact 
that red-shifting the ground-state absorption to longer 
wavelengths requires a low-lying singlet excited state, which leads 
to an even lower triplet excited state typically exhibiting a rapid 
nonradiative decay. Therefore, the reported lifetimes of the lowest 
triplet excited state are significantly shortened in Ir(III) complexes 
with red-shifted charge-transfer absorption to the red/NIR spectral 
regions,10,11,24,25,29,45 which weakens their triplet excited-state 
absorption and limits their application as broadband reverse 
saturable absorbers. An example of this dilemma is the Ir(III) 
complexes with the 2-(2-quinolinyl)quinoxaline (quqo, structure 
shown in Chart 1) ligand, in which the charge-transfer absorption 
band was red-shifted to 730 nm while the T1 lifetime was too short 
(ps range) to allow for their ns transient absorption to be 
detected.11 To remedy this deficiency, we extended the -
conjugation of the quqo ligand via incorporating fluorenyl 

substituents (Chart 1) on the quqo ligand, which prolonged the T1 
lifetimes of the mononuclear Ir(quqo)(piq)2

+ (piq refers to 1-
phenylisoquinoline, Chart 1) complexes and significantly improved 
the triplet excited-state absorption.46

R R

N

N

N

N
fluorenyl quqo piq

Chart 1  Structures of fluorenyl substituent, quqo and piq.

Inspired by the promising RSA results from the mononuclear 
Ir(quqo)(piq)2

+ complexes with -expansive diimine ligand and the 
aforementioned interesting properties of the dinuclear Ir(III) 
complexes, we tethered two Ir(quqo)(piq)2

+ complexes by a 
fluorenyl linker, aiming to realize weak ground-state absorption but 
strong and broad excited-state absorption in the visible to the near-
IR regions meanwhile retaining a reasonably long-lived triplet 
excited state for broadband RSA based optical limiting applications. 
Therefore, two dinuclear Ir(III) complexes with fluorenyl-tethered 
quqo ligands were synthesized (Ir-1 and Ir-2 in Scheme 1). The 
photophysical properties of these two complexes were 
systematically investigated with UV-vis absorption, emission and 
transient absorption spectroscopy and simulated by TDDFT 
calculations. The RSA of these two complexes was demonstrated at 
532 nm for ns laser pulses.

Experimental section
Synthesis and characterization

All reagents and solvents for synthesis were purchased from Aldrich 
or Alfa Aesar and used as received unless otherwise stated. 
Precursors 5,47 6,27 and 728 were prepared according to the 
procedures previously reported by our group. Tetrahydrofuran 
(THF) and triethylamine (Et3N) were distilled under N2 over sodium 
benzophenone ketyl. Silica gels (230–400 mesh) used for 
chromatography were purchased from Alfa Aesar. The 
intermediate compounds were characterized by 1H NMR 
spectroscopy, while the ligands L-1 and L-2, and complexes Ir-1 and 
Ir-2 were characterized by 1H NMR, HRMS, and elemental analyses. 
1H NMR spectra were recorded on a Varian Oxford-400 or Oxford-
500 VNMR spectrometer. ESI-HRMS analyses were performed on a 
Bruker BioTOF III mass spectrometer. Elemental analyses were 
carried out by NuMega Resonance Laboratories, Inc. in San Diego, 
California. The synthetic details and characterization data for 
compound 4, ligands L-1 and L-2, and complexes Ir-1 and Ir-2 are 
given below, and their 1H NMR spectra are provided in ESI Fig. S1.

Compound 4. To a solution of 2-aminobenzaldehyde 1 (300 mg, 
2.48 mmol) in DMF (20 mL) was added NBS (440 mg, 2.48 mmol), 
and the solution was stirred at r.t. for 1 h. After that, the yellow 
solution was poured into water and extracted with CH2Cl2. Then the 
organic layer was washed with water, dried over anhydrous Na2SO4, 
and evaporated under reduced pressure to obtain the crude 
product 2 as yellow needles. The obtained crude product 2 was 
used immediately for the following step reaction without further 
purification. Saturated ethanol solution of KOH (20 mL) was added 
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to the mixture of compounds 2 and 3 (385 mg, 2.23 mmol) and 
refluxed for 12 h. After cooling to r.t, water was added to the 
reaction mixture and the precipitate was collected by filtration to 
get the crude product 4, which was purified by column 
chromatography on silica gel (hexane/ethyl acetate = 8/1, v/v) to 

obtain yellow powder (500 mg, yield: 67%). 1H NMR (400 MHz, 
CDCl3): δ 10.16 (s, 1H, Ha), 8.76 (d, J = 8.8 Hz, 1H, Hc), 8.24 (d, J = 8.5 
Hz, 1H, Hf), 8.20-8.14 (m, 2H, Hg/Hj), 8.11 (d, J = 8.8 Hz, 1H, Hb), 8.04 
(d, J = 2.0 Hz, 1H, Hd), 7.85-7.82 (dd, J = 8.5, 2.0 Hz, 1H, He), 7.82-
7.78 (m, 2H, Hh/Hi).
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Scheme 1  Synthetic routes and structures for complexes Ir-1 and Ir-2.

Ligand L-1. A stirred mixture of compounds 4 (253 mg, 0.752 
mmol), 5 (150 mg, 0.342 mmol), PPh3 (36 mg, 0.068 mmol), 
Pd(PPh3)2Cl2 (48 mg, 0.068 mmol), CuI (13 mg, 0.068 mmol ), Et3N 
(6 mL) and THF (25 mL) was purged with nitrogen and heated to 
reflux for 36 h. The mixture was cooled to r.t. and the solvent was 
removed. The residue was washed with brine and the solid was 
dissolved in CH2Cl2. The CH2Cl2 layer was then dried over anhydrous 
Na2SO4 and the solvent was removed. The residue was purified by 
column chromatography on silica gel (hexane/toluene/ethyl 
acetate = 31/31/1, v/v) to give L-1 as a yellow solid (80 mg, yield: 
24%). 1H NMR (500 MHz, CDCl3): δ 10.23 (s, 2H, Ha), 8.79 (d, J = 8.5 
Hz, 2H, Hc), 8.33 (d, J = 8.5 Hz, 2H, Hf), 8.26 (d, J = 8.5 Hz, 2H, Hb), 
8.24-8.18 (m, 4H, Hg/Hj), 8.15-8.10 (m, 2H, Hd), 7.96-7.91 (m, 2H, 
Hm), 7.86-7.79 (m, 4H, Hk/Hl), 7.75 (d, J = 8.5 Hz, 2H, He), 7.68-7.60 
(m, 4H, Hh/Hi), 2.13-2.03 (m, 4H, CH2(CH2)6CH3), 1.05-0.56 (m, 30H, 
CH2(CH2)6CH3). ESI-HRMS: m/z Calcd for [C67H60N6+H]+, 949.4958; 
found: 949.4936. Anal. Calcd (%) for C67H60N6‧0.5H2O: C, 83.98; H, 
6.42; N, 8.77. Found: C, 84.31; H, 6.83; N, 8.79.

Complex Ir-1. To a stirred solution of compounds 6 (100 mg, 
0.115 mmol) and L-1 (50 mg, 0.078 mmol) in degassed 
CH2Cl2/MeOH (30 mL, 2/1, v/v) was added AgSO3CF3 (30 mg, 0.115 

mmol). The mixture was refluxed for 24 h under nitrogen. After 
cooling to r.t., 10-fold NH4PF6 was added. The suspension was 
stirred at r.t. for 3 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 = 30/1, 
v/v) to afford Ir-1 as a brownish-green solid (50 mg, yield: 34%). 1H 
NMR (500 MHz, CDCl3): δ 10.04 (s, 2H, Ha), 8.92-8.89 (d, J = 8.5 Hz, 
2H, Hc), 8.88-8.79 (m, 4H, Hn), 8.66 (d, J = 8.5 Hz, 2H, Hf), 8.26 (d, J 
= 7.5 Hz, 4H, Ht), 8.13-8.08 (d, J = 8.5 Hz, 2H, Hb), 8.08-8.02 (s, br. 
2H, Hd), 7.90-7.47 (m, 28H, He,g,h,i,j,k,l,m,o,p,s), 7.33 (t, J = 6.5 Hz, 4H, 
Hq), 7.25-7.10 (m, 8H, Hu/Hw), 6.92 (t, J = 7.0 Hz, 4H, Hr), 6.42-6.38 
(dd, J = 7.0, 14.0 Hz, 4H, Hv), 2.08-1.94 (m, 4H, CH2(CH2)6CH3), 0.98-
0.47 (m, 30H, CH2(CH2)6CH3). ESI-HRMS: m/z Calcd for 
[C127H100Ir2N10]2+, 1075.3707; found, 1075.3723. Anal. Calcd (%) for 
C127H100F12Ir2N10P2 ‧2CHCl3 ‧2CH2Cl2 ‧0.5C6H14: C, 55.65; H, 3.94; N, 
4.84. Found: C, 55.58; H, 4.25; N, 5.09.

Ligand L-2. A stirred mixture of compounds 4 (196 mg, 0.582 
mmol), 7 (170 mg, 0.265 mmol), K2CO3 (3.4 g, 24.6 mmol), Pd(PPh3)4 
(61.2 mg, 0.053 mmol), toluene (25 mL) and H2O (10 mL) was 
purged with nitrogen and heated to reflux for 24 h. The mixture was 
cooled to r.t., poured into water, and extracted with ethyl acetate. 
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The organic layer was dried over anhydrous Na2SO4 and the solvent 
was removed. The residue was purified by column chromatography 
on silica gel (hexane/ethyl acetate = 20/1 - 10/1, v/v) to give L-2 as 
a yellow solid (105 mg, yield: 44%). 1H NMR (500 MHz, CDCl3): δ 
10.28 (s, 2H, Ha), 8.82 (d, J = 8.5 Hz, 2H, Hc), 8.45 (d, J = 8.5 Hz, 2H, 
Hf), 8.38 (d, J = 8.5 Hz, 2H, Hb), 8.27-8.20 (m, 4H, Hg/Hj), 8.16-8.12 
(m, 4H, Hd/Hm), 7.91 (d, J = 8.5 Hz, 2H, He), 7.87-7.78 (m, 8H, 
Hk/Hl/Hh/Hi), 2.25-2.15 (m, 4H, CH2(CH2)6CH3), 1.05-0.58 (m, 30H, 
CH2(CH2)6CH3). ESI-HRMS: m/z Calcd for [C63H60N6+H]+, 901.4958; 
found, 901.5004. Anal. Calcd (%) for C63H60N6‧0.05CH2Cl2: C, 83.64; 
H, 6.69; N, 9.28. Found: C, 83.47; H, 7.08; N, 9.39. 

Complex Ir-2. Compounds 6 (159 mg, 0.125 mmol), L-2 (75 mg, 
0.083 mmol), and AgSO3CF3 (32 mg, 0.125 mmol) were added to 
degassed 2-ethoxyethanol (20 mL) and heated to 130 oC under 
nitrogen for 24 h. The reaction mixture was cooled to r.t. and 10-
fold NH4PF6 was added. The suspension was stirred at r.t. for 3 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 = 40/1 - 10/1, v/v) to give Ir-2 as 
a greenish-brown solid (70 mg, yield: 35%). 1H NMR (500 MHz, 
CDCl3): δ 10.06 (s, 2H, Ha), 8.98-8.74 (m, 8H, Hc/Hf/Hn), 8.31-8.21 
(m, 4H, Ht), 8.14-8.04 (m, 4H, Hb/Hd), 7.90-7.53 (m, 28H, 
He,g,h,i,j,k,l,m,o,p,s), 7.41-7.22 (m, J = 7.5 Hz, 8H, Hq/Hw), 7.14 (t, J = 7.5 
Hz, 4H, Hu), 6.92 (t, J = 7.5 Hz, 4H, Hr), 6.45-6.35 (dd, J = 7.5, 9.8 Hz, 
4H, Hv), 2.15-2.00 (m, 4H, CH2(CH2)6CH3), 0.95-0.48 (m, 30H, 
CH2(CH2)6CH3). ESI-HRMS: m/z Calcd for [C123H100Ir2N10]2+, 
1051.3707; found, 1051.3740. Anal. Calcd (%) for 
C123H100F12Ir2N10P2: C, 61.75; H, 4.21; N, 5.85. Found: C, 61.72; H, 
4.60; N, 6.06.

Photophysical measurements.

Spectroscopic grade solvents from VWR International were used for 
the photophysical studies without further purification. The UV-vis 
absorption spectra were recorded on a Shimadzu UV-2501 
spectrophotometer and the steady-state emission spectra were 
obtained on a Jobin-Yvon FluoroMax-4 fluorometer/ 
phosphorometer. The emission quantum yields were determined 
by the relative actinometry method48 in different solvents (the 
solutions of Ir-1 and Ir-2 were degassed with argon for 40 min), in 
which a degassed acetonitrile solution of [Ru(bpy)3]Cl2 (Φem = 0.097, 
λex = 436 nm)49 was used 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)50 was used as the reference for ligands L-1 and L-2. 
The nanosecond transient absorption (TA) spectra and triplet 
lifetimes were measured in argon-sparged (40 min) CH2Cl2 solutions 
for L-1 and L-2, and in CH3CN solutions for Ir-1 and Ir-2 on an 
Edinburgh LP920 laser flash photolysis spectrometer. The third 
harmonic output (355 nm) of a Nd:YAG laser (Quantel Brilliant, 
pulse duration = 4.1 ns; repetition rate = 1 Hz) was employed as the 
pump beam. The triplet excited-state absorption coefficients (εT) at 
the TA band maxima were determined by the singlet depletion 
method,51 and the triplet excited state quantum yields were 
calculated by the relative actinometry52 with SiNc in benzene 
solution (ε590 = 70,000 L mol−1 cm−1, ΦT = 0.20)53 as the reference.

Nonlinear transmission measurements

The RSA of complexes Ir-1 and Ir-2 was demonstrated by nonlinear 
transmission experiment at 532 nm using a Quantel Brilliant laser 
(pulse width = 4.1 ns, repetition rate = 10 Hz) as the light source. 
Ir-1 and Ir-2 were dissolved in CH2Cl2 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 setup and 
details were similar to those reported previously.24 The focal length 
of the plano-convex lens was 40 cm, and the radius of the beam 
waist at the focal point was approximately 96 μm.

Computational methods

Geometries of the Ir(III) complexes and ligands were optimized at 
the level of density functional theory (DFT) implemented in 
Gaussian09 software package.54 The electronic structure 
calculations were carried out with Douglas-Kroll-Hess 
approximation.55,56 The absorption energies were calculated using 
time-dependent DFT (TDDFT) by iteratively solving the eigenvalue 
equation based on Davidson algorithm.57-59 Absorption spectra 
were plotted based on inhomogeneous Gaussian line-broadening 
of 50 optical transitions calculated by TDDFT. The ∆SCF approach 
was employed to obtain the phosphorescence energies based on 
the triplet ground-state geometries optimized using unrestricted 
DFT method and the lowest triplet transition energies were 
obtained by TDDFT calculations.

The hybrid PBE1 functional60 and the mixed basis set with 
LANL2DZ for Ir and 6-31G* for the remaining atoms were used for 
the ground- and excited-state calculations. All calculations were 
performed using conductor-like polarizable continuum model 
(CPCM),61 as implemented in Gaussian09. For Ir-1 and Ir-2, CH3CN 
was used as the solvent media, while CH2Cl2 was used as the solvent 
media for L-1 and L-2 to be consistent with the experimental 
condition. The phosphorescence energies were estimated in 
solvent according to the state-specific approach,62 which accounts 
for the non-equilibrium effect of slow component of reaction field 
of solvent. Natural transition orbital (NTO)63 analysis was 
performed to characterize each excitation as a hole-electron pair by 
applying unitary transformation of transition density matrix of a 
specific excited state. Chemcraft-1.7 software64 was used for 
plotting the ground- and excited-state charge densities by setting 
the isovalue as 0.02.

Results and discussion
Electronic absorption

The UV-Vis absorption of L-1, L-2, Ir-1 and Ir-2 was investigated in 
different solvents and the concentration-dependency studies were 
conducted for L-1 and L-2 in CH2Cl2 and Ir-1 and Ir-2 in CH3CN in a 
concentration range of 1×10-6 - 1×10-4 mol L−1. The experimental 
absorption spectra of L-1 and L-2 in CH2Cl2 and Ir-1 and Ir-2 in CH3CN 
are presented in Fig. 1a. The absorption band maxima and molar 
extinction coefficients are listed in Table 1. The absorption of these 
compounds followed the Beer’s law, indicating the absence of 
ground-state aggregation in the tested concentration range. The 
absorption spectra of L-1, L-2, Ir-1 and Ir-2 were simulated by 
TDDFT and the results are displayed in Fig. 1b. The energies, shapes, 
and relative intensities of the calculated spectra agreed well with 
the experimental ones (ESI Fig. S2). The natures of the low-energy 
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and most intensive optical transitions are represented by their 
NTOs shown in Tables 2 and S1.

The absorption spectra of ligands L-1 and L-2 are composed of 
a major absorption band at 350-450 nm that is broad, less 
structured, and strong. Considering the large molar extinction 
coefficients of this band and the -conjugation nature of these two 
ligands, this band is attributed predominantly to 1π,π* transitions, 
likely mixed with some intramolecular charge transfer (1ICT) 
character in view of the electron-withdrawing capability of quqo. 
This attribution is supported by the NTOs for the S1 states of these 
two ligands (see Table 2), for which the holes are mainly distributed 
on the bridging fluorenyl motif and extended to the quinolinyl 
groups, while the electrons are delocalized over the entire molecule. 
Because of the extended π-conjugation induced by the two CC 
bonds in L-1, the absorption bands of L-1 are slightly red-shifted in 
comparison to those of L-2.

The complexes Ir-1 and Ir-2 displayed strong absorption bands 
at ca. 320-400 nm, and broad and featureless absorption bands at 
400-540 nm. With reference to the NTOs shown in Table 2, the low-
energy band at 400-540 nm is ascribed predominantly to the 1ILCT 
transition from the -donating bridging fluorenyl motif to electron-
accepting quqo ligands, admixing with minor 1π,π* character. In 
comparison to the 1π,π*/1ILCT bands in their corresponding ligands, 
the 1ILCT/1π,π* bands in the complexes are broader, weaker and 
bathochromically shifted. This change should be attributed to the 
increased 1ILCT contribution in the complexes due to the enhanced 
electron-withdrawing ability of quqo after complexation with Ir(III) 
ions. Meanwhile, the 1MLCT/1LLCT transitions associated with one 
of the metal centers contributed to the lower-energy end of this 
absorption bands at ~500 nm. Based on the NTOs in Table S1, the 

other strong absorption band at ca. 330 nm also has the 
predominant 1ILCT/1π,π*/1MLCT character, but the electrons are 
much less delocalized compared to the low-energy transitions.

In addition to the aforementioned absorption bands, Ir-1 and Ir-
2 possess a broad but very weak band at ca. 540-700 nm (see the 
inset in Fig. 1a). With reference to the other reported Ir(III) 
complexes especially those bearing quqo ligand, this band can be 
assigned to spin-forbidden 3MLCT/3LLCT/3π,π* 
transitions.10,11,25,46,65
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Fig. 1  (a) Experimental and (b) calculated absorption spectra of L-1 
and L-2 in CH2Cl2 and Ir-1 and Ir-2 in CH3CN. The inset in panel (a) 
shows the expansion of the experimental spectra at 525-825 nm.

Table 1  Electronic absorption, emission, and triplet excited-state absorption parameters of L-1 and L-2 in CH2Cl2 and Ir-1 and Ir-2 in CH3CN.

λabs/nm (ε/104 L mol-1 cm-1)a λem/nm (τem/ns); Φem
b λT1-Tn/nm (τT/ns, εT1-Tn/104 L 

mol-1 cm-1); ΦT
c

L-1 311 (4.42), 390 (11.37) 472 (-); 0.67 500 (28820, 4.98); 0.093 
L-2 298 (4.78), 382 (9.39) 477 (-); 0.64 506 (24870, 3.40); 0.15
Ir-1 292 (10.40), 353 (11.42), 432 (6.76), 555 (0.29) 590 (1420), 618 (1220), 700 (40 (20%), 1320 

(80%)); 0.003
520 (40, 6.91); 0.072

Ir-2 294 (10.15), 334 (10.33), 434 (5.88), 555 (0.25) 588 (2490), 716 (60); 0.003 512 (50, 5.92); 0.23 

aAbsorption band maxima (λabs) and molar extinction coefficients (ε) at room temperature. bEmission band maxima (λem) and quantum yields 
(Φem) at room temperature with Ru(bpy)3Cl2 in degassed CH3CN (Φem = 0.097, λex = 436 nm) 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) as the reference for ligands L-1 and L-2. The lifetimes of Ir-1 and 
Ir-2 were measured at c = 1×10-5 mol.L-1. The lifetimes of L-1 and L-2 were too short to be measured on our instrument. cNanosecond TA 
band maxima (λT1-Tn), triplet excited-state lifetimes (τT), triplet extinction coefficients (εT1-Tn), and triplet quantum yields (ΦT) measured at 
room temperature with SiNc in benzene (ε590 nm = 70,000 L mol-1 cm-1 , Φem = 0.20) as the reference.

Table 2  Natural transition orbitals (NTOs) representing the low-energy transitions for L-1 and L-2 in CH2Cl2 and Ir-1 and Ir-2 in CH3CN.

States and Properties Hole Electron
S1

390 nm
f = 3.73

L-1

S2

351 nm
f = 0.17 68% 68%
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27% 27%
S1

379 nm
f = 2.12

L-2

S2

357 nm
f = 0.07
S1

481 nm
f = 0.02

Ir-1

S2

479 nm
f = 0.06

S3

450 nm
f = 2.34

83%

14%

83%

14%
S1

484 nm
f = 0.02

Ir-2

S2

483 nm
f = 0.03

S3

436 nm
f = 1.22

83%

15%

83%

15%

Photoluminescence

The emission characteristics of L-1, L-2, Ir-1 and Ir-2 were 
investigated in different solvents at room temperature. The 
normalized room-temperature emission spectra of L-1 and L-2 in 
CH2Cl2, and Ir-1 and Ir-2 in CH3CN at a concentration of 1×10-5 mol 
L-1 are displayed in Fig. 2, and the spectra in different solvents are 
provided in Fig. S4. The emission parameters are summarized in 
Tables 1 and S2. As shown in Fig. 2, L-1 and L-2 exhibit a 
structureless blue emission in CH2Cl2, which shows a positive 
solvatochromic effect in more polar solvents like acetone and 
acetonitrile (Fig. S4). The featureless spectra, their insensitivity to 
air and short lifetimes (< 10 ns), along with the positive 
solvatochromic effect suggest that the emission of L-1 and L-2 in 
these polar solvents is fluorescence arising from an 1ICT state,19 
which is supported by the NTOs of the calculated singlet emitting 

states (Table S3). In nonpolar or less polar solvents like hexane and 
toluene, the fluorescence spectra become much narrower, 
vibronically resolved, and blue-shifted, implying a 1,* emission. 
Switching the emitting state from a charge transfer state to a 1,* 
state when solvent polarity decreases is a common feature for 
molecules composing an acceptor-donor structure.19
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Fig. 2  Normalized emission spectra of L-1 and L-2 in CH2Cl2, and Ir-
1 and Ir-2 in CH3CN. The excitation wavelength was 390 nm for L-1, 
382 nm for L-2, 432 nm for Ir-1, and 434 nm for Ir-2. The 
concentration used was 1×10-5 mol L-1.

The emission of complexes Ir-1 and Ir-2 shows a significant red-
shift in comparison to their excitation wavelengths, and the 

emission is prone to oxygen quenching. These characteristics are 
consistent with phosphorescence from a triplet excited state. Both 
complexes exhibit dual emission. With reference to the complexes 
that possess quqo ligand, the low-energy emission band at 700 nm 
can be ascribed to a 3MLCT (d(Ir)  *(quqo)) / 3LLCT ((piq)  
*(quqo)) state,11,22,35,46 while the high-energy emission band at 587 
nm is attributed to the fluorenyl-linked quqo ligand-localized 
3,*/3CT emission with reference to our previous reported Ir(III) 
complexes with donor-acceptor character.35 For complex Ir-1, the 
extended π-conjugation in N^N ligand causes a stronger high-
energy emission in comparison to that of Ir-2, indicating a stronger 
contribution of the 3π,π* configuration to the high-energy emitting 
state.

The dual emission and charge transfer nature of the emitting 
states for Ir-1 and Ir-2 are supported by the TDDFT calculations. As 
the NTOs in Table 3 manifest, the low-energy emitting states for 
both complexes are 3MLCT/3LLCT transitions in nature; while the 
high-energy emission has a predominant 3,*/3ILCT character, 
admixing with some 3MLCT/3LLCT characters.

Table 3  NTOs corresponding to the triplet emitting states for Ir-1 and Ir-2 in CH3CN.

Emission energy Electron Hole
735 nmIr-1

594 nm

65%

17%

65%

17%
722 nmIr-2

634 nm

51%

11%

51%

11%

The emission of Ir-1 and Ir-2 in other solvents (hexane, toluene, 
CH2Cl2, and acetone) was also studied. As shown in Fig. S4, the 
relative intensity of the high-energy emission band decreases or 
disappears in these solvents in comparison to that in CH3CN, likely 
due to the decreased charge transfer character of this emitting 
excited state when the polarity of the solvent decreases, which is in 
line with the significant 3ILCT character of this emitting state. 

Meanwhile, the phosphorescence quantum yields of these two 
complexes in both polar and nonpolar solvents are very low, which 
is a common feature for dinuclear Ir(III) complexes.35 Another 
general trend revealed is that the high-energy emission band in Ir-
2 is much weaker or absent in each corresponding solvent 
comparing to those of Ir-1, supporting the less 3,* contribution to 
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this band in Ir-2 due to the shorter -conjugation of the bridging 
ligand in this complex with respect to that in Ir-1.

Transient absorption

The nanosecond transient absorption (TA) spectra of L-1 and L-2 in 
CH2Cl2 and Ir-1 and Ir-2 in CH3CN were studied to further 
understand the triplet excited-state characteristics. The TA spectra 
at zero delay after 355-nm excitation are shown in Fig. 3, and the 
TA parameters, i.e. the TA band maxima, the triplet excited-state 
lifetimes by monitoring the decay of TA signals, the triplet excited-
state molar extinction coefficients, and the triplet excited-state 
quantum yields are listed in Table 1. The time-resolved TA spectra 
of L-1, L-2, Ir-1, and Ir-2 are provided in ESI Fig. S5.
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Fig. 3  Nanosecond TA spectra of L-1 and L-2 in CH2Cl2, and Ir-1 
and Ir-2 in CH3CN at zero delay after 355-nm excitation. A355 = 0.4 
in a 1 cm cuvette.

Ligands L-1 and L-2 display quite similar TA spectra, with a broad 
positive TA band at 420−700 nm and bleaching occurring below 420 
nm that are in line with their 1π,π* absorption bands. In view of the 
long triplet lifetimes, the observed TA of L-1 and L-2 is attributed to 
their 3π,π* state. For complexes Ir-1 and Ir-2, their bleaching bands 
appear at ca. 450 nm, which are consistent with the 1ILCT/1π,π* 
absorption bands in their respective UV-vis spectra. In comparison 
to the TA spectra of their corresponding ligands, the TA spectra of 
the complexes exhibit much stronger signals in the regions of 490–
600 nm and 700–800 nm. However, the deduced triplet lifetimes of 
Ir-1 and Ir-2 are much shorter than those of their corresponding 
ligands but are in accordance with the emission lifetimes deduced 
from the low-energy 3MLCT/3LLCT emission band. These 
characteristics imply that the transient absorbing excited states of 
Ir-1 and Ir-2 are likely the emitting 3MLCT/3LLCT excited states. The 
spectral features and lifetimes of these two complexes resemble 
those of the dinuclear Ir(III) quqo complex tethered by a carbazolyl 
motif.35

Comparison of the TA characteristics of Ir-1 and Ir-2 reveals that 
extending the π-conjugation of the bridging ligand in Ir-1 causes a 
slight redshift of the TA band maximum with respect to that of Ir-2. 
However, the OD values at the positive absorption band 490-600 
nm for Ir-1 are slightly smaller than those of Ir-2, presumably being 
ascribed to its slightly stronger ground-state absorption in this 
spectral region. The triplet excited-state lifetimes for both 

complexes are quite similar, but the triplet excited-state formation 
quantum yield of Ir-1 is lower than that of Ir-2. These characteristics 
are different from what was discovered in the mononuclear Ir(III) 
complexes, in which extending the π-conjugation of the N^N ligands 
prolonged the triplet excited-state lifetime and improved the triplet 
excited-state absorption via admixing the N^N ligand-localized 
3,* character into the transient absorbing T1 state.24-28,46 This 
difference confirms that the transient absorbing excited sates in Ir-
1 and Ir-2 are not delocalized to the bridging ligand, instead they 
are localized excited states originated from the same structural 
feature and share the same nature, i.e. the 3MLCT/3LLCT state.

Reverse saturable absorption (RSA)

RSA, a nonlinear absorption process in which the absorptivity 
increases with the increased incident fluence, is expected to occur 
when the excited-state absorption is stronger than the ground-
state absorption at an interested wavelength. RSA can be employed 
for optical limiting,10,11,19,23-28,46 optical switching,66 optical 
rectification,67 laser beam compression, stabilization, and 
modulation.68 The positive absorption bands at 490–800 nm in the 
TA spectra of Ir-1 and Ir-2 clearly indicate a stronger excited-state 
absorption compared to the ground-state absorption in this 
spectral region. Thus, RSA is anticipated to occur from these 
complexes in this spectral region. To verify this phenomenon, 
nonlinear transmission experiments in CH3CN solutions in a 2-mm 
cuvette were carried out at 532 nm using 4.1-ns laser pulses. For 
easy comparison between Ir-1 and Ir-2, the linear transmission of 
each sample solution was adjusted to 80% in the 2-mm cuvette at 
532 nm. The transmittance vs. incident energy curves for Ir-1 and 
Ir-2 are presented in Fig. 4. Upon increasing the incident energy, the 
transmittance of Ir-1 and Ir-2 decreases pronouncedly, indicating 
the occurrence of RSA. The RSA strengths of these two complexes 
are quite similar to each other, with Ir-1 exhibiting a slightly 
stronger RSA than Ir-2, suggesting that extending the π-conjugation 
of the bridging ligand slightly enhances the RSA of this dinuclear 
Ir(III) complex. Moreover, the RSA of Ir-1 and Ir-2 resembles that of 
the corresponding mononuclear Ir(III) complex bearing fluorenyl-
substituted quqo (N^N) and piq (C^N) ligands,46 reflecting that 
these dinuclear complexes retain the similar triplet excited-state 
properties to those of their mononuclear counterparts. These 
results also manifest the feasibility of dinuclear Ir(III) complexes for 
optical limiting.

It is known that the key parameter determining the strength of 
RSA is the ratio of the excited-state absorption cross section (σex) vs 
the ground-state absorption cross section (σ0) at the interested 
wavelength, i.e. 532 nm. The σ0 values can be deduced from the 
molar extinction coefficients of the ground-state absorption, while 
the σex values can be estimated from the ∆OD values at 532 nm and 
the TA band maximum, and the εT1–Tn value at the TA band 
maximum according to the method previously reported by our 
group.69 The resultant values presented in Table 4 demonstrate that 
extending the π-conjugation of the bridging ligand in Ir-1 increases 
the σ0 value at 532 nm slightly; however, such a structural variation 
almost doubles its σex value at 532 nm compared to those of Ir-2. 
Consequently, Ir-1 possesses a larger σex/σ0 ratio than Ir-2 does, 
leading to a stronger RSA at 532 nm.
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Fig. 4  Nonlinear transmission curves of Ir-1 and Ir-2 in CH3CN in a 
2-mm cuvette for 4.1-ns laser pulses at 532 nm. The linear 
transmission was adjusted to 80% at 532 nm for both sample 
solutions. The radius of the beam waist at the focal plane was ~96 
μm.

Table 4  Ground-state (σ0) and excited-state (σex) absorption cross 
sections of complexes Ir-1−Ir-2 in CH3CN.

Ir-1 Ir-2
σ0/10-17 cm2 1.69 1.57
σex/10-17 cm2 20 11.1
σex/σ0 12 7

Conclusions
Our systematic photophysical studies on the two dinuclear Ir(III) 
complexes bearing fluorenyl-tethered quqo ligand reveal that these 
complexes exhibit intense ligand-localized 1ILCT/1π,π* transitions at 
ca. 330 nm and 400-500 nm, respectively, and 1,3MLCT/1,3LLCT 
transitions at >500 nm. Both complexes emit dual phosphorescence 
at ca. 590 nm and 710 nm, which are emanated from the 
3ILCT/3π,π* and 3MLCT/3LLCT states, respectively. The low energy 
3MLCT/3LLCT state is also responsible for the moderately strong 
transient absorption at 490-800 nm. It appears that electron 
density distribution of the T1 state is mainly localized on one of the 
(quqo)Ir(piq)2

+ units, indicating no communication between the 
two (quqo)Ir(piq)2

+ units. Extending the -conjugation of the 
bridging ligand caused a slight red-shift of the 1ILCT/1π,π* 
absorption bands and the triplet transient absorbing band at 490-
600 nm. The stronger triplet excited-state absorption in the visible 
spectral region renders these complexes moderately strong RSA at 
532 nm for ns laser pulses, which demonstrates the feasibility of the 
dinuclear complexes as a reverse saturable absorber and is the first 
time that such a phenomenon is reported for dinuclear Ir(III) 
complexes. With further structural modifications of the bridging 
ligand and/or C^N ligand to shift the T1 state to the bridging ligand 
localized 3π,π* state, the T1 state lifetime of this type of dinuclear 
complexes could be prolonged and the RSA be improved for 
potential optical limiting applications. After the photophysics and 
RSA of the dinuclear complexes are optimized, the complexes with 
the best RSA performance in solutions will be doped into solid 
matrix for practice optical limiting tests.
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